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95' RENCONTRES DE MORIOND 

The XXXth Rencontres de Moriond were held in 1995 in Villars-sur-Ollon, Switzerland, 
and in Les Arcs 1800, Savoie, France. 

v 

I 
The first meeting took place at Moriond in the French Alps in 1966. There, experimental 
as well as theoretical physicists not only shared their scientific preoccupations but also the 
household chores. The participants in the first meeting were mainly French physicists 
interested in electromagnetic interactions. In subsequent years, a session on high energy 
strong interactions was also added. 

The main purpose of these meetings is to discuss recent developments in contemporary 
physics and also to promote effective collaboration between experimentalists and 
theorists in the field of elementary particle physics. By bringing together a relatively small 
number of participants, the meeting helps to develop better human relations as well as a 
more thorough and detailed discussion of the contributions. 

This concern of research and experimentation of new channels of communication and 
dialogue which from the start animated the Moriond meetings, inspired us to organize a 
simultaneous meeting of biologists on Cell Differenciation (1970) and to create the 
Moriond Astrophysics Meeting (1981). In the same spirit, we have started a new series on 
Condensed Matter Physics in January 1994. Common meetings between biologists, 
astrophysicists, condensed matter physicists and high energy physicists are organized to 
study the implications of the advances in one field into the others. I hope that these 
conferences and lively discussions may give birth to new analytical methods or new 
mathematical languages. 

At the XXXth Rencontres de Moriond in 1995, four physics sessions, one astrophysics 
session and one biology session were held : 

* January 21-28 

* March 11-18 

* March 19-26 

"Dark matter in cosmology, Clocks and Tests of fundamental 
laws" 

"Short and long chains at interfaces" 

"Electroweak Interactions and Unified Theories" 

"Clustering in the universe" 

"QCD and High Energy Hadronic Interactions" 

" Rencontre de Biologie - Meribel " 
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FOREWORD 

Both short and long chain amphiphiles create fascinating and yet ill-under
stood structures at interfaces. However, approaches are often different when deal
ing with one or the other compounds and it seemed advantageous to organize some 
kind of meeting such as this, which has tried to bring together the two communi
ties of soft condensed matter physicists dealing with surfactants and polymers. In 
addition to the presentation of the most recent results in each field, new interest
ing subjects which involve chains at interfaces, whatever their length, like mixed 
systems of chains, biological materials or drag reduction in flows by addition of 
chain molecules were also extensively debated in this meeting. 

Polymers present numerous interfacial conformations according to the nature 
of interfaces and bulk phases . Charged species in solution have recently received 
lots of interest for grafted configurations as well as adsorbed/ depleted ones. This 
interest comes both from applied problems (charged species are water soluble) and 
fundamental questions of coupling between the elasticity of the chain and the dis
tributions of monomeric charges and counterions. Such results are directly related 
to the questions of polymer adsorption, colloidal protection or chemical synthesis 
in presence of polymers. Melt systems of diblocks or grafted chains ,  often cast 
in the form of thin films, can be also strongly distorted by the proximity of an 
interface. As a result, many experimental situations lead to local ordering or pe
culiar monomeric distributions which can be described by scaling or field theories 
(Interfacial properties of polymer solutions and polymer melts). The behaviour of 
chain molecules at interfaces is also essential in wetting and adhesion phenom
ena. Effects of flow confinement in ultra-thin films and the adhesive properties of 
polymers were discussed in a series of papers (Wetting, adhesion and friction). 

A somewhat different situation arises for short chains at the air-solution in
terface (Langmuir films) where the number of defects in each chain can be very 
low. The positional or orientational order is now currently assessed by grazing in
cidence x-ray diffraction, neutron reflection and Brewster angle microscopy. Large 
instrument facilities are more and more essential to these investigations. The now 
very precise experimental results can be compared with weak crystallization Lan
dau approaches and simulations. Theory and simulations are indeed more and 
more precise and therefore increasingly important. More complex systems ( sev
eral chains per head, coupling between heads and chain ordering, effects of chiral
ity) are now being also investigated. The better understanding of simple species 
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films allows new original investigations of their mechanical and elastic properties. 
In particular recent developments enable in-situ manipulation of nano-structures 
at interfaces (Two-dimensional assemblies of amphiphilic molecules and macro
molecules, Langmuir films, membranes, copolymers . . .  ) . 

Mixed systems are currently studied as the' perturbation of a host phase of 
short chains by another compound which can be a polymer chain. Another ap
proach of this problem - possibly complementary- is a better understanding of the 
polydispersity in systems constructed of mixtures of diblock copolymers (Mixed 
polymer-surfactant systems). Of course biological systems always present mix
tures of short and long chruns which are now studied in this respect. For instance 
the behaviour of membrane proteins raises many interesting questions. A very dif
ferent aspect is the understanding of molecular motors where a biological system 
involving a variety of chain molecules can be understood by using the theoretical 
tools of statistical physics (Short and long chains in biology). 

Finally, another aim of the meeting was to direct attention to the problem 
of chruns in hydrodynamic flows (Hydrodynamics and polymers: turbulence, rheol
ogy ... ). This question, although rather old, is generally not addressed by people of 
the polymer and surfactant communities. However examples such as long chains 
extended in strong flows seem more and more important to people dealing with 
either friction at interfaces or biological molecules (stretching of DNA molecules 
for instance). 

J. Daillant, P. Guenoun, C. Marques, P. Muller 
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POLYELECTROLYTES ON SOLID SURFACES 

ABSTRACT 

M.A. Cohen Stuart 

Laboratory for Physical and Colloid Chemist ry 
Dreijenplein 6, 6703 HB Wageningen, 

The Netherlands 

The simplest way to consider the adsorption of polyions on charged surfaces is as a kind of 

ion exchange process. Starting from this simplifying viewpoint, some results are deduced 

that, at first sight, are in reasonable agreement with experimental data. Moreover, a mean

field theory taking chain conformations into .account corroborates the picture to a large extent. 

On closer inspection, however, some data cannot be accounted for in these simple terms. In 

particular, we discuss pure electrosorption of a polycation on a (net) positive surface, as well 

as the overcompensation of surface charge that is almost always found in practical systems. 

Ion correlation effects, as well as kinetically limited adsorption seem to be responsible for 

these findings. 

INTRODUCTION 
When charges are present in a macromolecular solution near a surface, several leatures 

show up that do not play a role in uncharged systems. If the polymer is charged, the mutual 

repulsion between the segments opposes accumulation of polymer segments in the surface 

region. If, in addition, the surface carries a charge, there is an electrostatic contribution to the 

segment-surface interaction that either promotes or counteracts the adsorption, depending on 

the sign of the charges. Since electrostatic forces are screened by electrolyte, the salt 

concentration becomes an important variable. So does the pH if the polyelectrolyte (or the 

surface groups) are weakly dissociating. 

In this paper we shall focus upon systems where polyelectrolytes are attracted to a solid 

surface by electrostatic forces only. We shall start by taking the viewpoint that this attraction 

leads to a kind of ion exchange, whereby the small ions that are initially confined to the 

electrical double layer near the surface are liberated because polyions take their place. We 

shall investigate the consequences of this viewpoint and check it against experimental 

observations, in order to find out what shortcomings it has. 
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ION EXCHANGE 
Suppose that a polyelectrolyte chain can be modeled as a rigid polyion of charge z. Its 

concentration in solution is Cz. The solution also contains small ions (concentration c;) , and 

we have a surface with a total charge density cro compensated to a large extent by 

counterions in the double layer; their surface concentration (adsorption) is ri. Consider now 

the exchange equilibrium between adsorbed polyions (surface density r zl and small ions at 

the surface; this will be governed by a Boltzmann factor: 

_Il c; exp(e\jl /kT) 
r, Cz exp(Zel(I /kT) 

(1) 

Furthermore, we have an electroneutrality condition, which may be written (neglecting 

expelled coions): 

zr, +ri = cro 
F 

Eliminating r; from (1) and (2) we obtain: 

where x = el(l/kT. 

r _cro ������ z - F -°Lexp(x-Zx)+Z Cz 

(2) 

(3) 

This equation is extremely crude and ignores many important aspects, such as the strong 

modification of the charge distribution in the double layer by the polyelectrolyte, the flexibility 

of the polymer, the contribution of the counterions of the polyelectrolyte, the non-ideality of 

the electrolyte solution, etc. Nevertheless, it brings out qualitative features that are instructive. 

Firstly, it shows that the driving force for adsorption is to a large extent entropic: it is 

accompanied by the liberation of bound .counterions from both the surface and the polyion. 

Secondly, it predicts adsorbed masses as a function of the polymer charge as presented in 

fig. 1. In this diagram we plot the surface density of monomer units (normalized by the density 

of elementary surface charges) as a function of the charge on the polymer. 
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Fig. 1. Normalized adsorbed amount of polymer rzF/a0 as a function of the number of charges Z per 

polymer molecule, calculated on the basis o� complete ion :);.:change (eq. 3), for three different salt 

concentrations Ci. 

As expected, the uncharged polymer does not adsorb, because it cannot exchange any ions 

with the surface. As soon as Z becomes somewhat larger than unity, however, the polyion 

density in the surface rises quickly; eventually, it replaces all small counterions. At that point, 

adsorption cannot rise any more because the number of exchangeable counterions is 

exhausted. As a consequence, the adsorption follows a line of constant adsorbed charge, i.e. 

r, scales like z-1, the exponential factor in eq. (3) being negligible. We also see that higher 

concentrations of added electrolyte can shift the complete exchange situation somewhat to 

higher Z, but when the polyion becomes sufficiently strongly charged, it will always dominate 

in the surface. 

Experimental data seem to corroborate this behaviour. When the charge on the polyion is 

increased (either by changing pH or by introducing more charged monomers in a random 

copolymer) the adsorbed amount first rises steeply and then decreases, just as sketched in 

fig. 1 [1-3]. 
We can now try to improve on eq. (3) by using a more sophisticated calculation. This is the 

mean-field polyelectrolyte adsorption theory developed by Bohmer et al [4a] on the basis of 

the lattice formalism for chains at interfaces developed by Scheutjens and Fleer. In this 

theory, ion concentrations can vary in the direction normal to the interface, and both small 

ions and polyions can contribute to that density. In addition, the charge density on w�ak 

polyions is related to the local proton concentration, whereby it becomes a function of the 
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local potential and the pH in the solution. Within the approximations of this model, the free 

energy minimum is exactly calculated. 

It turns out that the model gives results that are qualitatively very similar to the ion-exchange 

picture. An example is presented in fig .. 2, for 4 different concentrations of monovalent salt. Jn 

particular at low ionic strength it is clear that the pattern is strongly analogous to what eq. (3) 
predicts. 

-ca.eeex=-crae2 
1.5 �-+�������������������� 

eex 

0.5 

0 0.1 0.2 
a. 

Fig. 2. Adsorbed amount e•x of a weak polacid consisting of 100 segments as a function of the degree 

of dissociation of the charged groups, for four different salt concentrations. The arrow denotes the 

adsorption expected on the basis of ion exchange. Calculated with the mean�field adsorption theory of 

Bohmer et al. [4a], and taken from Van de Steeg et al. [4b]. 

One important consequence of the ion-exchange model is that adsorbed polyelectrolyte 

layers, though saturated, are much less dense than layers formed by neutral polymers. Part 

of the surface area remains accessible to neutral polymers, i.e., they form layers with "holes". 

It should thus be possible to fill the holes in a polyelectrolyte layer with neutral polymer, to an 

extent depending on the surface charge density, and the polymer charge density. Such mixed 

adsorption layers have now been observed. In contrast, mixed adsorption layers formed by 

two different neutral polymers are not stable: one of the polymers will usually adsorb slightly 

more strongly and displace the other polymer [5-8]. 

A further consequence of the "layer with holes" picture is that it is difficult to form a brush by 

adsorption of a diblock copolymer with a charged anchor block. If there is only the slightest 

tendency for the (neutral) buoy block to adsorb, it will easily do so because .the charged 

anchor block leaves plenty of holes. The adsorbed layer thus formed is thin, and does not 

provide the steric barrier that is often wanted to overcome long range Van der Waals 



attraction between surfaces. With neutral diblock copolymers, brush formation can probably 

be achieved more easily. 

COMPLICATIONS 
From the discussion above, we are tempted to conclude that our ion-exchange model seems 

to be able to describe polyelectrolyte adsorption quite well. We have, however, overlooked a 

number of important complications. 

First of all, the charge densities on polymer and surface are not always constant. Many 

surfaces get their charge from reversible ion transfer processes which are strongly influenced 

by the surface potential. Therefore the charge can be considerably modified by screening 

effects. The same applies to weak polyelectrolytes. As a result, the surface + polyelectrolyte 

system tends to regulate charge, by expelling or taking up protons. Such effects have been 

studied experimentally, and can be taken into account theoretically in the Bohmer theory. 

Another observation which is not so easily.accounted for in terms of the mean-field theory is 

that pure electrosorption of polyelectrolytes can also occur in spite of an average repulsive 

potential. For example, we have observed that poly(dimethylaminoethyl) methacrylate, a 

cationic polymer, can adsorb onto positively charged titanium dioxide. Yet, the neutral form of 

this polymer cannot adsorb, which proves that the polymer-surface interaction is of an 

electrostatic nature [9]. The data are shown in fig. 3. 

r 
(mg/m2) 

0.5 

0 
2 1' 

i.e.p. 

AMA 

6 

ii ; 

pH 10 

Fig. 3 Adsorbed amount of poly(dimethylaminoethyl methacrylate) on Ti02 from 0.005 M salt solution, 

as a function of pH. The point of zero charge of the solid is indicated. For comparison data for the 
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adsorption of poly (trimethylammoniumethyl methacrylate), which has pH -independent charge, are also 

shown. 

In order to explain this result, we must realize that the net charge on the suriace comes from 

both positive and negative sites. There is one particular pH value (the point of zero charge) 

where these two populations give contributions to the total charge that are exactly equal, so 

that the sum is zero. Under other conditions, however, there is no such compensation and 

there is a net surface charge. There are still both positive and negative sites, though, and this 

implies that a polymer coming very close to such a heterogeneous surface will see both 

attracting and repelling sites. Several theoretical studies have dealt with polymers and 

heterogeneous surfaces. It was found that polymers can readily bind to surfaces which have 

a net zero adsorption field, and possibly even when the average potential is weakly repulsive 

[10-12]. 

OVERCOMPENSATION OF SURFACE CHARGE 
With the refinements discussed above taken into account, it would seem that we can 

construct a fairly succesful theory of polyelectrolyte adsorption. Upon closer inspection of 

experimental data, however, we discover a major shortcoming. This has to do with the fact 

that the ion-exchange picture, even when sufficiently refined, is based on the fact that the 

charge in the adsorbed polymer is equal to the surface charge. This implies that 

polyelectrolyte adsorption brings the surface close to neutrality, and then stops altogether. 

Experiments, however, show that polyelectrolytes tend to overcompensate the charge. For a 

quantitative discussion it is useful to define a stoechiometric factor Q as the ratio between the 

adsorbed polyelectrolyte charge and the surface charge. Available data suggest that for 

strongly charged polyelectrolytes Q is always larger than unity, typically by 10-15%, 

sometimes even much more. In one extensive study on adsorption of random copolymers 

with charged and neutral monomers, adsorbing on latex particles with fixed charges, it was 

found that Q depends in a complicated way on the primary structure of the polymer and on 

the density of charged groups on the surface [13]. The minimum value for Q was found for 

the case where the average distance between charges on the surface matched that between 

charges on the polymer. An example, taken from this work, is given in fig. 4. Clearly, the 

formation of ion pairs is the dominating factor here, and a mean-field description is 

inappropriate. 



5 
4 
3 
2 

0 50 mM NaCl 
• 1 mMNaCI 
0 0,01 mM NaCl 

o ��������������� 0 20 40 60 80 100 
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Fig. 4. Ion exchange stoechiometric coefficient Q (= adsorbed charge/surface charge) for cationic 

copolymers adsorbing on negatively charged polystyrene latex as a f:_mction of the fraction of charged 

monomers per chain (in %), for three different concentrations of added salt (indicated). Taken from ref. 

13. 

The conclusion that overcompensation of charge is the rule for polyelectrolyte adsorption is 

further corroborated by the finding that it is possible to deposit positive and negative 

polyelectrolytes on a surface in alternating order in a perfectly periodic fashion. Such 

multilayers have been reported notably by Decher et al. [14-16]. 

If we accept the fact that it is not the net surface charge which determines the adsorption, but 

rather the possibility to form ion pairs between polymer and surface groups, we are led to 

conclude that aspects like surface and polymer structure are perhaps more important than 

the net surface charge. Why then do the adsorbed amounts seem to follow the compensation 

rule at least in an approximate way? 

KINETIC FACTORS 
The most likely solution of this paradox is that the adsorption is simply kinetically limited by 

electrostatic repulsion. As long as the surface charge is not compensated, the chains have 

easy access to the surface, where they can adsorb by ion pair formation. However, as soon 

as the total charge reverses sign, a repulsive barrier builds up at the solution side of the 

adsorbed layer which lowers the rate of polymer attachment. As a result, the rate of 

adsorption falls. It is not difficult to imagine a barrier which almost entirely suppresses 

adsorption. When this barrier has developed; the adsorbed amount cannot rise any more, 

even though the situation of lowest free energy has not been reached. This situation is 

somewhat analogous to the the well-known stability of lyophobic colloids, which consist of 
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charged particles that attract by long range Van der Waalsforces, but cannot aggregate 

because of an electrostatic barrier. Addition of salt lowers the barrier and induces 

coagulation. In the same way, addition of salt lowers the barrier to polyelectrolyte adsorption, 

so that adsorption goes up. Reversing the condition of salt concentration (or pH) does not 

bring the system back to its initial situation; the process is irreversible. 

A quite striking example of this situation is given in fig. 5 where we plot adsorption data for 

carboxymethylcellulose (CMC) onto hematite (Fe203) . CMC is a rather stiff molecule that 

adso�bs tenaciously onto hematite, presumably by means of its hydroxyl groups. When the 

adsorption is measured at various pH values, a curve is obtained that decays sharply with 

increasing pH in the range where most of the CMC carboxyl groups dissociate, just as 

expected for the ion exchange model. However, when the pH is increased after adsorption, 

no desorption takes place at all, indicating that the adsorption capacity of the surface is much 

higher than what one obtains during spontaneous adsorption. The most likely explanation is 

that when the adsorption process stops, this is not because the free energy has come to a 

minimum, but because the molecules are simply prevented from making contact with the 

surface by the electrostatic barrier created by the polyelectrolytes already attached. 

1.00 
r 

l 0.75 � t r " 

(mg.m-2) �-
0.50 

� 
0.25 

� 
0.00 

2 6 8 10 12 
pH--------?> 

Fig. 5. Amount of carboxymethylcellulose on hematite in 0.01 M NaCl as a function of pH, both directly 

after adsorption at a given pH, and after adsorbing at a given pH and subsequently increasing the pH. 

The point of zero charge for hematite is at pH 9. 

If kinetic limitation is determining the adsorbed amount, one expects that adsorption will 

always proceed until a certain surface potential is reached, irrespective of the history of the 



sample or the nature of the surface. Desorption, however, may occur at a very different 

potential (or not at all). Hence one expects to find a characteristic adsorption potential, 

namely the one that is just high enough to stop further adsorption. If polymer is adsorbed in a 

state of low charge density, and subsequently charged by changing the pH, a higher surface 

potential is expected. This idea was tested for the AMA !TiOz case and found to hold. 

CONCLUSIONS AND OUTLOOK 
In order to develop more understanding of polyelectrolyte adsorption, the fact that solid 

surfaces carry charge in the fcxm of discrete ionic groups (which may be more or less mobile) 

deserves more attention. Correlation effects for heterogeneous surfaces become very 

important due to the very low energy of ion pairs. Models based upon average potentials, and 

on electric fields that are homogeneous in a direction parallel to the surface will not be 

adequate. Some Monte Carlo calculations have treated the adsorbing polyelectrolytes in 

terms of discrete charges, but the surface charge in terms of an average potential [17]. It 

should be useful to extend this taking discrete surface charges into account. In addition, the 

kinetics of the adsorption process must be considered. Barford et al [18] developed a theory 

of polymer adsorption in terms of non-equilibrium config•_!rations, based on the idea that 

virtually irreversible (ionic) bonds are formed between the surface and charged polymer 

segments. However, these authors did not consider the kinetics explicitly. New dynamic 

models such as, e.g., the one developed by Fraaije et al. [19] can hopefully cope with this 

problem in the near future. 
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We investigate the distribution of polyelectrolytes in solution between two charged walls. 
Such a situation arises, for example, in colloidal suspensions where the polyelectrolytes affect 
both the aggregation and the stability of the colloidal particles. We consider the case of 
a good solvent, i.e. in the presence of excluded volume interactions among the monomers. 
The system is confined between two infinite flat charged walls, making the problem effectively 
one dimensional. The polyelectrolytes are weakly charged, and several models for the charge 
distribution are considered. We use a mean field approach to derive two coupled differential 
equations: a modified Poisson-Boltzmann equation for the electrostatic potential, and a self 
consistent field equation for the polymer concentration. The equations are solved numerically. 
As an example we present a case of competing surface interactions: electrostatic attraction 
vs. chemical repulsion resulting in a non-monotonic concentration profile. We discuss also the 
difference between a polymer with a uniform "smeared" charge and one in which the charges 
are annealed and can redistribute themselves at thermodynamical equilibrium. 
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1 Introduction 

We consider an aqueous solution containing charged polymers (polyelectrolytes) and small ions 

(electrolyte) between charged surfaces (Fig. 1 ) .  The polymers are positively charged, while the 

surfaces can be either positive or negative. In addition to electrostatic interactions, we consider 

excluded volume repulsion between the monomers, and short range (chemical) interactions of 

the monomers with the surfaces, which can be either attractive or repulsive. 

Figure 1: Schematic view of the system. 

The motivation for such systems comes from two main sources. The first related system is a 

colloidal suspension [l , 2, 3] , that is, solid particles immersed in an aqueous solution. Polymers 

may be added to the solution in order to modify the inter-colloidal forces. Some processes, 

such as waste water treatment and mineral processing, require attraction between the colloids, 

while other processes, such as ink and paint stabilization, require repulsion [3]. Another related 

system is a biological one in which proteins (charged macromolecules) affect the interactions 
between lipid bilayer (biological membra�es). 

The electrostatics of an electrolyte solution between two flat and charged surfaces has been 

investigated extensively in the frame work of the Gouy-Chapman theory [4] , whose starting 

point is the Poisson-Boltzmann equation. On the other hand, the adsorption (depletion) of 

neutral polymers to (from) one surface and between two surfaces has been also investigated 

thoroughly, and good understanding was reached [5, 6, 7]. The combination of electrostatic 

interactions, together with the connectivity of the polymer chain [8], proves to be a complex 

problem due to the interplay between the short range "chemical" interactions, the polymer 

conformations (entropy) and the long range (though often screened) electrostatic interactions. 
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2 Model 

We describe the system in a mean field approach through the local electrostatic potential ,P(r) and the polymer order parameter <f>(r), related to, p(r), the polymer concentration by p(r) = </>2(r) [10, 11, 12] . 

The electrostatic potential is determined by the Poisson-Boltzmann equation. For a mono

valent electrolyte solution assumed here it can be written as: 

\721/J(r) = -4ir q(r) = 
Sire q sinh(,Be,P) (1) 

c: c: 
where q( r) is the charge density determined by the Boltzmann distribution for ions in an electric 

potential ,P(r); Cb is the bulk electrolyte concentration, ,6 = 1/kBT where kB is Boltzmann 

constant and T is the temperature; e is the elementary charge unit, and c: is the dielectric 

constant of the solution. Charged polymers and their counter-ions will appear as additional 

terms on the right hand side of equ. (1). 

One way of deriving the Poisson-Boltzmann equation is by writing the free energy as a 

sum of the electrostatic and entropy of mixing contributions, and then performing a variational 

procedure [13, 14] . The advantage of this approach is that one can also add the polymer 

contribution to the free energy and· perform the same variational procedure on the total free 

energy. 

At the surfaces, the electrostatic boundary conditions are chosen as fixed surface charge 

density 11: ,P'J, = -�11 • In a similar way, and depending on the system in mind, one can 

also choose fixed surface potential as the electrostatic boundary conditions. The effect of the 

surfaces is screened on a length scale of the Debye-Hiickel screening length 11:-1 (proportional 

to l/c:'2J, due to the presence of the electrolyte. 

For a semidilute solution of polymers the local free energy of the system can be des�ribed 

by [11, 12]: 

2 ,6fpo1(r) = �IV</>12 + V(</>2) - µp</>2 (2) 
The first term represents the connectivity of the polymer chains, where a is the effective length 

of one monomer and is roughly of the order of a few Angstroms. The second term represents the 

polymer interactions. It includes the electrostatic interaction as well as the excluded volume 

repulsion !v</>4, where v > 0 has units of volume and is the excluded volume parameter in good 

solvent conditions. The last term represents the contact of the system with a polymer reservoir 

and µp is the chemical potential of the polymers. 

A variation of the free energy yields the' self consistent field equation for neutral polymers: 

2 �v2<1>(r) = vW - <t>M (3) 

where </>� is the bulk polymer concentration. The Edwards correlation length of neutral polymer 

solutions, as is apparent from equ. (3), is equal to a/ j3v</>� and characterizes the polymer 

concentration variations in the solution (e.g., close to the wall) .  
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At the surfaces, we use the Cahn boundary conditions [5] t o  represent the non-electrostatic 

interaction of monomers with the surface: 

!..1/I D </> ' 
(4) 

The adsorption length D is inversely proportional to the strength of the surface interaction and 

is negative (positive) for attractive (repulsive) surfaces. 

We return now to the problem of polyelectrolytes where all the contributions to electrostatic 

and polymer free energy are included. Details are given elsewhere (13, 14]. 

The contributions of the polymer charges are computed for three models: 

• Smeared: The charges are uniformly distributed (hence the name "smeared" )  over the 

polymer chains. Each monomer has a fractional charge equal to pe. In this case the 

contribution to the free energy is 

(5) 

• Annealed: Each monomer has a probability p to carry one elementary charge e (and 1 - p 

to be neutral) .  The monomers can ionize or de-ionize dynamically, and thus adjust to the 

local electrostatic potential [9]. Tracing over the monomer charge degrees of freedom in 

the partition function results in the following contribution to the free energy: 

(6) 

• Quenched: As in the annealed case, each monomer has a probability p to be charged. 

However, the distribution of the polymer charged is "frozen" (quenched). We will not 

further discuss here this more difficult case (14] but in many respects we expect this case 

to be intermediate between the smeared and the annealed cases. 

From a variational procedure performed on the full free energy, two coupled equations for 

the electrostatic potential i,b and polymer order parameter </> can be obtained and will replace 

equ. (1) and equ. (3). 

In the smeared case, for example, the Poisson-Boltzmann and the self consistent field equa

tions are modified to become: 

81l'e • 41l'e ( 2 /3 "') -cbsmh(,Bei,b) - - p</> - p<f>;e' € € 

Similar equations have been derived for the quenched and annealed cases (14]. 

(7) 

(8) 
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3 Results and Discussion 

We present two numerical examples of polymer concentration profiles. As our model is effec

tively one dimensional, the only spatial coordinate left is the distance from the surfaces x whose 

origin is taken at the mid-plane between the two surfaces. 

Cb 10 M 

5.5 
,Q � 

3 5 Q. 00 0 0 Cb oo oo 
4.5 � 

0.5 M 

-20 -10 0 10 20 
x [A.] 

2.5 Ooo oo 0 0 0 0 0 0 0 0 0 0 0 0 0 0°0 
2 

,Q Cb 0.1 M 
� 
x 1.5 
� Q. 

-20 -10 0 10 20 
x [A.] 

Figure 2: Polymer profiles (rescaled by their bulk value Pb = </>�) of the smeared (solid line) 
and the annealed (circles) cases as function of x, the distance from the surfaces. The three 
pairs of profiles correspond to three salt concentrations: Cb = 0.1 M, 0.5 M and 10 M. The 
figure is divided into two parts because of the difference in the vertical scales. The line of 
X's on the top part represents the neutral polymers profile, which is independent of the salt 

concentration. The polymer parameters used here are: a= 5A, v = 125A3, </>� = 10-6A-3 
and p = 0.001. The inter-surface distance is 50A, so that the two surfaces are located at 
x = ±25A. The surface charge density a = le/500A2 and the polymer adsorption length 
D = -300A. 

In the first example (Fig. 2) we compare the polymer concentration profiles of the smeared 

model (solid line) and annealed model (circles) for three salt concentrations measured in units 

of mole/litter [M]. The top two pairs of profiles in the figure correspond to high salt con

centrations (strong electrostatic screening) while the bottom pair corresponds to a lower salt 
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concentration (weaker electrostatic screening). Beside the three different values of Cb, all other 

phenomenological parameters used to evaluate the profiles are the same (their values are given 

in the figure caption). For comparison, we show also at the top of Fig. 2, the profile of neutral 

polymers with the same adsorption characteristics but which, obviously, is independent of the 

salt concentration, Cb· 
The parameters of Fig. 2 are chosen such that the electrostatic potential is affected only in 

a negligible way by the presence of polymers [13] . This can be demonstrated by comparing the 

Debye-Hiickel screening length, which varies between IA and lOA , to the Edwards correlation 

length equal to 260A. Thus, in this example we concentrated on the effects of the electrostatic 

potential on the polymer concentration. 

The differences between the smeared and annealed models comes from the electrostatic 

contribution to the polymer part of the free energy (Sec. 2). At low charge density (p << 1 )  

and low potentials ((Je,P << 1),  one can expand the annealed free energy in  powers of  (Je,P: 
(9) 

Nate that the difference between the two free energies is second order in ,P and makes the 

annealed free energy lower than the smeared one. This can be understood simply by observing 

that the annealing of the polymer charges adds a new effective degree of freedom to the system. 

Those charge degrees of freedom can adjust according to the local electrostatic potential, and 

allow a better optinlization of the free energy. 

"' 1.2 � 
3 0 Cl.. 1.15 0 0 

II 0 0 
N"' 0 0 -s. 00�00 '-.... 1.1 3 
N -s. 1.05 -200 -100 0 100 200 

x [A.] 
Figure 3: Polymer concentration profiles (rescaled by their bulk value Pb = </>�) as function 
of x, the distance from the surfaces. The smeared (annealed) cases is denoted by solid line 
(circles). The repulsive short ranged monomer-surface interactions (D = 300A) competes 

with the attractive electrostatic monomer-surface interaction (u = -le/5000A2). The 

polymer parameters used in this example are: a = 5A, v = 125A 3, <t>i -= 10-6 A -a and 
p = 0.01. The bulk salt concentration is Cb = 0.1 M and the inter-surface distance is 500A 
so that the two surfaces are located at x = ±250A. 

In the second example (Fig. 3) we show the result of a competition between short range 

(chemical) repulsive interactions (D > 0) and electrostatic attractive interactions (negative 



19 

surface charge). We observe a depletion layer near the surface, whereas at  larger distances 

the surface induces an effective adsorption. In this case too, the model parameters have been 

chosen in such a way so that the electrostatic profile is barely affected by the presence of charged 

polymers. 
Since the difference between the smeared and annealed models is only minor (see Fig. 3), we 

can consider the simpler smeared case. The polymer behavior can be understood by considering 

the one dimensional self consistent field equation, equ. (8): 

a2 -¢/'(x) = v(rp3 - <PM +  pe1/Jrp 
6 

(10) 

As the left hand side of equ. (10) represents the convexity of the profile, the change of behavior 

should be accompanied by a change of sign in the right hand side of equ. (10). Near the surface 

the sign of the first derivative of the polymer concentration p( x) (which is the same as the sign 

of the polymer order parameter rp(x)) is determined through the Cahn boundary condition, 
equ. (5) by the sign of D. For a depletion case, D > 0 and <fa'(x) > 0 near the left surface. The 

electrostatic potential is negative at the negatively charged surface, and decays exponentially on 

a length scale of 11:-1 = lOA. At short distances from the surface the electrostatic part dominates 

the right hand side of equ. (10) which becomes negative. Thus the profile is convex near the 

surface as can be seen in Fig. 3. Further away from the surface the electrostatic potential 

becomes vanishingly small, the polymer part dominates the right hand side of equ. (10), and 

the profile becomes concave. At the mid-plane between the surfaces the first derivative is zero 

due to the symmetry of the two surfaces. If the distance between the two surfaces had been 

much smaller, the profile would have remained convex. 

4 Conclusions 

In this work, we have investigated concentration profiles of charged polymer chains between 
two surfaces. We have introduced three models for the charge distribution along the chain. 

The simplified smeared model is used extensively in the literature as it is easier to handle 

analytically, but the annealed and quenched models provide a more realistic description of 

experimental systems. At low electrostatic potentials ((3e1/J < < 1) the smeared model provides 

a good approximation for the annealed model. However, at high electrostatic potentials the 

difference between the models become significant (see Fig. 2) and should be taken into account. 

Generally speaking, the annealed charges are less sensitive to the electrostatic conditions, as 
they can redistribute themselves over the chains according to the local electrostatic potential. 

The quenched model is considered in more detail elsewhere [14]. 

We have also investigated the interplay between electrostatic and other interactions such as 

excluded volume effects in the bulk and short-range interactions between the polymers and the 

surfaces. In particular, the effect of competing repulsive short-ranged interactions vs. attractive 

electrostatic interactions has been explored (Fig. 3). We have also seen that further away from 

the wall the electrostatic interactions dominate as long as they are not screened. 
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Some possible future directions of research can follow the present study. For example, the 

osmotic pressure between the two surfaces can be calculated [14] from the local free energy as 

was done for neutral polymers [6], and compared with experiments. One might also want to 

extend this work to non-flat geometries, in order to improve the modeling of polyelectrolyte 

adsorption on colloidal particles. We have considered here fixed surface charge densities, having 

in mind charged colloids or surfaces. One can also consider situations where the surface potential 

is externally fixed and induces a variable surface charge density. Finally, it will be interesting to 

look at polyelectrolyte solutions in a potential gradient (e.g., electrophoresis or electro-osmosis). 
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Abstract 
Scaling analysis is used to consider the effect of pH on the equilibrium behaviour of 

ionisable polymer brush. It is shown that under the conditions when the local pH' is 
noticeably smaller than the bulk pH value, the brush thickness H scales as H � s113, 
where s is the grafting area per chain. For the base-added solutions both pH and 
H increase rapidly with increasing concentration of sodium ions in the bulk solution. 
Addition of acid (HCl) does not noticeably effect the brush characteristics provided 
that pH' < pH . 
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1 Introduction 

Due to the long-range character of electrostatic interactions, even weakly charged polyelec

trolytes can exhibit qualitatively new features with respect to neutral systems. Typical 

example is a polymer brush formed by weak polyacids or polybases. The adjustment (an

nealing) of the degree of ionisation of polymer chains in such brushes to the variation of 

the external conditions ( pH and/or the ionic strength of solution) can manifest itself in 

peculiar behaviour of the system. The most spectacular effect of charge annealing is the 

non-monotonic dependence of the brush thickness on the grafting density and/or the ionic 

strength of the solution. 

Theoretical investigations of the annealed vs. quenched polyelectrolyte brushes are based 

on the scaling type analysis1•2) and the self-consistent field approaches3-5). The scaling 

analysis1l provides the asymptotical power law dependencies for the averaged brush prop

erties (the degree of ionisation, the brush thickness, etc) on the parameters of the system ( 

molecular weight and the grafting density of the chains in the brush, the bulk degree of ionisa

tion and the ionic strength of solution) .  The more refined self-consistent field approaches3-5) 

provide more detailed information about the distributions of polymer units and the mobile 

ions in the system, as well as the corresponding electrostatic potential. These publications 

demonstrate that in a certain range of parameters variation (increase) of ionic strength of 

solution, J, results in an increase in the degree CY of brush ionisation and corresponding 

increase in the brush thickness. The same holds for the variation (decrease) of the grafting 

density 1/ s; brushes with the higher value of the area per chain s can have higher values of 

the brush thickness H. Such behaviour is quite different from the conventional behaviour 

of the quenched systems; at the fixed degree of ionisation quenched polyelectrolyte brushes 

can only diminish their thickness with increasing J and s. These publications demonstrate 

also that the most pronounced difference in the behaviour of the quenched and the annealed 

brushes is expected when the degree of chain ionisation in the bulk solution is high, CYb "°' 1 ,  
whereas the chains in  the brush are only weakly charged, so  that their degree of ionisation 

CY < < l. In this paper we focus on this situation and use the scaling type analysis, to con

sider the effect of pH on the equilibrium brush behaviour. (Our previous work1l was focused 

mainly on the effect of ionic strength of solution, some preliminary scaling results on the pH 

effect are reported in the forthcoming publication2l ) .  

2 Model 

We consider a layer formed by homopolyacid chains (HA)N consisting of N >> 1 sym

metrical units of the size a grafted at one end onto impermeable planar surface with the 

grafting density 1/s chains per unit area (Figure 1 ) .  The chains are assumed to be flexible, 

so that the Kuhn segment of a chain, I, is equal to a, and the Bjerrum length 18 = e2/ckT 
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is approximately the same as a chain unit length, IE/a ::::; 1. Here < is the dialectric constant 

of water and kT is the thermal energy. Throughout this paper we use the box model of 

the brush6l, according to which all the chains in the brush are stretched homogeneously and 

their free ends are localised at the outer boundary of the brush. 

e e 

Figure 1. Polyelectrolyte brush immersed in water solution. 

The brush is immersed in a water solution of the low molecular weight acid (HCI) or 

the base (NaOH) .  Variation of the acid or base content in the bulk solution provides the 

corresponding variation of the pH = -log( CH) of the solution, where CH is the concentration 

of the mobile protons. For pure water CH = C. = 10-7 . The dissociation of the acid groups 

in the bulk solution 

(1 )  

is determined by the dissociation constant k and the concentration of protons CH, 
(2) 

We assume that k = canst is independent of the degree of acid ionisation ab and determines 

the value of pK = -log(k). Variation of pH > pK provides high values of the degree of 

ionisation, ab "" 1. We assume also that pK < 7 and, thus, in pure water the polyacid chain 

is highly charged. Let CNa and Cc1 be the fixed concentrations of positively and negatively 

charged ions originating from the dissociation of the added base NaOH or acid HCI. Addition 

of the sodium ions CNa > C. shifts the ionisation equilibrium to the higher values of ab : the 
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concentration of mobile protons diminishes as 

c2 
CH "" -*

CNa 

whereas the addition of acid leads to a corresponding increase in Cu as 

(3) 

(4) 

However, for the range of pH > pK we can ignore the variation of ab with pH and consider 

ab "" 1 .  

The degree of  ionisation of  the grafted polyacids in  the brush is determined by the local 

concentration of protons inside the brush, CH, which is always higher than that in the bulk 

solution, CH > CH. Correspondingly, the value of a determined by the active mass law 

a 
1 - a  

k 
CH 

(5) 

is always lower than the bulk value, a < ab. When CH > Cu and a is only slightly smaller 

than ab, the behaviour of the brush is vertually the quenched brush behaviour with a "" 1 .  

As i t  was shown previously 7 ) ,  the scaling behaviour of  such systems i s  rather primitive; the 

chains are nearly totally stretched and strongly oriented normaly to the surface, so that the 

brush thickness H ""  aN. This scaling d
.
ependence holds for a wide range of grafting densities 

comprising the range of individual grafted polyions ( s > a2 N2),  where the weakening of the 

orientational effects diminish H by the numerical factor of the order of unity. However, when 

CH » CH and a «  ab, the degree of the brush ionisation starts to depend on the parameters 

of the system via CH, and one finds the much more varied annealed brush behaviour which 

is the subject of the present consideration. 

3 Charge Balance 

The interconnection of CH with the parameters of the system is determined by the particular 

regime of the polyelectrolyte brush. As was demonstrated previously8l, within the scaling 

approximation one can distinguish between two electrostatically different states of the brush: 

the brush can be either electroneutral (the so called7•8) osmotic brush regime (OsB)), or 

barely charged (the so-called7l Pincus brush regime PB and the regimes of individual charged 

chains which we refer here as CC regime). The first (electroneutral) state of the brush is 

attained at relatively high surface charge aN / s when high electrostatic potential due to the 

charged grafted chains prevents mobile protons from leaving the brush. The electroneutrality 

condition implies 

C� + Cfva = aC + C�u (6) 

for the base added solution, and 

C� = aC + C�1 + C�H (7) 



25 

for the acid added solution. Here C = N / sH is the concentration of polymer units and 

CbH = c;fcH is the concentration of OH groups in the brush. The interconnection between 

Ci and C; (i = Na , H, Cl) is given by the Donnane rule: 

CH Civa Cai 
Cu CNa Cc1 

Thus, one obtains from eqs.(6) , (8) ,  (3) and (4) ,  

and 

C C' C'fva a � H c; 

o:C ""' CH o:C » Cai 

(8) 

(9) 

( 10) 

for the base and the acid added solutions, correspondingly. Equations (9) and ( 10)  relate the 

degree of the brush ionisation o: with the polymer concentration C and the concentration of 

the mobile protons CH in the brush under the conditions of the OsB regime. Together with 

the active mass law, eq. (5) ,  they give 

( 1 1 )  

and 

o:C » Cai ( 12) 

for the base and the acid added solutions, correspondingly. As is seen from eq. (12) ,  o: is 

not sensitive to 'the diminishing of pH of the solution in the range o:C » Get· This is due 

to the fact that an increase in the bulk concentration of protons slightly effects the local 

concentration of protons in the brush, CH » Cu. However, even small addition of the 

sodium ions CNa > C, in solution induces rapid increase in o: according to eq. ( 1 1 )  due to 

the substitution of protons by sodium ions inside the brush and increasing the local pH'. 

The second (charged) state of the brush is attained at relatively weak surface charge 

o:N / s, when nearly all mobile ions leave the brush forming together with the negatively 

charged brush the electric double layer of characteristic thickness 

(13) 

Under these conditions only the small fraction of all mobile protons is localised inside the 

brush and one should apply the electroneutrality condition to the whole double layer. This 

leads to the substitution of the term o:C = o:N/sH in eqs.(6) , (7) and (9) by the term 

o:N/s>.. = !8o:2N2/s2, and one obtains 

1Bo:2 N2 � C' C'fva 
s2 

� 
[[ c; ( 14) 
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and 
lsa2 N2 � C' s2 � H ( 15) 

for the base and the acid added solutions, correspondingly. With the account of eq.(8) we 

have finally 

( 16) 

( 17) 

Equations (16) and (17) determine the degree of the brush ionisation a in the PB and the 

CC regimes.One can see the same tendency as discussed earlier: decreasing pH does not 

effect the degree of brush ionisation, eq. (17) ,  whereas increasing the content of the sodium 

ions leads to rapid increase in a, eq. (16) .  

4 Force Balance 

In order to obtain the equilibrium dimensions of the brush we consider the balance of various 

forces applied to the grafted chains: the elastic force fwnf arising in the stretched chains, 

the force !cone due to the nonelectrostatic (volume) interactions and the electroatatic force 

fdeo· Both fe1ec and fwnc tend to stretch the brush, whereas fconf opposes this stretching. 

Thus, the force balance implies 

Jeon/ = !cone + felec ( 18) 

For simplicity, we restrict ourselves with consideration of rather sparse brushes where the 

short-range nonelectrostatic interactions can be neglected with respect to the electrostatic 

repulsion between polymer units, and , thus, 

/conj � felec (19) 

Assuming Gaussian elasticity for the grafted chains one gets 

(20) 

As was shown earlier7•8), the value of the electrostatic force is goverened by the ratio H / >.. 

At Hf>. « 1 when the brush is virtually electroneutral, fe1ec is determined by the difference 

in osmotic pressures of the mobile ions inside and outside the brush (OsB regime), 

(21)  

At H / >. :» 1 when the brush is  nearly barely charged and the intermolecular repulsion 

dominates over the intramolecular interactions (PB regime), fdec can be calculated as7l 

(22) 
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However, when the brush splits into separate nonoverlapping polyions and the intramolecular 

electrostatic repulsion becomes the dominating factor in the chain stretching (CC regime), 

lba2 N2 fc1eo/kT c::: � (23) 

where H is the end-to-end distance of a polyion and the characteristic brush thickness at 

low grafting densities s » H2• We do not consider the CC regime here and restrict ourselves 

with the OsB and PB regimes only. 

Force balance together with the equations ( 1 1 ) ,  (12) ,  (16) and (17) provides the final 

expressions for the equilibrium brush thickness H and the degree of ionisation a. 

ACID ADDED SOLUTION 

As is seen from the eqs. ( 12 ) , ( 17 ) ,  decreasing pH < 7 does not effect the brush ionisation 

with respect to the pure water case: a is determined by the local pH' = -log( Ci,) < pH. 
Depending on the molecular weight of the grafted polyacids, one can find the two main 

electrostatic regimes OsB and PB. In the OsB regime the force balance ( eqs . (21 )  and (20)) 

gives 

H '.:::'. aa1l2 N 

where a is given by eq. ( 12 ) .  Correspondingly, 

a c::: ( aks )2!3 

In the PB regime (eqs.(20),(22)) one has 

and using the equation ( 17) for a one gets 

k2f381/3 Ns/3 
H c::: 

2/3 [B 

(24) 

(25) 

(26) 

(27) 

(28) 

It is interesting to note that in both OsB and PB regimes H and a scale with s in a similar 

way: H � s113 and a � s213. This means that the boundary between the two regimes does 

not depend on s, but is determined by the parameters k and N; at a4kN2 /18 » 1 the brush 

is in the OsB regime, whereas at a4kN2 /lB « 1 the brush is found in the PB regime. In

creasing area per chain s leads to an increase in the local pH' in both regimes and, thus, the 

range of s where the peculiar dependence H � s113 can be expected, is limited from above. 

It is also limited from below, since at small s the nonelectrostatic interactions provide the 

quasineutral behaviour of the brush with H � s-/3 where (3 > 07). 
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BASE ADDED SOLUTION 

As was already mentioned above, even small addition of NaOH in the bulk solution leads to 

noticeable increase of the brush ionisation. Under the conditions of the OsB regime where 

H and a are given by eqs.(24) and ( 1 1 ) ,  one gets 

In the PB regime one gets from eqs.(27) and (16 )  

1.2/3 1/3Ns/3 c4/3 
H � , 

s __!:/."_ 
- t;/3 c;13 

. � ( ks2CJ'" )'f3 0 lsN2c; 

(29) 

(30) 

(31) 

(32) 

It is i nteresting to note that in the PI3 regime H increases with CNa more rapidly than in 

the OsB regime. Thus, by varying the concentration of Na.OH in the bulk solution, it is 

possible not only to affect the brnsh thickness, but also change the elecrostatic state of the 

brush. However, due to rapid increase in pH' and a with increasing CNa , the dependencies 

(29)-(32) are expected to be valid in a rather limited range pH' < pH. At pH' "=' pH 

the annealing effects disappear and the brush maintains the quenched type behaviour with 

5 Conclusions 

Using scaling type analysis we have demonstrated that variation of pH of the bulk solution 

can affect considerably the ionisation equilibrium in the brush. Unusual behaviour of the 

brush thickness ( H � s1/.3 )is expected when the local pH' in the brush is noticeably lower 

than the bulk pH value. Under these conditions the decrease in pH due to addition of acid 

into the bulk solution does not affect considerably pH' and the brush behaviour;a decreases 

only slightly (a � cg1 in both Osl3 and PB regimes) .  For base added solutions even small 

addition of sodium ions leads to rapid increase in pH', a � cif: and a � cif: for the OsB 

and PB regimes, correspondingly. As was demonstrated earlier'), addition of small amounts 

of salt molecules (NaCl) into the bulk solution also shifts the ionisation equilibrium in the 

brush: a scales with CNa = Cc1 as a � cif: and a � cjj; in the OsB and PB regimes, 

correspondingly. This increase in a is less rapid than for the base added solutions. The 

origin of an increase of the brush ionisation is due to the fact, that though salt molecules do 

not affect the pH bulk value, sodium ion substitute partially protons in the brush similarly 

to the case of the base added solutions. The effect is, however, less strong. 
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It is interesting to note that addition of small amounts of very different substances (acid, 

hase and salt) does not affect universal scaling of the brush thickness H with the grafting 

density, II � .s 1 i3. Increasing s and diminishing concentration of immobilised charge aC 
in the brush always leads \o an increase in the local pH', additional brush ionisation and 

corresponding additional swelling. 

The annealing effects considered in this paper are of ra.ther general character. They are 

possible in various polymer systems with immobilised charge, such as, for example, polyelec

trolyte gels, charged micelles, cells e\c. One can formulate the general requirements to the 

systems where the described annea.ling effects can be expected: 

- The system can be subdivided into two subsystems separated by a "membrane" which 

is permeable for the mobile ions and the solvent, but is impermeable for the immobilised 

charge. The two subsystems are in the thermodynamic equilibrium with each other; 

- Presence of the immobilised charge within one of the subsystems. The value of the im

mobilised charge is not fixed, but is determined by the equilibrium requirements for both 

subsystems; 

- The membrane is flexible and permits variation of the subsystem dimensions. The geometry 

and dimensions of the subsystem with the immobilised charge provide its electroneutrality. 

Though particular scaling laws will be different for different systems, the sign of the 

predicted annealing effects is expected to be invariant with respect to the physical nature of 

the system. 
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ABSTRACT 

We have studied the adsorption of a water soluble diblock copolymer, poly(t-butylstyrene)-sodium 
poly(styrene sulfonate) (PtBS-NaPSS), on silica surfaces in aqueous solutions. The block 
copolymers used were compositionally assymmetric, with large, hydrophilic, PSS blocks and 
small, hydrophobic, PtBS blocks in order to ensure their water solubility. Materials with molecular 
weights of 87,000 and 160,000 g/mol were used. Kinetics of adsorption and adsorbed amounts 
were measured by in situ ellipsometry. 

Adsorption could not be observed in pure water without added salt (NaCl). When the NaCl 
concentration was increased to IM, adsorption could be readily observed. The adsorption behaviors 
of NaPSS homopolymers and PtBS-NaPSS copolymers of approximately the same PSS size have 
been compared: copolymer adsorbed amounts at equilibrium were significantly higher than for the 
homopolymers. Moreover, homopolymers completely desorb in pure water whereas no desorption 
in pure water was oberved for the copolymers. This demonstrates the role of the uncharged block in 
anchoring the diblock at the solid surface. The kinetics of adsortion showed a two stage process: an 
initial diffusion-limited stage, followed by a slower buildup of surface coverage in a brush-limited 
stage. 



32 

INTRODUCTION 

Polymer brushes, i.e structures formed when polymer chains are tethered by one 
end to a solid surface, are extensively studied either theoretically and 
experimentally since the last ten years. The behavior of neutral brushes under 
various conditions is rather well understood 1 . At the contrary, polyelectrolyte 
brushes have been investigated to a lesser extent than neutral ones 2, 3 . Long range 
electrostatic interactions have then to be taken into account. The relative locations 
of the brush counterions define roughly two different types of behaviors: strongly 
charged brush when the counterions are located outside the brush or quasi neutral 
brush when the counterions are trapped inside the brush. The number of 
parameters that have to be considered is larger than in the neutral case: besides the 
classical ones which are the chain length and the grafting density, there are the 
parameters associated with the charge state of the chains: degree of charge and 
charge statistics along the chain (annealed or quenched charges) and the salt 
concentration of the aqueous solution. 

Only few experimental works have been done in this area. Different pathways can 
be choosen for the synthesis of a charged brush: - synthesizing a neutral brush and 
post-ionizing the mobile chains, - grafting charged chains to the surface or -
adsorbing diblock copolymers where one part is hydrophobic and is playing the 
role of an anchor by collapsing on the solid surface and the other polyelectrolyte. 
We have chosen the latter pathway with the use of poly(t-butylstyrene)-sodium 
poly(styrene sulfonate) copolymers. The aim of the present work is to study the 
conditions of their adsorption on silica surfaces. An ellipsometric set-up allows to 
measure the adsorbed amounts and to follow the kinetics of adsorption. 

MATERIALS AND METHODS 

Diblock copolymers of poly(t-butylstyrene)-sodium poly(styrene sulfonate) (PtBS
NaPSS) have been synthesized using methods described elsewhere 4. These diblock 
copolymers are compositionnaly assymetric, with a small hydrophobic block and a 
large hydrophilic tail in order to ensure their water solubility. A NaPSS 
homopolymer of molecular weight 105 g/mol was also used. It was purchased 
from Polysciences Inc. The molecular characteristics of the polymers used in this 
study are summarized in table 1 .  



Sample 

MT2 
MT3 

NaPSS 

Mw Mw!Mn % sulfonated NNaPSS 

(g/mol) on PSS 

block 

87 000 1 .03 89 404 

1 60 000 1 .04 87 757 

1 00 000 I . I  90 485 

Table 1 :  Polymer Molecular characteristics 
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NPtBS 

26 

27 
- - -

Polymer solutions were prepared by dissolution in distilled water and equilibration 
for at least one week before any adsorption experiment. To avoid dust particles, 
they were filtered through 0.6 or 0.8 µm polycarbonate membrane filters from 
Nuclepore Inc. prior to each use. 

Silica surfaces for adsorption were prepared from polished silicon wafers 
(Virginia Semi conductor Co). Dense oxide layers of ca 1 500 A have been 
thermally grown on these wafers and the surfaces were cleaned of any organic 
contamination using an UV lamp before each experiment. 

The experimental set up which is described in detail elsewhere 4 was using a 
SOPRA ES4G spectroscopic ellipsometer. The experiments were performed using 
a specially built quartz cell, allowing in situ adsorption measurements. The 
wavelength and angle of incidence were held at a fixed value /..., = 589.9 nm and 8 
= 7 5 .5 °. The ellipsometer readings � and '¥ correspond to the change, on 
reflection, of the relative phase and amplitude of the p and s components of the 
light wave. Data are analyzed assuming a homogeneous layer for the polymer film 
(figure 1 ) .  

Figure I :  Multilayer model of adsorbed homogeneous 

polymer layer 

The refractive index n1 and the layer thickness d1 are determined from the basic 
eqution of the ellipsometry: 
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( 1 )  
nz , dz and n3 were measured prior to any experiment. The refractive index of 
the solution no was estimated from the contribution of all solution components. 
The equation ( 1 )  is a complex non linear equation which is impossible to invert 
directly. Rather, an iterative procedure has been used to determine the family of 
solutions { n 1 , d 1 } which agreed to the experimental values. Since the contrast 
between the refractive indices of the solution and the polymer layer is low and 
taking into account the uncertainty in the ellipsometric angles (0. 1 °) ,  unique values 
of n1 and d1 could not be found for any data set. However, their product, which 
is related to the adsorbed amount of polymer A was found to be invariant: 

A = d1 * (n1 - no ) I (dn/dc)p (2) 
(dn/dc)p is the refractive index increment of the polymer solution. 

RESULTS 

The adsorption experiments have been conducted in the following way: as soon as 
the polymer solution was introduced in the cell containing the silica surface, the 
ellipsometric measurements were taken as a function of time until an equilibrium 
was attained (constancy of the optical readings). The polymer solution was then 
drained and replaced with pure water. Ellipsometry measurements were taken 
again during ca 10 hours in order to check a possible desorption in pure water. 
Again the pure water was replaced by an aqueous solution having the same salt 
concentration as the initial polymer solution and measurements were taken. 
Experimental data were then analyzed and adsorbed amounts were calculated. The 
average associated error was about 10%. 

Adsorbed amounts at equilibrium: the adsorbed amounts at equilibrium are 
reported on table 2 for each of the polymer system studied.The following 
observations can be made from these results: 
- No adsorption can be observed in pure water, for any of the polymers studied ( 
homopolymer or copolymers). All of them have a polyelectrolyte moiety which 
should be highly charged because electrostatic screening is very weak in pure 
water. The repulsion between the charged groups along the chains seems to inhibit 
the accumulation of the polymers on the solid surface. Moreover, there should 
exist also a weak repulsion between the polymers and the surface because the silica 
surfaces are slightly negatively charged under the experimental conditions. 
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- At a NaCl salt concentration of 1 M, non negligible adsorbed amounts are 
measured in all the cases. The Debye screening length associated with this salt 
concentration is of the order of 3 A at 25 °C. This value is comparable to the 
monomer length (NaPSS moieties are almost 100% sulfonated) and lower than the 
Bjerrum length (- 8 A). This means that the electrostatic repulsions between the 
charged groups along the chains are screened. The conformational and aggregation 
properties of the polyelectrolyte arms should resemble those of a neutral chain in 
moderate-to-good solvent conditions. 

Polymer sample Adsorption Concentration Adsorbed amounts Adsorbed amounts 

medium (ppm) before rinsing after rinsing with 

(mg/m2l water (mg/m2) 

NaPSS water 60 - -
NaPSS l M  (NaCl) 60 0.45 0.45 

MT2 water 60 - -
MT2 J M rNaCll 60 2 . 1  1 .9 
MT3 water 60 - -
MT3 1 M (NaCll 60 1 . 8  1 .9 
MT3 ! M (NaC!) 300 1 .8 1 .8  

Table 2: Adsorbed amounts for polymers 

- Adsorbed amounts are 4-5 times higher for MT2 than for NaPSS homopolymer 
of molecular size comparable to that of the charged block in MT2, for adsorption 
of a 60 ppm solution in 1 M salt. This indicates that the short, hydrophobic, PtBS 
block in MT2 plays a role in anchoring the block copolymer to the silica surface. 
This can be interpreted as a collapse of the hydrophobic blocks onto the solid 
surface in order to minimize their unfavourable contact with the aqueous solution. 
- No influence of the polymer concentration on the final adsorbed amounts were 
observed for MT3 by increasing the initial polymer concentration from 60 ppm to 
300 ppm. 
- The adsorbed amounts calculated for the block copolymers stay unchanged, 
within experimental error, before and after 10 hours contact with pure water. 
This absence of desorption in pure water shows that the adsorption energy of the 
hydrophobic block is large enough to compensate for the repulsive polymer 
surface interactions due to electrostatic repulsions between the charged groups. 

It is interesting to see how those first results compare with model predictions. N. 
Dan et al have developped a scaling model for the adsorption of a charged-neutral 
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copolymer on solid surfaces in aqueous solutions 5 . This model applies in a range 
of moderatly high salt concentrations, allowing a description similar to the one 
initially developped for neutral copolymers 6 except that an additional length has 
to be introduced : the electrostatic persistence length of the charged chains. The 
total free energy of the chains involves the adsorption energy of the hydrophobic 
blocks, the free energy of the grafted polyelectrolyte blocks and the chemical 
potential of the polymer solution. Experimental data show that the adsorbed 
amounts at saturation seem to be insensitive to the polymer concentration in the 
reservoir. This leads us to assume that the chemical potential contribution in the 
total free energy is negligible. The minimization of this energy with respect to the 
number density of chains on the surface a gives: 

CT =  <Ps 4/5 ( 8/ NB) 6/5 (3) 
where <Ps is the salt concentration, 8 is the energy per chain due to the attachment 
of the hydrophobic block on the surface and NB is the number of segments in the 
polyelectrolyte block. The adsorbed amount A, which can be approximated as the 
product Ci* NB (the hydrophobic block is short) expresses as : 

A = <!Js 4/5 ( 8) 6/5 I ( NB ) 1 /5 ( 4) 
Experimental results have been obtained at the same salt concentration ( 1  M) for 
two different copolymers MT2 and MT3 having the same sizes of PtBS blocks but 
sizes of NaPSS blocks being in a ratio of about 2. Equation 4 predicts that the 
MT2 adsorbed amount should be ca 1 3 %  higher than the MT3 adsorbed amount. 
This is well in agreement with the experiments, taking into account the 10 % 
associated error of the measurements. Moreover, equation 3 predicts that the ratio 
of the number of chains per unit area should be in the ratio 2: 1 for MT2 versus 
MT3. This is the results that is seen experimentally, well outside the bounds of 
experimental errors. 

Kinetics of adsorption. Recent adsorption studies of neutral diblock copolymers 7 
have shown that two regimes of growth of the adsorbed layer can be expected: - a 
first transport limited regime where the growth rate is controlled by the diffusion 
of the adsorbing species toward the surface. The adsorbed amount should vary as: 

A(t) = (2/ (n) 112 .) * C0
. * (D t) l /2 (5 ) 

where C0 is the concentration in diffusing species and D their diffusion coefficient. 
When the surface is filled up, adsorbed chains start to overlap and to adopt a 
brushy conformation. Then a slower growth rate is expected because the further 
chains have to penetrate the brush layer. This process involves rearrangement and 
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deformation of already adsorbed chains. In this brush limited regime, the adsorbed 
amount has been predicted to vary as 8: 

A(t) = (Asat - Ac ). ( 1  - e -kt ) + Ac (6) 

where k is the rate constant and Ac indicates the adsorbed amount to be reached 
for the exponential law to be valid. 
Adsorbed amounts variations for MT2 and MT3 at a polymer concentration of 60 
ppm and 1 M NaCl have been reported on figure 2 as a function of the square root 
of the time. A first regime of linear variation is observed for both copolymers, 
consistently with a transport limited regime. 
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Figure 2: Mass adsorbed amounts, A, versus the square root of time in seconds. Transport limited 

regimes are seen in the early stage. 

It should be interesting to deduce the diffusion coefficients D from the slope 
values. This leads us to ask the question of the nature of the diffusing species. 
Recent investigations of the solution properties of these copolymers 9 have shown 
that the cmc are lower than the polymer concentrations used in our experiment. 
This means that both micelles and free polymers are present in solution. Two 
arguments seem to be in favor of a micellar nature of the diffusing species: the 
free polymer concentration should be very low ( of the order of the cmc) and the 
molten state of the micellar cores (PtBS) should make their desaggregation a slow 
process. However, it is impossible to give a definite conclusion from the 
experimental data because of the large number of unknown parameters and the 
lack of precision of the slope values. 
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The end of the diffusion limited regime should correspond to the time where the 
chains start to overlap. The average spacings between the chains Ldiff at this time 
have been calculated from the adsorbed amount values and compared in table 3 to 
the radius of giration of the polyelectrolyte block Rg in 1 M solution. RH values of 
the micelles determined in solution 9 are also given for comparison. Table 3 shows 
that Ldiff has a value between Rg and 2Rg , in agreement with a regime of non 
interacting adsorbed macromolecules. At the contrary, the average spacings 
between chains at saturation of adsorption Lsat are slightly lower than Rg , 
showing that brush formation should be involved in the second part of the kinetic. 

Polymer Rg (A0) 

sample 

MI'2 100 
MT3 150 

Lctiff (A0) 

125 

210  

:Esat (A°) RH micelle 

(Ao) 

90 160 
130 450 

Table 3 :  Molecular parameters for the adsorption of MT2 and MT3 
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Figure 3 : Long time behavior of the adsorption for Mr3, at two different polymer concentrations. 
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The exponential behaviors predicted by equation (6) for the brush limited regime 
have been represented on figure 3 for MT3 adsorbed in lM salt, at two different 
polymer concentrations 60 and 300 ppm. The rate constants k deduced from these 

fits are increasing with the polymer concentration: k=l . l  * 10 -4 s - l for a 

polymer concentration of 60 ppm and k= 1 .7*  10 -4 s - l for 300 ppm. This can 
simply be explained because the statistical number of molecules hitting the surface 
at any given time is an increasing function of the polymer concentration, leading 
to a faster rate of growth of the adsorbed layer. 

CONCLUSION 

The first experimental results have shown that assymetric diblock copolymers 
PtBS-NaPSS do adsorb on silica surfaces from aqueous solutions but this process 
requires strong screening of the charged groups of the copolymers by the addition 
of salt in the adsorption medium. The enhanced adsorption of the copolymers 
compared to that of NaPSS homopolymers, as well as their absence of desorption 
in pure water, have demonstrated the anchoring role of the PtBS block in the 
adsorption process.The adsorbed amounts at saturation are compatible with a 
brush structure of the adsorbed layer, the PtBS block being collapsed at the solid 
surface and the NaPSS blocks extending in solution. Kinetics of adsorption have 
shown a two stage process, with a first initial diffusion limited stage followed by a 
brush limited regime where the growth rate of the layer has been slowed down. 
Scaling model 5 of the adsorption of charged di

.
block copolymers predict 

variations of the adsorbed amounts and grafting densities with the charged block 
size which are in good agreement with the experimental results. More experiments 
need to be done in order to confirm the scaling laws agreement, not only by 
varying the PtBS and NaPSS block sizes but also by studying the salt concentration 
dependance. Indeed, scaling models and mean field models are in disagreement 
with the exponent of the salt concentration. 
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MICELLE FORMATION AND ADSORPTION AT THE SOLID-WATER INTERFACE 
OF PS-PEO DIBLOCK COPOLYMERS 

Abstract 

A.JADA, J.HOFFSTETTER and B. SIFFERT 
CNRS-CRPCSS 

24 Avenue du President Kennedy 68200 Mulhouse-France 

AB diblock copolymers in a highly selective solvent, good for B and poor for A, 
exhibit amphiphilic behavior. 

Micelle formation in water in the concentration range 1 0-7 -10-2 M by copolymers 
composed of polystyrene as the A block and polyoxyethylene (PEO) as the B block 
having Mn values in the range 1000 and 1000-5000 respectively was investigated by 
fluorescence probing method. 

Furthermore adsorption from water onto titanium dioxide particles were made 
with copolymer initial concentration ranging up to 10-3 M. The stability behavior of 
the copolymer covered Ti02 particles as function of copolymer concentration was 
investigated by absorbance, sedimentation and zeta potential measurements . 
The behavior of polymeric surfactants in water and in the presence of solid particles 
was found to depend on their molecular characteristics. 



42 

Introduction 

Copolymers having hydrophobic sequence such as polystyrene (PS) and 
hydrophilic sequence such as poly(ethylene oxide) (PEO) form micelles in dilute 
aqueous solutionsl-4) and are used as stabilizers in solid-liquid5,6) dispersion and in 
the preparation of aqueous latex particles. Fluorescence probing (FP) refers to the use 
of a variety of neutral molecules, simple and complex ions which upon proper 
photoexcitation emit light whose characteristics are sensitive to the immediate 
environment of the probe. The dissolution of pyrene as fluorescent probe in 
aqueous surfactant solutions leads, at the CMC, to the sharp decrease in the Ii /I3 
ratio, I 1 and I3 are repectively the intensities of the first and the third vibronic peaks 
in the pyrene fluorescence emission. In the present work, slow and rapid decreases 
of the Ii/I3 ratio were observed, depending on the characteristics of the copolymer. 
Thus for these reasons, the onset concentration at which the Ii /I3 ratio remains 
constant will be called, the apparent critical concentration (Capp) rather than CMC. 

In this paper, the study of micelle formation and adsorption at solid-solution 
interface of a series of PS-PEO block copolymers in aqueous solutions is reported. 
Experimental 

The titanium dioxide (Ti02, P25) used was purchased from Degussa. The surface 
area S measured by the BET method was 52 m2 g-1 and the average size measured by 
sedimentation was 0.6 mm, at pH value of 5.5. 
Fluorescence probing method : 

Fluorescence emission spectra, made at 25 °C, of aqueous copolymer solutions 
containing 1 0-6 M pyrene were recorded on a Shimadzu RF-5001PC 
spectrophotofluorimeter over the range 350-500 nm, with the excitation wavelength at 
335 nm. 
Preparation of suspensions 

A mixture (0.015%) of the solid sample and deionized water was ultrasonicated 
for few minutes and agitated at room temperature for 48 hours. A known volume of 
standard aqueous copolymer solution was then added and the resulting dispersion 
was shaken for further 2 days, the final pH value of the dispersion was about 5.5 ± 0.1. 
Microelectrophoresis, optical density and sedimentation: 

The microelectrophoresis was performed with a Lazer Zee meter, Model 500, 
purchased from Pen Kem Inc. The Optical density of the dispersion was measured at 
500 nm. The same dispersion was placed in a calibrated tube to settle colloidal particles 
and the amount of the sediment was measured each five minutes during five hours. 
Adsorption isotherms 

Each aqueous Ti02 suspension containing known amount of copolymer was 
centrifuged at 14,000 rpm to settle copolymer covered Ti02 particles. After 
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centrifugation, the supernatant was removed, mixed with D20 and analysed for its 
residual copolymer concentration (Ce), using 250 Mhz proton NMR on a Bruker AC 
250-F spectrometer. 
Results and discussion 

The structures, compositions, and molecular weights of the copolymer samples 

are presented in Table1 . All the samples contain at least 50 wt% of PEO. 
Table 1 

Characteristics of non ionic copolymers : Mn is the copolymer number molecular 
� weight, m, the repeating units of the PS , n, the repeating units of the PEO block and 

Cap is the apparent critical micelle concentration at 25°C. 

Triblock PEO-PS-PEO (see Ref 2) Diblock PS-PEO 
Sample TBl TB2 TB3 TB4 SE 10-10 SE 10-20 SE 10-30 SE 10-50 

Mn 17800 12100 15700 13200 2000 3000 4000 6000 
(g/mol) 

m 27 23 36 35 

n 2*170 2*110 2*135 2*108 

Capp*105 <0.01 <0.01 <0.01 <0.01 
(M) 

10 

23 

1.0 

10 10 10 

46 69 115 

1.4 1.6 2.5 

The plots of II / I3 ratio against copolymer concentration for SE samples are 
shown in Fig 1 .  
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Figure 1.Variation of fluorescence intensity ratio of pyrene solubilized in various 
diblock copolymer aqueous solutions vs. copolymer concentration C (mol/l). 
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It can be seen that the II /I3 ratio decreases over more than one decade for SE 10-
10, SE 10-20, SE 10-30 samples. However, the I1 /I3 ratio decreases over less than one 
decade for SE 1 0-50. The value of Capp increases with the PEO chain length for diblock 
SE series and is independent of the PEO chain length for the triblock series as shown 
in Table 1 .  It should be emphasized that Capp is a measure of the copolymer 
association efficiency in water. The increase of Capp with PEO chain length for SE 
series is explained by an increase of copolymer hydrophilicity. The slow decrease of 
I1 /I3 ratio observed for SE 10-10, SE 10-20 and SE 10-30 was also observed for triblock 
series2l and this behavior can be explained by the partition of pyrene between water 
and polymolecular aggregates. 
Adsorption isotherms for diblock copolymers SE series are shown in Fig 2. 

600,000 • SE 10-10 0 SE 10-20 

500,000 
• SE 10-30 D SE 10-50 

:gi 400,000 
00 3 300,000 r..... 

200,000 

100,000 

0,000 
0,0 0,5 1,0 1,5 2,0 

Ceq (g!l) 

Figure 2. Adsorption isotherms of diblock copolymers from water onto Ti02 particles. 
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Figure 3. Variation of the plateau level r max (in mmol/g) vs. the weight fractions of 
PS block. 
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It can be observed that the adsorption at the plateau level r max increases with 
decreasing PEO chain length. Figure 3 shows the variation of the plateau level r max vs. 
the weight fractions of PS block, for di and triblock copolymers. 
The results shown in Fig.3 dearly indicates that the adsorption is governed by the PS 
content of the copolymer. The adsorption of PS-PEO onto Ti02 particles influences 
some surface characteristics, such as the s-potential of the particle by shifting the 
position of the plane of the shear away from the particle surface. The s-potential of 
Ti02 particles decreases with increasing copolymer concentration C and reaches a 
plateau value. The s-potential measured for Ti02 dispersions in the absence of 
copolymer is equal to 30 ± 4 mV and the values found for various copolymers at 
higher concentration are given in Table 2. Stable suspensions were obtained when 
appreciable s-potential values resulted. 

Further, the stabilization effect of the block copolymers upon Ti02 dispersions 
was determined by measuring the optical density (OD) and the sedimentation rate (k) 
as a function of C. In the absence of polymer the OD and k values measured for Ti02 
dispersion were equal to 0.4 ± 0.1 and 0.05 ± 0.005 ml/mn respectively. In the presence 
of the polymer the optical density increases for SE 10-10 and then remains constant at 
higher C. However OD varies slightly with C, , within the error range for SE 10-20, SE 
10-30, SE 10-50 and PEO-PS-PEO triblock copolymers. The sedimentation rate decreases 
slowly for SE 10-10 and steeply for SE 10-20, SE 10-30 and SE IO-SO.This implies that 
stabilization using block copolymers is more effective with samples having higher 
weight fractions of PS. 

Table 2 
Experimental properties of aqueous dispersions made with Ti02 particles in the 

presence of non ionic copolymers: r max is the plateau adsorption level of the 

copolymer onto Ti02 particles. OD is the optical density measured at 500 nm, k is the 

rate of sedimentation and Isl is the magnitude of zeta potential, measured at high 
copolymer concentration of Ti02/copolymer/water dispersions. 

rmax 
k 00 Isl Sample 

(mg/g) 
(ml/mn) (mV) 

SE 10-10 460 0.01 1.75 15 

SE 10-20 276 0.02 0.35 7 

SE 10-30 120 0.02 0.40 6 

SE 10-50 55 0.02 0.3 4 

In Table 3 are listed values of surface density CTexp for various copolymers. The results 
shown in Table 3 indicate that CTexp decreases with increasing the repeating units of the 
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PEO block (decrease in adsorption). However the adsorption is governed by the size of 
the PS block. Thus, reducing the size of PS chain leads to a reduction in the area 
occupied per molecule, indicating that the PEO chain can be more closely packed and 
stretched at the interface. 

Table 3 
Experimental surface densities of aqueous dispersions made with Ti02 particles in the 

presence of non ionic diblock and triblock copolymers. 
Triblock PEO-PS-PEO I Diblock PS-PEO 

Sample TBl TB2 TB3 TB4 SE 10-10 SE 10-20 SE 10-30 SE 10-50 

0.078 0.110 0.065 0.070 2.670 1.065 0.347 0.106 

Conclusion 

The Capp of PS-PEO copolymers increases with the PEO chain length and it has very 
small value for PEO-PS-PEO triblock copolymers. Further, these copolymers when 
adsorbed at TiOz-water interface can prevent coagulation or enhance flocculation of 
the the colloidal particles, depending on the spatial extension of the polymer from the 
solid surface. Thus for SEl0-10 the PS chain is adsorbed onto the surface and the PEO 
chain is fully extended and is in contact with the surrounding aqueous medium, 
forming a stabilizing layer, such behvior gives a stable dispersion. When the PEO 
chain length increases, the decrease in surface densities observed indicate folding of 
the PEO which can lead to the formation of individual monomolecular units (internal 
PS segment coil surrounded by less extended PEO segments). Such individual 
monomolecular units .lead to the formation of bridged TiOz particles and enhance the 
coagulation of dispersion. The behavior of the polymeric surfactants in water depends 
on their molecular characteristics. More quantitative investigations on the thickness 
of the copolymer adsorbed amount and comparaison with the model proposed by 
Marques7l et al, for adsorption of neutral diblock copolymers from a selective solvent 
for one block, are underway. 
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We consider the configurations and the various regimes when an 
alternating, symmetric, multiblock copolymer made of successive sequences of 
A and B monomers with equal length Z is at the interface between two 
immiscible solvents that are respectively good for one of the sequences and 
poor for the other one. We find two semi dilute regimes, when the copolymers 
overlap. For monomer concentrations below r**, we find a first range where 
the thickness of the copolymers is constant and equal to the radius of a 
sequence. For concentrations larger than r**, a second regime appears, where 
the sequence's stretch out and adopt a conformation similar to what was 
reported for grafted polymers. 
Finally at a concentration rsat, the interface is completely saturated, and the 
copolymers form micelles in the bulk: it becomes energetically more favorable 
to have copolymers in the bulk than at interface. 
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I. Introduction. 

A large effort has been devoted these last few years to understand the 
1-23 

structure of polymers at interfaces . More recently, the structure and 
ordering of diblock copolymers in the vicinity of a surface was also considered 

in the opposite limit of melts24 . There is another interesting case that was 
extensively studied. This is the case of the structure of a multiblock copolymer 
at an interface. We will consider in what follows the case of an alternating 
multiblock, where respective polymerisation index Za and Zb are constants, 
and equals. This is by contrast with the more general case, when they are 
random: Because each of the sequences is soluble in only one of the solvents, 
the copolymer is forced to remain in the vicinity of the interface. Solvents will 
be assumed to be good solvents of their respective part. The structure of the 
copolymer in dilute solution will be considered in section 2. Section 3 will deal 
with the concentration effects, when the interface is progressively covered 
with polymers. Because of the excluded volume effects, as concentration is 
increased, the loops are forced to extend in the direction orthogonal to the 
surface. Finally, in section 4 , we find that for large concentrations it becomes 
energetically more favorable to form micelles in the bulk rather than to 
increase the surface concentration. Thus the interface is saturated in this 
regime. The structure of the micelles is studied in the simple case where one 
copolymer may form one micelle. 

2 .  The dilute case. 

Let us first consider the case of a single multiblock copolymer made of N 

successive sequences of two different chemical species. Each sequence is made 
of Z monomers, and the copolymer is regular. We also assume that both 
monomer species have identical size a. The two components are not soluble in 
a single solvent, but in two immiscible solvents. As a result, the copolymer 
may either remain at the interface between the solvents or form micelles in 
either solvents. Such micelles would have flower like shape, with the insoluble 
part in the center and the soluble sequences forming loops from this core. The 
latter solution however implies a high free energy and would only take place 
when the surface is completely saturated with copolymers. Therefore the chain 
is localized in the vicinity of the interface, the junction points between 
sequences are assumed to be located in the interface. The resulting structure is 
as shown on figure one. The interface is assumed to be flat on the scale of the 
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copolymer, and we neglect completely any roughness of the interface. Because 
each part is in a good solvent, the characteristic sizes R.l and RJI respectively 

orthogonal and parallel to the surface are 

R.i so::: Z3'sa 

and Ru 1=:1 N3'4z3'sa 
In the former relati o n s ,  several 

assumptions are made. The first one is 

that the structure of a loop, that is of 

one sequence, is basically the same as 

that of a polymer in the bulk of a 

solution. In relation ( 2 )  we assumed 

that the structure of the copolymer is a 

two dimensional self avoiding 

walk 1 2 5 in the plane. This explains 

the exponent 3 /  4 that is the Flory 

approximation to a two dimensional 

self avoiding walk. 

( 1) 

(2)  

�igure 1 .  - The structure o f  a copolymer at the interface Every sequC'nC-<' 
is soluble in one of the 1mmisc1ble solvents and has 1so!rnp1c 
c<;inforn:iation. The various sequences extend on the surface as a two
d1menszonal chain. 

The surface pressure of the solution in the dilute regime is merely 

r n � NZ (3) 

where r is the total number of monomers, per unit area, irrespective of the 

chemical nature, and the surface pressure is measured in units of kT. This 

dilute regime holds as long as the various chains are far apart from each other 

on the surface. This implies that the surface concentration r is smaller than an 

overlap concentration r*: 

r* NZ N- 112z-11s -2 RI' -,- RI'  a Ru 
For larger concentrations, the polymers overlap, and the surface 

semi-dilute. 

3. Semi-dilute surface regimes. 

(4) 

becomes 

For concentrations larger than r*, the various copolymers start 

overlapping. We expect a different behavior for the chains, and the appearance 

of a second characteristic length 1;. related to the screening of the excluded 

volume interactions
26

. Excluded volume interactions are present inside a blob, 

and are screened at larger distances. As we will see, two different cases are to 
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be considered depending on the relative values of the screening length !; and 
the orthogonal radius RJ. . 

3.1.  The constant width regime. 

For concentrations slightly above r*, the copolymers start overlapping. 

Because of this, the excluded volume interaction are screened at large 

distances26 1 . This implies that the longitudinal conformation of a chain is 

identical to the one in the dilute regime for distances smaller than this length. 
For larger distances , chains are gaussian, if one takes the screening length as a 
unit. This introduces blobs with size r;, made of gd sequences. The latter 

number may be estimated using relation (4) : 

( 'zl/5)°' gd � ra 
and, generalizing relation (2),  we get 

t: 314-.315 (r ' )-s12 23110 ., � g, L � a  a 
(5) 

(6) 

For larger distances, because the excluded volume interactions are screened, 

we have 

(7) 
The surface pressure may be estimated by a classical scaling assumption. The 

pressure is due to the contact between blobs, we expect the pressure to 

become independent of the number N of sequences. We find 

n � (ra2 )3z-31s (8) 
Note that this result may be interpreted as giving a unit energy per unit 

surface. 

3.2. The quasi-brush regime. 

In the semi-dilute regime that was discussed in the previous section, the 
screening length r; is larger than the radius of one sequences R_i. As 

concentration is increased, r; decreases and becomes of the same order as R.L 
for a concentration r**. Comparing relations ( 1) and (6), we get 

(9) 
For larger concentrations, we get a second semi-dilute regime. The blob size 

becomes smaller than the radius of a sequence. As a consequence, each 
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sequence is forced to adopt a stretched configuration, and the orthogonal width 
RJ. of the layer increases. The various distances may be obtained by scaling 

arguments. Assuming that i; is independent of Z and is a function of 
concentration only, or that RJ. depends linearly with Z. We get 

( 2)-3 !;� = fa a ( 10) 

and ( 1 1) 

In the direction parallel to the interface, the length is defined by a non

avoiding walk. This gives 

( 12) 

Finally, the surface pressure may be evaluated by a scaling argument, 

calculated by the requirement that the surface pressure be independent of Z in 

this regime. Using relations (8),  and (9),  we find 

II = (ra2 J6 ( 1 3 )  

Note that the structure o f  the polymers 

in this concentration range is the same 

th � af d h . 
2 7 -2 8  

th" as at ior gr te c a1ns , is 

may be checked for instance by 

eliminating r between relations ( 10)  

and ( 1 1) .  The resulting structure is 
shown on figure 2. 

4. Micelles. 

Figure 2. : In t
_
he

_ 
concentrated ngime, the chai!'5\adopt an extended 

configuration SJm1lar to grafted polymers. lbe distance between .. graft 
points'"' is detennirwd hen? by CO!K'el'ltration. 

So far we discussed only the configuration of the copolymers at the 

interface. We did not consider the possibility that they be in the bulk of the 

solution. This is what we consider in this section. Because of the copoiymeric 
nature of the macromolecules, micelles are formed. On either side of the 

interface, one of the component is in a poor solvent and tends to segregate. 

Sequences in bad solvent conditions aggregate and form the core of the 

micelle. While sequences, in good solvent, form the corona of the micelle. 

In order to calculate the structure of such micelles, we assume that it is similar 

to that of diblock copolymers29-30. This is a reasonable assumption when the 

sequences are long. The usual assumption for diblock micelles is that they 
have the same structure as a star polymer3 1-32. 
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The number of diblocks in a micelle is determined by minimizing the free 
energy of a micelle: 

Fm �N(�:f + N312 !n (�:) + yR; ( 14) 

where the first term is the energy of the core, assumed to be purely elastic, 
the second one the energy of the corona, and the last one is the interfacial 
contribution. Here Re, Ro and Rm are respectively the radius of the core, the 
unperturbed radius of a sequence, and that of the micelle. Usually, the 
contribution of the core may be neglected. Minimizing this free energy with 
respect to N gives the number No of diblocks in a micelle. It was found: 41 5( 2)615 N0 � Z ya 
In the following, we will 
always assume that we are 
in the simple case where the 
number N of sequences in 
the multiblock is equal to N0, 

(15 )  

and th U S  that a COpOlymer Figu" 3 . .  Th. ,tcucturn of' mulbblock <opolymmn ' h'Shly �lec,,w 
may fQrffi only Qlle micelle. so!vent.We assume thata copolymercan form onemicelle. 

The partition between interface and bulk is, at equilibrium, defined by the 
equality of the chemical potentials on the surface and in the bulk. Clearly, 
when the free energy of a m.icelle becomes smaller than that of a chain at the 
interface, any added copolymer will preferentially go in the bulk. This implies 
that the surface becomes saturated. This may happen only in the quasi-brush 
regime: both in the semi-dilute and in the dilute ranges, the free energy of the 
copolymer at the surface is smaller than that of a copolymer in the bulk. 
Minimization of relation ( 14) leads to the free energy Fm of a copolymer in a 
micelle. We find 

F No3/2 m �  ( i6) 
with No given by equation ( 15 ) .  In the brush regime, the free energy Fs of a 
copolymer on the surface is very similar to that of grafted polymers. It is 
made of two contributions. The first one corresponds to the excluded volume 
interactions between monomers and is proportional to the number of blobs. 
The second one is an elastic contribution due to the stretching of the sequences 
in the direction orthogonal to the surface. Thus we have 

(17) 
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where R.L is the normal extension of the layer, and R the radius of an ideal 

chain made of blobs with g monomers. Minimizing the free energy with 
respect to R.L, we find : 

F, � Nzr' ( 18) 

Comparing relation ( 1 8) with the free energy of the copolymer in the micelle, 

relation ( 16), we find the surface saturation concent:ration : 

( 2)3' 25 -3125 r", � Y<l z ( 19) 

For larger bulk concentrations, the thickness and the size parallel to the 

interface and surface pressure become roughly constant because the surface is 

saturated and any added copolymers goes preferentially to the bulk. 
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5. Conclusion. 

We discussed the structure of regular symmetric copolymers made of N 
successive sequences of Z monomers each. These sequences are soluble in two 
immiscible solvents. We assumed that the interface between the latter is flat, 
and that the junction point between any two sequences is located in the 
interface. As a function of the monomer concentration, we found four regimes. 
In the dilute range, the copolymers are far from each other and extend on the 
interface. The width of the layer is the radius of a sequence. Their dimension 
on the surface may be considered as a t:vvo dimensional self avoiding walk. For 
concentrations larger than r*, but smaller than r**, the polymers overlap. In 
this concentration range, surface pressure increase with concentration while 
width of the layer is constant. 
For larger values of r, because of the 
excluded volume interactions, each 
sequence adopts an extended 
configuration normal to the interface. 
The resulting structure is similar to 
what was found for grafted polymers. 
Therefore the width of the layer 
increases with concentration, and the f** rsat 
SUrfaCe preSSUTe iS the Sa.Ille aS for a Figure 4. - Logarithmic plot of the surface pressure as a function of 

surface concentration m the various regimes. Slopes are indicated m <'ach 

semi dilute solution. The various =&• 
regimes for the surface pressure are 
sketched on figure 4. 
For larger bulk concentrations, the surface tends to saturate. So an\, added 
copolymer forms preferentially a micelle in the bulk. We considered only the 
special case where the number of sequences is such that a micelle is made of 
only one copolymer. In this case there is no CMC, so that this is very different 
from diblock copolymers, or of multiblocks with a number of sequences 
smaller than this special number N0 • The various regimes should be 
observable by neutron reflectometry, ellipsometry and hydrodynamic 
measurements. Although our results are in reasonable agreement with recent 
experiments, several improvements may be done. In the present 
approximation, it would be interesting to study the cases when the number of 
sequences is differenJ from N0, that we considered here. For large values of N, . 
there is the possibility of forming a branched multimicellar structure, and 
eventually a gel. This is presently under investigation 
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ABSTRACT 
We investigated the stability and wetting behavior of thin films of polystyrene on 
layers of end-functionalized polystyrene molecules grafted onto silicon wafers. The 
"brush-like" layers entropically repelled the non-grafted but otherwise identical 
molecules. Thus, thin polystyrene films on top of dense polystyrene brushes were 
unstable and dewetted the brush by the growth of cylindrical holes. We studied this 
dewetting process in detail as a function of grafting density. The contact angle formed 
by the non-grafted molecules on top of the brush, and also the dewetting velocity, 
increased significantly with increasing grafting density. Embedding a few longer 
molecules into a brush had little effect on the contact angle but drastically slowed down 
the dewetting process. Implications of these results on adhesion or stabilization of thin 
liquid films are discussed. 
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1. Introduction 

From experiments with bulk samples we know that identical molecules are 
compatible and mix. At an interface, however, we may experience a different behavior 
because molecules are exposed to additional interactions and constraints. Therefore, 
molecules in contact with another medium may exhibit properties deviating from the 
bulk. At the ultimate, such molecules may even "dislike" molecules of their own kind. 
Chemically identical molecules can become incompatible and, e.g. the same molecules 
do not wet a monolayer of adsorbed molecules. Such behavior was observed for small 
molecules on high energy surfaces already more than 40 years ago by W.A. Zismanl )  

and denoted a s  "autophobic". N o  proven explanation was offered a t  that time but it 
was speculated that orientation or packing constraints due to adsorption were 
responsible for this effect. Theoretically a similar phenomenon was predicted for 
polymeric liquids2,3) . Anchoring many chain-like molecules to an interface by one end 
induces steric constraints causing stretching of the molecules4,5) Stretching, in turn, 
results in entropic repulsion for non-grafted macromolecules. Consequently, grafting 
many molecules onto an interface leads to the formation of a distinct "new" interface 
between grafted and non-grafted molecules with a non-zero interfacial tension. Under 
such conditions it is expected to observe the striking phenomenon that a polymer melt 
does NOT wet a "brush" of molecules of its own kind. Here we provide experimental 
evidence that a thin polymer film forced onto a layer of grafted but otherwise fully 
identical molecules dewets this layer. 

End-functionalized polymers which were able to interact physically with the 
substrate have also been used to stabilize nonwetting liquid films6). Intuitively, the 
stabilizing effect was attributed to the strong interaction of the grafted molecules with 
the substrate and the interpenetration of grafted and free molecules. Thus, one would 
expect that the more molecules are anchored to the substrate the more stable the films 
are. Here, however, we will show that increasing the number of grafted molecules on 
the substrate leads to the counterintuitive effect of de-stabilization. 

A related problem of interaction between grafted and non-grafted molecules is 
also encountered in the context of improvement of adhesion between a polymer and a 
solid substrate or between incompatible polymers. Commonly, end-functionalized 
polymers or block copolymers are used to increase the adhesive energy between t�e 
two bodies one wants to "glue" together7,8) It is not yet answered completely if an 
increasing number of such molecules at the interface between the two bodies would 
always improve adhesion9,10). 

Experimental indications of autophobic behavior for identical polymers of 
different molecular weight were observed previously by Mourran, Chatenay and 
coworkersl l ) and Liu et a!.1 2) . ' Non-spreading drops or dewetting was found for 
systems where the melt on top of a chemically identical brush consisted of significantly 
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longer molecules. In ref. 12 films thinner than the radius of gyration were put on top of 
the grafted layers so that it cannot be excluded that confinement effects as observed 
earlier13) have at least partially caused dewetting . 

The effect of steric repulsion preventing the penetration of a brush has been 
demonstrated directty14) in a related experiment. However, in that case two layers of 
grafted polymers in solution were interacting. Here we will describe consequences of 
increasing grafting density on the wettability of the brush. 

2. Experimental Section 
For our studies we used layers of polystyrene end-attached onto silicon wafers 

coated with thin films (thickness {d) approx. 1000A) of chemically identical molecules. 
Two different molecular weights of deuterated polymers were synthesized in our 
laboratory, split into two batches, and either terminated by a methyl group or by a 
monochloro-silane group. Methyl terminated protonated polystyrene was also 
synthesized. Molecular characteristics of the polystyrenes used are given in Table I. The 
silicon wafers were irradiated by UV-light in a water saturated oxygen atmosphere 
(UV-ozone treatment) . Thin films were prepared by spincoating a dilute polymer 
solution onto these wafers. 

Table I: Molecular characteristics of polystyrenes used 

Sample Weight-averaged Mw/Mn radius of 
molecular weight gyration 
[g/mol] [A] 

End-group 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

PS-S-R 9 300 1.04 25 monochloro-silane 
PS-5-N 9 300 1 .04 25 methyl 
PS-L-R 43 500 1 .03 55 monochloro-silane 
PS-L-N 43 500 1.03 55 methyl 

PS-p1-N 43 000 1 .09 56 methyl 
PS-p2-N 1 120 000 1 .24 288 methyl 

The first four samples are deuterated, the last two are protonated (abbreviated by p). 
The monochloro-silane endgroup is reactive and allows for grafting chemically onto 
the silicon surface. The methyl endgroup is non-reactive. The abbreviations have the 
following meaning: PS for polystyrene, S and L for short and long, respectively, and R 
and N for reactive and non-reactive endgroups, respectively. 

For a systematic study of the dependence of dewetting on the grafting density of 
the brush we performed our experiment in two stages. First, we prepared a grafted 
layer, and, second, we covered this layer with a thin film of non-reactive polymer by 
spincoating a dilute polystyrene solution of non-reactive molecules directly onto the 
brush. For the grafted layer we spincoated an approximately 1000A thick film of end-
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functionalized polymers onto the UV-treated silicon substrates. After different times of 
annealing at temperatures well above the· glass transition temperature (Tg) the samples 
were put into a bath of toluene to wash off all non-grafted molecules. 

The thicknesses of the layers remaining after washing and drying (=brushes) were 
determined by ellipsometry. The brush thickness increased rather fast at short 
annealing times but then only very slowly at later times, probably with the logarithm 
of annealing time once the thickness is larger than about two times the radius of 
gyration. Such a slow increase in the grafting density was expected theoreticaIIy15) and 
is attributed to the difficulties to penetrate an already existing brush to reach the 
substrate for grafting. 

3. Results 
First, we wanted to show that dewetting is indeed the consequence of the 

formation of a brush16) . Therefore we prepared two films, one with short non-reactive 
(sample A, PS-S-N) and the other with short end-functionalized (sample B, PS-S-R) 
molecules. Subsequently, both samples were annealed at 160°C for 200min. (Tg is about 
100°C). The behavior of the two samples was strikingly different (see Fig.1). Sample B 
showed numerous cylindrical holes which grew upon further annealing characteristic 
for dewetting initiated by a fundamental instability of the film17,18,19) . Rupture of film 
B was the result of an exponential growth of surface modulations with a characteristic 
wavelength depended on film thickness. This instability is the consequence of a 
competition of surface tension of the film - which tries to keep the film flat - and 
attractive long range forces - which try to make the films thinner. Reactive molecules 
which did not have a chance to graft onto the substrate dewetted a brush formed by 
identical molecules. Increased annealing of sample A did not lead to any signs of such 
dewetting behavior. However, sample A became extremely "rough". For the shorter 
molecules (PS-S-R) autophobic behavior was already visible after 30min annealing at 
160°C. For the longer molecules (PS-L-R), however, we had to anneal more than 40 
hours at 160°C in order to observe first indications of dewetting. 

The two polymers came from the same synthesis and differed only in their 
termination. All other steps of the sample preparation procedure were identical and 
performed simultaneously. Thus, the observed dewetting behavior of sample B could 
only be attributed to reactive end-groups which led to the formation of a grafted layer 
on the substrate. The existence of such a layer was indeed confirmed by ellipsometry, X
ray and neutron reflectometry after washing sample B in a container of toluene. The 
thickness (h) of the remaining polymer layer was about 60A which has to be compared 
with the radius of gyration of 25A. 
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Fig. 1 :  Optical micrographs of two 1000A thick polystyrene films (Mw = 9 300 g/mol) 
on silicon wafers after annealing for . 200min at 160°C. Both samples were identical 
except that the molecules of sample A were methyl terminated while for sample B they 
had a monochloro-silane group at one end. The white disks visible on the right 
micrograph represent cylindrical holes. The length of the bar is 500 µm. 

To investigate the influence of grafting density on the dewetting process we coated 
several wafers with 100nm thick films of reactive polymer (PS-S-R)20) . The samples 
were annealed for various times in order to obtain layers of variable grafting 
density IS). After washing off the non-grafted molecules these brushes were coated with 
non-reactive polymer and annealed again. In the following we focus only on samples 
with a sufficiently dense grafted layer which showed dewetting. 

Contact angles (6) have been determined from balancing the volume of a hole of 
diameter DH (for DH of the order of 1 OOµm) and a depth equal to the initial film 
thickness (d) with the volume of the rim of diameter DR using the following 
equation21) predicted for slippage of a polymer on a solid substrate: 

8 = (DH·d)/(4·D�·s) (1) 
Due to the specific break-up mechanism all holes had a fairly uniform size. The 
parameter s takes into account that the shape of the rim is asymmetric. s has a value of 
about 0.1 . If the shape of the rim is symmetric the equation for the equilibrium contact 
angle reads: 

8 = ff (D�·d)/(D�+DH·D�) � ff (DH·d)/D� (2) 
The approximation is valid if DH is much larger than DR. For large holes equ. (1) and (2) 
differ only by a constant factor of about 1 .8. In the case of very thick rims we could 
determine the contact angles directly from the interference fringes. The results 
compared better with the values obtained from equ. (1). 

The higher the grafting density was, the larger was e formed by polystyrene melt 
on top of a polystyrene brush. In correlation with e, the dewetting velocity increased 
also with grafting density. Plotting the averaged velocity (v) as a function of contact 
angle shows that v increased with e. (The values of v are averages - accounting for the 
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non-constant growth rate - over approximately the first lOOµm of hole growth). This 
increase was faster than linear, but significantly slower than the e3-dependence 
(Tanner's law) of the dewetting velocity on ideal solid surfaces17,22) . 
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Fig.2 a) Contact angles (9) of polystyrene (PS-pl-N, Mw = 43 000 g/mol) on a 
polystyrene brush (circles: PS-S-R, Mw = 9 300 g/mol; squares: PS-S-R brushes with a 
few PS-L-R molecules, Mw = 43 500 g/mol, see Table II) as a function of thickness of 
the washed and dried brush. The thickness of the initial films was approximately 900A. 
b) Averaged dewetting velocity (v) as a function of 9 for the same data as in a). 

Covering layers of grafted molecules with non-reactive polymer of much higher 
molecular weight favored dewetting as was expected from theory2,3) and was already 
shown experimentally12) . We have also performed a brief study. PS-L-R brushes with a 
thickness of BOA, lOOA and 125A, respectively, showed no signs of dewetting when 
coated with PS-L-N. However, when coated with the much longer molecules of PS-p2-
N all except the sample with the 80A brush showed the formation of holes indicating 
that these brushes could not be wetted by the longer molecules. 

We determined the width of the interface between a PS-S-R brush and a film of 
PS-pl-N on top using neutron reflectometry23) . For a 900A thick film of PS-pl-N on a 
PS-S-R brush we found that the width of the interface as approximated by an error
function varied between s = 12±2 and s = 18±2A for brush thicknesses between 63 and 
soA, respectively. This means that significant penetration occurred only at the outer 
part of the brushes and only very few molecules could reach the substrate. Details will 
be published elsewhere24) . 

In a few cases we prepared brushes from mixtures of short and long reactive 
molecules (PS-S-R and PS-L-R). The concentration of the long molecules was varied. 
The samples were annealed at 160°C until small holes became visible. While under the 
same c;onditions we needed only a few minutes to create holes in a sample of just small 
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reactive molecules (PS-S-R) we had to anneal for more than one day to see first 
indications of dewetting for a sample containing about 28% long molecules. The bi
modal brushes were then washed and coated with a film of PS-pl-N molecules. 
Neutron reflectometry was used to determine the interface of such bimodal brushes in 
contact with a polymer melt. Conditions of preparation and some results are given in 
Table II. 

Table II: Bi-modal brushes 
name % of long grafting ho hcore contact averaged 

molecules time angle velocity 
[min] [Al [Al [degrees] [µm/min] 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - -

A 15 1080 72±1 60±2 -5 not measured 
B 3.5 315 74±1 68±2 7±0.5 0.2±0.1 
c 12  870 78±1 69±2 8±0.3 0.5±0.1 
D 28 5650 76±1 66±2 6.5±0.7 0.35±0.1 

Contact angles and averaged velocity were determined for a polystyrene film (PS-pl-N, 
approximately 900A thick) on top of the resulting brushes for an annealing 
temperature of 1 60°C. The brush thickness h0 was determined by neutron 
reflectometry measurements of the washed and dried brushes before coating. hcore 
reflects only the thickness of the inner part of the bi-modal brush consisting mainly of 
short molecules as determined from the mid-point of the steep region of the density 
profile seen by neutron reflectometry. 

In Fig. 3 we show typical neutron reflectivity results for a bi-modal system. In the 
main part we have plotted the reflectivity curves for the system after washing and 
drying (without a top layer, curve A) and compared it with curve B obtained after the 
brush was coated with a 1030A thick layer of PS-pl-N and short annealing of IOOmin at 
160°C. The inset shows part of the corresponding scattering length density profiles -
focusing the brush region - used for the best fit of the data. We want to point out 
several aspects. First curve B differs only slightly from the curve A. The additional 
interference fringes originate from the thickness of the protonated layer on top of the 
brush. The whole curve B is lower than curve A. This already indicates that the brush
film interface is less steep, i.e. some free polymers can penetrate the brush a little (see 
also inset). Nonetheless, one can clearly see that curve B has a similar minimum as 
curve A. Thus the brush thickness has not changed much. In particular, the brush is 
not swollen by the free molecules. The position of the minimum shifted slightly to 
higher wavevectors indicating that the thickness of the brush layer has decreased. This 
decrease is attributed to the few longer grafted molecules which are floating on top of a 
brush of shorter molecules as predicted theoretically25). It is also visible from Fig. 3 that 
there are not too many long molecules embedded in the brush of shorter molecules. 
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4. Discussion and Conclusions 

It is certainly not at all obvious that the observed dewetting behavior of our 
brush/melt system should be similar to the behavior of a simple polystyrene film on a 
non-wettable silicon wafers. In a qualitative sense, however, concerning rupture the 
behavior of the two cases did not differ. All holes had very much the same size and 
preliminary tests showed that the average distance between holes decreased 
significantly with decreasing film thickness. As all molecules, both in the brush and in 
the film, were polystyrene molecules it seems to be reasonable to assume that the brush 
layer has no (significant) effect on the long range van der Waals forces acting on the 
surface of the polymer film. Quantitatively, we expect however that the influence of 
the brush-layer should affect the thickness-dependence of the average distance between 
initial holes and the related size of the final droplets. 
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Fig. 3: Neutron reflectivity versus wavevector for the system A of Table IL Curve A 
is the result for the bare brush. Curve B shows the result for the same brush after 
coating it with a 1030A thick PS-pl-N film and annealing for IOOmin at 160°C. The 
inset shows the corresponding scattering length density profiles (only the part relevant 
for the brush is shown). The thin solid line corresponds to curve A, the thick solid line 
to curve B, and the dotted line represents only the steep part of the profile (the interface 
is smeared with an error function) without the tail which is attributed to the longer 
brush molecules. 

Although our free molecules were of finite length, we nonetheless compared our 
results with the theoretical prediction for the contact angle (0). 0 should vary according 
to the following relation: 

0 = (3kT/2ay)1 12 . (rr4h/1 2N2a4) 1 /6 (3) 
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k is the Boltzmann constant, T temperature, a the statistical segment length, y the 
"chemical" surface tension of the brush/air interface, N the degree of polymerization 
of the grafted molecules, and h the thickness of the grafted layer. It is easily visible that 
for increasing N the degree of stretching (defined as h/Nl / 2a)  has to increase with 
N 3 / 2  in order to obtain the same contact angle. For the short and long reactive 
molecules in our experiments this means that the longer molecules have to be about 
10 times more stretched than the shorter ones. This could explain why it is more 
difficult to observe dewetting for Jong grafted molecules. 

We observed the predicted trend of equ. (3) only qualitatively. A quantitative 
comparison revealed severe discrepancies. According to equ. (3) 0 should not vary 
much with h, while experimentally a strong increase of 0 with h was observed. 
However, our experimental conditions deviate from the assumptions made by theory. 

There is still significant interpenetration between the free molecules and the 
brush, especially in the outer region of the brush. Thus, we have two competing effects. 
Entropic repulsion of the free molecules by the inner region of the brush molecules. 
But we have to account also for the interaction between the outer layer and the free 
molecules. We speculate that this interaction may play a dominant role for brushes of 
long molecules in the sense that it can prevent dewetting even on a non-wettable 
brush. The parts of the grafted molecules situated in the outer region may act as 
"connectors" between the free molecules and the inner brush region. The length and 
area density of these "connectors" can control dewetting. In order to have dewetting 
these "connectors" have to be pulled out of the melt of free molecules. This pull-out 
force26) has to be at least compensated by the driving force, the balance of the 
interfacial forces at the three-phase contact line. 

Our experiments with bi-modal brushes seem to support this concept. The 
dewetting velocity depends sensitively on the number of long molecules embedded in 
a brush of shorter ones. For the same contact angle, i.e. the same driving force, we 
observed a significantly lower dewetting velocity in the case of bi-modal brushes (see 
Fig. 2b). 

These investigations are relevant also for brush/elastomer systems. Grafted 
molecules are used to improve adhesion of the elastomer to a solid. The optimal 
grafting density for maximum adhesion is currently investigated9,10) . Interaction 
between the brush and the elastomer may be limited by the necessary swelling of the 
elastomer in order to allow penetration by the brush molecules. Our results indicate a 
second limiting constraint. It is difficult to penetrate brushes of high grafting density 
with non-crosslinked polymers. One can imagine that it will be even more difficult for 
an elastomer. We therefore conclude that brushes with very high grafting d�nsity are 
never useful for the purpose of improving adhesion. 
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It is preferable to use rather long molecules for the grafted layer in order to 
stabilize liquid films or to improve adhesion. The unfavorable formation of a brush of 
high grafting density is extremely slow for long polymers. To observe the same 
autophobic behavior the degree of stretching has to be larger for longer molecules. 
However, although different times scales apply, even for long polymers, for high 
enough grafting energy a brush may be formed which repels even identical molecules. 
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ABSTRACT: The presence of a surface disturbs a polymer melt or blend from 
its bulk configurations and composition, even in the absence of explicit enthalpic 
interactions. First, we consider the case of a nearly incompressible melt at a hard 
wall. We extend the usual ground state analysis of self-consistent field (SCP) theory 
to describe a) a finite chain in a melt of much longer polymers, and b) a melt of 
equal length polymers. From this, we find a small excess of ends near the surface, 
followed by a compensating Gaussian depletion on the Rg length scale. 

Second, we examine the surface of a molten blend of two polymers with dif
ferent flexibilities as characterized by the parameter (32 = R�/Vm0z, where Vmol 
is the molecular volume of a polymer. Our analytic perturbative solutions to the 
SCP equations indicate that the more flexible component segregates to the surface, 
in agreement with experiments by Bates et al. [Phys. Rev. Lett ., 70 307 ( 1993)]. 
The enrichment extends a distance R9 from the surface. For small asymmetries,  
the magnitude of the segregation scales as VN, where N is a mean polymeriza
tion index, but for greater conformational asymmetry, we expect saturation at the 
surface, at a value of E = (f3A/f3n)2 for which bulk segregation occurs. 

Our presentation derives the effective boundary conditions appropriate for a 
(nearly) incompressible blend from microscopic considerations. This simplification 
should be useful for describing blends of polymers with more complex architecture. 
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I. Introduction 

Many applications of polymer materials rely on their interfacial or surface proper

ties, which can differ significantly from corresponding properties in the bulk. In 

particular, the enrichment at the surface of a particular component in a blend, or of 

end groups at the surface of a melt, may strongly affect either surface chemistry or 

physical properties. In this paper we examine how the presence of a neutral hard 

surface, even without explicit enthalpic interactions, can perturb the distribution 

and configurations of polymers in a melt or blend. 

The distribution and effect of ends at the surface of a polymer melt has been 

previously considered in numerous experimental,1a) numerical1b) and analytica11c) 

studies. The distribution of chain ends near a surface may affect physical processes 

such as polymer welding as well as the molecular weight dependence of surface 

properties such as the surface tension. We focus here on the role of chain con

nectivity and present analytic solutions for a finite chain in a melt of much longer 

chains, and some results for a melt of equal length finite chains. 

Evidence for segregation effects in blends and copolymers arising from confor

mational asymmetry (i.e. components differing in their pure-component parameters 

(3 = R9/ �, where Vmol denotes the molecular volume of a polymer) exists 

from experiments performed with polyolefins in the bulk and at the surfaces of thin 

films.2l The component with the smaller (3 was found to be consistently favoured 

at the surface. While the explanation of these observations has been surrounded 

by some controversy from a variety of approaches including density functional 

theory,3a) simulation:lb) and liquid-state theory,3c) we use a coarse-grained field 

theory to focus on the role of conformational asymmetry and compressibility. 

For the one-component melt, we confirm that reflecting boundary conditions 

are appropriate for describing chain configurations, producing a Hat profile up to 

a microscopic length from the wall. While we expect this same density profile 

in a blend, the composition profile may be nonuniform over a longer length scale 

and requires nontrivial constant flux boundary conditions for this "outer" region. 

We show how these effective boundary conditions arise from strictly microscopic 

absorbing boundary conditions. 
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II. The One-Component Melt: End Effects 

We start with a brief summary of the self-consistent field description of a polymer 

melt near a wall.4,5,fi) Each polymer in our theory consists of N statistical segments 

of length b and has a configuration described by a function R( s) ,  where s labels the 

monomer index. Following Helfand, 5) we consider the reduced partition function 

for observing monomer s on a given polymer at point r (z is the normal component 

of r measured from the wall, and we assume translational invariance in the x-y 
plane) 

Q(z, s) = z-l J DR(s* )e-{Ho [R(s*}]+U(R(s*) )}6(R(s) - r) (2. 1 )  

where the path integral is performed over paths R(s*) with s* E [O, s ] .  The quantity 

Z is a normalization constant equal to Q(z, s) for zero potential (U(r) = 0) and 

we have chosen units of energy such that kDT = 1. The object 
- �  3 iN dR 

Ho [R(s) ]  = -2 ds (-d )2 
2b 0 s 

is the Hamiltonian for a free polymer with Gaussian statistics, and 

U(r) = vpb [p(z) - 1] 

(2.2) 

(2.3) 
is a mean-field potential with p( z) = p( z) /Pb being the monomer density normal

ized by its bulk value Pb· The interaction parameter v can be thought of as an 

excluded-volume parameter, but can be considered more generally to control the 

compressibility of the system. This form for U ( r) represents a local harmonic 

penalty for density fluctuations, the derivation and thermodynamic consequences 

of which are discussed elsewhere.5,fi) The function Q(z, s) can be shown to satisfy 

the differential equation and boundary conditions 

b2 
[as - 6a'; + U(z)]Q(z, s) = O 

Q(z, 0) = 1 ;  Q(O, s) = O; and Q(oo, s) = 1 

(2.4a) 

(2.4b) 
The first of these follows from the definition of Q(z, s ) ,  the second from the 

impenetrability of the wall, and the third from the fact that U(r) = O in the bulk. 

The monomer concentration can then be written as 

p(z) = � foN dsQ(z, s)Q(z, N - s) (2.5) 
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while the concentration of ends is simply (2pb/N)Q(z, N) . 
The self-consistent equations Eqs. (2.3) - (2.5) can be solved exactly in the 

limit of infinite N.6l In this limit, the function Q(z, s) reaches a steady-state or 
"ground-state" value Qcs(z) for large values of s, which corresponds to the loss 
of memory in the middle of the chain of the position of the chain ends. For 
such long chains, the monomer density profile is dominated by the distribution of 
"middle" monomers. At large values of s, the first derivative term in Eq. (2.4a ) 
is negligible, from which one obtains the solution 

Qcs(z) = tanh(z/�) ; Pcs (z) = tanh2(z/�) (2.6) 

where � is the Edwards bulk correlation length4l given by 

� = �/?; = � (2. 7) 

For a melt, � is on the order of a monomer size and is proportional to the square root 
of the compressibility. While in reality the microscopic details reflect liquid-state 
packing effects, our theory incorporates a microscopic length scale to smoothly 
control the density rise from the wall in the limit of incompressibility. 

The statistics of a chain of length N' placed in a melt of much longer poly
mers (which produce the ground-state density profile) is then given by the solution 

Q00(z, s) to the equation 

[8.� -
b: a; + VPb(Pcs(z) - l) ]Qoo(z, s) = 0 (2.8) 

but considered only for s < N'. The Green's function for Eq. (2.8) can be eval
uated analytically, and so Q00(z, s) follows directly from the definition Eq. (2. 1).  
However, in the regime of physical interest, � « z « sb2 /�, we find to lowest 
order in 1 / Js 

� /3 -3z2 3z� Q00(z, s) � tanh(z/�) + 2c1 b V � exp( 28b2 ) [tanh(z/�) + sb2 ] (2.9) 

where c1 = 2(1 - ln(2))  is a numerical constant. Using the above expression in 
Eq: (2.5), we find the monomer concentration in the same regime to be 

2 4c1 � z2/4R'2 z� z p00(z) � tanh (z/�) { 1  + - -c- 9 - 2q - erfc(- ) }  ,fir R� R�2 2R� (2. 10) 
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to  lowest order in I;,/  R�, where R� = JN' b2 / 6 is the radius of gyration of the 
test chain. Details of these approximations are given in Ref. [6]. 

The normalized monomer density p00(z) and distribution of ends Q00(z, N) 
are displayed in Fig. 1 and are seen to rise from the wall on the length scale I;, to 
an excess compared to the bulk which then decays roughly like a Gaussian on the 

Rg length scale. (The approximations Eqs. (2.9,2. 10) are essentially indistinguish
able from numerical evaluation of Eqs. (2.3) - (2.5) on the scale of the graph.) 
Comparing Q00(z, N) to p00(z) reveals a preference for ends within the range of 
I;,, followed by a compensating depletion on the range of R9• 

1 .0 
0.8 

a..,, Poo o.6 
0.4 
0.2 

2 4 z / � 
6 8 

Fig. 1. The normalized density p00(z) (solid) and distribution of ends Q00(z, N) 
(dashed) for a chain with N = 30 and b = I;, in a melt of much longer chains. 

To describe a melt of equal length chains, however, requires a correction to . 
the potential to satisfy the condition of self-consistency. We proceed by perturbing 
to linear order in N-1 about the exact N = oo solution: 

Q(z, s) = Qoo(z, s) + N-1Q(z, s) ; p(z) = Pcs(z) + N-1p(z) (2. 1 1) 

From Eq. (2.5) we can express the first order change in the normalized density as 

2 {N 
- 2 {N -

p(z) = 

N lo dsQoo(z ,  N - s)Q (z ,  s) � NQcs(z) lo dsQ(z , s ) (2. 12)  
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To leading order, the self-consistent equations become 

(2.13) 

Integrating the above equation over s and neglecting boundary terms, which are 
down by an order of N-1 , we find 

b2 

i
N 

-[--a; + vpb(3pcs(z) - 1 )] [  dsQ(z, s)] = 0 6 0 
(2.14) 

which has as solution ft' dsQ(z, s) ex: scch2 (z/e). The perturbation for the density 
is thus p(z) ex: tanh(z/e) scch2 (z/e) , and so from Eq. (2. 1 1 ), we can write 

(2 .15) 

for the density profile of a melt of chains of length N, where c
N 

is a constant we 
leave here undetermined. In summary, to order N-1 ,  the density profile is merely 
shifted inwards by a distance scaling as N-1 . This is consistent with a linear 
response estimate6) for the same correction from ground state, which was found to 
be order N-1 near the surface, and only order N-:)/2 on the Rg scale. 

Finally, we note that the surface tension I can be determined from a knowledge 
of the monomer density profiles above according to the relation 

/O' = �v j dr[pg - p(r)2] + � j dr[pb - p(r)] (2 .16) 

where IJ' i s  the surface area. The first term is the surface contribution to the inter
action energy (including constraint fields), and the second term can be identified 
as the surface depletion of polymers.6) 

III. Conformationally Asymmetric Blend at a Surface 

We consider a two-component blend of polymers differing in their (3 parameters 
at an (air or hard) surface. Let component K = A or B consist of polymers of 
NK monomers having statistical segment length bK and equal volumes Vm. The 
conformational asymmetry parameter is defined as 

(3. 1 ) 
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where the pure component parameter f{k is given by !3k = b'J<f6vm. We let 

component A have the higher value of j3 and thus be considered the stiffer species, 

while component B is the more flexible (i.e. we choose E > 1). 

Having defined (without loss of generality) equal monomer volumes, we can 

model the effect of finite compressibility by using the total monomer density 

p(z) = PA(z) + Ps (z) in the self-consistent field U(z) felt identically by each 

component. The monomer concentration for component K is given here by 

fKPb l
N
K PK(z) = ------;:;-

dsQK(z, s)QK(z, NK - s) .  K . 0 
(3.2) 

where fK is the bulk K-monomer mole fraction, and the reduced partition functions 

QK(z, s) solve the differential equations 

(3.3) 

with the same microscopic boundary conditions Eq. (2.4b ) as for the melt. As 

discussed in Ref. [5], this form for the potential involves the additional assump

tions of random mixing and a density and compressibilty which are composition 

independent ( f A +  f B = 1 ), and so should be valid in the incompressible limit. 

We expect the composition profiles to depend sensitively on the conformational 

asymmetry, since small differences in j3 lead to bulk phase separation. 7) We thus 

analyze our equations within a perturbation theory in ( E - 1) about a reference 

where the two components are identical, each having a mean value of j3 given by 

(3.4) 

We write the perturbed quantities (d€signated by a bar) according to 

(3.5) 

where Qo and Po are the unperturbed functions (for which bA = b3 = b), and 

(E - l )QK and (E - 1),0 are first-order corrections. From Eq. (2.5), p is given by 

2 1oN -
p(z) = N dsQo(z, s)Q+ (z, N - s) 

. o (3 .6) 
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to lowest order in (c - 1) ,  and where we have defined Q+ = f AQA + fnQn. 

Using the convention for ± that the plus value corresponds to component A 
and minus to B, the equations for Q K to first order in ( E - 1) then reduce to 

We can expect the density to be relatively unperturbed compared to QK, and 
so use a ground-state approximation for the density and Qo. With the Green 's 
function for the ground-state potential, we arrive at analytical solutions for the 
perturbative equations. Detai ls of the calculation are presented elsewhere.8l 

In the regime � = ((3 /Pb) ffv « z « JSF776, the solution is found to be 

4 y'sb 1 2 QK(z, s) ""' l ± (c - l) 9 (l - fK) T [Ji exp(-Z8 ) - Z8 erfc(Z8) ] (3.8) 

where Zs = z/(2JSf776) .  From Eq. (2.5), the density of species K is given by 

PK (z) ""' fK ± (c - 1) 1�J Afn 
Rg Fp(z/2R9) 9v 6 � (3.9) 

Fp(Z) = (1 + Z2) e- z2 /Ji - (3Z + 2Z3) erfc(Z)/2 
where Z = z/(2R9) .  The shape Fp of the composition profile is shown in Fig. 2. 

The species with lower (3 is thus found to segregate to the surface, in agreement 
with experiment. The magnitude of the segregation is proportional to the confor
mational asymmetry, the radius of gyration, the product of the volume fractions, 
and increases as the blend is made less compressible. (Segregation effects due to 
size alone, such as those described above for homopolymer melts, are subdominant, 
being of order N-1 .) The range of the segregation is on the order of Rg of the 

chains, and decays rapidly, nearly as a Gaussian. From Eq. (3.9), we note also 
that the surface excess is given by the simple relation 

!s = PA(z = O+ )
= fA + 16  (c - l)R9 

Pn (z = Q+) Jn gyl6; � (3. 10) 
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Fig. 2. The function Fp entering in the composition profile PK (z). 

These results are valid when the perturbation ( E - 1 )Q K is small compared to 
the unperturbed value fKQo. This is true when 

(3. 11 )  

Since for a molten blend, � i s  on  the order of  a monomer size b K, the above 
criteria is satisfied for the range of validity desired, i.e. before bulk phase sepa
ration is produced by conformational asymmetry.2b,7) For greater conformational 
asymmetry, we expect saturation at the surface. 

IV. Effective Boundary Conditions and deGennes Sum Rule 

As noted by de Gennes,8) the ground state tanh2 (z/�) potential for the homopoly
mer melt has an integrated attractive strength that precisely cancels the repulsion of 
the wall, giving rise to eigenfunctions near ground state obeying reflecting bound
ary conditions. For a melt of finite chains, the statistics are given by reflecting 
boundary conditions with an effective surface potential for chain ends.6) 

For the blend, however, the potential due to the density profile near the wall 
is too strong to balance the wall repulsion for component B ,  and too weak for 
component A. In effect, the inhomogeneous part of the microscopic differential 
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equation Eq. (3.7) acts as a source (sink) term for probability, producing a non

zero slope just beyond a bulk correlation length from the wall. This property of a 

finite slope is equivalent to effective constant flux boundary conditions 

(4 .1) 

and so the solution Eq. (3 .8)  for the blend satisfies the free polymer differential 

equation (i.e. , with U(r) = 0) subject to Eq. (4. 1 ) .  Reflecting boundary conditions 

for a given component are approached as the blend is made either more conforma

tionally symmetric or compressible, or more inflexible or pure in that component. 
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Dynamics of polymer chains grafted on a solid substrate are investigated by 
deuterium NMR. The experiments are performed on end grafted deuterated 
polydimethylsiloxane in the melt state. The NMR spectra show clearly that chain 
segments undergo uniaxial reorientations around the normal to the interface. This 
local order reveals the existence of orientational correlations between chain 
segments. 

Introduction 

Grafted polymer layers on a solid substrate are the subject of considerable 
interest [ 1 ,2] . A lot of work has been done in the regime of high grafting density 
and was mainly devoted to structural studies of polymer layers [3,4). However, very 
little is known about chain dynamics in these systems. For that reason we are 
currently developping deuterium-NMR (2H-NMR) in this field, technique which is 
known to be very sensitive to the anisotropy of molecular motions [5,6]. Herein we 
report some 2H-NMR spectra observed on nanolayers made of end-grafted 
deuterated polydimethylsiloxane (PDMS-D) in the melt state. Clearly for a high 
grafting density, the spectra reveal an uniaxial segmental order. 

Samples 

The substrate we used was silica, under the form of porous beads [3] or planar 
slides. Experiments were performed on PDMS-D chains synthesized via anionic 



78 

polymerisation (Mn=7 1 000 ; Mw/Mn= l . 1 1 ). The grafting reaction was described in 
reference [7] . X-ray reflectivity and neutron scattering data obtained on flat and 
porous silica respectively show that the thickness of the grafted polymer is 80 A i.e. 
close to of the radius of gyration value for the PDMS chains in the corresponding 
ungrafted melt (Rg-70A). The mean distance between adjacent grafting junctions is 
then 40A. 

2H-NMR background 

The 2H-NMR approach we used consists of studying how quadrupolar 
interactions � (interaction between the quadrupolar moment of the deuteron with 
the electronic environment of the C-D bond) affect the magnetic relaxation function 
M(t) or its Fourier transform. When rapid and anisotropic molecular motions take 

place in the system (1:<l 0-6s), the interaction � is partially time averaged (X # 0 ) . 

( 1 )  

where VQ denotes the static quadrupolar coupling constant (vQ -2. 1 05 Hz).E>(t) in 

the second Legendre polynomial P2 is the angle between the C-D bond and the 
steady magnetic field B. This non-zero interaction X leads to a modulation of the 
function M(t) which may be expressed as 

t/T -
M ( t )  = M0 e- ' cos(� t )  (2) 

0r as well, by Fourier transforming eq. (2), to a doublet of Lorentzian lines 
characterized by a splitting X. Note that for isotropic motions ( Ll=O), the resulting 
spectrum is a single Lorentzian line characterized by a linewidth ov depending on 
the relaxation time T2 only (ov-T2- l) .  In the case of uniaxial motions consisting in 

fast reorientations around a symmetry axis (denoted by the unit vector n), the 
splitting may be expressed as 

where Q and 8 are the angles between the symmetry axis n with respect to the 

magnetic field and the C-D bond respectively. The I P2 (cos n)J term, which 

depends only on the geometry of the experiment, allows us to check the uniaxial 
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character of the molecular motions. The second factor P2( cos 8( r J )  depends on 

molecular dynamics : It is the mean degree of orientational order of the C-D bond 
relative to the symmetry axis, the so-called order parameter S .  

Experimental results 

The 2H-NMR spectrum obtained at room temperature on grafted porous silica 
is characterized by a broad non-Lorentzian lineshape (fig. l a). The half-height 
linewidth 8v is large (8v=400Hz) compared with the one obtained on the 
corresponding ungrafted melt (8v$1 0Hz). Moreover, T2 measurements performed 

on the porous system by spin echo method give access to a linebroadening much 
smaller than the observed one. This suggests that another effect than the T1 process 

contributes to the spectral linewidth 8v. Actually, this point is corroborated by the 
response to an appropriate pulse sequence [8], which shows a modulation in the 
relaxation function, related to a non-zero residual interaction (!;:;eO): It 
demonstrates that the molecular motions are anisotropic on the 2H-NMR time scale, 
though the porous system is mac;roscopically isotropic. At first sight, from the 
NMR point of view, the porous system is non uniform since the chain segments may 
present different axis for the anisotropy and different degrees of orientation. 
Therefore, the resulting spectrum is expected to be a superposition of various 
doublets (as defined in eq. 1 ), which corresponds to an ensemble average. 

M ( t )  = M0 ( e-t!T, cos(!;: t )) 
porous 

500 Hz ___.... 
(4) 

b 

Fig. I :  2H-NMR spectra obtained on -a) Porous silica -b) Planar silica for 0=90°. 
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In order to clarify this spatial average, it may be relevant to work on a 
"monodomain" characterized by one macroscopic symmetry axis for dynamics. For 
that reason, we carried out an experiment on a sample made of 50 planar slides 
(parallel and equidistant), stacked in a cylindrical rack (diameter= l 2mm) [9] . 
Turning this rack around it's major axis allows us to adjust the angle Q between the 
normal n to the slides and the magnetic field B.  Figure l b  shows that the 2H-NMR 
spectrum obtained for !1=90° is composed of a resolved doublet. Moreover the 
doublet spacing depends on the angle n and its variation reproduces faithfully the 
I P2(cos Q) I function given in eq.3 (fig. 2) . 

.. 
� "' "' 
'O -� 0.5 
� Q z 

1 0  30 50 70 90 1 1 0  
Q (degrees) 

V · · 
f h l

' 
d l

' · 1 �v(Q) 
h 1 n Fig 3: anat1on o t e norma 1ze sp 1ttmg - versus t e ang e u. 

2 �v(90 ° )  
Discussion 

Spectra analysis : The result obtained on the "monodomain" demonstrates that 
the normal to the grafting plane is a uniaxial symmetry axis for the segment 
motions, and gives direct access to the mean degree of order S of the chain 
segments. Additionally, we have observed that the half-height linewidth of the 
doublet component depends also on the angle Q and reproduces the I P2(cos Q) I 
function [9]. This implies that the linewidth comes from a distribution of order P(S) 
related to a non uniform segmental orientation along the grafted chains. Hence, the 
relaxation function observed on the "monodomain" may be expressed as : 

M ( Q, t ) =J:-r!T, cos ( v0 I P2 (cosil) I  S t )  P(S) dS (5) slide -= 



81  

Consequently, i t  i s  clear that the spectrum obtained on porous silica arises from a 
superposition of various doublets associated with the random angular distribution of 
n (powder spectrum): 

M(t)  = f  M ( Q, t )  sin Q dQ 
porous slide 

(6) 

Note that the distribution of order P(S) can then be inferred from the 
"monodomain" spectrum and eq.(5) 

Uniaxial dynamics: The main result of this NMR study is that the chain 
segments of a grafted melt exhibit an uniaxial reorientational dynamics around the 
normal n to the polymer-silica interface. This property is unambiguously 
observable on a macroscopically oriented sample ("monodomain") since the normal 
n is a symmetry axis for the system. The observed motional uniaxiality is likely 
related to the dense anisotropic confinement of the chains. The lateral packing of 
the chains arising from the high grafting density restricts their conformations. A 
simple way to visualize the chains' behavior is to consider that the orientational 
fluctuations take place through an anisotropic fluid medium made of partially 
aligned chains along the direction normal to the planar substrate. Therefore, the 
observed spectra are the typical response of an uniaxial fluid characterized by the 
mean degree of orientational order S .  The value of S may be easily deduced from 
eq.3 (with VQ =175 KHz for PDMS methyl group) and from the splitting (�v=450 
Hz). Taking into account the chemical configurations of the PDMS monomer [10] 
the degree of order of the segment connecting two adjacent oxygen atoms of the 
chain is S=2,3x lQ-2 . This local uniaxial order is typical of tethered flexible 
macromolecules. In particular, the same kind of motional uniaxiality was observed 
on amphiphilic molecules of water soap systems, and more recently on diblock 
copolymers organized in a lamellar structure [6]. 

Orientational correlations: Our results suggest that a strong local constraint 
occurs within the polymer layer. However, the observed anisotropy of chains does 
not necessarily correspond to an elongation of their end to end vector since the 
observed thickness of the polymer layer is close to the value of the radius, of 
gyration Rg for a regular melt. Whatever the nature of the internal constraint is, 
:,he observed segmental ordering is not a single chain process but instead involves 
orientational correlations due to interactions between chain segments. The presence 
of such correlations is corroborated by the behavior of the layer upon swelling, at 
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sufficient high degree of dilution. 2H-NMR spectra of the swollen "brush" show a 

single line typical of an anisotropic dynamics: the orientational correlations between 

the chain segments are screened by the solvent molecules. These inter-chains effects 

may determine some physical properties of such nanolayers. For instance the 

diffusion of homopolymers free chains inside the grafted layer would be prevented 

by a loss of entropy, due to the orientational correlations. This might be related to 

some recent observations on dewetting of polymer layers coated by homopolymer 

melts [ 1 1) .  

Concluding remarks 

This study shows that 2H-NMR is a powerful tool for dynamical studies of 

polymer layers. 

The present observations concerning dynamics of end grafted chains in the melt 

state infer to study the effect of relevant parameters such as the chain length and the 

grafting density. Besides, it would be interesting to investigate the screening or 

coupling effects of a swollen "brush" by solvents or homopolymer chains.These 

experiments have to be performed in association with wetting studies. 
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We have studied the effects of a short graft copolymer poly(dimethylsiloxane)
g-poly(ethylene oxide) on the interfacial tension (y) between poly(dimethylsiloxane) 
(PDMS) and poly( ethylene oxide) (PEO). 

Variations of y with time show a sharp decrease to a minimum, followed by a 
slow increase towards an equilibrium tension . The first part of the kinetics of interface 
formation corresponds to the adsorption of copolymer molecules at the interface. The 
second one is less expected and has been attributed to an interfacial phase transition . 

Interfacial tension at equilibrium decreases linearly with the volume fraction of 
copolymer and levels off as a certain concentration of copolymer in the PEO phase is 
reached, in agreement with some theories. Furthermore, the change in the slope may 
be attributed to the micellisation of the copolymer in the PEO phase. 
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INTRODUCTION 

It is well known that amphiphilic A-B copolymers preferentially segregate to the 
interface between two incompatible homopolymer phases A and B l )2). They therefore 
increase the compatibility of homopolymers and reduce the interfacial tension between 
immiscible polymers. Such amphiphilic copolymers are usually used to modify the 
physical properties of the interface in order to improve its mechanical strength and to 
enhance the adhesion between polymer phases. They are also used as a 
compatibilizing agent in blends, in order to control the stability and morphology of the 
dispersed phase: 

Our aim in this work is to study the adsorption of a low molecular weight graft 
copolymer at the interface between two incompatible homopolymers (i.e. xN >> 1, N 
being the number of monomer per chain and x the Flory parameter). We are interested 
in studying the interfacial tension (y), especially the kinetics of interface formation y as 
a function of time (t); the influence of the temperature (T) on y ; and the influence of 
copolymer concentration (<I>cop).  

EXPERIMENT AL SECTION 

Materials 

The polymers we have used are poly( dimethylsiloxane) (PDMS) of molecular 
weight (Mn), Mn = 22 400 g/mol and poly( ethylene oxyde) (PEO), Mn = 1 000 g/mol. 
These polymers are incompatible (x

800c 
= 0.62) and different as PDMS is hydrophobic 

and amorphous whereas PEO is hydrophilic and semi-crystalline. 
The copolymer is PDMS-graft-PEO, Mn = 1 200 g/mol with 67 percent by 

weight of ethylene oxyde. A NMR 1H study shows that it has a backbone of 4 
dimethylsiloxane monomers on which are graft 2 chains of 9 ethylene oxyde 
monomers. 

Furthermore, we have studied the behavior of the copolymer at the air I water 
interface at 25°C by measuring the surface tension of aqueous solutions using the 
DuNoiiy ring method. The plot of the surface tension versus log copolymer 
concentration decreases linearly up to a concentration corresponding to the critical 
micellar concentration (� 3 . 1 04 g/cm\ The surface area per molecule which can be 
obtained from the limiting slope of straight line, via the Gibbs' equation, turned out to 
be 62 A2. We have also deduced an interfacial width of about 30 A. From these data, 
we can give a schematic conformation of the copolymer molecule (Figure 1) which 
should not be very different from that of the PDMS I PEO interface. 
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Figure 1 : Schematic conformation of the copolymer at the air I water interface 

Inter.facial tension measurements 

85 

The interfacial tensions were measured by a pendant drop apparatus which uses 
a video digital image processing technique. A block diagram of the apparatus is shown 
in Figure 2. A fluid drop of different mixtures of copolymer with PEO was formed, at 
the tip of a glass capillary tube, in a matrix of the PDMS phase. The digitalized image 
of the drop is analysed with commercial VISILOG® software to extract the arbitrary 
coordinate points of the drop profile. The experimental profile is compared to the 
calculated Laplacian profile with a robust shape comparison algorithm until 
satisfactory convergence is obtained. The resulting output is the interfacial tension (y) 
given with a good accuracy (0.05 mN/m). 

digital aquisition 
and processing 

capillary tube 

camera 
CCD 

Zoom lens PEO 
drop 

quartz cell 

diffuser 

iris 
diaphragm 

light 
source 

Figure 2 : Schematic representation of the pendant drop apparatus 

RESULTS AND DISCUSSION 

Kinetics <Jf interface formation 

The time dependance of the interfacial tension for the PDMS I PDMS-g-PEO I 
PEO system is shown in Figure 3 .  
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Figure 3 : Time dependance of the interfacial tension for the PDMS/PDMS-g
PEO/PEO system at two temperatures : (a) 80 °C, (b) 140 °C and at different 
concentrations of copolymer in the PEO phase • 1 % ; • 2% ; & 2,5% ; • 5% ; "" 
7 .5%. 

We can observe a fast decrease of y with time to a minimum, followed by a 
slow increase towards an equilibrium. This behavior is accelerated as the temperature 
increases from 80 to 1 40 °C. These kinetics have never been observed before, and can 
be explained as follows : 

- the first part of the curve (sharp decrease) can be attributed to the diffusion of the 
copolymer to the interface followed by a slow adsorption at the interface with an 
energy barrier3) . 
- the second part (increase) is unexpected and may be the result of a surface phase 
transition. We can imagine, for example, a transition from a hemi-micellar surface 
phase towards a thin interfacial copolymer film with the expulsion of copolymer 
molecules from the interface4) (Figure 4). The copolymer cannot go through the 
interface in the PDMS phase because it is immiscible with the high molecular weight 
PDMS. Thus, the expulsion has to occur in the PEO phase. 
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PDMS 

Figure 4 :  Schematic interpretation of the unexpected part (increase of y with time) of 
the formation kinetics of the PDMSIPDMS-g-PEO copolymer!PEO interface. 

Effect of the copolymer concentration 

Interfacial tension at equilibrium decreases linearly with increasing copolymer 
concentration in the PEO phase and levels off beyond a volume fraction of <I>cop -
0.58 (Figure Sa). This change in the slope may be attributed to the micellisation of the 
copolymer in the PEO phase. Thus, the concentration at which it happens can be 
thought of as a critical micellar concentration (<I>cmc) in the melt. The high value 
found for this CMC is not very surprising as the copolymer has a very low molecular 
weight. 

The linear decrease before the CMC can be interpreted with the help of the 
theory of NoolandiS). We obtain, with certains approximations6), the following 
formula : 

(I) 

where y0 is the interfacial tension without copolymer, d is the width at the half height 
of the copolymer profile and Zc, the degree of polymerisation of the copolymer. For 
our system, we can deduce an interfacial width of d - 8 A. 

We can also interpret the results using Gibbs' equation (Figure Sb). The slope of 
the linear part gives a surface area per copolymer molecule of 1 80 A2 which 
corresponds to an interfacial width of I 0 A. This value is consistent with the previous 
analysis. 
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Figure 5 : Equilibrium interfacial tension for the PDMS/PDMS-g-PEO/PEO system as 
a function of copolymer concentration. (a) The solid line is a linear fit from the theory 
ofNoolandi et al. , (b) The solid line is a linear fit from the Gibbs' equation. 

CONCLUSION 

In this study, the effect of the addition of a low molecular weight PDMS-graft
PEO copolymer in reducing the interfacial tension between PDMS and PEO has been 
investigated as a function of copolymer concentration. The interfacial tension data 
demonstrate the surfactant-like behavior of the added graft copolymer. Comparison 
with predictions have shown an interface rather small compared to the one found in 
the case of water/air interface. But the most surprising result is the evolution of the 
interfacial tension with time. Indeed, after the decrease in y vs time corresponding to 
the diffusion and adsorption of the copolymer at the interface, we observe an increase 
in the same curves. This increase has been explained as an interfacial phase transition. 
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HOW DO SURFACE FIELDS COUPLE TO BULK ORDERING ? 
AN EXAMPLE OF SURFACE-INDUCED LAMELLAR ORDERING. 

M S Turner* , Cavendish Lab, Madingley Road, Cambridge CB3 OHE, UK. 

C M Marques, I .C.S . ,  6 rue Boussingault , 67083 Strasbourg Cedex, France. 

M Rubinstein, Image Research Lab, Kodak Co., Rochester, NY 14650-02116. 

We study theoretically the hexagonal phase of diblock copolymer melts and 

determine to what extent lamellar ordering is induced near a fl.at surface. For a 

full account of this work see Ref. 1 .  In the limit of weak segregation (ordering) 
we employ a Landau-Ginzburg mean-field theory. In the strong segregation 

limit we use instead an expansion in derivatives of the lamellar displacement 
u , with appropriate boundary conditions. The surface field, proportional to the 
differential affinity of blocks A and B to the surface, couples to the ordering and 

increases the lamellar character of the ordered structure close to the surface. 

The extent of the region where this lamellar character predominates diverges 
logarithmically when the bulk hexagonal-lamellar transition is approached. In 

the strong segregation limit we find t hat the lamellar region exists provided 

that the surface field is larger than some critical value, readily obtainable in 

experiments. We believe that our approach may prove useful for other systems, 

including lyotropics. 
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1. Introduction 

It is now well established that, for temperatures below the order-disorder 
temperature ToDT, diblock copolymers self-assemble spontaneously in the melt 
to form ordered phases of layers (the lamellar phase) , rods (the hexagonal phase) ,  
spheres (the cubic phase) as well as others2. In the so-called weak segregation 
limit the excess of one of the species varies smoothly over the sample whilst 
in the strong segregation limit T � ToDT there is a sharp interface between 
alternate regions of almost pure A or B blocks. 

We consider here a monodisperse melt of linear diblock copolymers with total 
degree of polymerization N, made up of one A-block of NA monomers joined to 
one B-block of N - NA monomers. The bulk phase behaviour is sensitive to two 
parameters3•4 (i) xN, where x is the Flory incompatibility parameter between 
polymer A and B, in k8 T units, and (ii) the molecular asymmetry parameter 
f = NA/N. For symmetric (f = 1/2) copolymers the lamellar phase is formed3 
for temperatures xN > 10.49. For asymmetric copolymers (f =f. 1/2) cubic 
and hexagonal structures are predicted to form at lower temperatures, i. e.,  at 
higher values of xN. Well below the transition temperature, in the so-called 
strong segregation limit,  the phase behaviour is mainly controlled by f. The 
hexagonal phase is found for 0.12 < f < 0.28 whereas the lamellar and cubic 
phases are found for 0.28 < f < 0.5 and f < 0.12 respectively4. In the present 
work we study the extent of surface-induced lamellar ordering in copolymer 
melts where the stable phase in the bulk is hexagonal. 

II. Weak Segregation 

We study the interfacial structure close to the ordering transition. In this 
limit the system can be described by a Landau-Ginzburg expansion of the free
energy as a function of the local average excess content of (say) monomers A, 

1/J(r) = 4>A(r) - (4>A} 

1 

l -l µ 11 F['l/Jq]N = 
-21  NS(q) 1/Jq'l/J-q -

-31  1/Jq'l/Jq''l/J-q-q' . q . q q' 
+-4� 1 r 1 1/Jq'l/Jq''l/Jq"'l/J-q-q'-q" . q }q' q" 

(1) 

where S(q = lq l )  is the Fourier transform of the two-point correlation function 
in the disordered homogeneous phase, and 1/Jq the q-Fourier component of the 
order parameter 1/J. Close to the order-disorder transition the susceptibility 
S(q) is strongly peaked around some vector qo and can be approximated by 
s-1(q) = T + c (q2 - q5 )2 with an effective temperature T = 2(xN)s - 2(xN). 
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The bulk hexagonal phase can be described by a first-harmonic expansion of the 
order parameter 

y'3y - z y'3y + z 1/;(z, y) = 2a1 cos{qoz} + 2a2 cos{qo 2 } + 2a3 cos{-qo 
2 } (2) 

with a1 =a2=a3=ah. Whilst instead the lamellar phase corresponds to a1 =a1 
and a2=a3=0. 

The interfacial free-energy excess iJ near an interface is given by 

iJ = 1 dV [1/;(r)U(r) + F[ij;(r)] - F[ij;(x, y, z -+ oo )] ]  (3) 

Here U is the surface potential, for which we employ U(z) = -.t!.18(z) ,  where 
.t!.1 = /BS - /AS and /AS and /BS are the interfacial tensions of polymers A and 
B with respect to the surface. For a weak enough hexagonal-lamellar transition 
(which implies a weak enough asymmetry µ) the bulk correlation length can 
still be large compared to q01 , the period of the ordered phases. In this limit we 
look for solutions of the order parameter 1/;( z ,  y) as in (2) but with z-dependent 
amplitudes. By symmetry only two out of the three amplitudes are independent 
a1(z) =f. a2(z) = a3(z). The slow variation of the amplitudes on the scale of the 
crystalline wavelength allows us to make a gradient expansion. We renormalise 
the distances by z = t� with e = Scq5>../ µ2 , and the amplitudes by a2 = Y µ/ >.. 
and a1 = X µ/ >.. , where the bulk equilibrium values of the amplitudes are X = 
� and Y = l+� with T = -aµ2 / >.. . Integrating and minimising with 
respect to X and Y we obtain the following two coupled differential equations 

d2 x
2 

= (-2a + 4Y2) x + x3 - 2Y2 
di 
d2Y 
dt2 = (-2a - 2X + 2X2) Y + 3Y3 

(4) 

where C = St!.�r�>..2 /(3µ3) .  These are to be solved subject to the boundary 
conditions d

d
�(z = 0) = - C ,  dX(z = 0) = 0 and X(t = oo) = Y(t = oo) = 

l+� There is an interesting analogy between our copolymer system and the 
movement of a classical particle of mass unity moving in (X, Y) space. The 
solution of ( 4) corresponds to the trajectory of a particle starting with a speed 
-C tangential to the X-axis and terminating at (XJO, Y00) with zero speed, see 
Fig. la. The positions corresponding to the pure lamellar or hexagonal phases 
are tops of hills. Above the transition temperature between the hexagonal and 
lamellar phases the height of the hexagonal hill is larger then the height of the 
lamellar hill. Because there is conservation of the total energy it is possible to 
define the curve in the (X, Y) space where the initial point must be located 
(complete determination of the initial position would require a second integral 
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of motion) . This curve is simply the equipotential line at the level - C2 /2 from 

the top of the hexagonal hill. 

In Fig. la we present a trajectory obtained by numerical integration of the 

differential equations ( 4) describing the interfacial structure. For temperatures 
approaching the transition temperature from above, the trajectories pass in
creasingly closer to the top of the lamellar hill where they have a small speed. 
This slowing down, and hence the region of lamellar-like ordering, extends up to 
a distance l which diverges logarithmically with the distance from the transition 
tempreature in a units, a - ac ( ac = (7 + 3v'6)/5 � 2.87) 

l = aR log{bN(a - ac)}  (5) 
where a and b are functions of the surface strength �'Y- The logarithmic diver

gence is characteristic of wetting problems. 
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Figure 1 (a) The trajectory of a classical particle according to the "equations of 
motion" ( 4 ), close to the hexagonal-lamellar phase transition (a = 2.8, a - Oic = 
-·0.07). The reduced surface strength is C = 20. The trajectory stops at the top of 
the hexagonal hill at t, z --t oo. The lamellar metastable point is at ( y'5.6, 0). Drawn 
equipotential lines are at levels -0 . 1 , -0 .2, -0.3, -0.4, -0.5. (b) A contour plot 
of .,P in the same interfacial region. The correlation distance � defined in the text is 
taken in this case to be equal to 4xq0

1 . 

Summarizing the results for the weak segregation case we stress that: (i) 
The lamellar order appearing close to the surface in our weakly ordered hexag
onal phase is induced by the preferential coupling between the surface potential 
and the wave component perpendicular to the interface. (ii) The extent of the 
lamellar region diverges logarithmically with the relative decrease in tempera

ture below the lamellar - hexagonal transition. 

III. Strong segregation 

We assume that a region of lamellar ordering exists m the vicinity of the 
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surface, see Fig. 2. The normal to the solid surface and the axis of symmetry 
of the hexagonal phase define the z- and x-directions respectively. The local 
vertical displacement of the lamellar layer is u and we take the continuum limit 
where u varies smoothly throughout the sample. The energy density of the 
deformation of the lamellar phase, for z < �' is5 

F = � (8u) 2 
+ K (82u) 2 

2 oz 2 8y2 
(5) 

Here K is the bending or splay modulus and B is the compression modulus. 

Figure 2 (a) Schematic diagram of the lamellar ordering which may be induced at 
the surface. We see a slice through the y-z plane with symmetry in the x-direction. 
The dotted circles represent the position of the interfaces between the A and the B
blocks of the copolymers. (b) The alternative case that no lamellar ordering exists. 
Note that both A and B components of the copolymer are in contact with the surface 
in this case. 

We retain only the first fourier component of the lamellar displacement field 
a(z) with u = a(z)cosqy. The boundary conditions are that the solid surface 
is flat a(O) = 0 and that the undulation of the lamellae must match onto the 
hexagonal phase at the relevant interface, approximated by a(�) = a0• Minimis
ing (6) we find that a(z) = a0!t���E with v a characteristic inverse length given 

by v = q2 ./KTB. By using this result for a( z ), integrating over 0 < z < � and 
adding the surface and chemical potential contributions we obtain the total free 
energy excess per unit area 

1 .6.!.1 = 

4a�vKBq2cothv� + .6.F � - p.6./ (7) 

where .6.F is the chemical potential between the hexagonal and lamellar phases 
and p(f) � 1 is the proportion of the surface which would be in contact with the 
unfavourable polymer component if the hexagonal phase existed at the surface, 
see Fig. 2b. In order to determine the penetration depth � we minimise .6.!.1 
with respect to � 

( T 2 4) 1/2 
� = �sinh-1 

K aoq 
v 4.6.F (8) 
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Which simplifies in the limit ev � 1 (many layers) to e =  -f,;log (K a�q4/l!.F) . 
We estimate6 B = 3/AB/h and K = /ABh/3 where h = (rAB/3)113N213 is 

the thickness of a single lamellar layer and /AB = bx112, where b is the monomer 
size, is the interfacial tension acting at the AB interface4• The amplitude and 
the wavelength of the lamellar undulations at the interface with the hexagonal 
phase are both of the order of the hexagonal lattice size (repeat distance) which 
is itself of the order of the lamellar thickness h. Thus the product ev is the 
number of layers in the lamellar region, to within a numerical prefactor of order 
unity. Using these estimates and neglecting numerical factors of order unity, we 
find /AB 

e/ h -:::o canst + log 
hl!.F 

(9) 

This behaviour, where e diverges logarithmically as l!.F ---+ 0, suggests that e is 
rarely very large. An estimate of l!.F may be obtained by comparing the free 
energy densities of the hexagonal and lamellar phases near the phase boundary4. 
To first order in f we find liF = const .(rAB/N)213(j0 - f) where f0 � 0.28 is 
the position of the phase boundary and the constant of proportionality has a 
numerical value of approximately 3.05. 

The lamellar region exists whenever the energy difference liD is negative. 
Solving b.D = 0 for 61 we find that the lamellar region exists for 61 > b.[c 
where b.1c '"::::'. /AB in the limit ev � 1. Since the magnitude of the surface 
tensions at a polymer/air interface can be much larger than /AB it seems likely 
that this condition may be readily accessible experimentally. 

Three main approximations are inherent in the preceding treatment: (i) We 
ignore the effect of any distortion to the hexagonal phase near the interface with 
the lamellar region. (ii) We neglect all higher order fourier components of the 
displacement field u. (iii) We utilise an expansion of the free energy Eq. (6) 
which is strictly only valid for slowly varying perturbations. However, we do 
expect our results to remain accurate at the qualitative level. 
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POLYMER MATRIX INFLUENCE ON THE 
KINETICS OF SOME FUNDAMENTAL INORGANIC 

COLLOIDAL REACTIONS 

Rina Tannenbaum 
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Among the most useful methods for the preparation of pure metal powders is the 
thermolysis of metal carbonyl complexes in hydrocarbon solutions. Zero-valent 
cobalt particles are obtained by the decomposition of Co2(CO)g .  The reaction is 
primarily governed by diffusion which is strongly dependent on the viscosity of 
the solution. In a solution containing polystyrene, the viscosity is directly 
proportional to the concentration of the polymer. To study the variation of the 
rate constants of this colloidal reaction as a function of the solution viscosity, we 
examined various polystyrene solutions of different molecular weights and 
concentrations. The reaction rate increases considerably at polymer content below 
and at the critical coil overlap concentration. Above this concentration, as the 
polymer coils become entagled and contracted, the decreased mobility of the 
molecules due to higher viscositiy and lower diffusion rate, lowers the reaction 
rate. The influenece of the molecular weight of the polystyrene on the reaction 
kinetics had a "catalytic" effect on reaction rates and was most dramatic with a 
MW(avg) of - 120,000. We find that in the dilute polymer regime, below the PS 
coil overlap threshold, the polymer chains can provide the necessary support for 
the aggregation of the cobalt particles. Also, in the dilute regime, the mobility of 
the cobalt molecules is not hindered due to the low solution viscosity. However, 
there is evidently a critical molecular weight at which the "catalytic" effect of the 
polymer is at its maximum. These results will be discussed, and possible 
mechanisms for the polymer-enhanced colloid reactions will be offered. 
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1 .  INTRODUCTION 
Thermolysis of transition metal carbonyl complexes in solution under 

an inert atmosphere is a well known technique for the preparation of pure metal 
powders ll .  The thermal decomposition of Coz(CO)g to metallic cobalt and carbon 

monoxide under an inert atmosphere at temperatures -90°C, proceeds in two 
steps2 ,3 ) :  the first step is the equilibrium decomposition of Coz(CO)g  to 
Co4(CO) i2 and the second step is the irreversible decomposition of Co4(CO)i2 to 
Co(O) clusters, whereas COg is released in both steps. 

(I) 

(II) 

The thermal decomposition reaction of cobalt carbonyl complexes in 
solutions and in polymer matrices (referred here as solid state) has been 
thoroughly documented2 , 3 ) .  The mechanistic aspects of the solid state 
decomposition were similar to those found with the solution decomposition, as 
concluded from the type of intermediates formed in the reaction in both cases, 
and from the nature of the end-products. The kinetic aspects, however, were 
quite different for the two media, as the rate constant found for the solid state 
reaction, was two orders of magnitude smaller than the one found for the 
solution reaction4l .  Hence, embedding Coz(CO)g in a polymeric matrix (high 

molecular weight polystyrene) significantly slowed down the decomposition 
process. The decomposition of Coz(CO)g to Co4(CO) i2 and further to metallic 

Co is primarily governed by the diffusion of the molecules through the viscous 
medium. The solid state polystyrene system provides a medium with a 
considerable increase in viscosity5,6), thus giving rise to lower reaction rates. 

The study of the variation of the rate constants of reactions (I) & (II) as 
a function of the concentration of the polystyrene moiety in the cobalt carbonyl 
solutions 7) shows that since reaction (I) is primarily governed by diffusion, the 
reaction rate decreases with the increase in polystyrene content above the critical 
coil overlap concentration. Reaction (II), on the other hand, being a colloidal 
reaction, is greatly facilitated by the presence of the polymer, and the reaction 
rate increases considerably at polymer content below and at the critical coil 
overlap concentration. Previous reports8,9) describe the stabilization of colloidal 
cobalt particles in dilute polymer solutions, by adsorption of the polymer to the 
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metal particles to form a film that separates the particles sufficiently to keep Van 

der Waals forces below thermal energy levels. Above the critical coil overlap 
concentration, as the polymer coils become entagled and contracted, the decreased 
mobility of the molecules due to higher viscositiy and lower diffusion rate, has 
the effect of lowering the reaction rate of reaction (II) as well. 

The effect of polymer concentration on the decomposition kinetics was 
examined with polystyrene of MW(avg)=2500QQ7). In this paper we examine the 

effect of the variation of molecular weights and concentrations of polystyrene on 
the kinetics of reaction (II), which seems to be the one "catalyzed" by the 
presence of polystyrene in the reaction solution. 

2. RESULTS AND DISCUSSION 
Reaction (II) may be approximated to be a first order reaction, and 

therefore the rate constant becomes kctec and the rate expression is: 

(III) 

(where: x=[Co4(C0)12Jt) 

Figure 1 portrays the kinetics of reaction (II) in solutions of 
polystyrene of various molecular weights and various concentrations. A closer 
examination of the polystyrene solutions for which kctec reaches its maximal 

value, reveals that the polystyrene content corresponds to its critical 
concentration in dilute solutions, c*, a concentration which marks the onset of the 
coil overlap process between the polymer chains in solution6) . For polystyrene 
concentrations [PS]<c*, the polymer coils have infinite dilution radii and do not 
overlap, while for [PS]=c*, the coils begin to overlap having reached the overlap 
threshold. At this critical concentration c* , the intrinsic viscosity, [TJ ] ,  
corresponds to the relationship: c* · [TJ]=J 6) . The intrinsic viscosity is a measure of 
the polymer's  ability to increase solution viscosity in the absence of 
intermolecular effects, i .e. ,  at infinite dilution. The intrinsic viscosity of 
polystyrene in toluene may be calculated according to the Mark-Houwink 
experimental relation: [TJ ]=KMa, where K and a are specific constants for 
various polymer/solvent combinations. Table 1 (inserted in Figure 1 )  lists the 
coil overlap concentrations, W*(wt% ), for the MW (avg) chosen for this study. 
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Figure 1 : The influence of polystyrene concentrations at different molecular weights on rate coefficients. 

The dependence of kdec(max) (at c*) on molecular weight is shown in 

Figure 2. The rate coefficients for reaction (II) increase with polymer chain size 
at lower molecular weights, but decrease at higher molecular weights. The 
"catalytic" effect which the presence of polystyrene has on reaction (II) is most 
dramatic with a MW (avg) of - 1 1 0,000. Previous studies of metal-polymers 

interactions reveal that under certain conditions (typical for each metal-polymer 
pair), there are specific coordination bonds which can develop between an 
electron-deficient metallic species and an organic moiety in the polymer chain 
containing n molecular orbitals. In reaction (II), the mechanism of decomposition 
implies the existance of such electron-deficient cobalt species, and therefore it is 
most likely that they will interact with the n-system of the phenyl rings in the 
polystyrene molecule9, 10J . Such an interaction creates a driving force which 
prompts the cobalt molecules to seek the proximity of the polystyrene. On this 
basis, it is possible to analyze the dependence of kdec on the polymer 

concentration in solution and on the polymer molecular weight. The rate of 
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reaction (II) is a function of the cobalt concentration associated with 
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Figure 2: Dependence of rate coefficients on molecular weight of polystyrem 
at the corresponding W*. 

the polymer chains, the mobility of the cobalt species in solution and the ability of 

cobalt particles on different chains to interact with each other. As [PS] increases, 

the cobalt concentration within the polymer increases, but the mobility of the 

cobalt species decreases due to the increase in solution viscosity, and hence the 

behavior shown in Figure 1. Furthermore, as [PS] increases, the concentration of 

the cobalt species within the chains increases, but the excluded volume of each 

chain increases as well, thus rendering interactions between the chain more 

difficult and resulting in the behavior shown in Figure 2. 
An interesting insight into the mechanism of decomposition can be 

obtained by the normalization of the results, i .e .  their expression as the ratio of 

kctec and kctec at c* (kcteclkctec(maxj) as a function of the ratio of polystyrene 

concentration and c* ([PS]/c*) for that particular molecular weight, as shown in 

Figure 3 .  The data points lie on a "universal curve",  which implies that the 

"catalytic" influence which the presence of polystyrene in the solution has on 
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reaction (II) is a general characteristic of this type of systems. 
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Figure 3: The universal behavior of the rate coefficient dependence on 

coil overlap concentration at corresponding molecular weights 
of polystyrene. 
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The condensed phases of Langmuir monolayers are treated in the framework of the Landau 
theory of phase transitions, as a result of successive ordering of the hexatic phase. The phase 
transitions are due to two degrees of freedom of long-chain molecules: the change of orientation 
of their long axes causes tilting phase transitions at decreasing surface pressure and the herring
bone ordering of their short axes (backbone planes) gives rise to crystallization phase transitions 
with decreasing temperature. Crystallization occurs in two stages via intermediate l D  crystal 
phases. The theory describes the upright and tilted hexatic phases at high temperatures, the 
upright 1 D herringbone-ordered crystal and two tilted ones differing in their directions of both 
tilt and crystallization at intermediate temperatures, and the upright and tilted 2D crystals at 
low temperatures. Distortions of the unit cell in different phases are treated as induced by the 
primary order parameters. The experimental data from monolayers of fatty acids with chain 
lengths from 19 to 22 is analyzed. The distortions due to the tilt of the molecules and ordering 
of their backbone planes are separated. The structure factor of the hexatic phase is calculated for the Nelson and Halperin model of the hexatic as a two-dimensional crystal containing a 
gas of interacting dislocations. The ratio of the radial to the azimuthal peak widths decreases 
considerably when the dislocations interact and depends on the sample size. The experimental 
data on the diffraction peak profiles in different phases of Langmuir monolayers is discussed. 
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Phase diagram of Langmuir monolayers. Transitions between condensed phases of 

Langmuir monolayers were first observed as kinks in the surface pressure -- area isotherms 

more than fifty years ago. Systematic measurements by Stenhagen [ I ]  and Lundquist gave rise 

to the phase diagrams which were modified since then only in their fine structure. Monolayers 

of different amphiphiles possess very similar phase diagrams. Although the measurements on 

any substance are performed in  a l i mited temperature range, a generalized phase d iagram can 

be compiled from isotherm studies of amphiphiles with different chain lengths by matching up 

regions of the same shape with regular shifts of the temperature axis [3] . Two novel experimental 

techniques, Brewster angle microscopy [1] and pola.rizcd fluorescence microscopy [5] were used 

to determine the phase diagram of fatty acid monolayers. It contains a new transition line 

which was no\ apparent in  isotherm measurements, Fig. I .  

O IO � C,, o ·· ·1o·····ic1····j·� ···· c.., o---,o--io --10-- - c., 
c, 

30 -
25 

E 20 
z 15 !:' � 10 

10 20 30  40 50  
T22 1o c  

Figure I :  Experimental phase diagrams from Refs. [ I ,  3 ,  5 ]  

4 0  

Interpretation o f  diffraction data [6] . Recent x-ray diffraction experiments have shown 

that all kinks in  the isotherms observed by Stenhagen and Lundquist are due to structural phase 

transitions and all regions of Fig. 1 have different structures. Structure determination is based 

on analysis of diffraction pattern of the rnonolaycr, Fig. 2. The scattering pattern in reciprocal 

spac<c is given by the product of two factors, the structure factor reflecting translational order 

of the molecular centers in the plane of the rnonolayer, and the form factor of the individual 

molecule .  The structure factor of a 2D lattice consists of a set of del ta-function discontinuiticcs 

along lines ( "Bragg rods" ) normal to the monolayer plane. The form factor of a long rod-l i ke 

molecule takes on large values only on a disk normal to its long axis, which wi l l  be called 

lite reciprocal disk of the molecule. The intersect.ions of the first-order Bragg rods with the 

reciprocal disk give rise t.o three pairs of diffraction maxima. There is as ycl. no way of control ling 

monolayer 1nosaicity1 and the diffraction pattern is alway.s averaged over all dmnain orientations 

in Uie monolayer plane ( "powder averagingn ) :  with loss of direct azimuthal information. 

I f  I.he molecules do not ti lt on average, the reciprocal disk and he11re all the peaks l ie i n  the 
p la.11c of I.he monolaycr. In the phase LS' posscssi1 1g sixfold symmetry, all six first-order wave 
vectors have equal length and overlap coinpletdy in the powder pall.em. The single observed 

peak is said to be triply degenerct\e. Because of \his degeneracy, the sixfold symmetry of the LS 
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Untilted NN tilt NNN ti lt Intermediate ti lt 

0 

Figure 2: Interpretation of diffraction data 

phase cannot be said to have been directly observed on the water surface. The triple dcge1ieracy 

is lifted in cases where the lattice is distorted from hexagonal , clue for example to an ordering 

of the backbone planes of the molecules, and distinct peaks are revealed. 

The d egeneracy may also be lifted by molecular tilt . .  In this case, the peaks 111ow 011 1. or 

the monolayer plane which depends on both the t i lt  magnitude and its azimuth, or direction. 

Since the only points of the reciprocal disk to remain i n  tbe monolayer plane are those on I.be 

line perpendicular to the tilt, diffraction peaks from a ti lted phase can only remain i n  the plane 

if they l i e  in this direction. This occurs for one pair when the molecules tilt towards one of 

their nearest neighbor (NN) molecules. When the molecules t i l t  t.o a. next-nearest neighbor 
(NNN) molecule. al l  the wave vectors move out of the plane. If the tilt azimuth i s  i nt.crmcclia.tc 

between NN and NNN,  or if the distort.ion of the unit. cell is asymmetrical, there arc 1.hree 
disti nct. first-order peaks. 

Theoretical phase diagram [7, 8 ,  9]. The thcoretirnl phase diagram, Fig. :l, is con

sl.ruct.ecl to satisfy si multaneously L i t e  sym metry requi renwnt.s or the Laudau free ClllTgy cx

pausion <UHi I .he experiment.al data., hot.Ii thermodynami cal and st.ruct.ural. The non1c1 1c lal.ure 

of the observed phases i s  preserved; I.be phase L2 i s  subdivided , for symmetry reasons, in to two 

phases, L2,1 and L2h . All features of the theoretical phase diagram arc derived from I.he u n ique 
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Figure 3: Theoretical phase diagram 

free energy expansion invariant with respect to the hexatic symmetry of the most symmetrical 

phase, LS. Phase transitions are due to two degrees of freedom of long-chain molecules: the 

change of orientation of their long axes causes tilting phase transitions at decreasing surface 

pressure and the herringbone ordering of their short axes (backbone planes) gives rise to crys

tallization phase transitions with decreasing temperature. Crystallization occurs in two stages 

via intermediate lD crystal phases. The present theory describes the upright (LS) and tilted 

( L2d a.nd Ov) hexatic phases at high temperatures, the upright !D herringbone-ordered crystal 

(S) and two tilted ones (L; and L2h) differing in their directions of both tilt and crystallization 

at intermediate temperatures, and the upright (CS) a.nd tilted (L;) 2D crystals at low temper

atures. 

Order parameters and free energy expansions [7, 8, 9] .  The tilting phase transitions 

are described by two-component order parameter (17 , /3),  where /3 is  the azimuthal angle of the 

collective tilt and 17 = sin e , where e is the tilt angle. The most general expansion of the free 

energy invariant with respect to the sixfold symmetry of the hexatic phase is 

<I>,, = A172 + B174 - D176 cos 6/3 + £171 2 cos 12/J. ( I ) 
The first two terms are sufficient to describe the second order phase transition at A = O.  
provided B > 0. The la.st two terms, small in comparison with  the first ones, are the lowest 

order terms depending on the ti lt  azimuth /J. They give NN ti lt  (/3 = 0) for D > 0 and N N N  
t i l t  (/3 = -rr /6)  for D < 0 .  As D varies from positive to  negative values, the  first order transition 

NN --> NNN occurs for E < 0, whereas the second order phase transitions NN --> I --> N N N  
with an intermediate tilt azimuth i n  the phase I is realized for E > 0 .  
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Figure 4:  Possible crystallization waves: three waves of density (a) and herringbone order (b) 
with equal amplitudes, one wave of herringbone order with the wave vector in NN direction ( c) 
and NNN direction (d) 

There are two possible types of crystallization waves in 20 hexatic. Consider the transfor

mation of the ocder parameter on reflection in the symmetry plane containing the wave vector. 

The order parameter can either remain unchanged, or change sign. The amplitudes of den

sity waves p 1 ,  p2 , and p3, directed 120° to each other, are scalars which do no\ change sign on 

reflection. They give rise to the free energy expansion 

(2) 
where p2 = Pi + p� + p� and 1, are the phases of crystallization waves. Minimization gives 

p1 = p2 = p,, i .e . ,  the transition from the hexatic to hexagonal crystal, Fig. 4(a) . 

The herringbone ordering is described by a. three-component order p<nameter ip, changing 

sign on reflection. The free energy expansion does not contain a third-order term since it 

changes sign on reflection. Then one has 

(3 ) 
where ip2 = 'Pi + <p; + 'Pi · The minimum with res pee\ to the components cp, depends on the sign 

of G2. For G2 > 0 one has ip1 = ip2 = ip3. The ordered phase i s  a 2D hexagonal crystal with two 

molecules per unit cell, Fig. 4(b) .  This phase i s  chiral. When G2 < 0,  \he hexagonal symmetry 

i� broken: cp1 = r.p, tp2 = tp.1 = 0,  1neaning that crystallization occurs only in one dimension. 

Tlw ordered phase [Fig. 4 ( c ,cl)] consists of equidistantly spaced rows of th<' molecules, with the 

orckr parameter alternating from one row \o the next.. \11/ithin a row, I.he molecules possess 

l iquid -like order. 

The phases shown on Figs. 4 (c) and 4(d)  give rise to different low-order cliffra.c\ion peaks. 

011 Fig.4 ( c), the bonds do not. lie in the cryst.allinc rows. This gives broad first-order diffract.ion 

peaks, rcliccLing the liquid-like order. In contrast, \he diffract.ion pa.1.tern of t.he phase shown 
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on Fig. 4(d) shows one narrow peak due to diffraction from the crystalline rows, while the 

doubly-degenerate peak caused by the short-range translational order within the rows i s  broad. 

Comparing these results with the experimental data on the diffraction peak widths, we can 

attribute Fig. 4(c) to the phases S and LS whereas Fig. 4 (cl) corresponds Lo the phase L2h 
possessing considerably different widths of the peaks. 

Direct transitions between a hexatic and a herringbone-ordered crystal are not allowed in the 

Landau theory. The intermediate phase is either lD crystal or hexagonal crystal. The phase 

sequences observed in smectic liquid crystals and in Langmuir monolayers contain different 

intermediate phases, Fig. 5 .  

Figure 5: The phase sequences observed in smectic liquid crystals (top) <md i n  Langmuir 
monolayers (bottom) 

Distortions of unit cell in different phases [6] .  Figure 6 presents the diffraction 

data for different isotherm scans of fatty acid monolayers .  The high-temperature scan (Fig. 

6(a)) traverses the sequence LSu - Ov - L2d for the C19 acid [10]. From the positions of the 

non-degenerate and doubly-degenerate peaks, the magnitude and direction of the tilt were de· 

termined as described above. LSu is the hexatic phase and gives a triply-degenerate diffraction 

peak. On the transition to the Ov phase where the molecules start to tilt in  the NNN direction, 

the peak splits to a non-degenerate one and doubly-degenerate one with the stretching of the 

unit cell in the tilt di rection. At the Ov · ·  L2d transition the tilt direction changes to NN and 

I.he pcitks interchange. 

lsotherm 1nea.surement scans traversing the phase sequence S' - L; - L2h arc presented i n  
Fig. 6(b,c) .  The transformation of t h e  unit cell shape o n  lowering surface pressure is illustrated 

in Fig. 3. The distortion in the S phase is NN clue to the ordering of the backbone planes of 

I. he molecules. !11 the L; phase, the molecules till in an NNN direction normal to the i11i ti<il 

stretching, so that the tilt acts to decrease the distortion. When the tilt direction is changed 

lo NN at the LS - L2h transition, one might expec\ a further increase of the stretching under 

the action of tilt as happens at high temperatures at the Ov - L2d transition. However in fact 

I.he unit cell discontinuously shrinks in the NN direction, so that its distortion azimuth jumps 

lo N N N .  The subsequent continuous decrease of the distortion in the L2h phase is due to the 
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Figure 6 :  In-plane components of the scattering vectors i n  different phases of fatty acid mono
layers 

action of increasing tilt angle. Beyond the intercept. where the distortion magnitude reaches 

zero, its direction is NN. This unexpected behavior indicates that 1101. only the tilt direction but 

also the packing of the backbone planes of the molecules change discontinuously at the L; - L, 

transition. 

Distortion of the unit cell i s  described by its magnitude � and orientation w (the angles w 
and w + 7r are equivalent).  The free energy can be expanded in powers of distortion as 

(4) 
Eq. (4)  describes the behavior of the observed diffraction peaks in fatty acid monolayers when 

all its coefficients C, U, V, 1¥ are positive. The distortions i n  the phases Lzd and Ov are induced 

by tilt: � � 172 . In the phase S (where 'P f  0) the distortion is ( = (U/2C)<p2 with the unit 

cell stretching to NN (w = 0), provided that U is  positive. In the L; phase, the tilt direction 

is  NNN ((3 = 7r /2) because of the coupling of the primary order parameters. Here one finds 

that the distortion ( = (U<p2 - V172 )/2C decreases continuously with increasing tilt angle 17, in 

agreement with the experiment.a.I data. The observed decrease of distortion with increasing tilt 

angle in the L; phase is thus determined given its observed behavior in two neighboring phases, 

namely, stretching to nearest neighbor due to NN tilt in the Lzd phase and, also 1.o nearest 

neighbor, due 1.o ordering of the backbone planes in the S' phase. The distortion in phase L2h 
is ( = I W1,b2 - V11 2 l /2C It is equal \o zero when 7)2 = (V/W)1/;2, so \hat the diffraction 

peaks coincide at a non-zero tilt angle. For smaller tilt angles, the minimum of i s  achieved <ti. 

w = 7r /2, i .e . ,  the unit cell shrinks in the tilt direction. Por larger tilt angles one has w = 0 and 

\he unit cell stretches in the ti lt  direction. This behavior is observed in the experiment. , F'ig. 

G(b, c) .  

There are two mechanisms driving unit cell distortion, \he tilt and the ordering of the 

backbone planes. The distortion induced by tilt is proport.iona.I to the square of the t i l t. order 

parameter 17 = sin 0 .  In order to separate the contributions from each of them, \he signed dis

tortion parnrnclcr d = � cos 2 (w - (3) is plotted as a function o f  sin2 B ,  Fig. 7 .  The data points 

from both t i lted phases at a given tempera.lure lie on the sanw line, suggestive of con1 111011a l i ly 

of structure. The L2 phase data covers a wide range of tilt angles, allowing a more precise 

determination of the. regression l ine  pa.rarne\ers for this phase. At high temperatures the d<tta 

points for the Ov a.ncl L2 phases of the C19 acid lie on one and tlw same straight. l i ne pa.ssiug 
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through the origin. Hence the distortion is induced by tilt only. In contrast, the zero tilt angle 

intercept of the lower-temperature lines of the C21 and C22 acids is  non-zero. Hence there. exists 

another contribution to the distortion caused by the ordering of the backbone planes of the 

molecules. 

Diffraction peak profile of the hexatic phase [ 1 1 ] .  There are three types of transla

tional order which can be distinguished from the qualitatively different patterns to which they 

give rise. First, the absolute long-range translational order in an ideal three-dimensional crystal 

results i n  cl-function diffraction peaks. Secondly, i n  systems with reduced di mensionality, ther

mal Rnctuations destroy the long-range translational order and cause p ower-law singularities 

instead of cl-function peaks. This is the case both for two-dimensional crystals and smectic 

liquid crystals. Thirdly, Nelson and Halperin [ 1 2] found that the melting of a two-dimensional 

crystal can occur in two stages. The transition from 20 crystal to the intermediate phase, called 

'hexatic', is  due to the unbinding of thermally excited dislocation pairs. 1-lexatics contain a con

centration of dislocations in thermodynamic equilibrium which interact elastically with each 

other. As a result, hexatics possess only short-range translational order, but quctsi-long-range 

bond orientationctl order. 

We have determined the shape of the diffraction spots in a dislocated crystal, rigorously 

taking into account the correlations between dislocations in the hexatic phase. The peak profile 

is determined by the behavior of the correlation function < exp iQ[u (r + p) - u(r )] > at dis

tances p comparable to the mean distance between dislocations. The approxi rnatiolls employed 

below are valid in this range of p and cannot be applied in the limit p -; cxo, essential for 

analysis of the long-range order in the system. Since the elastic strain caused bv a dislocation 

is long-range, decreasing as l /r ,  the main contribution to the correlation function is from dis

locations located at distances r large in comparison with p, and comparable to I.he sample size 

L.  Then the exponent can be expanded over p «: r :  Q[u(r + p) - u(r) ]  = p�[Qu(r) ] .  The 

standard expression for the strain field of a single dislocation with the bare elastic constants 

should be used here. The di ffraction pea.ks occur Gaussia.ns in the azinrnl.lial direction. The 

azimuthal a.nd the radial peak widths can be expressed iu terms o f  the elastic llloduli and the 

mean dislocation density and do not involve any phenomenological para.meter. The ratio of the 

radial to the azimuthal peak widths decreases considerably when the dislocations interact and 



1 1 1  

depends on the sample size. 

Diffraction peak widths of phases of Langmuir monolayers. At the LS - S tran
sition the single peak of the hexatic phase LS splits into two, one doubly-degenerate and one 
non-degenerate, both with correlation lengths of about 30 intermolecular distances. This or
thorhombic distortion is interpreted as due to the ordering of the short axes (backbone planes) 
of the molecules. Isotherm scans over the phase sequence S - L; - L2 revealed drastic changes 
in the correlation lengths at the L; - L2 transition, see Fig. 8. The correlation lengths for the 
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Figure 8: Diffraction peak profiles for the monolayers of behenic (C22) acid at 1 8.5°C (13] (a,b) 
and triacontanoic (C30) acid at zero surface pressure and 5°C [14] 
(c) 

two peaks in the L; phase differ only slightly from those in the S phase, bc;ing about 30 inter
molecular distances. In the L2 phase, the non-degenerate peak shows a correlation length of 
about 60 intermolecular distances whereas for the doubly-degenerate one the correlation length 
is about 4 times smailer. Essential differences in the correlation lengths of two peaks were 
found also for the monolayers of the longer-chain fatty acids in an uncompressed state [ 1 4] .  

These diffraction patterns have been described b y  appearance of crystallization waves of 
herringbone order differing in directions of wave vectors with respect to bonds, Fig. 4(c,d) .  An 
alternative explanation may be given in terms of two types of dislocation-mediated melting of 
anisortopic 20 crystal [ 1 5 ) ,  Fig. 9. When one type of dislocations possess lower core energy 
than the other two, 20 crystal melts to " 1 0  smectic phase" (destroyed by fluctuations on long 
range) ,  which gives rise to two diffraction peaks with essentially different widths. However , the 
transit.ion L; - L2 cannot be explained in terms of two types of dislocation-mediated melting of 
one a.nd the same 20 crystal since, as ha.s been shown above, these phases differ also in packing 
of backbone planes. Two different crystallization waves allowed by the Landau theory provides 
an adequate description of the transition. 
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crystallization waves in the Landau t heory, and corresponding diffraction patterns 
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SIMULATING LANGMUIR MONOLAYERS OF FATTY ACIDS 
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Monolayers at the air-water interface exhibit several phase transitions. To a large extent, 
the role of conformational defects in these transitions has been neglected. Over the last four 
years, we have developed a model to simulate monolayers at the air-water interface. The 
model is capable of predicting quantitatively the rich polymorphism seen in x-ray diffraction, 
fluorescence microscopy and Brewster-angle microscopy. In this manuscript we focus on the 
delicate relationship between chain conformation and tilting in determining the monolayer 
behaviour. Results are also shown from novel simulations performed to determine the vapour
liquid coexistence in Langmuir monolayers. 
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;Introduction 

Since the early surface tension measurements on oil films by Langmuir [1] and Harkins [2], 

monolayers of amphiphilic molecules at the air-water interface subsequently, known as Lang

muir monolayers, have attracted continuous interest from the research community [3]. In the 

1940's the remarkable experiments by three groups. [4] have strongly questioned the simplicity 

of Langmuir monolayers. Today, there is mounting evidence that monolayers of amphiphilic 

molecules at the air-water interface display a very complex phase behaviour [5]. 

The onset of new, powerful experimental techniques such as synchrotron X-ray diffraction 

has undoubtedly resulted in a molecular understanding of Langmuir monolayers, especially 

their lattice geometry and molecular tilt order, and the use of fluorescence microscopy has 

led to the direct observation of domain structure and phase transitions. Similarly, new mi

croscopy techniques that do not use fluorescent probes are being developed to study domain 

morphology and the order of phase transitions in the absence of probe impurities. Unfortu

nately, the molecular conformation cannot yet be described quantitatively using the above 

techniques, but it has to be inferred from other measurable quantities such as the electron 

density in the nonpolar section of the monolayer [6]. In fact , in all X-ray experiments the 

chain conformation is believed to play a minor role, thus the molecules are always assumed to 

be all-trans in the interpretation of the data [6]. These assumptions are in contrast with non

resonance Raman studies of Langmuir monolayers at high density which indicate the presence 

of gauche defects that grow upon monolayer expansion [7]. In support of the Raman studies, 

recent X-ray diffraction experiments on fluorinated alkyl acid monolayers show a completely 

different behaviour from fully hydrogenated acid monolayers as a result of the difference in 

chain flexibility between fluorinated and hydrogenated alkyl acids [8, 9). 

In this manuscript, we describe the use of molecular simulations to investigate (1) finite 

size effects in Langmuir monolayers, (2) relation between chain conformation and monolayer 

tilting, (3) role of kink defects in the highly packed phases, (4) Difference between monolayers 

of C16 and C20 fatty acids, and (5) the vapour-liquid coexistence in pentadecanoic acid 

monolayers. 

Simulation Details 

The model used in these simulations to mimic the behaviour of fatty acids at the air-water 

interface has been described in great detail in Ref. [10]. The most important features of the 

model include: (1 )  interactions between chains using the anisotropic united atom model, (2) 

water-amphiphile interactions are modelled using an external potential developed initially to 

simulate micelle-water interactions [ 1 1 ,  12). The external potential allows the movement of 

headgroups and chain methylenes in and out of the water, and allows the formation of a finite 

size interface; and (3) the headgroup interactions are purely repulsive. Simulations have been 



1 1 5  

performed o n  monolayers of C l 6  and C20 fatty acids at temperatures ranging from 275 t o  325 

K, and at molecular areas varying from 0.185 to 0.40 nm2 /molecule. 

Is system size important? 

Over the last five years, several papers on molecular simulations of Langmuir or Langmuir

Blodgett monolayers (for a review on simulation literature see Ref. [13]) self-assembled mono

layers [14, 15] ,  and monolayers at oil-water interfaces [16] have appeared. To date there have 

been only a few studies on size effects in simulations of monolayers [15, 1 7, 18]. To a large 

extent, these simulations reported conflicting results. 

Table 1 :  Average results at T=275 K. The errors are standard deviations. N is the number of 
molecules. t1 is the number of time steps used for equilibration, and t2 is the number of time 
steps used to produce the average properties. < U,onf > is the configurational energy. < R > is 
the average end-to-end distance. < Z > is the average monolayer height. < 0 > is the average 
tilt angle from the normal to the interface. < </> > is the average direction of tilt (If < </> > = 
0, 60 or 120 degrees, molecules are tilted towards their next nearest neighbours. If < </> > = 
30, 90, 150 degrees, molecules are tilted towards their nearest neighbours). < P(T) > is the 
average trans fraction which is the number of dihedral angles in trans conformation divided 
by the total number of dihedral angles. < P( D) > is fraction of defects which is calculated 
from Voronoi polygon constructions. f = 665 J /mo! and u = 0.3527 nm. Exponents indicate 
last digits of standard deviations from average values. 

Area N � <R> <Z> <0> � < P(T) > P < D >  nm2 ' " " dearees dearees 
1 6  -342 6.692 5.984 27.98 914 0.9806 0.032 

0.23 64 -311 6.691 6.013 26.94 869 0.9714 0 
256 -331 6.691 5.9r 27.73 276 0.9762 0 
16 -274 6.63 5.584 341 903 0.962 0 

0.25 64 -252 6.631 5.614 33.37 903 0.9585 0 
256 -26.65 6.641 5.582 33.82 902 0.9642 0.021 

1 6  -251 6.624 5.202 39.74 894 0.9658 0 
0.27 64 -262 6.631 5.193 39.74 903 0.9664 0.0076 

256 -18.84 6.551 5.333 36.82 1072 0.9492 0.223 

Monolayers.' comprising 16, 64 and 256 molecules have been simulated. The results of 

the monolayers at 0.23, 0.25 and 0.27 nm2 /molecule at T= 275 K are summarised in Table 

I. From the data it is clear that properties, such as tilt angles and average trans fractions, 

of 1 6-molecule systems are not significantly different from those of 64-molecule monolayers. 

The simulations at 0.23 and at 0.25 nm2/molecule using 64 and 256 molecules do not show 

any significant difference in any of the properties calculated. However, the simulation at 

0.27 nm2 /molecule using 64 molecules shows different degrees of ordering, tilt angle and chain 

conformation than the 256 molecule monolayer. On average, the tilt angle and the average 

trans fraction are higher in the 64- monolayer than in the 256-monolayer. The number 



116 

of defects/molecule, as calculated from Voronoi polygons rises drastically from "" 0 to 0.22 

defects/molecule with increase in system size, implying a much lower level of ordering in the 

256- than in the 64-molecule monolayer. Indeed, snapshots of the 256- molecule monolayer 

at 0.27 nm2 /molecule show a clear formation of domains. At 0.23 and 0.25 nm2 /molecule, 

domains do not form even in 256-molecule monolayers. It is likely that the domain sizes are 

too large to be detected at 0.23 and 0.25 nm2/molecule in a simulation of only 256 molecules. 

This is supported by experimental data which predict an increase in domain sizes with increase 

in density. 

We speculate that for non-tilted high-density phases the system size does not play an 

important role (19]. However, for intermediate-density monolayers the system size is crucial 

mainly due to the competition between the formation of a large tilt angle and the appearance 

of domains (18] .  Since small system size and periodic boundary conditions favour large tilt 

angles over disorder, one should be aware that the calculated tilt angles in simulations may 

be higher than those measured experimentally. 

Chain conformation affects the tilting behaviour 

In Fig. la, the monolayer tilt angle 0 is plotted as a function of area per molecule at three 

temperatures. In general, at any particular area per molecule, tilt angles are higher at lower 

temperature as in previous simulations [20] . The maximum tilt angle also appears to depend 

strongly on temperature. It ranges from 40° at 275 K to 10° at 325 K [21 ] .  The strong 

variations in the maximum tilt angle are an indication of the sensitivity of our model to small 

changes, by molecular dynamics standards, in temperature. The tilt transition is clear at 

275 and 300 K. At both temperatures the monolayers undergo a transition between 0.19 and 

0.21 nm2 /molecule [21 ]. This value is in good agreement with experimental data [22] and 

recent simulation results of fully hydrogenated monolayers [23]. At 325 K there is no clear 

transition. The tilt angle does not show any significant upper jump at any of the densities 

studied, whereas at 275 K there is a big jump in tilt angle from 5.5 to 16.5° which occurs 

between 0.20 and 0.21 nm2 /molecule [21 ]. At 300 K the tilt angle jumps from 3.5 to 13.5° also 

between 0.20 and 0.21 nm2 /molecule. The density in which the tilt transition occurs appears 

to be largely independent of temperature (It appears that the transition at 275 occurs at a 

slightly higher density than at 300 K, however only an upper estimate of this difference can 

be given (0.01 nm2 /molecule)) . 

The presence of collective tilt in the monolayers is sustained to a higher area per molecule 

with decreasing temperature. At 325 K, the collective tilt breaks at 0.23 nm2 /molecule, 

and the monolayer undergoes a first order phase transition to the so-called liquid-expanded 

(LE) phase [21] .  At 300 K, the tilt order breaks at 0.25 nm2/molecule, at which density the 

monolayer also undergoes a first order phase transition to a phase exhibited by lateral self-
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diffusion, lower chain conformational order and a ring in the lateral structure factors [10, 24]. 

0.22 0.24 0.26 Area/molecule (nm') 0.28 0.�.1�.--.� .. -.--.� .• -.--.� .• -0 --... �.--.A0�-.�.45 Area/molecule (nm') 

Figure 1 :  (right) Most probable monolayer tilt angle as a function of molecular area at 275 
K, 300 K and 325 K. The results are also shown for monolayers consisting of 256 molecules at 
275 K, and for X-ray reflectivity results in monolayers of C19H39COOH [6] at 300 K. (left) 
Average trans fraction at 275 K, 300 K and 325 K. Results are also shown for a monolayer 
consisting of 256 molecules at 275 K. 

At 275 K, the molecules are consistently tilted towards their nearest neighbours after the 

tilt transition in agreement with x-ray diffraction experiments at low temperature [25, 26]. 

At this temperature, there is no phase transition to a LE phase, however molecules segregate 

into well-ordered and tilted domains. The appearance of these domains depend highly on 

the number of molecules. When 64 molecules are used the formation of domains begins at 

0.30 nm2 /molecule, whereas monolayers consisting of 256 molecules show the presence of 

domains at an earlier stage (0.27 nm2/molecule) .  

Over the entire density range the tilt angles calculated i n  the simulations are somewhat 

similar to the X-ray reflectivity data of Kjaer et al. [6] (Fig. 1 ). It is clear, however, that 

the simulations systematically underestimate the value of tilt angles after the tilt transition, 

and the difference grows with increasing area per molecule. We speculate that this disagree

ment is due to one or more of the following reasons: (1)  Our model is not good enough to 

reproduce the magnitude of tilt angles. (2) Real amphiphilic molecules are not completely 

devoid of gauche defects, but ignoring these defects in the interpretation of the experimental 

data leads to overestimation of the magnitude of tilt angles. (3) The experiments were per

formed before complete relaxation of the monolayer. While we cannot discount immediately 
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the first hypothesis, we can show that the second and third hypotheses are highly probable. 

The first obvious analysis is to calculate the conformational defects in the model monolayers. 

A common measure of chain conformation is the average trans fraction which is the number of 

dihedral angles in trans conformation divided by the total number of dihedral angles. Fig. 1 

shows the behaviour of the chains as a function of area per molecule. At the same area cover

age, the average trans fraction is higher at lower temperatures as in previous simulations [20]. 

At the same temperature the average trans fraction decreases with decreasing density. The 

chain conformation can not be quantitatively measured using any of the available techniques, 

and can be obtained only qualitatively using infrared experiments [7, 27] . In cases where this 

latter technique is used there is a clear decrease in the average trans fraction with decreasing 

density. 

Combining the conformational and tilting results from Fig. 1, it appears that ( 1 )  at low 

temperatures the tilt angles and the average trans fractions are high whereas at high tem

peratures both quantities are low, and (2) very small differences in the average trans fraction 

result in large differences in tilt angles. One can see for example at 0.22 nm2 /molecule, that, 

upon decreasing the temperature from 300 to 275 K, there is a 2% increase in average trans 

fraction, while the change in tilt angle is 5°. Temperature has additional effects on other prop

erties, beside chain conformation, that could influence the tilt angle. Thus, in order to isolate 

as much as possible the relation between chain conformation and tilt angle we performed an 

additional simulation at 300 K, in which the energy barriers to dihedral rotation are twice as 

large as before. The results from this new simulation show that the trans fraction increases 

from 0.96 to 0.99 while the tilt angle increases from 18.5 to 23.5°. 

Experimental data show that fatty acid monolayers have conformational defects [7, 27], and 

our simulations results establish a strong relationship between changes in chain conformation 

with changes in tilt angles. Therefore, models in which it is assumed that molecules have no 

conformational defects are likely to lead to significant errors in the calculation of tilt angles. 

Recent experimental investigations have strongly questioned the validity of lateral pressure 

measurements in Langmuir troughs [28]. There is now a strong evidence that several mea

surements performed during compression or expansion of an amphiphilic monolayer do not 

reflect an equilibrium state [28]. In particular, Buontempo and Rice [27] have shown that the 

average conformation of the chain relaxes in a much longer time than that usually allocated 

to usual measurements. To investigate the effect of the chain conformation relaxation on the 

tilt behaviour, we performed two simulations at 0.20 and 0.22 nm2/molecule, and at T = 312 

K [29]. Fig. 2 shows the equilibrium as well as the equilibration part of the simulation at 

0.22 nm2/molecule. From the time evolution, we see that the monolayer initially responds to 

expansion by a sudden increase in the tilt angle. Over a much longer time-scale the increase 

in tilt is counteracted by a slow increase in the fraction of gauche defects which in turn leads 

to a slow decrease in the tilt angle before equilibrium is finally achieved, i.e., the slow changes 
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of the conformational defects are the rate limiting factor for the overall equilibration. These 

results are in agreement with recent infrared expansion experiments on Langmuir monolayers 

of alcohols [27]. 
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Figure 2: (left) Running average tilt angle (} and fraction of torsional angles in a gauche state 
f(g) at 0.22 nm2/molecule as a function of time (temperature = 312 K).  Time = 0 signals the 
end of the expansion of the monolayer from 0.20 to 0.22 nm2 /molecule, and signifies the start 
of the relaxation at 0.22 nm2 /molecule. During the initial 12 picoseconds of the simulation the 
tilt angle makes a high jump. At the same time the fraction of torsional angles in a gauche state 
increases only slightly. As the simulation proceeds more gauche defects become part of the 
monolayer, and the tilt angle decreases. It is clear that the slow changes of the conformational 
defects are the rate limiting factor for the overall equilibration. (right) Probability of finding 
two gauche angles on one molecule in the kink (g±tg") conformation 

Role of kink defects 

It may come as a surprise to some that highly ordered crystalline phases do contain gauche 

defects. It is intuitively expected that conformational defects will disturb the monolayer crys

talline order. We note, from our simulations, that most of the gauche defects ar� concentrated 

at the molecular ends especially near the molecular tails, in agreement with other simula

tions [17, 20, 23]. In addition to these gauche defects, it appears that the central sections of 

molecules may also contain conformational defects. A close analysis of these defects shows 

that they are parts of a kink conformation (two gauche angles separated by a trans angle). 

Kink defects appear at molecular areas as low as .19 nm2/molecule (see Fig. 2). At larger 

areas per molecule, other forms of gauche defects appear, that fit with the collective direction 

of the monolayer, and do not destroy the crystalline order. From a packing point of view kink 

defects are the most preferred form of chain deformations because the volume created by a 

kink defected molecule is only slightly higher than the volume of an all-trans molecule, and 

the overall direction of the chain is preserved. The formation of kink defects is a well known 
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phenomenon in the phase behaviour of long chain n-alkanes crystals [30]. 

Comparison between different chain lengths 

Simulations described up to this point have been performed on C20 fatty acids. Simula

tions performed at 300 K on C16 acids indicate a difference in tilting and conformational 

behaviour [12, 31 ]. For example, C16 acids undergo a less drastic Liquid condensed (LC)

LE transition than C20 acids, and the LC-LE phase transition in C16 monolayers occurs at 

0.22 nm2 /molecule in comparison with 0.25 nm2 /molecule for C20 monolayers. In addition, 

C20 acids undergo a clear phase transition in which the tilt angle increases from 3.5 to 13.5° C 

at 0.20 nm2 /molecule, whereas C16 acids do not appear to undergo a clear tilt transition. 

Even in the regime in which the C16 acids are slightly tilted (Area per molecule less than 

0.216 nm2 /molecule), It is difficult to calculate a tilt direction. At areas per molecule higher 

than 0.22 nm2 /molecule the C16 molecules don't exhibit a collective tilt. 

Comparisons between the tilt angles and average conformations are given in Figure 3 for 

C16 and C20 acids. To note, is that the average trans fraction and the most probable tilt angles 

are higher in C20 than in C16 monolayers. In addition, note the large decrease in the average 

trans fraction between .24 and .25 nm2/molecule in C20 monolayers, and compare that with 

the decrease in the average trans fraction between 0.216 and 0.22 nm2 /molecule (location of 

the melting of the C16 monolayer) .  
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Figure 3: (left) Most probable monolayer tilt angle and (right) average trans fraction as a 
function of molecular area for C15H31COOH and C19H39COOH C19COOH monolayers at 
300 K. 

Does the monolayer model exhibit a vapour-liquid coexistence? 

The experimental determination of the phase boundaries and of, if present, the critical points 

for the co-existence regimes is a very difficult task [32]. Experiments to determine the 7r - A 

isotherms of monolayers of pentadecanoic acid (PDA) - the systems which has been studied in 
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most detail - have been carried out as early as 1926 [33]. More extensive measurements were 

later performed by Harkins and co-workers [4]. In the seventies, Kim and Cannell [34] showed 

that the LE and G phases are connected by truly horizontal isotherms inferring a first-order 

transition, and calculated a critical point of � 26° C. In the eighties, Pallas and Pethica [35] 

found markedly different coexisting densities and argued that the critical temperature should 

be higher than 50° C [35]. Using the fluorescence technique, phase coexistence was observed 

at temperatures approaching 70° C. [36] 
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Figure 4: Vapour-liquid coexistences curves for pentadecanoic acid monolayers. The results of 
the isotherm measurements of Kim and Cannell [34] and Pallas and Pethica [35] are shown as 
open triangles and squares, respectively. The fluorescence data of Moore et al. [36] (only given 
for the liquid branch) are represented by open diamonds. The simulation data are depicted 
by open circles. The solid line is the scaling law fit through the simulation data using an 
exponent of 0.32, the dashed line is obtained from the rectilinear law, and the filled circle is 
the corresponding critical point. 

In principle, computer simulations are an ideal tool to investigate the transitions of the 

Langmuir monolayers and the coexistence regions in microscopic detail. However, until re

cently it was considered impossible to calculate the phase diagram of such complex systems 

using conventional techniques. Even if reliable potential functions for the monolayer were 

available, direct simulations in the canonical or microcanonical ensemble cannot yield reliable 

data on the phase coexistence, since phase segregation is dramatically perturbed by the finite 

size of the simulated systems (usually N < 100) [12, 19 ,  20]. Recent results on the critical 

behaviour of n-alkanes [37] however, have indicated that the limitations of the conventional 

techniques can be successfully overcome using a combination of the Gibbs-ensemble Monte 

Carlo (GEMC) approach and the configurational-bias Monte Carlo (CBMC) method. 

The phase diagram of the model FDA monolayer [38] is shown together with the various 

experimental results in Figure 4. As is clearly evident from the figure, there is no quanti-
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tative agreement between the co-existence densities obtained from our simulations and the 

various experimental data. The densities of the liquid phase of the model monolayer are ap

proximately 253 higher than those obtained experimentally [35, 36], and the critical point 

seems to be shifted to higher temperatures. The reason for this difference is perhaps due to 

the absence of attractive forces caused by dispersive interactions between tail segments and 

water molecules. Including this part in the external potential should substantially lower the 

heat of vapourisation and thereby reduce the critical temperature. Molecules in the liquid 

phase should also show a more mushroom-like structure and, thereby, reduce the density of 

the system. Despite the difference between the simulation and experimental results, one can 

see that the monolayer model yields a coexistence between a liquid and a vapour phase. It 

will be of major interest to determine whether the model used throughout this work yields a 

Liquid Expanded- Liquid Condensed coexistence. 

Conclusions 

Over the last few years, the phase behaviour of Langmuir monolayers has been studied in 

great details; thanks in part to developments in synchrotron x-ray and neutron diffraction, 

fluorescence microscopy and Brewster-angle microscopy. These techniques have added tremen

dously to our knowledge of lattice structure and tilting behaviour. The chain conformation 

remains, however beyond, the realm of the above-mentioned techniques. In this manuscript, I 

have focussed on the role of chain conformation in affecting the phase behaviour of Langmuir 

monolayers. Extensive simulation results show that ( 1 )  an increase in the number of conforma

tional defects induces a decrease in the magnitude of tilt angles, (2) chain conformation plays 

an important role in determining the location, and even the presence, of the LC-LE transi

tion, (3) kink defects are present in monolayers at densities as high as 0 .19 nm2/molecule. The 

role of these kink defects in changing the phase behaviour is not well-understood, and ( 4) at 

the same temperature and density, short chains exhibit a tendency to favour conformational 

defects over an uniformly tilted monolayer. 
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The development of two techniques for the visualization of monolayers at the air/water 

interface, polarized fluorescence microscopy (PFM) and Brewster-angle microscopy (BAM), has had 

a major impact on our understanding of the physics of these two-dimensional systems. The changes 

in textures that are observed when phase boundaries are crossed, either along isotherms or surface

pressure isobars, allow the locations of the boundaries to be determined with precision. Such 

measurements have played an important role in determining the complex phase diagrams of 

monolayers of simple amphiphiles such as fatty acids, esters and alcohols. The textures also reveal 

large-scale self organization of the molecular tilt azimuth into regular patterns such as stripes and 

stars. A Landau-deGennes theory that has been developed for hexatic phases of liquid crystals can 

describe these textures. It is necessary to take into account the broken symmetry associated with the 

presence of the interface, the inherent lack of head-tail symmetry in the amphiphiles and the 

orientation of the amphiphiles at interfaces with isotropic m onolayer phases.  
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Introduction. The considerable progress that has been made in our understanding of the 

physics of insoluble monolayers at the interface between air and water (Langmuir monolayers) is 

largely the result of two kinds of experiments: x-ray diffraction and reflectivity measurements, which 

provide information about the microscopic structures of monolayers; and optical studies by 

fluorescence microscopy and Brewster-angle microscopy (BAM), which probe the organization at a 

length scale in excess of 1 µm. 

It is now recognized that the phase diagrams of Langmuir monolayers of simple substances 

such as long-chain saturated fatty acids, esters and alcohols are complex and that there are more than a 

dozen condensed monolayer phases. Elsewhere in this volume, Kaganer [ l ]  has discussed the phase 

diagram (see his Figs. 1 and 3) and has cited the experimental and theoretical evidence for it. I will 

focus instead on the optical textures of monolayers, which, while related to the nature of the 

underlying phases, probe the nature of self assembly on mesoscopic and macroscopic length scales. 

Our knowledge of the equilibrium properties of monolayers and the possibility of direct visualization 

makes it possible to begin examination of the nonequilibrium properties of monolayers. For example, 

a study of flow of a monolayer through a channel has recently been reported [2]. 

Visualization methods. The visualization of monolayers by fluorescence microscopy has 

become a standard technique. Usually a small amount ( lQ-2 - 1 mol %) of a fluorescent probe, which 

is itself an amphiphile, is added to the monolayer under investigation. The contrast between 

monolayer phases, which allows them to be differentiated in the image, is the result of differential 

solubility of the probe. Such experiments have been described in several reviews [3-5]. Another 

visualization method, Brewster-angle microscopy (BAM) has more recently been developed [6,7]. It 

provides images of the variations in refractive index on the surface and is sensitive to the optical 

anisotropy, which allows variations in molecular orientation to be observed. Polarized fluorescence 

microscopy (PFM) also is sensitive to molecular orientation. In a recent comparative study, it has 

been shown that, with few exceptions, the images obtained by the two methods are equivalent [8] . 

Changes in textures. The schematic surface pressure-temperature phase diagram shown 

in Fig. 1 provides a road map for the discussion of some textures; the arrows on the diagram indicate 

some of the paths along which observations have been made. I will describe the changes in the 

textures that are observed and then discuss their significance. 

Transitions between condensed phases. Diffraction studies [ 1 ,3] show that a number of the 

monolayer phases are tilted phases, i.e. phases in which the molecules are uniformly tilted with 

respect to the surface normal. The textures in such phases are often mosaics, Fig. 2a, composed of 

domains of uniform reflectivity or fluorescence with sharply defined, jagged grain boundaries. The 

texture coarsens slowly over time and the boundaries become straighter, with a rate depending on the 
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Figure 1 :  Schematic surface pressure-temperature diagram. The L 1 phase is an isotropic liquid; the 

G phase is gas. Phases CS, S and LS are untilted phases. L2, L2', L2'' and Ov are tilted phases. In 

the L2' and Ov phases the tilt is towards next-nearest neighbors and in L2 and L2'' it is toward nearest 

neighbors . More details can be found in references 1 and 3. 

temperature and the chain length of the amphiphile [8]. Path A in Fig. 1 crosses a phase boundary 

between two tilted phases that can be distinguished by the molecular tilt azimuth. In the lower

pressure (L2) phase, the molecules point toward their nearest neighbors while in the higher-pressure 

(L2') phase the tilt is toward next-nearest neighbors. As the monolayer is brought towards the phase 

boundary by increasing the pressure at constant temperature, there are no sudden changes in the 

texture. But when the boundary is crossed, there is a marked alteration in the texture in which the 

relative reflectivities change and some boundaries are displaced, see Fig. 2b. Similar changes can be 

Figure 2: Polarized fluorescence micrograph showing the transition between the L2 and L2' phases in 
arachidic acid at 1 8  ·c and 5 . 1  mN/m. (a) Image in L2 phase (b) Image after transition to L2' phase. 

[From D. K. Schwartz and C. M. Knobler, J. Phys. Chem. 97, 8849 ( 1993)] 
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observed when the phase boundary is crossed by changing the temperature at constant pressure. In 
PFM studies of transitions from a tilted to an untilted phase, the transition is seen as a complete loss 

of texture. With the BAM, however, a faint texture can be observed in the CS and S phases [8]. 

Striped textures in one-phase regions of fatty acids at low temperature and pressure. Striped 

textures slowly form when the 14, 15 and 16-carbon saturated fatty acids are brought into a one-phase 

region close to the triple point with the liquid and gas, point B in Fig. 1 [9, 10] .  The stripe;s, Fig. 3,  

do not. represent variations in the density because they cannot be observed with ordinary fluorescence 

microscopy. They are typically 50 µm in width and can be cm long. A variety of point defects, 

including Archimedian spirals, may be observed in the texture. If the stripes are disturbed, for 

example, by stirring, they reform. The stripe width increases with increasing surface pressure along 

an isotherm and decreases with increasing temperature along an isobar. 

Transitions in domains of tilted condensed phases surrounded by an isotropic phase. 

Domains of tilted condensed phases display a large variety of textures that have been called "star 

defects" because of their relation to similar textures associated with defects in smectic liquid crystals 

[ 10]. A surprising change in such textures was recently reported by Fischer, et al.[ 12], who studied 

monolayers of methyl esters of long-chain fatty acids. The path followed in their experiments is 

labeled C in Fig. 1 .  Although the path shown connects two condensed phases, isolated domains 

surrounded by the isotropic liquid phase are metastable and can be studied, as shown in Fig. 4a. 

Under the initial conditions, each domain has the form of a six-arm star defect in which there arc six 

Figure 3: BAM image of a stripe texture in pentadecanoic acid at 2 'C. The image has been enhanced 

for clarity. A point defect is seen at the right. 
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Figure 4: The "blooming" transition in methyl octadccanoate. The PFM images show the evolution 

of the texture as a single domain surrounded by the isotropic liquid phase is cooled through a 

transition. The new phase nucleates at the center and then grows to fill the domain. A six-arm star is 

recovered after the transition, but the fluorescence intensities in each pie-shaped region have been 

changed. The transition is reversible, but on heating the new phase first appears at the periphery of 

the domain. 
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distinct pie-shaped regions. When the phase boundary is  crossed by lowering the temperature, a new 

texture nucleates at the center of the star and spreads over the domain, Figs. 4bcde, a process we 

have called "blooming". After the transition is complete, Fig. 4f, the domains still have a six-arm star 

texture, but the relative intensities of fluorescence or the variations in reflectivity have changed. If the 

system is now heated through the transition, the new texture forms at the boundary with the 

surrounding isotropic phase and spreads inward until the original star texture is recovered. 

Significance of the textures. The variations in the fluorescence intensity and reflectivity 

th-'. �re seen as textures by PFM and BAM represent large-scale organization of the molecular tilt 

azimuth. The molecular tilt angle is a thermodynamic quantity whose value is set by the density and 

temperature of the monolayer, but the tilt azimuth is not. The textures arise from the self-organization 

of the molecules into ordered arrays. In regions of uniform texture, all molecules have the same tilt 

azimuth; sharp changes in the texture represent essentially discontinuous changes in the tilt azimuth. 

Analyses of the textures in Figs. 2-4 show that the tilt azimuths are organized as pictured in 

Fig. S. The mosaic texture consists of grains with different tilt azimuths, Fig. Sa. In the transitions 

between tilted phases, the tilt azimuths within these regions change in response to the changes in 

molecular orientation. Faint textures in the untilted CS and S phases arise because the molecular cross 

sections are not circular. Molecules in these phases pack in a herringbone pattern that produces a 

rectangular unit cell. We believe that the grains are associated with different orientations of the cell 

[8] .  

The stripes are splay stripes [ 10]. As shown in Fig. Sb, the tilt azimuth at the stripe center is 

parallel to the stripe direction, rotates across the stripe, and changes discontinuously at the stripe edge. 

The tilt may be to the right or to the left and both orientations are observed. Splay textures are also 

found in the stars seen in the high-temperature phase in the esters [ 1 1 , 12] .  The tilt azimuth within 

each pie-shaped region is uniform and the molecules point towards the interface with the isotropic 

phase, Fig. Sc. There is a rc/3 change in the tilt azimuth at each boundary between regions. The 

blooming observed as the temperature is lowered through the phase transition corresponds to the 

nucleation and growth of a phase in which the tilt azimuth is parallel to the interface, Fig. Sd. Here 

again, there is a rc/3 change in the tilt azimuth at each boundary. As in the case of the stripes, the tilt 

may be either towards the left or the right, and equal numbers of both types of domains are observed. 

Theoretical treatment. Diffraction studies of Langmuir monolayers have found that in 

most of the condensed phases the translational correlation length is short: there is no crystalline order 

[l ,3]. On the other hand, the existence of the star and stripe textures in such phases demonstrates that 

there is long-range orientational order [13]. This suggested to Peterson and coworkers [14] that most 

of the condensed monolayer phases are mesophases and an analysis of the symmetry properties 

determined from diffraction leads to the conclusion that there is a one-to-one correspondence between 
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Figure 5: Organization of tilt azimuth in monolayers. (a) Mosaic texture; (b� Splay stripes; (c) Star 

texture in high-temperature phase of esters; (d) Star texture in low-temperature phase. The double

headed arrows indicate that the tilt can be either clockwise or counterclockwise. Equal numbers of 

each type of structure are found. 

monolayer phases and those of smectic liquid crystals and that some of the phases are tilted hexatics 

[ l , 1 5 ] .  

Star defects i n  tilted hexatic phases have been examined theoretically b y  Selinger and Nelson 

[16] and striped textures in chiral smectic films by Langer and Sethna [17] and Hinshaw and Petschek 

[ 18], all of whom employed a Landau-deGennes theory appropriate to a continuum elastic medium. 

Selinger [19] pointed out that the theory for ordinary smectic liquid crystals could not be employed for 

monolayers without modification because it does not take account of the broken symmetry that results 

from the presence of the air/water interface and the absence of head-tail symmetry in the amphiphiles. 

A free energy density appropriate to tilted hexatic phases in monolayers can be written in terms 

of an order parameter cthat is the projection of the molecular axis on the water surface and two fields, 

the hexatic bond-angle field 8 and the tilt-azimuth field rp [20]. Even in its simplest form, the free 

energy must include many contributions: ( l )  The deformation energy of a non-uniform 20 hexatic, 

which is the energy cost of spatial variations in the bond-angle field; (2) The free energy associated 

with the bend and splay deformation of a 20 nematic liquid crystal; (3) The coupling energy between 

the bond-angle and tilt-azimuth fields; ( 4) The bend and the splay of the texture associated with the 

head-tail asymmetry of the molecules; (5) The effect of the interface with the isotropic phase on the 

bend and splay energy. 
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The nature of the textures predicted by the free energy depends on the monolayer phase and on 

the values of the various material constants. In general, the constants are unknown, so it is only 

possible to examine the textures that arise in different regimes of the parameter space. Fischer, et 

al.[19] have shown that the free energy can account for many of the textures that have been observed 

in domains surrounded by an isotropic phase, including various stars and boojums (which are 

textures in which the tilt azimuth changes continuously). They also described spiral textures that are a 

combination of bend and splay. Such textures have not yet been observed in monolayers of simple 

amphiphiles but have recently been discovered in monolayers of thermotropic liquid crystals [21] .  

Splay stripe textures also arise quite naturally from the theory [22]. 

In general, it is observed that there is a tendency for a normal boundary condition for the 

molecular tilt azimuth at the interface of a domain wit.'1 an isotropic phase. The theory shows that this 

condition plays an important role in the stability of the splay stars and boojums. Why then does the 

parallel boundary condition appear in the low-temperature, low-pressure phase of the methyl esters? 

Fischer, et al. [ 12] believed that the blooming transition accompanied a phase transition from the L2 to 

the L2'' phase, which is a transition between two phases in which the tilt is toward nearest neighbors. 

They attributed the parallel boundary condition to the onset of herringbone order in the L2'' phase. An 
examination of the orientations of molecules at the grain boundaries between the six regions of 

uniform tilt showed that herringbone order is more easily accommodated when there is a parallel 

orientation. Recently, however, diffraction studies of methyl esters [23] have shown that the higher

temperature phase is L2', in which the tilt is toward next-nearest neighbors, and not L2. Thus, in 

addition to the onset of herringbone order, the molecules undergo a 30" change in tilt direction during 

the transition. In the underlying modulo 2rr:/6 hexatic order, such a change is also accomplished by 

the 90" rotation that is observed. 
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PHASE SEPARATION IN LANGMUIR MONOLAYERS 

M. Seu!, AT&T Bell Laboratories, Murray Hill, NJ 07974, U.S.A. 

Abstract 
Langmuir films, composed of suitable amphiphiles adsorbed at an air-water in
terface, facilitate the realization of a two-dimensional binary mixture. Late-stage 
coarsening in such a system, subjected to rapid isothermal expansion, has been in
vestigated via direct imaging and extensive pattern analysis. This analysis yields a 
description of the domain coarsening dynamics, as well as an elucidation of spatial 
correlations and topological properties of the evolving droplet patterns. The latter 
provide evidence for a prominent role of entropy maximization in the selection of 
pattern configurations, in close analogy to the behavior of cellular structures, or 
"froths" . In this note, I summarize our principal results with reference to current 
theory and simulations and identify topics of interest for future research. 

1 35 
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I Introduction 
The ernlution of a binary mixture to its new equilibrium state subsequent to a field or 
temperature quench has been the subject of extensive theoretical, numerical and exper
imental research [1] .  The point of departure for much of the theoretical analysis is the 
classic mean-field theory of late-stage coarsening, or Ostwald ripening, in an infinitely 
dilute system [2]. The extension of this single droplet theory to systems of finite vol
ume fraction of minority phase requires the inclusion of interdroplet correlations in the 
evolution dynamics [3]. Extensive theoretical and numerical analysis, particularly for 
two-dimensional (2D) systems, predicts the preservation of an asymptotic scaling state 
in multidroplet coarsening. As with the single droplet dynamics, this state is character
ized by a growth exponent of 1/3 for the mean droplet radius; however, the shape of the 
normalized, scaled droplet radius distribution is significantly modified from that of the 
Lifshitz-Slyozov (LS) distribution [4]. Quantitative experimental tests of the theoretical 
predictions for 2D systems are now beginning to appear [5). 
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Fig. 1 - Schematic Phase Diagram - Phase boundary between a uniform state and (droplet and 
stripe) domain phases in Langmuir films, composed of dimyristoylphosphatidylcholine (DMPC) and di
hydrocholesterol (dCh); ,,. denotes surface pressure, XdCh represents mole fraction of dCh. The dashed 
line and error bar symbols, adapted from Benvegnu and McConnell [9] , pertain to room temperature 
measurements. The solid symbols, connected by a dotted line to guide the eye, mark transitions identi
fied by :.1organ and Seu! [10], based on the isothermal compressibility of (fiuorophore-free) mixtures at T = 19°C. The hashed region is occupied by a stripe liquid phase, further investigated by Seu! [10]. 
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In addition to diffusion-mediated interdroplet correlations, coarsening in many ex
perimental situations proceeds in the presence of a variety of long-ranged interactions 
which can fundamentally alter the coarsening dynamics [6]. This is so particularly for a 
class of systems which adopt equilibrium configurations in the form of stripe or droplet 
("bubble" ) patterns; these are stabilized by the competition of short-ranged attractive 
and long-ranged repulsive interactions whose ratio determines the characteristic scale of 
the patterns [7]. The effect of repulsive dipolar interactions on the coarsening dynamics 
of a 2D system with conserved order parameter has been recently investigated by Sagui 
and Desai [8]. 

Langmuir monolayers facilitate the experimental realization of a 2D binary mixture 
subject to competing interactions [9]. We have relied on mixed Langmuir monolayers 
composed of the phospholipid dimyristoylphosphatidylcholine (DMPC) and dihydroc
holesterol ( d Ch) to study, via direct imaging, the late-stage coarsening behavior of such a 
mixture subsequent to a rapid isothermal expansion [10] .  In the following two sections, I 
summarize our principal observations. A schematic surface pressure - composition phase 
diagram of this system is depicted in Fig. l. 

II Coarsening of Droplet Domains: Dynamic Scaling 
Following an initial regime dominated by the fastest growing unstable composition mode, 
the evolution of the 2D binary mixture, of composition XdCh = 0.2 and corresponding 
(nominal) area fraction <I> co: 0.25, exhibits dynamic scaling over the entire range of exper
imental time scales accessible to us. As shown in Fig. 2, the scaling regime is characterized 
by an exponent of � 0.28 for the mean droplet radius and by a normalized, scaled droplet 
radius distribution, P(R/ (R) ), which is virtually symmetric and thus well approximated 
by a Gaussian. From the point of view of a maximum entropy analysis we have developed 
for droplet patterns, the Gaussian represents an approximation to the slightly skewed line 
shape produced by the theory. Systems of lower (nominal) area fraction display a distinct 
skewness in P(R/(R) ) .  

The competition of  long-range repulsive and short-range attractive interactions i s  ex
pected to lead to a cross-over in the coarsening dynamics when the droplet size, (R) , 
reaches the scale of the equilibrium length, Req � <I>112 A. We attribute our failure to ob
serve this cross-over to the fact that the characteristic cross-over time, t* = t( (R) = Req) 
exceeds our observation time, a likely consequence of the fact that di polar coupling in our 
system is exceedingly weak. In fact, while a cross-over does manifest itself in simulations 
of strongly coupled systems, weak coupling appears to move the cross-over time out of 
reach, in analogy to experimental observations; in fact, the analysis of Sagui and Desai 
actually leaves open the possibility that, for thin films with weak coupling, t* = oo. At the 
finite temperatures pertinent to experiment, an intriguing alternative possibility would 
allow for an intrinsically disordered ground state. Simulations (at zero temperature) of 
weakly coupled systems closely approach the numerical value reported here [8]. Inter
estingly, the coarsening of the stripe liquid phase of near-critical DMPC/dCh mixtures 
attains its equilibrium length scale on microscopic time scales, given the predominance of 
dipolar repulsion over attractive interactions in that phase, as discussed by Seu! [10] . 
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The primary role of  electrostatic interactions in  the coarsening of  the binary Lang
muir films investigated here appears to be the stabilization of droplet patterns against 
coalescence so that the pattern evolution must proceed via evaporation and condensation 
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Fig. 2 · Temporal Evolution of Mean Domain Area, {A) - Data are shown for three runs at com
position 80:20, corresponding to <f? � 0.25, at temperature 19°C and approximate surface pressure 
rr "' 6dynes/crn. Vertical offsets were applied to the middle (-0.25) and bottom (-0.50) graphs. The 
conversion factor for area units is: 10 pixels = 12.4µm2. Solid lines represent linear fits which determine 
the growth exponent (see text). Inset: Normalized, Scaled Domain Radius Distribution - Average of 
three data sets for the normalized, scaled droplet radius distribution function, recorded at successive 
times of l 7min, 1249min and 2946min subsequent to an isothermal surface pressure quench for a mixture 
with nominal <f? = 0.25 [10]. The solid line represents a Gaussian fit, with parameters 1.02 for the mean, 
0.24 for the standard deviation and 1.69 for the peak amplitude; the dashed line represent the (best 
Gaussian fit of the) maximum entropy distribution discussed in the text. 

III Spatial Correlations: Entropy Maximization 
The Voronoi diagram of droplet centroids represents a (space-filling) graph uniquely asso
ciated with a given coarsening droplet pattern [ 11 ] .  Analysis of such graphs (see left-hand 
panel of Fig. 3) reveals topological characteristics of the underlying pattern, notably in 
the form of the two plots contained in the right-hand panels of Fig. 3. These depict 
(empirical) correlations that are well known in the context of cellular patterns ("froths") 
[12]. 
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Fig. 3 - Voronoi Analysis of Droplet Pattern - (Left Panel): Superposition of a flat-fielded domain 
pattern and the corresponding Voronoi diagram of droplet centroids which are also indicated. The image 
shows a droplet domain pattern in a Langmuir film of DMPC and dCh, with mole fraction XdCH = 0.2 [10]; the pattern was recorded after 1249 min of coarsening, at 19°C, follo"'ing a surface-pressure quench. 
The vertical dimension of the field of view is 1500µm. (Right Panel): Geometrical and topological 
statistics in the form of plots (with linear fits) corresponding to Lewis law (bottom) for droplet pattern 
(solid circle) and corresponding Voronoi diagram (diamond) and Aboav-Weaire law (top), as discussed in 
the text where an and Xn are defined; (A) nn, n and m respectively denote: the average area of droplets 
in the NN shell of a given droplet, the droplet coordination number and the aYerage coordination number 
of droplets in the NN shell of an n-fold droplet. 
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The parameters, µ2, >.0 (>.x) and a, sen·e to classify cellular patterns. Typical values 
extracted from the Voronoi analysis of coarsening droplet patterns rewal them to be in a 
class with equilibrated random Voronoi lattices. In their most recent contributions. Sagui 
and Desai have performed a Voronoi analysis of numerically generated patterns and find, 
for weakly coupled systems, virtually identical results. 
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Fig.4 - Area Correlations between NN Domains - Spatial correlations in the area values assumed by 

adjacent domains, for the pattern in Fig. 4. The solid line represents the model discussed in the text, 
with parameters µ2 = 0.75, A = 0.25 and a = 1.1 ;  the dashed line corresponds to the limit of setting 
µ2 = 0 and a = 1, as discussed by Sire and Seul (10]. Inset: Topological Charge Correlation Function -
g(s) = (C(r + s)C(r))s/(C(r)C(r))s ,  with C = n - 6 and distance s measured in units of the average 

NN centroid distance, s = J'(Avp), where (Avp) represents the average Yoronoi cell area. 

Beyond facilitating assignments to a particular class of cellular pattern, the close anal
ogy between the coarsening droplet patterns and cellular patterns suggests a prominent 
role for entropy maximization in the selection of droplet configurations. Explicit analysis 
reveals the density of topological defects in the coarsening patterns to remain unchanged 
throughout the scaling regime. This is equivalent to setting the energy scale so that min
imization of the free energy must proceed under this additional constraint, in addition to 
those first applied in the maximum entropy analysis of space-filling cellular patterns by 
Rivier [12]. 

The tendency toward complete charge compensation at the :\:\ level, expressed in the 
form of the AW law, manifests itself in a pronounced anti-correlation of the corresponding 
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geometrical quantity, namely the droplet area. This is  depicte:I in Fig. 4. 

IV Outlook 
I close by enumerating topics of interest for future research. 
Living Droplets - As discussed by Morgan and Seu! [10], large scale inhomogeneities in 
coverage, qi, appear during the coarsening process. Timasheva and Singer, in unpub
lished work, have found that electrostatic interactions are capable of destabilizing uniform 
droplet patterns if the mean droplet radius, (R), is allowed to adjust itself according to 
the locally prevailing qi. An assembly of such " living droplets" would be able to approach 
equilibrium, on a local scale, by adjusting the locally prevailing coverage, qi, to match 
(R), in accordance with the expected equilibrium behavior [13]. This intriguing picture 
raises the possibility that a second phase separation, between regions of respectively low 
("gas" ) and high ("liquid" ) values of qi, and subsequent coarsening process of such re
gions of different qi, may occur concomitantly with the droplet coarsening. This clearly is 
an interesting issue to pursue in an experiment monitoring the appearance of large-scale 
structure. 
Two-Time Correlations - Recent theoretical analysis of coarsening has focused on the eval
uation of time-dependent two-point correlation functions of the order parameter (see e.g. 
Bray in [1] ) .  It has been conjectured that the decay of the temporal autocorrelation (or 
two-time correlation) function, evaluated for a given patch of sample, is governed by a 
new dynamic exponent, A, whose value is related to spatial dimensionality. Experimental 
measurements of A are scarce. The Langmuir films investigated here may well be suitable 
to provide a detailed experimental test in 2D. 
Tunable Structural Dissimilarity - Analysis ofDMPC/cholesterol pressure-area isotherms by 
Hirshfeld and Seul[9] suggests that DMPC may assume differing molecular configurations 
in coexisting regions of different composition. This would not be altogether surprising 
in view of the rather dissimilar molecular structures of the constituents whose mixtures, 
in the form of vesicular dispersions, are known to exhibit rather unusual phase behavior. 
Thus, it would be interesting to study mixed Langmuir films of molecules whose structural 
dissimilarity may be altered in a controlled fashion. Possible examples may be mixtures 
of fatty acids or alcohols with hydrocarbon and with partially fluorinated alkyl chains, 
or mixtures of phospholipids with choline and with ethanolamine headgroups. The latter 
system would also provide for the option to alter the dipolar coupling via control of bulk 
pH and ionic strength. 
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ABSTRACT 
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Results of extensive computer simulations of domain growth are presented. The 
simulations are able to reproduce the tip-splitting transition observed in real systems 
including surfactant monolayers at the air-water interface. In the transition region 
clusters with hybrid morphologies appear. The presence of such hybrid clusters 
seems to suggest that, at least in the case of our simulation, there is a gradual cross
over from dendritic to tip-splitted clusters as the lateral coupling �J varies through 
the transition region. 
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I. INTRODUCTION 

After some recent important results on dendritic growth 1), the attention of 
researchers from various fields has focused on the problem of morphology transitions 
in the shape of diffusion-driven far-from-equilibrium growing crystalline (or liquid
crystalline) structures. 

Although the selection problem in dendritic growth can be considered 
satisfactorily solved, the nature of the so-called t ip-splitting transition, where the tip 
of a growing branch splits into two or more parts, is not yet clear. Among the various 
explanations proposed for the tip-splitting transitions there are variational 
theories2,3). Other authors tried to explain morphology transitions in analogy to the 
bifurcation path to chaos4). It is not even clear whether it is possible to use the word 
trans ition or if it is better to think of a gradual cross-over between the two 
morphologies. 

Most of these ideas have been developed for two-dimensional systems, 
therefore surfactant monolayers at the air-water interface also known as Langmuir 
monolayers (one of the best approximations to Abbott's Flatland we know) are suited 
to test them. In monolayers, clusters of a condensed phase growing at the expense of 
a fluid (or liquid-expanded) phase can be observed by means of fluorescence 
microscopy or Brewster-angle microscopy when the coexistence surface pressure is 
reached. 

Here we shall briefly review results obtained by a computer simulation of 
domain growth described in detail elsewhere5), and we shall present some new 
results based on extensive simulations in the region of the tip-splitting transition. 

2. MORPHOLOGY TRANSITIONS IN LANGMUIR MONOLAYERS 

During domain growth in Langmuir monolayers several different morphologies 
appear, depending on the growth conditions (temperature and disequilibrium) and on 
the nature of the surfactant molecules. Here we shall restrict ourselves to the analysis 
of the transition between dendritic and tip-splitted clusters. 

Even if in Langmuir monolayers it is difficult to control disequilibrium locally, 
it is possible to obtain morphology diagrams by varying temperature and 
compression rate6). In the transition region between dendritic and tip-splitted 
growth, clusters of hybrid morphology appear6). 

Domains in monolayers of triple-chain isomeric phospholipids growing under 
similar conditions can show different growth morphologies depending on the 
position of the branched chain with respect to the glycerol backbone 7). In this case it 
was possible to prove by grazing incidence X-ray diffraction that for dendritic 
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domains the chains are more tilted, the deviation from hexagonal symmetry is more 
pronounced and hence the lattice anisotropy is larger8). 

3. DIFFUSION-LIMITED GROWTH 

The "Standard Model"9) for domain growth is a diffusive model where there is a 
field: u(r, t) , representing temperature, or, better in our case, impurity concentration, 
and obeying the diffusion equation: 

( 1 )  

where D i s  the collective diffusion coefficient. There are two boundary conditions at 
the interface. The Stefan condition is a statement of mass conservation. If we neglect 
diffusion in the condensed phase we have: 

(2) 

where v n is the growth velocity normal to the interface and ii is the unit vector 
normal to the interface and pointing towards the liquid expanded phase. The other 
boundary condition, the Gibbs-Thomson one, is a statement of local equilibrium at 
the interface: 

(3) 

where u s  is the value of the diffusive field at the interface, K is the local curvature of 
the interface and d0 is the capillary length, proportional to the interface stiffness5): 
the sum of the interface tension and its second derivative with respect to the angle 
between the normal to the interface and a fixed direction in the plane. To complete 
our Standard Model, we have to add a boundary condition far from the growing 
cluster. Indeed in a two dimensional geometry one has to choose this boundary 
condition on a circle far from the growing cluster, let say at a distance R much 
greater than the cluster radius, and not at infinity, in order to avoid logarithmic 
divergence in the solutions: 

u(R) = -fl (4) 

where fl is the supersaturation at long distance. 
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Even if this model does not take into account some important effects such as 
convection, there are no analytical solutions available. Therefore computer 
simulations can help to improve our understanding of morphology transitions. One of 
the advantages of computer simulations is that it is possible to account for the basic 
microscopic physical processes. 

In our simulation diffusion, condensation, evaporation, and rearrangement at 
the interface compete with each other giving rise to different growth morphologies as 
a function of the model parameters. 

Particles are sent in from the outside, as in DLAl O) : they move randomly on a 
triangular lattice until they either stick to the growing cluster or are lost. At the same 
time other particles detach from the cluster boundary and they perform a random 
walk either sticking into another position or evaporating. 

The energy E of the cluster is given by the lattice-gas formula: 

E = -J � > ini (5) 
(i,j)Ecluster 

where (., -) denotes the sum over nearest-neighbour sites and ni is 1 for a cluster 

particle and 0 for an empty site. The probability of condensation or evaporation is: 

I 
p = -�-----�-

exp[�( �E - µeql\N)] + 1 
(6) 

where µeq is the chemical potential for solid-vapour coexistence, �E and �N =± 1 

are the variations of energy and number of particles, respectively. The growth rate 
dN/dt is, by construction, equal to exp(��µ) - I (Wilson-Frenkel's growth rate5)). 

The time unit of the simulation is then the inverse of the growth rate. 

4. RESULTS AND CONCLUSIONS 

Perhaps one of the most interesting features of the growth model discussed in the 
previous section is that computer simulations are able to reproduce the tip-splitting 
transition observed in real systems. The transition occurs for 4 < �J < 5 at all 
investigated disequilibria (3 < ��µ < 6). For �J � 5 the clusters are dendritic, 
whereas for �J � 4 the tips become unstable and split. In the case of dendrites, the 

simulation reproduce realistic results, for instance a constant velocity of the branches 
is reached after a transient decrease. 
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We have investigated the transition region in detail for high growth rate 
( P6µ = 6). Simulations lasting 3000 time units and leading to clusters with more than 
1 06 particles have been carried out for lateral couplings PI = 4.0, 4.2, 4.5, 4.8. In 
Fig. I  we report the results of the simulation for t=l 800. As can be observed by direct 
inspection of Fig. l ,  hybrid morphologies, observed also in experiments on 
monolaycrs6), appear at PJ = 4.2 , whereas at PJ = 4 the tip splitting events become 
so numerous that they arc hard to identify. Moreover the box fractal dimension of the 
perimeter of the clusters monotonically decreases towards 1 with increasing lateral 
coupling. These findings suggest that we do not observe a sharp transition, but rather 
a gradual cross-over between the two morphologies. 
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Abstract 

The morphological variety of chiral discrimination in condensed phase domains of 
Langmuir monolayers is outlined by selected chiral amphiphiles from the type of 
amino acid derived amphiphiles, amphiphilic aldonamides, amphiphiles with 
different structured head groups containing amide bondings, alkanoyl monoglycerol 
esters, and phospholipids. A comparison of BAM micrographs with the 

corresponding 1t - A isotherms demonstrates the higher sensitivity of the 
morphological studies to the specific stereochemistry. The main features of shape 
and inner structure of racemic and enantiomeric monolayers are presented and in the 
most cases, striking differences of both types are visualised. Based on the effective 
interaction between the enantiomeric forms two main categories of 1 :  1 enantiomer 
mixtures are discussed (i) a conglomerate-like type (homochiral discrimination) and 
(ii) the formation of a racemic compound (heterochiral discrimination). Examples 
without chiral discrimination effects are found in the free rotating limit. 
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Introduction 

The recent interest in monolayers of long chain amphiphiles with a chiral polar head 
group has the following main reasons: (i) the chiral nature of the natural 
phospholipids is of importance for interactions and thus transport processes at 
biological membranes and (ii) the analysis of chiral forces is less complicated for 
two-dimensional arrangements than for the three-dimensional crystalline structure. 
Chiral monolayers provide a unique system to study chirality-dependent interactions 
under defined conditions. The interactions of enantiomers to form racemic or 
diastereomeric mixtures can be examined over a wide range of specific monolayer 

states. Therefore surface pressure (n)- area (A) isotherms were used to demonstrate 
that amphiphilic amino acid derivatives show chiral discrimination between the 
isotherms of enantiomerk amphiphiles and their 1 :  1 enantiomer mixturesI ,2. 
With the recent development of Brewster angle microscopy (BAM)3, an effective 
method is available to visualise the morphology of amphiphilic monolayers on 
microscopic scale without requirement of probe molecules. A further advantage of 
the method is based on the possibility to obtain information on the orientational 
order of the condensed monolayer phases. 
In the present paper, a short review is given on the variety of chiral discrimination 
effects in the monolayer morphology. 

Chiral Discrimination in Morphology of Langmuir Monolayers 

In the simplest case, a chiral molecule has an asymmetric carbon atom connected to 
four different chemical groups, so that permutations of any pair of these groups leads 
to the mirror image of the original molecule. For a chiral amphiphile of a Langmuir 
monolayer, Andelman4 constructed a tripod model at which three groups are 
anchored on the water surface, while the fourth group representing the aliphatic 
chain points up to the air. For such tripod amphiphile, two stereomers can be formed 
where the sequence of the three anchoring groups can be arranged clockwise or 
counterclockwise. Unfortunately, all chiral amphiphiles available to us deviate more 
or less from this construction principle. 
For the understanding of the chiral discrimination effects, two categories of 1 :  1 
enantiomer mixtures are distinguished in chiral monolayers, namely a conglomerate
like type and the formation of a racemic compound. In the case of the conglomerate
like type, the effective interaction between the same enantiomers is more favourable; 
hence corresponding to homochiral discrimination (ED-D or EL-L > ED-L), while the 
tendency to form a racemic compound is an indication that heterochiral interaction is 
preferred over the homochiral interactions (ED-D or EL-L < ED-d· 



1 5 1  

Finally it i s  worth mentioning that no  chiral discrimination i s  expected in  the free 
rotating limit, where Vij << kB T (Vij - van der Waals interaction). 
Now, according to these categories representative examples are presented for chiral 
discrimination in the monolayer morphology. 

Figure 1: Seven-fold CH ococ H 
domain of R-mono � 2 15 31 

-palmitoyl-glycerol Ho" R �CH20H 
formed in the plateau R-Monopalmitin 
region of the 7t - A isotherm (20 °C). The bar 
of all BAM micrographs represents I 00 µm. 

For alkanoyl monoglycerolester mono
layers5,6, due to the free rotating limit no 
chiral discrimination effects have been 
observed over a large temperature range. 
Conspicuous features are demonstrated by 
the circular condensed phase domains ofR- 1 -
monopalmitin (Fig. I )  which are subdivided 
into seven segments. They are formed in the 
two-phase coexistence region of the main 
transition. The segments meet at a centre and 
are separated by sharp straight lines at which 
the chain tilt azimuth jumps by a defined 
angle (Fig. I) .  For the understanding of the 
slight efficiency of chiral centre, recent BAM 
and Grazing incidence X-ray diffraction 
measurements have revealed that a 
pronounced chiral effect exists for I -mono-
stearin at low temperatures onlyI3.  

Morphological studies of the most important phospholipids, such as cephalines and 
lecithines demonstrate that chirality affects both the shape and the inner structure of 
the domains7,8. For example, the enantiomeric DPPE monolayers evolve chirally 
wound dendritic growth pattern, while the corresponding racemic structures are 
straight dendrites (Fig. 2b and c). The compact DMPE domains (Fig. 2a) observed 
show distinct chiral structural elements. On the other hand, the energetic differences 
between the enantiomeric and racemic forms are so small that no differences in the 
thermodynamic behaviour could be observed. 

The chiral discrimination of the homologous N-alkyl-'Y,O-dihydroxy-pentanoic 
acidamide monolayers is based on the dominant effect of the hydrogen bonding 

system of the -NH-CO- group. Both enantiomerii; N-tetradecyl-'Y,0-dihydroxy
pentanoic acidamide (TDPAA) monolayers show straight needle-like structures 
based on two axes. The enantiomeric structures have a striking stereomeric mirror 
image relation of the intersection angle (about 1 52 O) between a main and a minor 
growth direction (Fig. 3a and b ), while the racemic structures evolve no preferred 
growth for the two growth direction with intersection angles up to 1 80°. In spite of 
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the conspicuous chiral discrimination effects in the long range orientational order, 

differences in the re -A isotherms of these amphiphiles have not been found. 

a b c 
Figure 2: a) L-DMPE domain (T = 25°C). The segment boundaries of all domains are wound. The 
bowing of the segment boundaries is clockwise in all domains. b) L-DPPE domain (T = 43°C). A 
main arm of a dendrite corresponds to a segment. Consequently the bowing of all dendrite arms is 
also clockwise for all domains. c) DL-DPPE (T = 43°C) domain. The lattice at the air water 
interface is not chiral and the dendrite arms are straight. 

a b c 
Figure 3: Chiral discrimination of the condensed phase textures of 
N-tetradecyl--y,{i-dihydroxy-pentanoic acidamide monolayer 
(0.35 nm2 molecule- 1 ,  9 mN m- 1 ,  1 0  °C). 
a) S-enantiomer, b) R-enantiomer, c) 1 : 1 -R,S racemate, d) isotherm 

s 30 i 20 � � 10 "'-

d 
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The morphological discrimination of amino acid derived amphiphiles is of special 

interest because of their biological relevance. In the most cases, there are homochiral 

differences in the isotherms [4,5]. Here N-stearoylserine methyl ester (SSME) 

monolayers are discussed in order to emphasise some general features of the amino 
acid amphiphiles. On compression, both enantiomeric SSME monolayers evolve 
dendritic crystals with front propagation and straight growth directions. However, 



a b c 
Figure 4: Time-dependent change of condensed phase domains of I : I racemic 
N-stearoylserine methyl ester (24 °C, 0.55 nm2 molecule-I). a) Two arms are 
evolved in opposite direction, b) the arms grow together and encircle two 
holes, c) as a result of coalescence, circular structures are formed with irregular 
periphery and surrounding a small hole. 
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R-SSME %HCOC17H3s 

HOH2C" R �COOCH3 

these non-equilibrium structures change with time if the monolayer compression is 
stopped. Then, corresponding with the chiral centre, the side arms tend to be curved 
clockwise (R-SSME) and counterclockwise (S-SSME), respectively. It is informative 
to observe the transformation kinetics of the condensed phase domains of racemic 
1 : 1 -R,S-SSME monolayers ( 24 °C, O.SS nm2 molecule-I) (Fig. 4). At the beginning 
the compact domains evolve two arms curved in opposite directions (Fig. 4a) and 

growing one against the other. In this state, a mirror symmetry of the domain 
structure is obvious. Then, the arms grow together and encircle two holes. 
Coalescence of the condensed phase leads finally to circular structures with an 
irregular periphery which surround a small hole. 
N-dodecyl-gluconamide (Glu)l l , 12 and N-dodecyl-mannonamide (Man) monolayers 

are representative two-dimensional systems with striking differences in the 1t - A 
isotherms of the enantiomeric and racemic forms, namely in the first case with 
heterochiral discrimination and in the second one with homochiral discrimination. 
The corresponding differences in the dendritic crystallisation are presented in Fig. S .  
D- and L- Glu form identical dendritic crystals. The dendrites grow anisotropically 
with straight main axes and numerous straight side branches (Fig. Sa). The 
corresponding racemic monolayers form isotropically distributed structures below 
the microscopic scale (Fig. Sb). The morphology of Man monolayers is very 
different. The enantiomers form featherlike crystals with clockwise curvature for the 
D-form and counterclockwise curvature for the L-form (Fig. Sc). The Man-racemate 
exhibits similar growth patterns, but curvature of the side branches in both directions 
(Fig. Sd). The chiral discrimination of the monolayer morphology -ean be related to 
the stereospecific configuration and conformation of the sugar head groups of the 
aldonamides, in particular to the development of <'n intermolecular hydrogen 
bonding cycle. 
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a b 

Figure 5: a) Dendritic crystal
lisation in a L-N-dodecyl
gluconamide monolayer(20 °C, 
3 mN m-1 ,  0.23 nm2 mole
cule-I) and b) short range 
orientational order for the 
racemic mixture with isotropic 
aggregation at microscopic 
scale (20 °C, 4 mN m-1, 0.22 
nm2 molecule-I) 

· 

L-Glu H OH OH 
C12H2("'�'-,,J'"'�/"--OH ! · !H 6H 
c) Morphology of condensed 
phase structures ofD-N
dodecyl-mannonamide (30 °C, 
0.2 mN m-1 ,  0.5 nm2 mole
cule-I)  and d) of the racemic 

' mixture (30 °C, 0.5 mN m-1 , 
0.5 nm' molecule-I) 

c d 

D-Man VlX9H 
,,...-N C12H25 � OH OH H 
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Abstract 

A new, rare surface freezing phenomenon is observed in molten normal-alkanes and 

their derivatives (alcohols, thiols, etc.). X-ray and surface tension measurements show the 
formation of a crystalline monolayer on the surface of the liquid alkane at temperatures 

up to 3°C above the bulk solidification temperature, T1. For alcohols, a single bilayer is 
formed. In both cases, the molecules in the layer are hexagonally packed and oriented 

normal to the surface for short chain lengths, and tilted for long ones. In both cases the 
isngle layer persists down to T1. In terms of wetting theory, this constitutes a very limited 

partial wetting of the liquid surface by the crystalline layer. The new surface phase is 

obtained only for chain lengths 14 < n:S50 in alkanes, and 1 6  < n < 30 in alcohols. The 

measurements are satisfactorily accounted for within a simple theory based on surface 

energy considerations. 

1 Introduction 

155 

Molecules residing at the free surface of a liquid or solid are less confined than those in the 
bulk. Their higher entropy renders the melting temperature of the surface lower than that of 
the bulk. This effect, called surface melting, is a general result of statistical mechanics and 
was observed in numerous materials ranging from molecular crystals[!] , through water[2] , to 
semiconductors[3] and metals[4]. The opposite phenomenon, that of surface melting, i.e. the 
ordering of the surface at temperatures higher than that of the bulk is a very rare phenomenon, 
detected until recently only in liquid crystals [5, 6]. Even there the order is not crystalline but 
smectic. We review here our recent work, which revealed true surface freezing in normal-alkanes 
and their derivatives. The simplicity of these molecules and their interactions, as compared to 
liquid crystals, indicates that surface freezing is a fundamental consequence of the inherently 
anisotropic interactions in chain molecules. 

Liquid n-alkanes and alcohols, which are linear hydrocarbon chains, [CH3-(CH2)n-rCH3, 
c>r, in short , Cn for alkanes and CHa-(CH2)n-rCH20H, denote CnO for alcohols], are basic 
structural units of many organic and biological molecules including lipids, surfactants, and 
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liquid crystals, and determine their properties to a large extent[7, 8] .  As they are the major 
constituents of oils, fuels, polymers, and lubricants they also have an immense industrial im
portance. Their surface properties, which remain largely unexplored, are important to applied 
as well as basic science. Recent x-ray scattering[9, 10], surface tension[9, 10,  1 1 ] ,  optical[l2], 
and simulation studies[l3] have shown that these chain molecules exhibit remarkable behavior 
at the free surface. 

In our x-ray scattering and surface tension measurements the abrupt formation of a crys
talline monolayer on the surface of n-alkanes is observed at temperatures of up to 3°C above 
their bulk melting temperatures, for a range of chain lengths 14 < n ::; 50. For alcohols, the 
same phenomena are observed. Here, however, a bilayer is formed over a smaller temperature 
range of up to 1°C and a chain length range of 16 < n < 30. These appear to be the simplest 
systems in which surface-induced 2D crystalline ordering has been observed. The vanishing of 
the surface layer for the short chain end of the range can possibly be interpreted as the first 
observation of a transition from surface freezing to surface melting behaviour. The vanishing of 
the layering at the long chain end of the range is likely due to the proliferation of conformational 
distortions in the individual chains. 

The next sections describe the experiments, the main body of results and our conclusions. 

2 Experimental. 

The samples, purchased from either Sigma, Aldrich or Fluka, were of purity > 99% and used as 
received. A small amount was placed on a 3 inch silicon wafer, forming a �0.5mm thick film after 
melting. The wafer was placed inside a sealed cell whose temperature was regulated and uniform 
to within a few mK. The free surface of the samples was studied as a function of temperature 
by X-ray reflectivity (XR), X-ray grazing incidence diffraction (GID), and Bragg-rod (BR) 
measurements using the Harvard/BNL Liquid Surface Diffractometer at beamline X22B, NSLS, 
Brookhaven National Laboratory, with a typical wavelength .\= l .54A. XR yields information 
on the electron density profile normal to the surface, such as the thickness and density of a 
surface film. Here, the formation at the surface of a layer of electron density different from 
that of the bulk results in an oscillatory modulation on the otherwise monotonically varying 
reflectivity curve. The GID measurements provide information on the structure of a film within 
the surface plane. A surface crystalline layer yields sharp Bragg peaks in the diffraction curve. 
The orientation of the molecular chains is obtained from the Bragg-rods (BR), i.e. the surface
normal dependence of the scattered intensity at the position of each in-plane GID peak. These 
techniques are able to resolve the surface structure on an A level both in-plane and perpendicular 
to the surface. For a full review we refer the reader to Ref. [14]. 

We have also carried out surface tension (ST) measurements, using the Wilhelmy plate 
method, in a cell similar to that used for the x-ray measurements. These provide information 
on the excess free energy of the molecules at the surface over those in the bulk. The formation 
of the layer at Ts is seen here as sharp change from a negative to a positive slope in the surface 
tension 1(T) curve. The temperature was scanned at a rate ::;0.3 mK/sec to ensure ample 
thermal equilibration. For further details see Refs. [10, 15] .  

3 Results and Discussion. 

Reflectivity curves above and below the solid monolayer formation temperature Ts for Cl8 and 
Cl80 are shown in Fig. 1 . Note the smooth monotonic decrease of both curves for T > Ts 
which is typical of liquid surfaces broadened by capillary wave roughness[l6] .  These surfaces 
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Figure 1 :  X-ray reflectivities for C18 and C180 i n  the liquid surface phase (circles) and the 
surface monolayer phase (squares). The solid and dashed lines are fits to the data, corresponding 
to the density profiles shown in Fig. 2. 

are modeled well by an Error-function-like density profile with a Gaussian width parameter of 
rr :::::4.3A. Since for capillary wave dominated surface roughness rr scales as the square root of 
the surface tension ratio, this value is in good agreement with the rrH,o = 2.SA measured for 
water[l 7] . The reflectivity at T < T, shows an oscillatory modulation indicative of a surface 
layer, as discussed above. Note, however, that the periods of the oscillations differ by a factor 
of two for the alkane and the alcohol, indicating a twofold thicker surface layer for the alcohols. 

To obtain quantitative information on the density profile a simple multiple slab model is used 
in which the interfacial broadening between neighboring slabs is accounted for by a Gaussian 
roughness factor. The densities, thicknesses and the Gaussian roughness factors are determined 
by fitting the Fourier transform of the model to the normalized reflectivity curve, R/ RF, where 
RF is the universal Fresnel reflectivity curve of Optics[14, 18] .  Such a fit for the C18 alkane, 
shown as a solid line in Fig. 1 ,  requires only two slabs, and provides an excellent representation 
of the data. The corresponding density profile is shown in Fig. 2. For all chain lengths below 
n ::; 30, the layer thickness obtained is very close to the extended length of the molecule and 
the density is �153 higher than that of the underlying liquid. We consider, therefore, the 
layer to be a densely packed (solid) mono-molecular layer of vertically aligned molecules. The 
GID measurements[9] show a single resolution-limited peak for T < T,, indicating that the 
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Figure 2: Electron density profiles for Cl8 and C180 corresponding to the solid and dashed 
lines in Fig. l .  Note the dense solid monolayer in C18 and bilayer in C180 on top of the less 
dense liquid. The higher and lower density regions in C180 are discussed in the text. 

monolayer is an hexagonally packed crystal, with a nearest neighbour distance of 4. 76A and an 
in-plane crystalline coherence length exceeding a few thousand A. This structure is very similar 
to the bulk rotator Ru phase[7]. For chains longer than n <:::: 30 the molecules start tilting, with 
the tilt angle increasing with chain length and reaching 1 6° for C36. The BR measurements 
show the tilt to be in the nearest neighbour direction. The crystalline coherence length for the 
monolayers of the tilted molecules is considerably smaller than that of the vertical ones: a few 
hundred A, in agreement with the increased disordering tendency of the longer chains. The 
structure of the alcohol surface layer is significantly different from that of the alkane. Here the 
twofold shorter modulation period of R/ RF indicates a twofold thicker layer: a bi-, rather than 
a mono-, layer. A slab model now requires a thin, high-density slab to be added at the center 
of the wide slab representing the bilayer, as well as a small depression near the bilayer-liquid 
interface, as shown in Fig. 2. As the density of the OH group is higher, and that of the CH3 
is lower, than that of the CH2 group comprising the main body of the chain, the central slab is 
interpreted as a layer of the 0 H head groups, while the low density depression is due to a layer of 
terminal C H3 groups. We thus find that the molecules in the upper layer are oriented with their 
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Figure 3: (a) Temperature scan of the reflectivity of C18 and C 180 at a fixed qz=0.20 A-1. 
Note the abrupt changes on solidification at T1 and the surface layer formation, at T,. (b) 
Surface tension of C18 and C180 in cooling. Note the slope changes discussed in the text. 

head groups at the bottom, while those in the lower layer have theirs at the top. The GID and 
BR measurements show an in-plane crystalline structure, where the molecules are hexagonally 
packed in each layer with vertical molecules for n .::; 22 and tilted ones for n 2'. 24. The tilt 
angle increases with n and reaches 22° for n = 26. However, unlike long chain alkanes, the tilt 
direction here is towards next- nearest neighbours. Furthermore, the hexagonal lattice of the 
upper layer is shifted in the next-nearest-neighbour direction by two-thirds of a layer spacing, 
putting each molecule in the upper layer at the center of the equilateral triangle formed by three 
adjacent molecules in the lower layer. This results in an efficient packing which minimizes the 
free volume in the bilayer. Fig. 1 shows that the reflectivity changes considerably upon the 
formation of the monolayer phase. Temperature scan at a fixed qz = o.2A-1 (judiciously chosen 
from Fig. 1 )  are shown in Fig. 3(a) for Cl8 and Cl80. The formation of the surface layer at T, 
and the bulk freezing at T1 are clearly seen. No further transitions are observed. In statistical 
mechanics terms, the formation of the solid monolayer is a wetting effect and the solid layer is 
said to wet the liquid surface[l9]. The lack of growth of more layers as the bulk critical point 
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is approached renders the wetting in this case strongly incomplete. Similar incomplete wetting 
was observed for the smectic surface layer on the bulk liquid for the 12CB liquid crystals[6] . 
However, the number of layers there increases to 5 as the critical temperature is approached, 
so that the wetting is less incomplete. 

The surface tension scans for ClS  and Cl SO are shown in Fig. 3(b ). First note the sharp 
break in the slope, indicating the formation of the monolayer. The lack of any further breaks 
indicates, again, that no additional layers are formed. Since the surface tension / is the excess 
free energy of the surface over that of the bulk, and since the free energy is given by F = U -TS, 
we obtain that d1/dT = -(Ss - Sb) ,  where S is the entropy, and s,  b denote surface and bulk, 
respectively. For T > Ts the surface is liquid and, as discussed above, Ss > Sb so that a negative 
slope is observed. However, the ordering of the surface at T < Ts reduces Ss considerably so 
that Ss < Sb and the slope becomes positive. The sharp change at Ts here, as well as in Fig. 
3(a), indicate that within our temperature resolution of a few mK the transition is first order. 
However, unlike for the bulk freezing-melting effect, no hysteresis is observed in Ts. The slope 
change of C180 is about twice that of ClS, indicating a twofold gain in entropy, in accord with 
the formation of a bilayer rather than a monolayer.The x-ray and surface tension measurements 
were repeated for a wide range of chain lengths n and temperatures T. We now discuss the 
chain length dependence found in these experiments. 

For both alkanes and alcohols [9, 10 ,  20, 21]  we find that the slope d1/dT at T > Ts is prac
tically n- independent and for alkanes it is equal to -0.09±0.01 dyne/cm/°C, in agreements with 
literature values[7]. For T < Ts the slope is linearly increasing with n, and the slope is about 
twice larger for alcohols than for alkanes. This can be accounted for by chain-conformational 
entropy argumentsp 0, 20]. 

The measured temperature range of existence of the surface layer, 6.T = Ts - Tf, is plotted 
in Fig. 4(a). Note that the range for alcohols is much smaller, both in n and 6.T, than that 
of alkanes, indicating a much reduced tendency for surface ordering. The shape of these curves 
can be rationalized using the following simple thermodynamical arguments. Since d1/dT = 

-(Ss - Sb), we have[lOJ 6.T = (IT, - 1r1 )/(Sb - Ss) ·  The measurements show that /T, is 
practically independent of n. Using the known relations[7] (Sb - Ss)�n, and[22, 21] 1r1 � n-2, 
we obtain: 

6.T = a/n - b/n3, ( 1 )  

where a < b are positive proportionality constants [21 ] .  Eq. ( 1 )  clearly shows that for small 
n, 6.T is negative, and hence the surface layer is always disordered at temperatures above the 
bulk freezing temperature Ti . For very large n, the entropy reduces the ordered surface phase 
6.T ->O for n->oo. Only for intermediate n does an ordered surface phase exist with a significant 
temperature range 6.T. This simple surface energy model accounts for the vanishing of the 
ordered surface phase for low n. The transition from positive to negative 6.T can be interpreted 
as a transition from surface freezing to the common surface melting behaviour. Fitting Eq. ( 1 )  
to  the measured alkane data yields a satisfactory agreement, as shown by the solid lines in 
Fig. 4 (a). The faster-than-predicted falloff in the figure for large n is due to other disordering 
mechanisms, not accounted for in our simple model. These are most likely the internal degrees of 
freedom of the molecules such as the proliferation of gauche transformations and the associated 
loss of the average linearity of the molecule. For alcohols, additional interactions must be 
included to describe 6.T versus chain length[21 ] .  

Finally, the surface layer thickness and nearest neighbour distances are shown in Fig. 4 
(b,c) . The mono layer thickness D for alkanes (and bilayer half-thickness for alcohols ) vary 
linearly with n, as expected. As the average slope of this variation is slightly smaller than 
the canonical 1 .27 A per carbon found in bulk alkane crystals, small deviations from a fully 
extended, vertical chain conformation are likely to exist. A small but clear decrease of slope 
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Figure 4: (a) The measured range of existence 6.T = T, - T1 for the crystalline surface phase 
for alkanes and alcohols. The solid lines are fits to the theoretical expression in Eq. ( 1 ) .  (b) 
The reflectivity- measured monolayer thickness D for alkanes and half of the bilayer thickness 
of alcohols. (c) The CID-measured lattice spacing d of the hexagonally packed surface layer. 
the slope changes in (c) and (d) are discussed in the text. 
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is observed for n "'=< 30 in alkanes and n "'=< 22 in alcohols. At the same n we observe in 
Fig 4(c) the onset of a l inear increase in the in-plane lattice spacing d, which is constant for 
smaller n. This marks the onset of a molecular tilt, while the onset of conformational disorder 
occurs for alkanes at a higher n "'=< 40, destroying eventually the crystalline order. The BR 
measurements done on both substances clearly show the tilt for n ;::- 30 in alkanes and n > 22 
in alcohols. The existence or otherwise of an increased conformational disorder at these n can 
not be determined, however, by these methods. It is therefore possible that the proliferation of 
gauch defects in the chains above these n increases their average cross sections and decreases 
their average length as compared to the fully extended chains, thus contributing to the observed 
increase in d and the decrease in D, caused mainly by the tilt. This is an earlier, less developed, 
stage of the mechanism which is most likely responsible for the fast falloff in f>T for large n in 
Fig 4(a) . However, since f>T is not a direct structural quantity it may not be as sensitive to 
conformational disorder as D and d. This may explain why the onset of the falloff in t;.T occurs 
only at n "'=< 40 for alkanes and n "'=< 26 for alcohols. A determination of the relative contributions 
of these effects will probably require additional GID and BR study using significantly higher 
resolutions than used for the present ones. An undulator source and a crystal analyzer will be 
required for these studies. 

4 Conclusion 

The novel surface phase, freezing and partial wetting effects presented here are not restricted to 
n-alkanes and alcohols. First measurements indicate that they exist in thiols and halogenated 
alkanes as well. Indeed they may be characteristic of a large class of molecules. Measurements 
on alkane mixtures also show a rich and unexpected surface phase behaviour[23]. At present 
no microscopic theory is available to account for the observed phenomena. It is hoped that 
further studies of related but progressively more complex chain molecules may reveal not only 
the origins of the surface behaviour detailed above, but also those of the surface behaviour 
of molecules incorporating such chains, like liquid crystals, and shed new light on the surface 
freezing vs. surface melting behaviour in condensed matter in general. 
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ABSTRACT 

The influence of chirality on the structure of condensed monolayer phases of an 3-
alkoxy-propane-1 ,2-diol was investigated by Synchrotron x-ray diffraction at the 
air/water interface. At 20 °C the pure enantiomers exhibit at all lateral pressures inves
tigated an oblique lattice. The tilt angle decreases continuously with increasing pres
sure. The tilt direction changes from close to NN at lower pressure to close to NNN at 
higher pressure. The racemate forms a centred rectangular lattice with a molecular tilt 
similar to that of the enantiomer. A transition occurs at 1 8  mN/m from a rectangular 
phase with NN tilt and NN distortion to a rectangular phase with NNN tilt and NNN 
distortion. These observations can be explained by slightly preferred heterochiral 
interactions at least at lower lateral pressures. 
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1. INTRODUCTION 

The investigation of the influence of chirality on the monolayer behaviour is of consid
erable interest because in nature many processes are influenced by chiral molecules. 
Phospholipid monolayers on water are appropriate systems to study the influence of 
chirality on the structure1>. In order to understand the interactions between tails and 
head group region at the atomic level it may become helpful to resort to simpler model 
compounds. 3-Alkoxy-propane-1 ,2-diols may be considered as the parent compounds 
of the large family of phosphatidylcholines. 1-Hexadecyl-glycerol (C1()!!33-0-CH2-
CHOH-CH20H) consists of one C l6  hydrocarbon tail and a glycerol head containing 
an asymmetric tetravalent carbon. On the other hand diol derivatives are of interest 
because they exhibit both thermotropic and lyotropic liquid crystalline behaviour. The 
occurrence of liquid crystalline phases is strongly dependent not only on the chain 
lengt.h but also on the heteroatom that links the alkyl chain to the diol head group2>. 
Monolayers of a racemic mixture and of the pure S- and R-enantiomers have been 
investigated by fluorescence microscop/l on water and using transmission electron 
diffraction 4l on Formvar substrates. On solid support the racemic diol fonns an ortho
gonal rotator phase with an unit cell area of 0.20 nm2. The aim of this work was to 
study the influence of chirality on the structure of condensed monolayer phases at the 
air/water interface. 

2. MATERIALS AND METHODS 

3-Hexadecyloxy-propane-1 ,2-diol was kindly synthesized by C. Tschierske (Institut of 
Organic Chemistry, University of Halle, Germany). In all monolayer experiments the 
subphase was ultrapure water purified using a Millipore desktop unit. The substance 
was spread from a chloroform solution. The pressure-area isotherms were recorded 
using a film balance with continuous Wilhelmy-type pressure measuring system. The 
measurements of the local structure of monolayers at 20' °C were carried out using the 
liquid surface diffractometer on the undulator X-ray beam line BWI at HASYLAB, 
DESY, Germany. The monochromated X-ray beam strikes the surface at grazing inci
dence5"7l_ A vertical linear position-sensitive detector mounted behind a Soller colli
mator was moved horizontally to measure the diffraction of the monolayer. As the 
monolayers are 2-D powders, consisting of 2-D crystallites randomly oriented in the 
plane, Bragg rod scattering can be found merely by mapping the (Qxy· Qz)-space. The 
lattice spacings dhk are related to the horizontal component of the scattering vector at 
maximum intensity Qmxy according to dhk = 2n/Qmxy· The Bragg rods in addition 
yield the tilt angle t and the tilt azimuth8l. 
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3. RESULTS 

The diol forms stable monolayers on water. The pressure-area isotherms at 20°C show 
a clearly pronounced break in the slope corresponding to the main transition from a 

· liquid-expanded state to an ordered phase (Fig. 1) .  The transition pressure of the pure 
enantiomers is at this temperature about 1 mN/m higher than that of the racemate. The 
temperature dependence of the isotherms shows that there are pronounced differences 
between the racemate and the pure enantiomers. For the racemate we estimated a crit
ical temperature (above which a condensed phase can not be formed on compression) 
of 48 °C, whereas for the enantiomers it amounts to 39 °C. 
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Fig. 1 .  Pressure-area isothenns of the racemate and the S-enantiomer at 20 °C 

Fig. 2 shows some contour plots of the corrected x-ray intensities as a function of the 
in-plane scattering vector component Qxy and the out-of-pl�e scattering vector com
ponent Qz of both the racemate and the pure enantiomer at different surface pressures 
TI (indicated). The pure enantiomers exhibit at all pressures investigated three diffrac
tion peaks although two of them are barely resolved at higher lateral pressures, where
as the racemic mixture exhibits at all pressures only two diffraction peaks. Below 1 8  
mN/m the single (non-degenerate) peak of the racemate has the maximum intensity at 
the horizon (Qz = 0 A-1) and for the twofold degenerate peak the maximum is at high
er Qz. Above 18 mN/m both peaks have their maximum intensity above the horizon. 
Comparing the positions of the two peaks in Qxy one observes that below 1 8  mN/m 
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the twofold degenerate peak occurs at lower Qxy and above 1 8  rnN/m at higher Qxy 
values. 
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Fig. 2. Contour plots of the corrected x-ray intensities from monolayers of both the 
racemate (left) and the enantiomer (right) versus in-plane and out-of-plane scattering 
vector components Oxy and Qz at different surface pressures (racemate: 14, 30, and 45 
rnN/m; enantiomer: 12, 20, and 41 rnN/m (from top to bottom)) and 20 °C. 
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4. DISCUSSION 

The diol investigated possess a chiral centre at the C2 carbon atom of the glycerol 
backbone. Therefore, we could expect a chiral phase for the pure enantiomers. Indeed 
the three distinct peaks observed at all pressures indicate an oblique lattice. The tilt 
angle decreases continuously with increasing pressure (Fig. 3 left). At the lowest 
surface pressure investigated the molecules are tilted close to the nearest neighbour 
(NN) direction. With increasing pressure the tilt direction continuously changes 
towards a next-neai:est neighbour (NNN) direction. 
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Fig.3.  (Left) Tilt angle t as a function of lateral pressure rt for both the racemate (rac) 
and the enantiomer ( enan). (Right) Corrected lattice distortion d as a function of sin2(t) 

The two diffraction peaks of the racemate indicate a rectangular unit cell. The tilt angle 
decreases continuously with increasing pressure (Fig. 3 left). Within the experimental 
errors both the racemate and the enantiomer exhibit the same tilt angle at the same sur
face pressure. The different rectangular phases of the racemate can be described in 
terms of tilt and distortion azimuths. The observed x-ray intensity distribution in Qz 
can be explained by a tilt of the chains towards their next neighbours (NN) at lateral 
pressures below 1 8  mN/m and by a tilt towards their next-nearest neighbours above 1 8  
mN/m. 
The lattice distortion is defined to be � = (a2 - b2)/(a2 + b2) where a and b are the 
major and minor axes of the ellipse passing through all six nearest neighbours of a 
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given molecule9>. If the in-plane component of the scattering vector of the degenerate 
peak is smaller than that of the non-degenerate peak the distortion is in the NN 
direction, whereas in the opposite case the distortion is in the NNN direction 10>. 
Therefore, at the transition pressure of the racemate (18 mN/m at 20 °C) both the tilt 
azimuth ro and the distortion azimuth 13 change their direction from NN ( ro=j3=60°) to 
NNN (ro=j3=90°). This transition is similar to the L1d - Overbeck (Ov) phase transition 
in fatty acid monolayers10>. However, in the case of L1d and Ov-phases the lattice 
distortion is only due to the tilt of the molecules (d=�cos[2(ro-j3)] = Asin2(t) + B, with 
B = 0) whereas in the case of the racemic diol B < 0 showing an additional 
contribution to the lattice distortion (see Fig. 3 (right)). 
The phase behaviour of the racemate is different from that of the enantiomer. This can 
be explained assuming slightly preferred heterochiral interactions which could lead to a 
compound formation. Therefore, the occurence of spirals with opposite handedness 
observed by fluorescence microscopy3) points to a dynamic separation of the enantio
mers. At higher lateral pressures the phase structures of both the racemate and the 
enantiomers are very similar pointing to a weakening of the chiral discrimination. 
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Abstract 

Phosphatidylethanolamines (PEs) with a-branched fatty acids linked to position Cl of 
the glycerol backbone have been synthesized. Monolayers at the air/water interface 
have been investigated using Synchrotron Grazing Incidence Diffraction (GID). 
Kcphalines with short side-branches exhibit strongly tilted monolayer phases. Triple 
chain PEs fonn at lower surface pressures rectangular monolayer phases, and at higher 
lateral pressure hexagonal phases occur. At zero pressure self-aggregation in a hex
agonal packing of untilted hydrocarbon chains has been observed if all three chains 
have the same length. For a quadruple chain kephaline at zero pressur� a rectangular 
phase with tilted chains and at higher pressure a hexagonal phase with vertical ar
ranged hydrocarbon chains could be observed. 
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1 .  Introduction 

Phospholipid monolayers at the air/water interface have been widely investigated by 

means of several techniques due to their importance as suitable model systems for 

biological membranes 1 •2l. However, among measurements of thermodynamical pa

rameters, surface potential and fluorescence microscopy only Synchrotron Grazing 

Incidence Dif!Taction (GID) measurements allow to detennine the stmcture of the 

monolayer at an atomic level . Branched chain phosphol ipids provide interesting model 

systems because they enable investigations of principle features detennining the 

structures of membranes and thin films 3l_ Varying the positions and the len!,>th of hy

drophobic side branches intennolecular interactions as well as the relative sizes of hy

drophilic and hydrophobic moieties can be changed to a large extent. Indeed, for phos

phatidylcholines (PCs) we could show that side branches exhibit a strong influence on 

both the thennodynamical and structural behavior of the monolayers. 

In this work we present the first results on the structure of monolayer phases of 

branched chain phosphatidylethanolamines (PEs). 

2. Materials and Methods 

2. 1 .  Synthesis 

The preparation of 1 -acyl-2-0-hexadecyl-glycero-3-phosphoethanolamines was started 

with acylation of rac. 1 -benzyl-2-0-hexadecylglycerol, which was obtained by reductive 

ring opening .from 2-hexadecyl- 1 ,3-benzylidenglycerol . The resulting acyl-benzyl-glyce

roles were purified using column chromatography. Following steps were the catalytic 

removing of the benzyl group and phosphorylation of the obtained glycerol derivatives 

with bromoethyldichlorophosphat. The resulting bromoesters were transformed into the 

final products using EtOH I ammonia. The 1 ,2- diacyl-glycero-3-phosphoethanolamines 

were synthesized using nearly the same procedure as described but starting with 1 -

benzylglycerol . 

All lipids were purified using column chromatography on silica gel. The characterization 

of the compounds was perfonned by analytical HPLC, FAB-MS and 1 H-NMR. 
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Figure I :  Synthesized branched-chain phosphatidylethanolamines 
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Synchrotron Grazing Incidence X-ray Diffraction (GID) experiments were perfonned 

using the liquid-surface diffractometer at the undulator beamline BWI at HASYLAB, _ _ 

DESY (Hamburg, FRO). The measurement set-up has been described previously4l. 

3. Results 

3. 1.  Double chain PEs with short branched chain fatty acids 

The hydrophobic region of the molecules was modified by introduction of a methyl 

side group in the acyl chain at C I  position of the glycerol backbone. Furthermore the 

length of the main acyl
_ 
chain was varied. In the case of compound 4a the branched 

acyl chain is shorter and in 4b the branched acyl chain is longer than the unbranched 

hexadecyl residue at C2 position of the glycerol. At 20 °C 4a displays three distinct 

Bragg peaks indicating molecular tilt in a non-synunetry direction and hence the ab

sence of  mirror symmetry. The unit cell dimensions can be detennined by indexing the 

peak at highest Qz as ( 1 ,0), at lower Qz as (0, 1 )  and at lowest Qz as ( l ,T). The lattice 

parameters a,b and y as well as the tilt angle t and the area per chain Axy are presented 

in table I .  

Increasing the length of the acyl chain l eads lo compound 4b. The GID measurements 

were perfonned at 20°C and at difTerent surface pressures rI. In contrast to 4a the dif-
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traction spot profiles parallel and perpendicular to the surface yield at all lateral pres

sures investigated two peaks. The condensed monolayer phase of 4b consists of a 

centred rectangular unit cell with strongly tilted molecules. The cell dimensions for the 

lattice of the chains can be deduced by indexing the peak at high Qz as the coinciding 

( 1 ,  I) and ( I  ,T) reflections and the peak at low Qz as (0,2) reflection. The data are pre

sented in table I .  

substance TI ( mN/m ) a (A ) b (A ) y (0) t (0) Axy (A2) 
4a 26 5,3 1 5,0 1 1 1 7,2 27,7 23,7 
4a 4 1  5,27 4,99 1 1 8,0 24,4 23,2 
4b 1 2  5,55 5,04 1 17,0 35,3 24,9 
4b 26 5,41 4,99 1 17,5 3 1 ,4 23,9 -
4b 4 1  5,3 1 4,99 1 1 8,0 25,6 23,4 
4c 4 4,90 4,90 1 20,0 0 20,8 
4c 40 4,86 4,86 1 20,0 0 20,4 
4d 0 4,91 4,91 1 1 9,5 9,5 2 1 ,0 
4d 4 4,90 4,90 1 1 9,5 8,9 20,9 
4d 1 5  4,9 1  4,91 1 20,0 0 20,9 
4d 37 4,82 4,82 1 20,0 0 20, 1 
4e 0 4,94 4,94 1 1 9,1 1 4,6 20,6 
4e 4 4,93 4,93 1 1 9,2 1 0,3 20,9 
4e 1 5  4,89 4,89 1 1 9,7 7,2 20,8 
4e 20 4,87 4,87 1 20,0 0 20,5 
4e 27 4,84 4,84 1 20,0 0 20,3 
4e 4 1 4,84 4,84 1 20,0 0 20,3 

Table I. Lattice parameters a,b, angle y, tilt angle t and area per chain Axy for differ
ent surface pressures. 

3.2. Triple chain PEs with long chain branched fatty acids 

In the case of the triple-chain PE 4d a condensed phase could be observed already at 

zero lateral pressure. The diffiaction profile indicates two peaks. One peak has its 

maximum at Qz = 0 A-1 and the other one at Qz = 0.2 A-1 .  The corresponding 

maxima in Qxy are 1 .48 A-1 and 1 .47 A-1 , respectively. The tilt angle can be calcu

lated to 9 .5° .  The chains are tilted towards their nearest neighbours. Between 1 0  

mN/m and 1 5  mN/m a phase transition is observed. A t  a lateral pressure o f  1 5  mN/m 
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only one sharp Bragg peak occurs, indicating a hexagonal packing of the hydrocarbon 

chains. The maximum intensity in the Qz resolved scan was found in the plane of the 

water surface (Qz "" 0 A-1 ). Therefore, a nearly vertical chain orientation can be de

duced. 

The kephaline 4c exhibits two acyl chains and an unbranched ether residue of almost 

the same length. In this case only one sharp diffraction peak could be observed at all 

pressures investigated indicating a hexagonal packing. At a surface pressure of 40 

mN/m (Fig. 2) the diffraction peak perpendicular to the surface has a maximum at Qz 

"" 0 A-1 .  Therefore vertical chain orientation can be deduced. 

1 . 5 5  

1 . 5 0  

1 .45 

1 .40 

0.0 0.2 0 .6 0.8 

Figure 2 :  Con-ected X-ray intensities a s  a function o f  the in-plane component Qxy and 
the out-of-plane component Qz of the scattering vector of 4c at 40 mN/m, T = 1 5° 

The investigation at zero lateral pressure and high molecular area shows that 4c 

spontaneously forms a highly ordered monolayer phase. The final result of the self ag

i,rregation is a hexagonal phase with nearly vertical an-anged hydrocarbon chains. 

3.3. Quadruple chain PE with long chain branched fatty acids 

At lower lateral pressures and even at zero pressure the quadruple-chain kephaline 4e 

displays two diffraction peaks indicating a rectangular unit cell. The chains are tilted 

towards their nearest neighbours (NN). Above 20 mN/m a hexagonal condensed 

phase with vertical an-anged chains occurs. 
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4. Conclusion 

Racemic DPPE as a double chain kephaline exhibits a rectangular phase with tilted 

molecules towards their nearest neighbours (NN) up to 35 mN/m and above this lateral 

pressure a hexagonal phase with vet1ical arranged hydrocarbon chains occurs 5l. 
The introduction of a methyl branched fatty acid at the C I  position of the glycerol 

(compounds 4a and 4b) leads to a disturbance of the lateral interactions. As a conse

quence an oblique (chiral) lattice with strongly tilted chains appears. The larger t i l t  of 

4a compared to that of 4b could be due to the di fference of the chain length between 

acyl and ether residue. This means that the tendency to optimise the hydrophobic in

teractions between chains of different len!,,>th leads to a tilting of the molecule. The 

same behavior could be observed for triple chain PEs . If the three chains have almost 

the same length ( 4c) than a hexagonal phase with vertical arranged molecules is ob

served. In compound 4d the branched fatty acid chain is longer than the ether residue 

and therefore a rectangular phase with tilled chains towards NN is fotmed. Only at 

higher surface pressures a hexagonal phase has been observed. 

The kephaline 4e with four chains of almost the same length fonns at zero pressure a 

rectangular phase with tilted chains. This could be an indication for a bending of the 

C2 acyl chain (described for several double chain phospholipids) which leads to an 

effective difference in the chain length. 

Acknowledgements 
We wish to thank K Kja:r and W.G. Bouwman for helpful discussions and technical support This 
work was supported by the Deutsche Forschungsgemeinschaft (DFG). 

References 
I )  H. Mohwald ( 1 993) in Pho:,pholipids Handbook, G. Cevc (Ed ), M. Dekker, NY., 579 - 602 
2) J Als-Nielsen and H. Mohwald ( 1 99 1 )  in: Handbook 011 Synchrotron Radiation, S. Ebashi, M. 

Koch, E. Rubenstein (Eds.), North Holland, Amsterdam, I - 53 3) A Dietrich, H. Mohwald, W Rettig, and G. Brezesinski ( 1 99 1 )  Langmuir 7, 539 -546 
4) J . Als-Nielsen, D. Jaquemain, K.  Kjaer, M Lahav, F. Leveiller, L. Leiserowitz ( 1 994) 

Phys. Rep. 246, 25 1 - 3 2 1  
5 )  C. Bohm ( 1 993) Ph. D. thesis, Universitat Mainz 



DECOUPLING OF 
CHAIN- AND HEAD GROUP ORDERING 

IN PHOSPHOLIPID MONOLAYERS 

H. Baltes*, M. Schwendler*, C. A. Helm*- H. Miihwald*# 
B. Struth*, E. Scalas*, G. Brezesinski* 

* Johannes Gutenberg - Universitiit 
Institut for Physikalische Chemie 
Jakob-Welder-Weg 1 1  
D-55099 Mainz I Germany 

# Max Planck Institut fi.ir 
Kolloid- und Grenzflachenforschung 
Rudower Chaussee 5 

D-12489 Berlin I Germany 

The order/disorder transition of the phospholipid 1,2-dihexadecyl-sn-glycero-3-
phosphocholine and ethylene oxide spacered derivatives was studied by X-ray 
reflection and thermodynamic measurements. We find that increasing the length uf an e thylene oxide spacer (zero to three EO groups) between the phosphate group and the glycerol backbone (i) induces a slight shift of the main transition, 
(ii) reduces the influence of the head groups on the chain lattice (iii) increases the 
head group length and promotes its hydration. For DH(E0)3PC in the ordered 
phase we find th,1 t  the small phosphate groups (which are the main source of 
contrast in X-ray reflectivity) are almost homogeniously distributed within the 
head group region. In the fluid phase the phosphate groups are preferentially 
oriented towards the air/ wilt er interface. 
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Phosphatidylcholine monolayers are well established model systems for monolayer 

studies at the air/water interface. 

The order of the aliphatic tails of phosphatidylcholine monolayers was extensively 

studied by X-ray grazing incidence diffraction (GID). It was found that the chains exhibit 

,1 very I Mge til t ,rngle which is presumably due to the bulky head group. 

To obta in a better understanding of the influence of the head groups on the chain order 

"·e introdrrced ethylene oxide spacers of variable length between the glycerol backbone 

,rnd the phosphate group. The behavior of these spacers is also of general interest since 

they are widely used hydrophilic moieties of non-ionic tensides. 

/\ g<i in, we investigated the chain order with GID. However, the head groups are less 

ordered than the chains and the head group contribution cannot be distinguished. 

Thc•rdure, we used specular X-ray reflection (XR) to investigate the head group 

Mrangement perpendicular to the interface. This method is especially susceptible to the 

position oi the phosphate group within the head group region. 

Ma terials 

1 ,2-d ihexadecyl-sn-gl ycero-3-phosphocholine 

( I)] f l'C) w,1s obt<iined chromatographically 

pure from Fl uk <i ,  Switzerland. The racemic 

one to three sp<icer dcriv<itives DH(EO)JPC, 

DI l (E0) 2PC and DH(E0)3PC were kindly 

synthesized by R. Rattay at the Institute of 

l'hilrmaceutical  Chemis try, Martin Luther 

Univers i ty  Hal le ,  Germany. They are 

chromatographica l ly  p ure. The chemical 

structure of the molecules is given in Fig. 1 .  

In the following communication the aliphatic 

chains are referred to as "tails", while the rest 

of the molecule is called "head". 

X-rny Details and Analysis 
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Fig. 1: Structure formula and 
isotherms ofDH(EO)xPC 

( ; J J.) me.1surements were performed using the liquid surface diffractometer on the 

svnc lm1tron X-ri1y L1ei1m l ine BWl at I-IASYLAB, DESY, Hamburg. The in-plane peaks of 

tile Q"' sc,rns were' <1ssumed to be powder pattern Bragg peaks of a two dimensional 



179 

l c ttice. The tilt angle of the molecular long axis with respect ot the normal, t, was 
calculcted from the peak position of the Bragg rods /1/ .  
X R  measurements are performed at our institute by means of  a home made 8/8  set-up 
w i t h  slit collimation, conventional Cu-Anode (A-=l .54A), graphite secondary 
monochromator and NaI detector /2/ .  The data are background-subtracted and 
normal i ze d  to the Fresnel reflectivity of a sharp air/water interface. For the analysis 
reasonable models of the electron density are computed and model parameters are 
derived by curve fitting to the experimental data. We checked some models and found 
almost identical electron density profiles. For the further discussion we divide the film 
into four slabs, one representing the aliphatic tails and the other representing the head 
group. The reflectivity of the resu lting layer system is computed by a modification of the 
Parratt formalism, which is also able to handle smeared interfaces. 
To reduce the number of free fit parameters we assume that the aliphatic tails are not 
hyd r,1ted, resulting in a fixed number of 129 electrons per chain. The molecular area A is 
taken from the isotherms, which are normalized at the highest pressure I1=41mN/m to 
the aren mensured by menns of GID to eliminate inweight errors. Then, the electron 
density of the tai ls  and their lengths are closely related PTail = NeTail / (A hail). The 
smearing parameters of all boxes and the water subphase are assumed to be identical. 
l'ast  it, the three head boxes are set to identical lengths, giving rise to only two free 
lengths w ithin this model. 

Resu l ts and Interpretation 

Fig. 1 compares pressure/area isotherms of 

the phospholipids w ith different EO spacer 
lengths.  The pressure corresponding to the 

onsl't of the main trcnsition increases with the 
n u mber x of spacers, i .e. the EO group inhibits 

ordering. Accordingly the EO group also 
causes monolayer expansion in the LE phase 
comparing films at constant lateral pressure. 
This behaviour contrasts to that in the LC 
phase where diffraction studies have 
demonstr;ited a higher l a teral density with 
increasing x at a fixed pressure / 1 /  (Fig. 2). 

0 

10 15 20 25 30 35 40 45 
f1 (mN/m) 

Fig. 2: Molecular Area per chain 
of DH(EO),PC 

Fig. 3 gives X-ray reflectivity data for DH(E0)3PC with increasing surface pressure from 
bottom to top. In the LC phase (n 2 20mN/m) one observes a strong increase of contrast 
with pressure. This essentially means that the density of the electron richest part of the 
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1mmolayer increases. This would be achieved if water is squeezed out of the head group 

region or/and if the phosphorous atoms would be confined in a plane parallel to the 

s u noce. 
Fig 4 gives two representative electron 

d e nsi ty  profiles for the LE phase (11 s 
lOmN I m )  and for the LC phase. For the LC 

n h <ise  the tai l  electron density is 93-98'/o, 
w h ich is reduced on going to lower 
pressures il S  expected. For the head group 

d e ns i ty one rea l izes a narrow a n d  

symmetrical profile i n  the LC phase, whereas 

in the L.E phase the distribution is broad and 

a s y m m e tr i c a l .  The l at t e r  f indi ng is 

independent of possible errors in PT,1 i l ·  One 

can easily verify that the asymmetry and 

broildness of the head group profile would 

be recovered even if 20% higher val ues of 

f'T,1 i l  would be subtracted from the total 

d l'ns i ty �1rofile to dl' termine P He,id . We 

C'St i rn a terl ;in nror i n  f'T,i i l  of ± 14% for the 

LE phase and ± 1 ':\, for the LC phase a t  
4 1 m N / m .  

1,5 
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b) LE phase 
n = 8 mN/m 

0 
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Fig. 4: Electron density profiles of DH(E0)3PC 
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Fig. 3: X-ray reflectivity ofDH(E0)3PC 

Fig. 5 compares the lengths of the 

head group extensions for different 

spacer lengths. One realizes a 

decrease in I Head with pressure and 

16 

1 •·----•-----• 

: -------
4+--�--�---�-�----' 

10 20 30 40 

n [mN/m] 

Fig. 5: Head length ofDH(EO)xPC 
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,1 11 increcise with spacer length. For the most reliable data, those a t  high pressure, the 
th ickness increase is about 2A per EO group, which is in good agreement with other 
systems / 3 / .  

I n  o r d e r  to q ua n tify the  tail 

<isvrn metry observed i n  Pig. 4b t _3 
/\ 

l ' ig 6 g i v e s  the devi<i tion of the o� 
posi t i o n  of maximum electron �� -2 LE phase 
densi ty from the he<i d  group 

-;: 
cc• n tcr.  This distance is close to 

§ -1 4:: 
0 

zt•rn for t he LC phase a n d  

, l c 1 · i <i tcs c"nsi dcrab ly in  t h e  LE 
p h <i s c '.  The fa c t  t h a t  v a lues 

d c r i vc•d in d e pcnd l' n tly from 

v a r io us ff1e,1 s u re1nents  i n  these 

· S symmetrical � O+"h�ea�d�gr�o�u�p"-��T-��������----i ·� 
phases scatter only li ttle shows 

the cons istency of the analysis. 

l ) isc ussinn and Concl usions 

� ! 
water O 

----·--.--· 
LC phase 

20 30 40 II [mN/m] 
Fig. 6: Head group asymmetry 

We sep<irated the electron density profile into an aliphatic region and a head group, the 
l a tter cons isting of an EO spacer of almost lOO'X, and of phosphorous acid groups of about 
150% water electron density. Looking at our model we would expect an asymmetric head 
group density profile with a maximum towards the water for a completly stretched head 
group in the LC phase.  This, however, is not encountered suggesting that the plane 
ct1nt,1 rning the phosphorous acid is further shifted towards the tail/head interface. The 
p h tis p horous groups are not (completely) homogeneously distributed, but seem to be 
r1 1·dl' rc11 t i ,1 l l y  nr i cn tcd tow a rd s  the head group center (a homogeneous distribution 
c,rnnot l' x p l a i n  the high intensity of the third peak in Fig . 3). 
With these genera l remarks we will now justify the model of the arrangement in the two 

phases displayed in Fig. 10: In the LC phase the aliphatic tails are ordered as shown 
previously by diffraction measurements . Even at the highest pressure the tails are tilted 
ll'ith the ti lt  angle decreasing continuously with x (t=21° for x = 0 to t = 12° for x = 3), 
which means that the influence of the bulky head group is decreasing. The cross-sectional 
<i rea of the chil ins i\ mounts to (20.2±0.2)A2, a typical value for rotator phases. The 
phosphocholine head can pack denser with increasing x, but this group still determines 
the packing densi ty. This indica tes thilt the phosphocholine is arranged within a plane 
p<ira l lel to the surface, but Ciln be shifted along the normal by some small distance. 
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The reflectivity analysis in this work suggests that this shift is symmetrical with respect to 

the rnilximum along z and increased monotonically from below 3A to below SA, on going 

frum x=O to x=3. The reduction of 
l H e ,1 d on compression in the LC 

phase then can be understood as 

partial ordering of the head groups. 

The fact that the total head group 

length and also the film thickness 

measured from hydrocarbon/ air 

interface to the electron densi ty 

rn,1 x i m u m  (P04) increases by about 
2A per EO group, but the length of 

i lw s tre tched EO grou p  is about 

�' 81\, proofs that the EO group is not 

f u l l v  stretc l 1� d .  

a) LC phase 
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Fig. 7 :  Model s tructure of DI-l(E0)3PC 
l'or rhe LE �1h0se we n:eillize iln asym metric electron density profile with a shoulder about 

6A from the rn0ximum towards water (for x=3). This suggests a bimodal phosphocholine 

il 1-rc<ngement with a predominant distribution towards the hydrocarbon/head interface. 

This is understood 0s a preferential EO arrangement parallel to the interface. In 

0ccordance with this one measures an additional contribution of the EO groups to the 

lateral pressure in the isotherms for the LE phase. The calculation of the 20 radius of 

gyration of three EO groups is in good agreement with the onset of interaction at about 

lOOA2 per molecule. 
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Despite of the complex molecular structure of  lecithins with (i) two fatty acid chains, (ii) ester 
or ether linkage to the glycerol forming the surface between the hydrophilic and hydrophobic 
parts of the bilayer, and (iii) the phosphatidylcholine headgroup, usually only few informations 
are available from powder diffraction patterns in lecithin I water dispersions. 
In an overview the diffraction patterns of lecithins modified in the hydrophobic part are 
presented. The observed phases are classified on this basis into crystalline, subgel, and gel 
structures. 

This work was supported by the Deutsche Forschungsgemeinschaft (SFB 197). The triple bond 
lecithin was a gift of H. Riihrup. Thanks for contributions to Astrid Brandt, Martina Mannova, 
Norbert Pietschmann, Bernd Rattay, Sabine Wolgast and Ina Zimmermann and for technical 
assistence to Christa Helbig and Barbara Elsner. 
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Exnerimental 

DPPC and DHPC were commercial prnducts (Fluka, Sigma) and were used without further 
purifications (for abbreviations see Fig.I and Fig.3). Other lipids are synthesized as described 
elsewhere1l2l3l, Aqueous dispersions (50 wt%) of the lipid in excess water were measured at 
definite temperatures with CuKix radiation in transmission techniques registrating the scattered 
intensity continously in the range 28 = 0.4° .. .40° (s = 0.045 .. .4.160 nm-1)1l. 

� / 
fl 

DPPC 

-.,-

� 
JI 

4C18-PC 

� �. -+-�--, 
DHPC APC 

Fig.I Chemical structure and schematic conformation of unbranched lipids DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 4C18-PC: l,2-dioctadec-4-ynoyl-sn-glycero-3-phospho
choline, D HPC: 1,2-dihexadecyl-sn-glycero-3-phosphocholine, APC: ! -pen tadecyl-hexadecyl-phosphocho
line 

DPPC as Reference Substance 

The diffraction pattern of solvent crystallized monohydrate DPPC sample represents the scat

tering of a 3D crystalline phase (Fig.2A). After crystallization from the melt only those spa

cings remain in the pattern, which correspond to the most strong reflections of the crystalline 

phase. This indicates that only a short range order appears in both, the lateral as well as the 

bilayer packing. In DPPC samples with excess water a subgel phase Le' is build after annealing 

at 4 °C (Fig.2C). The spacings in the wide angle region of the powder pattern were indexed ac

cording to a subcell HSI •l. The 2D unit mash describes the molecular packing of the lecithins 

within bilayers seperated by water (water halo at s-3.0 nm-1). At the transition temperature 

into the gel phase L P '  this molecular order disappears, and only the scattering of the chain 

packing is detected. A 2D deformed hexagonal lattice of tilted chains exists in which the differ

ences in the line width of the (11) and (20) peaks are interpreted with a NN tilt direction 

(Fig.2N)5l'l. The formation of the subgel phase Le' from L P '  o n  cooling becomes more easily 

by the introduction of a triple bond in both chains near the glycerol backbone. In the case of 

4C18-PC (Fig.2E) a Le' phase is formed spontaneously, and the phase is stabilized up to tem

peratures near the main transition temperature'l. 
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Fig.2 Diffraction pattern of unbranched lecithins 
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A: DPPC monohydrate, solvent crystallized, B: DPPC monohydrate, melt crystallized, C: DPPC hydrated, 
Le', D: DPPC hydrated, LP', E: 4Cl8-PC, Le', F: APC, new subgel phase, G: APC, La, H: DHPC, 
Lp, +ice, I: DHPC, LP,, J: DHPC, La, K .. W see below 

Alkyl-Phosphatidylcholine and Alkyl-Phosphocholine 

A branched fatty acid is favorably introduced in DPPC together with an ether linkage at the 

other carbon atom of the glycerol to prevent a migration of the fatty acids. Surprisingly, the gel 

phase structures of mixed') and double ether linkaged lecithins•llD) are different from that of 

DPPC. In all cases antiparallel arranged lipid molecules are forming the bilayer with a hexago

nal packing of untilted chains (LP,). On cooling DHPC (Fig.2H) a splitting of the short spa

cing is observed, but no additional peaks appear at s < 2.0 nm·1• The character of the phase 

Lp,  looks more like a gel phase with a dense. packing of the chains than a subgel phase. No 

molecular order is reached even as a ratio of four chains per head group exists in an antipa

rallel packed bilayer. 

In the alkyl phosphocholine APC two long branched fatty acids directly are bound at the same 

carbon atom with the phosphatidylcholine headgroup. This direct coupling gives rise to a crys

tallization from a liquid crystalline phase directly into a new type of subgel phase (Fig.2F). 

Cl Branched Lecithins 

Corresponding to the well established asymmetric conformation of lecithinslll the introduction 

of a Me branching in similar positions of the fatty acids gives rise to different packing condi

tions within the hydrophobic part. Lecithins with short branchings in Cl position of the glyc

erol show gel phases LP ,  with interdigitated chains within bilayers. In binary phase diagrams 

the differences in the phase structures L � '  (DPPC) I LP,  { (3MeP)HPC} and LP ,  { (2PropP) 

HPC} I LP,  (DHPC) is confirmed by thermodynamical studies: a miscibility gap exists between 

the corresponding gel phases (Fig.4). 
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(3MeP)HPC H(2MeP)PC H(2ButP)PC (2TetradecP)HPC D(2TetradecP)PC 

Fig.3 Chemical structure and schematic conformation of branched lipids 
(3MeP)HPC: 1-(3-methyl-palmitoyl)-2-hexadecyl-sn-glycero-3-phosphocholine,11(2MeP)PC: 1-hexadecyl-
2-(2-methyl-palmitoyl)-sn-glycero-3-phosphocholine, H(2ButP)PC: 1-hexadecyl-2-(2-butyl-palmitoyl)-sn
glycero-3-phosphocholine, (2TetradecP)HPC: 1-(2-tetradecyl-palmitoyl)-2-hexadecyl-sn-glycero-3-phospho
choline, D (2TetradecP)PC: 1,2-di-(2-tetradecyl-palmitoyl)-sn-glycero-3-phosphocholine 

On cooling (3MeP)HPC the appearence of ice peaks and a splitting of the short spacings ac

cording to the subcell O_j_ is observed in the pattern (Fig.2L). It characterizes the phase Lp1 as 

a gel phase without order of the whole molecules, although a ratio of three chains per one 

headgroup exist. 

Tiki 

�" L> "��- �s��·� 
100 I I 

' ' 
,__,_'_ L _ _ _  I 

L/J' : : ljJ1 
'" �s 0,1s 
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306 \,\j Jo2 LflaV i 
0 QI Q2 QJ Q( QS (\6  (17 QB {l9 I 

DPI'C (3MeP)HPC DIIPC 
-,;

(2Propl')IIPC H(2MeP)PC DPPC 
Fig.4 Quasi binary phase diagrams (50 wt% water) demonstrating miscibility gaps (i) between the gel phases 

LP' and LP, (left) as well as (ii) between LP, and LP, (middle), but (iii) miscibility in LP' phases (right) 

C2 Branched Lecithins 

Short branchings in the C2 position of the glycerol {H(2MeP)PC} reconstructs the LP '  phase 

in comparison to LP. of the unbranched HPPC3l. The observed profile of the diffraction pat

tern and a complete miscibility of the gel phases in the binary phase diagram (Fig.4) show, that 

the same structure exists in H(2MeP)PC and DPPC gel phases. This findings imply that short 

chains in C2 position cross over the interface to the hydrophilic headgroup region. Otherwise, 
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characteristic differences exist in the polymorphism between H(2MeP)PC (Lp '  ---+LP'---+Lcx )  

and DPPC (Lc'---+LP '---+P P '---+Lcx)12l. The temperature dependence o f  the lamellar repeat 

distance (Fig.5) shows for the branched lecithin a "soft" transition behavior and unusual high 

values in the Lex phase. Surprisingly no molecular order could been reached in the low 

temperature phase Lp'. A comparison of the line profiles in the X-ray diffraction pattern 

(Fig.20) implies from the broadening of both short spacings that in contrary to DPPC a NNN 

tilt direction') may exist in Lp'  of H(2MeP)PC. 

e. 25�t.-.2::'.'::::c!:;;:::;:::.....,,�...:;::i ::: 200 
h '"' -� 100 £ so � o+.--�r=o=h-�..-t��....+ �' 

•OO 

':i.-.:::::;::=:ot;::::;::���..Jo 0,0 0,5 1,0 l,S 2,0 2,5 J,O J,S 4,0 
Redprocnl1pAcing! s / nm·l Redproul 1p1clngs 1 I nm"1 

Fig.2 Diffraction pattern of short branched lecithins 

Reciprocalspaclngs 1 / nm"1 

A ... J: see above, K: (3MeP)HPC, Lp,+ice, L: (3MeP)HPC, Lp, , M: (3MeP)HPC, LP, , N: DPPC, LP':  
tilt to NN, 0: H(2MeP)PC, Lp': tilt to NNN, P: (3MeP)IIPC: Lp,: no tilt, Q: H(2PropP)PC, LP', R: 
H(2ButP)PC, LP,, s ... W: see below 

In the hornologeous series up to H(2PropP)PC the phase LP'  is stable and from the decrease 

of the bilayer repeat distance an increasing tilt angle is deduced (Fig.2Q)3J. In the H(2ButP)PC 

a new gel phase was detected (Fig.ZR), and a model for room temperature with interdigitated 

chains L P ,  is proposed. 

DPPC H(2MeP)PC 
8,0 I I 8,0 

� P/3' 
7.o l�J 

go L/3' ·, La 
l -�· 

6,0 I Le ... 1 
j 

"" IO 10 3QQ 10 

Temperature T I K  Temperature T I  K 
Fig.5 Temperature dependence of the long spacings of an unbranched and branched lecithin with the same gel 

phase (i) stepwise melting, (ii) soft melting mode 

Triple and Quadruple Chain Lecithins 

A long branched fatty acid in one position of the glycerol results in a triple chain lecithin. A 
gel phase LP is observed in (2TetradecP)HPC with untilted chains, oppositely arranged in bi-
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layers (Fig.2S). On cooling a gel phase Lp 

appears with an 0.L subcell without indica

tions of a molecular order. 

Fig.2 
Diffraction pattern of long branched lecithins A ... R: see above, S: (2TetradecP)HPC, LP without 
headgroup lattice, T: (2TetradecP)HPC, LP with 
headgroup lattice, U: (2TetradecP)HPC, La with
out headgroup lattice, V: (2TetradecP)HPC, La 
with headgroup lattice, W: D(2TetradecP)PC, re
versible transition from the gel to a subgel phase 

49.5 °C V w 

:t-..::'.1---t:;::::;::.,��,..,;;4, 0,5 1.0 l.5 2,0 2,5 3,0 3,5 4,0 

Rtti11roul sp11dng' s l nm"1 

During annealing quite below the main transition temperature Tm = 42 °C a recrystallization 

of the sample is induced. Two additional short spacings are observed in all phases measured 

indicating a strong interaction of adjusted headgroups. The transition temperatures as well as 

the bilayer repeat distance are not affected. A reconstuction of the first polymorphic behavior 

was only possible with a new preparation after dissolving in organic solvent. 

The comparison of this behavior with the gel phase structure of the quadruple chain lecithin 

D(2TetradecP)PC with two ester linkaged long chain branched fatty acids shows the outstan

ding conditions for headgroup crystallization in the triple chain lecithin (three chains per head 

group). The quadruple chain lecithin has a L/3 gel phase like the triple chain lecithin'l. The 

subgel phase also shows additional spacings and transforms reversible into the gel phase 

(Fig.2W). 

Conclusions 

This overview about different occuring bilayer types and chain packing modes gives an idea of 

the selection of DPPC as the main lipid component with certain value of (i) headgroup size, 

(ii) surface building conditions, and (iii) chain matrix multiplicity, which prevent it optimal 

from crystallization. 
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The behavior of three different long chain lipids, at the air-water interface, has 
been studied as a function of temperature. 

In order to analyze the influence of the molecular structure on this behavior, the 
lipids distearoylphosphatidylcholine (DSPC), distearoylphosphatidylethanolamine 
(DSPE) and Sphingomyelin (Sph) have been chosen, since DSPC and Sph molecules 
have the same polar group and DSPC and DSPE molecules show identical 
hydrocarbon part. 

Experimental isotherms surface pressure (7t)-molecular area (A), obtained by 
compressing simple and mixed monomolecular layers of these lipids have been 
performed 

The monolayer properties of these compounds are influenced by the temperature 
bringing about important changes in both interaction characteristics and the 
stability of the monolayers. These changes are mainly attributed to a decrease in the 
van der Waals type attractive forces between the hydrophobic regions, in case of the 
DSPE lipid, also to an increase of the dehydration effect. 

Moreover, the occurrence of the liquid extended (LE)-liquid condensed (LC) phase 
transition during the compression of these systems depends strongly on 
temperature. Only the films formed by DSPC, Sph or a mixture on both of them 
undergo this phase transition. 

The transition surface pressure values corresponding to the beginning and the 
end of the phase have been calculated by analyzing the successive derivatives of the 
experimental isotherms. 

A performance of the phase transition has been carried out by a thermodynamic 
study of the experimental results. 

* To whom ,correspondence should be sent 
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INTRODUCTION 

The study of mixed monolayers rmder different experimental conditions, is of 

great interest because it enables us to gain a much better rmderstanding of the 

interactions between the monolayer compormds. In addition, superfidal processes 

are strongly dependent on those interactions. In the present work we have focused 

our attention on the thermodynamic study of the liquid expanded (LE)-liquid 

condensed (LC) phase transition for monolayers formed by the lipids distearoyl 

phosphatidylcholine (DSPC) and Sphyngomyelin (Sph). 

The surface pressure values corresponding to the beginning and the end of the 

transition have been calculated as it is explained next. 

Following a suitable thermodynamic formulation'�'. the apparent molar entropy, 

enthalpy and internal energy changes during the LE-LC phase transition have been 

evaluated 

MATERIALS AND METHODS 

In all the experiments the subphase used was water (Milli-Q), the final 

conductivity and pH were s 10� n-1 cm' and 5.5-6.0, respectively. 

The three lipids forming the monolayers, Distearoyl-L-a-Phosphatidylcholine 

(DSPC), Distearoyl-L-a-Phosphatidylethanolamine (DSPE) and Sphyngomyelin (Sph) 

were supplied by SIGMA The solvents used for spreading the films were a 4:1 (v/v) 

mixture of n-hexane and ethanol for the DSPC and Sph lipids and a 5:1 (v /v) mixture 

of chloroform and methanol for the DSPE lipid 

The experimental device employed to perform the surface pressure-molecular 

area (n-A) isotherms has been previously described'-'>, as well as experimental 

condition_ 

In order to carry out a thermodynamic study of the LE-LC phase transition, the 

surface-pressure values corresponding to the beginning and the end of this 

transition have been calculated as in previous studies.,•', based on other works7,8).The 

followed method is shown in fig. 1. In that, a computer simulated isotherm and its 

successive derivatives are represented We can observe that the searched for points 

(the start and the end of the transition) corresponding with an inflection point in the 

first derivative and therefore, with a minimum and a maximum in the second 

derivative, respectively, consequently with a third vanishing derivative. 
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We have studied the it-A experimental isotherms correspondillg to the 

compression of simple and :nllxed monolayers formed by the lipids DSPC, DSPE or 

Spb, or by a :nllxture of two of them, under different temperatures (298.2, 303.2, 
308.2 and 313.2 K). 

As main result we reveal that out of all the studied monolayers, only films 

composed by Sph and/or DSPC undergo the LE-LC phase transition under some 

conditions of temperature. These cases are represented in Figs. 2-4. The rest of the 

experimental isotherms do not show this phase transition. In some cases the 

monolayers are at the LE state and others, ie. the DSPE films, are at the LC state. 

In Fig. 2 the it-A isotherms, correspondillg to the compression of Sph films that 

undergo the LE-LC phase transition, are represented. As expected the transition 

surface pressure increases with temperature. At higher temperatures, the simple 

monolayers remain in LE state. 
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Figure 2. Compression isothenns for monolayers of Sph and DSPC. 

The only film formed by DSPC that suffers the LE-LC phase transition is the film 

compressed at 313.2 K and shown in Fig. 2. At different temperatures, the DSPC 

monolayers are in the LC state, except for the higher temperature (31 3.2 K), which 

provokes an increase of the hydrocarbon chains mobility, showing this transition. 

The mixed monolayers of DSPC and Sph arise a somewhat intermediate behavior 

compared with that shown by pure components. The characteristic of the isotherms 

is a progressive condensation as the condensed structure of DSPC is approached. 

Therefore, when the proportion of DSPC is high in the mixed monolayers, the 

behavior is similar to that shown by the pure DSPC monolayers. As we can observe in 

fig. 3, only few mixed monolayers suffer the LE-LC phase transition. 

Comparing the behavior with that show in the three dimensions for different 

systems, are more plausibly explained by conformational changes or molecular 

reorientation than by phase changes, properly speaking. 

In the table 1, the surface pressure and molecular area coITesponding to the 

beginning and the end of the LE-LC phase transition that undergo our films are 

represented, included the experimental conditions of temperature. Comparing these 

values, we observe that for monolayers containing DSPC, the LE-LC phase transition 
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appears at lower surface pressure values. In these cases, there is a less important 

molecular reorientation compared with the monolayers formed by Sph. 

As expected, apparent molar entropy, enthalpy and internal energy changes 

during the transition, have negative values. This means that during the LE-LC phase 

transitions, the molecules in monolayer become more ordered and the transition is 

exothermic. The lipids with high molecular asymmetry suffer a higher molecular 

reorganization when they are compressed as monolayers, for this reason, the 

transition is observed, mainly in monolayers containing Sph. 
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Table 1. Phase transition points and thennodynamics. a•, ac are molecular areas of expanded 
and condensed states in 10·20 m2/molecule, 7t in mN/m, As, Ah and Au in kJ and W 

(compression work) in J/mol. Systems: A=Sph, 8=70% DSPC-30% Sph, C=90% DSPC-10% 

SYSTEM T(K) a• rr.• 
A 288.2 64.1 6.7 
A 293.2 60.9 1 2.5 
A 298.2 56.2 20.3 
B 308.2 86.8 4.2 
B 31 3.2 78.3 8.8 
c 31 3.2, 80.3 5.9 
D 313.2 82.5 4.9 

S h d D DSPC ;01 an = 

ac rr.c As 
47.0 24. 1 -160 
47.2 28.9 -1 30 
45.7 34.6 -96 
59.5 16.6 -1 80 
62.7 16.9 -100 
49.1 27.7 -
49.3 23.2 -

Ah A_u w 
-45.1 -52.0 1 280 
-36.8 -41 .8 1 530 
-28.7 -32.0 1 660 
-54.8 -65.7 1 4 1 0  
-31 .8 -37.5 1 1 70 

- - 2350 
- - 1 91 0  
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The general trend is that an increase in temperature provokes an decrease in the 

thermodynamic quantity changes. For these systems, the temperature effect on the 

difference between expanded and condensed areas is less important than that on the 

transition surface pressure values. It supports the idea that, during the transition, 

the lipids suffer a change in inclination with respect to the surface, and not 

important molecular orientation, for this reason when the temperature increases, 

the entropy changes are lower, due that mobility of hydrocarbon chains in our 

molecular systems also increases. 

One possible way of assaying this hypothesis is to calculate the work involved 

from the area below the quasi-isobaric zone in the diagrams 7t-A (LE-LC transition 

zone), according to the method described by Abraham et al.9>. These results are 

presented ,also, in the table 1. 
More remarkable is that the calculated compression works during the transition 

have similar values for all the monolayers. This fact confirm us that the molecular 

reorientation in the air-liquid interface is similar for both type of lipid, even when 

the films are mixed Only as the temperature is high and the monolayers is formed 

by DSPC or with very high proportion of this lipid, the work values increase respect 

to the others, again due to higher mobility of the hydrocarbon ch;pns in this 

molecules comparing with the structure more rigid of the Sph molecules. 

Acknowledgment: This work has been financially supported by the Comisi6n Interministerial de 
Ciencia y Tecnologfa (CICIT), project no. 94-0560. 
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Abstract 
Axisymmetric drop shape analysis (ADSA) of pendant drops is a methodology 
which may be applied to a large variety of dynamic and equilibrium studies of 
adsorption layers of soluble surfactants and proteins as well as monolayers of 
insoluble molecules. Adsorption kinetics measurements of protein solutions have 
been performed with the technique. The measurements allow us to determine the 
mechanism controlling the adsorption kinetics, which is rather complex for solutions 
of protein and protein/surfactant mixtures. At low protein concentration and short 
adsorption time, no surface tension changes are observed. This induction interval has 
been observed for other proteins as well, but a reasonable theoretical model 
explaining this phenomenon has not been proposed so far. As a consequence the 
effective diffusion coefficients determined under these conditions are much higher 
than expected. At higher concentration and longer adsorption times the calculated 
values for the effective diffusion coefficient agree well with expected values. 
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1. Introduction 

The pendant drop technique, based on video image acquisition and Axisymmetric 
Drop Shape Analysis (ADSA), is a novel methodology with many applications [ 1 -5] .  
It has been used to study dynamic and static adsorption processes of surfactants [ l ]  
or proteins [2, 3 ]  as well as mixtures and insoluble monolayers [4,5]. All these 
studies can be performed at the liquid/air and liquid/liquid interfaces. It has also been 

applied to investigations of dilational rheology and exchange studies of surfactant 
and protein adsorption layers [ l ,  2]. 
The aim of the present study is to demonstrate application of the pendant drop 
method to aqueous protein solutions. The method allows measurement of the 
dynamic surface tension of aqueous - lactoglobulin and -casein solutions and 
highlights peculiarities in the adsorption behaviour of these proteins. 

2. Experimental set-up and materials 

A schematic of the pendant drop apparatus used in this study is shown in Fig. I .  The 
method is based on video-enhanced detection of drop shape coordinates from which 
the surface or interfacial tension can be obtained through a fitting procedure 
employing the Gauss-Laplace equation. The main features of the apparatus are a 
light source (L), a video camera (CCD) with objective, frame grabber (D) and a PC. 
The shape coordinates of the drop, formed at the tip of a capillary (C) attached to a 
syringe (S) are determined using a grey-level analysis on the PC. 

L 

@ 
D PC 

Fig. 1 Schematic of a pendent drop set-up 

The surface tension Y is the only variable parameter in the fitting procedure used in 
the ADSA software [6]. The accuracy of the Y -measurements is of the order 
±0. l mN I m . B-casein, a sample from bovine milk (SIGMA C-6905, Lot 
12H9550), and B-lactoglobulin (SIGMA L-0130, Lot 9 1H7005) were used without 
further purification. The molecular weight of B-casein and B-lactoglobulin were 
24,000 and 1 8,400, respectively. All experiments were performed in phosphate 
buffer solution, prepared from Na2HP04 and NaH2P04• The surface tension of a 
1 0  mM buffer at pH=7 was 72.7 mN/m. 
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3. Determination of the adsorption from dynamic surface tensions measurement 

Dynamic surface tensions is the most accessible parameter for determination of the 
adsorption mechanism of surface active material at liquid interfaces. There are 
quantitative theories that describe the adsorption kinetics of surfactants, but for 
polymers in general and proteins in particular, no such models exist [7 - 9]. In this 
paper we apply a diffusion-controlled adsorption model to experimental data for 

aqueous protein solutions. The diffusion coefficients (Derr) obtained in this way are 
only effective values, but they can be used to derive information about the 
mechanism of the adsorption layer formation. Values of D,rr much smaller than 
physically sensible values indicate that additional processes hinder the adsorption, 
for example, rearrangements of adsorbed molecules at the interface. Much larger 

Derr-values indicate that additional assumptions are necessary to explain a process 
apparently faster than diffusion. Such process could be a fast surface spreading of 
adsorbed molecules at comparatively low surface coverages. 
The slopes at t � 0 and t � a) can be used as good approximations for the 
determination of diffusion coefficients from y ( t ) -dependencies . At t � 0 and for 
low protein concentrations, no special prerequisites (such as an adsorption isotherm) 
are necessary and diffusion coefficients can be determined directly from the y ( t ) 

dependencies. However, use of the long time approximation procedure requires 
knowledge of the thermodynamic equilibrium state of the adsorption layer. 
An effective diffusion �oefficient can be determined from a short time 
approximation [ lO] using the following 

D,rr = %[ R�c (d
dJtLJ ( 1 )  

where R i s  gas constant, T the temperature and c the bulk concentration. 
The surface tension at t=O cannot be measured but extrapolation from the data leads 

· to y = y 0 where y 0 is the surface tension of the solvent. Only if this prerequisite is 
fulfilled can Eq. ( 1 )  yield reasonable values of D,rr· 
In the long time approximation, the following equation can be derived [ 1 0] from the 

adsorption isotherm, 
( dy )4 

D,rr = rr d ine 2 ( RTc[ 
d(�� Jt LJ (2) 

Further theoretical models and a review of experimental examples on various protein 
systems have been described for example in [ 1 1 ] .  
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4. Results and discussion 

The time dependency of surface tension for B-lactoglobulin and B-casein is shown in 
Figs 2 and 3. It can be easily seen that the shape of the y (t)-dependencies relates 
strongly to the protein concentration. In particular, the initial slopes at low 
adsorption times exhibit a behaviour which is obviously different for lower and 
higher protein concentrations. 

Fig. 2 
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Fig. 3 y(t)-dependency of B-casein in phosphate buffer at pH=7, c=I 0-8 (•), 
1 0-7 (0), 1 o-6 ( + ), 1 0-5 ( {>) mole/I, 

At short adsorption times and low protein concentrations, the surface tension may 
even exceed 72.7 mN/m. This effect is not understood but an even more pronounced 
effect was observed with other protein systems [ 12] .  An induction period is evident 
were the surface tension remains nearly constant. This has also been reported by 
other authors [2, 1 3  - 16] .  A possible explanation for this specific effect with proteins 
could be a varying adsorption layer thickness. At the beginning of adsorption, 
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molecules spread and form a very thin layer until a primary coverage has been 
established. In this state no significant surface tension changes appear. Then further 
adsorption leads to an increase in the layer thickness which is accompanied by a 
noticable surface tension change. This change in layer thic�ess is only the 

consequence of molecular conformations and does not imply a multilay formation. 
There is no theoretical model so far which describes this process sufficiently. 
The effective diffusion o.ff of the two proteins at pH=7, calculated from Figs 2 and 3 

using the short and long time approximations Eqs. ( 1 )  and (2), are summarised in 
Table 1 .  Values obtained during the induction period are neglected. The short time 
approximation yields values much too large so that an additional process at low 

surface coverage must be assumed. 
However, the o.ff-values obtained at higher concentration and longer adsorption 
time agree well with physically expected values, so that a diffusion-controlled 
process is likely. A better model including the adsorption during the induction period 
and possible changes of the adsorption layer thickness needs to be developed. 

Table 1 :  Efficient diffusion coefficients D,ff for B-lactoglobulin and B-casein at 
pH=7 calculated from a short time and long time approximation, 
respectively 

Protein concentration Deff from Eq. ( 1 )  D0rr from Eq. (2) 

[mole/I] [m2/s] [m2/s] 

B-Lactoglobulin 2 - 10-5 1 . 19 · 10-8 8.4 1 · 1 0-1 1  

1 - 1 0-6 2 . 1 5 ·  1 0-8 5.32- 1 0-10 

5 . 1 0-6 1 .2 1 · 10-8 3 . 19 · 10-10 

1 - 1 0-7 9.46· 1 0-9 9.28 · 1 0-8 

1 - 10-8 2.n- 10-6 5 .0 1 · 10-5 

B-Casein 1 . 10-5 9.42 · 10-9 6.73 · 1 0-10 

1 - 1 0-6 2.8 1 · 10-8 2.50· 10-8 

1 - 1 0-7 4.29· 1 0-8 l .3 1 · 1 0-6 

1 - 1 0-8 1 .48· 10-6 4.9· 1 0-3 

5. Conclusions 

The pendent drop technique is a methodology applicable to a large variety of 
dynamic and equilibrium studies. It is applicable to adsorption layers of soluble 
surfactants and proteins as well as monolayers of insoluble molecules. The 
adsorption kinetics of the protein solutions studied here show some peculiarities: at 
low concentration and short adsorption time, a negative surface pressure is observed. 
This effect has been observed for other proteins as well, but so far it is not 
understood. 



200 

The determined effective diffusion coefficients for low protein concentrations and 
short adsorption times are much higher than expected, suggesting that there is an 
additional mechanism acting at low surface coverage. This could be for example a 
fast surface spreading process of molecules arriving at an almost bare interface. At 
higher concentration and longer adsorption times the calculated diffusion 
coefficients values are physically realistic. 
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Abstract 

Two phospholipid compounds, DPPC and DMPE, have been used to investigate 
phase transitions and monolayer behaviour at air/water and dodecane/water 
interfaces and their adsorption behaviour at chloroform/water interface by using the 
axisymmetric drop shape analysis (ADSA) technique. The pressure-area isotherms of 
Langmuir monolayers of such phospholipids obtained by ADSA show good 
agreement with conventional LB balance measurements. 
Adsorption processes of DPPC and DMPE monolayers at the chloroform/water 
interface depend on the concentrations of solutions and adsorption time. 'In the 
concentration range of 0.0004 to 1 mM/l and the time interval of 1000s to 50s 
adsorption layers do not undergo clear phase transitions when increasing the 
interfacial pressure via increasing bulk concentration. The adsorption isotherms 
reflect a typical adsorption behaviour up to a critical concentration of aggregation of 
the phospholipids. 
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1. Introduction 

The axisymmetric drop shape analysis (ADSA) was developed as a methodology to 
study dynamic and thermodynamic properties of surfactant and protein adsorption 
layers [ 1 -4]. Recently ADSA was used as a film balance to study the surface 
pressure/area isotherm of an octadecanol monolayer [5, 6]. 

ADSA as a film balance to study fundamental characteristics of phase behaviour of 
assembled monolayers at liquid/fluid interfaces has several advantages: homogeneity 
of temperature, surface pressure, surface concentration, symmetry of area changes. 

The main objective of the present work is to test the capacity of ADSA as a film 
balance in a larger molecular area variation interval at the air/water interface and to 
demonstrate the applicability to monolayers at a liquid/liquid interface. In addition to 
the monolayer behaviour the adsorption behaviour of the phospholipids, DPPC and 
DMPE, at the chloroform/water interface was studied. 

2. Theory, Materials and Experiments 

From the shape of an axisymmetric pendent or ses3ile drop the interfacial tension can 
be determined by fitting the Gauss-Laplace equation to the experimental drop 
coordinates, 

Here y is the interfacial tension, RI >R2 are the two principal radii of curvature, L'lP 
is the pressure difference across the interface, L'lP = L'lP0 + ( L'lp) gz, and L'lP 0 is the 
reference pressure at an arbitrary reference plane, i1p is the density difference 
between the fluids, g is the accelaration due to gravity, z is the vertical height above 
the reference plane. 

The experimental set-up of the pendent drop used in the present studies has been 
described in another paper of this book [7]. The experiments can be performed for 
very different systems, as shown in Fig. 1 .  In the simplest case a) the surfactant is 
dissolved in the liquid, for example water, and the change of the drop shape with 
time yields the adsorption process of the surfactant at the drop surface. The 
technique works in the same way when the surfactant is dissolved in both liquid 
phases, or when two different surfactants are present in the two liquid phases (case 
b ). By spreading an insoluble surfactant, dissolved in a solvent, on the surface of a 
drop, even insoluble monolayers can be studied with the pendent drop technique. 
Compressions and expansions of the mono layer are performed by changing the drop 
volume (case c) [5]. 
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( ) 

a) b) c) 

Schematic of pendent drop experiments; a - adsorption at a liquid/gas 
interface, b - adsorption layer formed from both sides at a liquid/liquid 
interface, c - monolayer at a liquid/gas interface 

A study of an insoluble monolayer at the liquid/liquid interface is readily possible, in 
contrast to experiments with a conventional Langmuir trough. First the monolayer is 
spread on the surface of a water drop. After the solvent has evaporated from the 
surface (at least 1 0  min) the drop is gently immersed into the second liquid, in the 
present example into n-dodecane. Then, compression and expansion of the 
monolayer is produced again by drop volume changes. As ADSA provides drop 
volume and area data in addition to the surface tensions, the absolute interfacial area 
is well known at any time of the experiment. 

The lipids DPPC and DMPE (99%+purity) from Sigma were used without further 
purification. For spreading they were dissolved in chloroform with a concentration of 
0.0001 mM/L. Chloroform and n-dodecane with 99% purity were purchased from 
MERCK and Sigma, respectively. Chloroform for adsorption measurements was 
saturated with Millipore water for about a week. Then the saturated chloroform was 
used to prepare a series of phospholipid solutions, and the saturated water was used 
to produce the chloroform/water interface. The water used in all experiments was 
prepared in a Millipore apparatus. 

3. Experimental Results 

The compression isotherm of a DPPC film on a water surface is shown in Fig. 2. The 
surface area of the pendent drop has a rather large variation from about 0.23 to 
0.58 cm2 during compression, necessary to vary the pressure from 0 to 5 1 .0 mN/m. A 
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first order phase transition occurs at 82 AZ/molecule which leads from the LE to LC 
phase. The following coexistence region of LE and LC is between 82A2 and 58A2 
and the surface pressure is above 6 mN/m in the LC phase. Comparing the whole 
process of phase transition, ADSA shows results consistent with the conventional 
film balance measurements. 

The n(A)-isotherm reaches pressure values up to about 55 mN/m as the film is 
compressed. This value is very high and was not reached so far on usual Langmuir 
troughs. 
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In addition to the above DPPC film measurements, a second monolayer, DMPE with 
a small head group, was investigated. Although the two phospholipids are very 
similar in their structure they show different phase behaviour. For example the 
DMPE monolayer exhibits a region of small slope changes at higher surface 
pressures. Our results with ADSA show a less pronounced phase transition and the 
pressure is somewhat higher than expected. The reason could be a comparatively fast 
compression so that equilibrium conditions were not fulfilled. 

Unlike films at the air/water interface, the isotherm of DPPC at the water/dodecane 
interface firstly shows a gaseous phase with a plateau region [8] beginning near 100 
A2/molecule indicating the coexistence of an isotropic fluid and a liquid condensed 
phase. For molecular areas below 70 A2/molecule the film is almost completely in 
the condensed phase. Similar phase behaviour was also observed for another 
phospholipid in the same interface system [9]. Our results for DPPC from ADSA are 
in good agreement with the LB balance measurements. The same good agreement 
was obtained for DMPE monolayers. 
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In a third series of experiments the phospholipids were dissolved in chloroform and 
studied at a water/chloroform interface. In this case the phospholipids adsorb from 
the chloroform phase at the interface and an adsorption isotherm can be obtained by 
measurements in a certain bulk concentration interval [l O]. The results for DMPE are 
shown in Fig. 4. 
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No significant phase transitions or coexistence regions are observed. From the slope 
of the adsorption isotherm the area per molecule can be calculated. The values for 
both DPPC and DMPE are about 45A2/molecule, which is very close to the 
molecular area values for an insoluble monolayer. 
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4. Conclusions 

The experimental results show that ADSA allows measurements of adsorption layer 
and monolayer isotherms in a very broad molecular area interval without any set-up 
modifications. Compared with the conventional LB trough the ADSA technique has 

several advantages: easy monolayer studies at the liquid/liquid interface, uniform 
temperature, concentration and pressure, less external disturbances, high temperature 
measurements. A disadvantage is less accuracy of the amount spread on the surface 
and the so far rather high compression rates. 

Adsorption studies of soluble phospholipid layers at a chloroform/water interface by 
using the pendent drop technique exhibit a diffusion controlled adsorption behaviour, 
like typical surfactants. Unlike the insoluble monolayer, no phase transitions are 
observed within a wide concentration range within the time interval studied. 
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ABSTRACT 

Molecules of Octadecyltrimethoxysilane ( CH3 - (CH2)17 - Si(OCH3)3), OTMS as 
current abbreviation, are amphiphiles and readily form Langmuir monolayers at the 
air water interface. Indeed the long alkyl chain insures the insolubility of the molecule 
in the aqueous subphase, whereas the polar head group, which consists of a silicon 
atom bonded to three methoxy groups ( -OCH3), provides the anchoring onto the 
interface. Upon contact with water, the methoxy groups hydrolyse into hydroxyl 
groups. It initiates a polymerisation process characterised by an in-plane condensation 
of the neighbouring hydroxyl groups. The presence of siloxane bonds (Si-0-Si) 
between molecules has been established by Okahata & all , based on F.T.l.R. 
measurements. So far however, neither the process, nor the structure of the 
polymerised monolayer, have been carefully investigated. In this study, we have 
unravelled the kinetics of the two steps of the polymerisation process (hydrolysis and 
condensation). For the hydrolysis, this was achieved through macroscopic rr-A 
measurements which detect the change of molecular area associated with the 
replacement of the bulky methoxy groups by smaller hydroxyl groups. We show that 
adjusting the pH pf the bulk water allows to control the rate of hydrolysis. As for the 
condensation, epifluorescence microscopy enables us to follow the apparition of the 
polymerised domains (typical area 100µm2) within the monolayer. At long times 
(2 hours on pH=2 water subphase), one reaches a two dimensional sheet of molecular 
thickness about 25 A and covering areas as large as several mm'. 
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Introduction : 

Silane molecules with long alkyl chains are frequently used as surface 
modifiers. For instance, Octadecyltrichlorosilane ( CH3 - (CH2)17 - SiC13,  OTS for short) 

is very well known to form self-assembled monolayers on natural oxides (silica, 
alumina ... ), when the substrate is dipped into a dilute solution of OTS in hydrocarbon 
solvent. Following deposition, the oxide surface, which is naturally hydrophilic 
becomes strongly water repellent. A possible mechanism of formation of the organic 
monolayer is based on the presence of a nanometer thick, physisorbed film of water 
onto the solid substrate. The silane molecules adsorb on the aqueous film through 
their polar trichloro head groups, whereas the chains are oriented towards the organic 
solvent. The adsorption process stops since the substrate is covered with a dense outer 
layer of non-reactive methyl groups. Upon contact with water, the head groups 
hydrolyse, and the chlorine atoms are progressively replaced by hydroxyl (-OH) groups. 
This allows intermolecular condensation, and the formation of an in-plane 2D 
siloxane network (Si-0-Si). Finally, following the removal of the water film by heat 
treatment, some of the unreacted hydroxyl groups may couple to the silanol groups 
(Si-OH) of silica, thus providing a covalent grafting of the film to the substrate2. 

In order to better understand the interaction between the organosilane 
molecules and the aqueous film, we have turned to a model system, namely a 
Langmuir film3 of n-alkylsilane molecules spread at the surface of water. Since those 
molecules can be considered as amphiphiles, a monolayer is readily formed. We have 
studied these monolayers by surface pressure isotherms and epifluorescence 
microscopy. These two complementary techniques allow to monitor respectively the 
hydrolysis and the condensation steps of the chemical reactions. We have selected 
Octadecyltrimethoxysilane ( CH3 - (CH2 )17 - Si(OCH3)3) rather than OTS in order to 
decrease the hydrolysis rate and to bring it into a convenient experimental range. 

Kinetics of the hydrolysis : 

Fig. 1 shows the reaction scheme for the hydrolysis of the methoxy groups. This 
reaction is associated, as pointed out by the figure, to a sharp decrease of the molecular 
cross section of the head group. According to CPK molecular models, the cross section 
of the head drops from 40A2 for the original trimethoxysilane group to 20A2 for the 
fully hydrolysed trihydroxylsilane group. On the other hand, the cross section of an 
alkyl chain in the all-trans extended conformation is known to be smaller than 20A2. 
The molecular area occupied by the molecule is therefo�e governed by the head group 
cross-section. 



CH3 
CH! \ (CH2)14 
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H CO/ \ •ocH, 3 OCH3 
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CH3 
CH! . \ (CH,)14 
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HO/ \ •oH 
OH 

... o 2 ... 
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fig. 1: Hydrolysis of the trimethoxysilane head group. 
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Surface pressure - area per molecule measurements are well suited to detect 
such a decrease in molecular cross section. In order to follow continuously the 
chemical evolution of the monolayer, we have monitored the time evolution of the 
area per molecule at constant surface pressure ( 1t = lOmNm-1) and temperature 
( T = 20°C ). As shown in fig. 2-a, the expected decrease of the area per molecule from 
40 ± 5A2 to a limit value of 20 ± 1A2 is obtained over a period of 1000±300 minutes. 

A(t)IA_ Jt=IOmNrn"1, T=20°C, pll"':'i :'ii0.5 1400 t "' 
� 

] 1 .8 A_ =20±1A2 '2 1 200 
'il + 0 -;;; 1000 E 1 .6 i 1l. BOO 

] 1.4 600 .8 
] t1% � 400 

� 1 .2 

\ 
"' 

200 

l 
0 200 400 600 800 1000 10  1 2  14  

Time (min) pH 
fig. 2-a- fig. 2-b 

fig. 2-a- Temporal evolution of the area per molecule at constant surface pressure. b
Influence of the pH of the aqueous subphase on the time to complete hydr�lysis. 

A somewhat surprising feature of this curve is the abrupt change of slope 
separating two different regimes. At first, the hydrolysis rate is slow but it markedly 
accelerates after about 150±50 minutes. The most plausible explanation is that the 
model of a simple hydrolysis for all three methoxy groups is oversimplified. Once a 
methoxy group has been replaced by an hydroxyl group, the remaining methoxies 
become more sensitive to hydrolysis. Therefore one has to assume different rate 
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constants for the first, second and third hydrolysis respectively4. Secondly, the pH at 
the interface has decreased and the hydrolysis is known to be catalysed by acidic 
conditions. Thirdly, the cleavage of the methoxy groups may be caused not only by 
hydrolysis but also by direct coupling with hydroxyls located on neighbouring 
molecules : = Si - OCH3 + HO - Si =-->= Si - 0 - Si + CH30H . The combination of all 
these effects is quite sufficient to explain the complexities of the observed kinetics4. 

A convenient definition of the hydrolysis rate is to use the time t13 at which the 
average area per molecule has dropped to 1 % of the asymptotic value. For pH=S.5, t1 % 
equals 1000±300 minutes. Fig. 2-b displays the dependence of t13 versus the pH of the 
water subphase. The longest time is obtained at pH=7 and exceeds one day. On the 
other hand, at pH below 2 and above 12, it becomes shorter than the response time of 
the system (10 minutes). This variation is consistent with the fact that hydrolysis is 
catalysed both by protons and hydroxide with acidic and basic media respectively. A 
similar curve has been reported for the hydrolysis of Tetraalkoxysilanes (Si(OR)4, with 
R an alkyl group) in three dimensional sol-gel processesS,6 . This strong pH 
dependence provides us a simple way to adjust the hydrolysis step in a time range 
convenient for the observation of the subsequent network formation. 

Kinetics of intermolecular condensation : 

CPK molecular models indicate that the cross section of the head group does not 
change during the condensation reaction, ( = Si - OH + HO - Si =-->= Si - 0 - Si = +H20). 
Thus, surface pressure measurements cannot be· used to monitor the polymerisation 
step. On the other hand, X-ray diffraction experiments4,7 have given evidence that the 
molecules are highly condensed in the final stages of the reaction of polymerisation. 
This suggests to use direct visual observation to follow the growth of polymerised 
domains. Indeed if one mixes the OTMS molecules with a small amount of 
fluorescent markers, the dye molecules will have a tendency to be expelled from the 
densest close packed regions of the monolayer. We should therefore be able to observe 
the formation of dark domains within the monolayer, if the polymerisation process is 
controlled by a nucleation and growth process. This is achieved by using 
epifluorescence microscopy, with a lateral resolution of a few micrometers 

In order to follow the condensation, we have dissolved 0.5mol% of NBD-ODA 
(4-octadecylamino-7-nitrobenz-2-oxa-1,3-diazole) with OTMS molecules before 
spreading the monolayer on the aqueous subphase at neutral pH. For an area per 
molecule of 60A2/molecule, the film exhibits a homogeneous uniform grey phase 
(fig.3-a), in agreement with the it-A isotherm which indicates that at such surface 
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concentration, the monolayer should be in its liquid expanded phase4. To launch the 
condensation process, we then quickly lower the pH to an acidic value of 2±0.5. As 
discussed above, the time to complete the hydrolysis at this pH is one hour. 20-30 
minutes after lowering the pH, black domains appear within the monolayer (fig. 3-b). 
By expanding and compressing the film, we checked that once formed, these domains 
are irreversible. Therefore they do not correspond to the gaseous bubbles, nor to the 
liquid condensed islands, which are frequently observed in the coexistence regions of 
the phase diagram of amphiphilic monolayers3-b. The irreversibility strongly suggests 
that intermolecular condensation has occurred within the domains and that a 2D gel 
phase has been formed over macroscopic distances. 

fig 3-a fig 3-b 
fig. 3 :  Epifluorescence images of an OTMS monolayer at 60A2/molecule just after pH 

lowering (fig 3-a) and 20-30 minutes after (fig 3-b). 

During the next 30 minutes, more black domains appear at random places 
within the monolayer and each domain grows up to a limiting size of 100±50µm2. 
After one hour, no further evolution is discernible. The final monolayer is composed 
of black domains surrounded by a grey phase, which itself is floating into a dark gas
like phase. The apparition of this latter phase is due to the fact that the surface 
pressure is not held constant in this experiment. Thus the free surface created by the 
shrinkage of the molecular area discussed previously is not compensated by the 
compression of the film. The grey phase is not fluid, possesses sharp, irregular edges, 
and inhomogeneities of the dye concentration within the phase are clearly visible. All 
this suggest that the grey phase is partially polymerised at least at the macroscopic 
level. 

Our experiments show that hydrolysis and most of the condensation take place 
simultaneously. This is markedly different from the case of Tetraalkoxysilanes 3D sol-
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gels, for which the condensation is much slower that the hydrolysis : more than one 
week as compared to one hour at pH=2. The reasoning leading to the higher 
condensation rate in 2D is the higher probability of contact when the molecules diffuse 
over a surface rather than within a volume. In addition condensation reactions are 
topochemically favoured in Langmuir monolayers, first because of the pinning of the 
reactive head groups in the plane of the water interface, second because of the high 
surface density. 

Conclusion : 

By studying separately the hydrolysis and condensation kinetics of n
alkyltrialkoxysilane at the air water interface, we have shown that the time scales are 
the same for the two processes. As soon as hydroxyl groups are formed within the 
monolayer, the molecules start to condense. This is in agreement with the fact that 
cross-linking reactions are topochemically favoured. The rates of hydrolysis and 
condensation can be controlled over two orders of magnitude by adjusting the pH of 
the subphase. This has enabled us, in a separate work, to study the microscopic 
structure of the polymerised monolayer by Grazing Incidence X-Ray Diffraction4,7. 
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The effect of varying the subphase composition on the polymerization kinetics of 
linoleic acid Langmuir monolayers was investigated. The pH of the TbC13 subphase 
was found to have a dramatic influence on the compressibility of the monolayer. The 
appearance of a condensed-like phase at pH's beyond a critical value was interpreted 
in terms of the formation of a monohydroxy complex of Tb metal ions and its 
interaction with the ionized monolayer. The condensation was highly specific to the 
metal ion, Al, Pb and Zn were studied for comparison. By tuning the condensation 
of the monolayer a pronounced increase of the polymerization rate was observed. A 
model for the reaction kinetics is presented. The fit of experimental data to the model 
implied that the reaction was of first order. The . temperature dependence of the 
reaction was observed to be very weak and actually the Arrhenius plot could not be 
applied to accurately determine the activation energy. The insensitivity of the reaction 
of linoleic acid towards oxygen as well as the little temperature dependence of the 
reaction rate strongly suggest that the reaction follows the ionic polymerization 
mechanism. 
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Introduction 

Langmuir-Blodgett (LB) technique offers an illustrative possibility to study the 

polymerization processes of reactive amphiphilic monomers at the gas/liquid 

interface.1·Bl We have recently studied the reactivity of some unsaturated fatty acids 

with either one or two nonconjugated double bonds in the middle of the hydrocarbon 

chain. 6•7•9•10l The kinetics can be followed in real time and the rate of the reaction may 

be determined within the proposed model. The intermolecular distance can be 

controlled by adjusting the surface pressure. Furthermore, the molecular arrangement 

of surfactants having an ionizable headgroup can be tuned by varying the subphase 

composition.11•13l By a certain choice of the subphase composition and pH, the 

processability of even an initially expanded film may be enhanced decisively. 

The surfactant used in this work, cis-9,12-octadecadienoic (linoleic) acid (LA), was 

obtained from FLUKA and used without further purification. The substance was 

dissolved in n-hexane to form a solution with a concentration of 1 mg/ml. Until 

spreading, the solution was protected against light and stored in a refrigerator. TbC13, 

A1Cl3 (FLUKA), Pb(N03)z and ZnS04 (Merck) were used as the subphase salts and 

were PA-grade. The pH was adjusted by the addition of 0. 1 M NaOH or HCL 

A KSV LB-5000 Langmuir trough (KSV-Instruments, Helsinki, Finland) with a 

Wilhelmy balance was used for the monolayer formation. Monolayers were obtained 

by spreading the solutions on a thermostated (20 ° C) subphase containing the metal 

ions. The Milli Q filtration system (Millipore Corp., USA) was used to purify the 

water for the subphase having a resistance of 18 MQ cm. 

The monolayer irradiation was carried out using a 30 W low pressure mercury lamp 

placed 0.15 m above the monolayer. The reaction kinetics of the monolayer was 

monitored as a change in the barrier speed and mean molecular area while 

simultaneously keeping the surface pressure constant. The Langmuir trough was 

protected against natural UV-light with an absorbing yellow semitransparent plastic 

sheet. 
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The phase behaviour and polymerization kinetics 

Figure 1 shows the compression isotherms of linoleic acid at various pH of the ThC13 

subphase. At low pH the compression leads to a pure liquid-expanded (LE) monolayer 

with a collapse pressure of ca. 32 mN/m. At this pH the monolayer is fully 

nondissociated and thus no interaction with the metal ions takes place. With 

increasing pH the degree of dissociation of the monolayer increases giving rise to the 

interaction with the Th-ions. Despite the decrease of the mean molecular area (fig. 1 ,  

curves 1 -3) the Th
3
+-ions are not able to fully condense the monolayer. Increasing the 

pH further accelerates the formation of Th(OH)2+ complexes. The interaction of these 

complexes with the ionized acid molecules leads to an energetically and sterically 

most preferable packing structure and the monolayer now appears in the solid

expanded (SE) state (fig. 1 ,  curves 4-5). The same kind of phase transition can be 

generated by using Al-ions, even so that the LE-SE transition takes place already at 

pH-interval 3.5-4.7. However, no phase transition was observed for the subphases 
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FIGURE 1. Compression isotherms of linoleic acid monolayers measured on a 104 
M ThCl3 subphase. 
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containing either Pb or Zn. A s  a crude rule it may be concluded that divalent ions, 

even if they form monohydroxy complexes, are not able to condense monolayers of 

cis-type unsaturated fatty acids. For the hydrolysed trivalent ions this is evidently 

possible. However, the condensing mechanism in the Al-linoleic acid and Th-linoleic 

acid systems seems to be different. Th forms only monohydroxy complexes while 

within the rather complex solution chemistry of Al it seems to be the dihydroxy 

complex (Al(OH)/) that is responsible for the best packing arrangement in the 

linoleic acid monolayer.10> 
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FIGURE 2. The barrier speed vs. time of a linoleic acid monolayer during the UV
irradiation. The UV-light was switched on at time t=O min. The measurements were 
carried out in normal air on a 10-4 M ThC13 subphase (- - -) of pH 6.9 and A1Cl3 
subphase (-) of pH 4.8 and under a constant surface pressure of 15  mN/m. Inset 
is the decrease of the monomer concentration as a function of time (eqs. 4 and 5). 

As a results of the ability to control the phase behaviour of linoleic acid monolayers, 

a pronounced increase in the monolayer reactivity could be obtained compared with 

earlier reports.6•7> Typical kinetic curves of linoleic acid monolayer polymerization at 

the Th (pH 6.9) and Al (pH 4.8) subphase are shown in figure 2. The time t=O min 

corresponds to the switching on of the UV-lamp and the reaction-induced area 

contraction of the monolayer gives rice to the barrier movement. It is clearly seen that 
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the initiation of  the reaction differs for the two systems. The curve measured on the 

Al-subphase follows almost an ideal first order kinetic curve whereas a delayed 

increase of barrier speed in the curve corresponding to the Tb-subphase indicates that 

some initiation process preceding the polymerization reaction takes place. In both 

cases the reaction-induced decrease of the mean molecular area was ca. 7.5-8.5 A2• 

The reaction kinetics model is based on the assumption that for each reaction step the 

UV-irradiation-induced change in mean molecular area, 

A<a> = <a>0 - <a>� , (1) 

is equal. <a>� corresponds to the completion of the reaction and can be read from the 

kinetic reactivity curve if taking into account the initial monolayer instability.9> The 

mean molecular area at time t can be written as 

<a>1 = <a>0 - ((N0-Ni)/N0)A <a> = <a>0 - xA <a> , (2) 

where N0 is the number of spread molecules, N1 is the number of monomer molecules 

at time t, and x is the fraction of reacted monomers. The speed of the macroscopic 

area contraction relates to the average speed of the compressing barrier which can be 

further correlated to the reaction rate at the molecular levet.9> Assuming a first order 

reaction, the reaction rate law is given by 

dN/dt = -kN1 , (3) 

where k is the reaction rate constant. The integration of (3) from the initial boundary 

values (t = 0, N = N0) to that corresponding to time t (N = Ni) leads to 

In (NJN0) = -kt , (4) 
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which can be directly applied to the experimental kinetic curve since 

(5) 

Inserted in fig. 2 is a plot of equation (4) according to the shown reactivity curves 

and the relation given in equation (5). The linear fit indeed implies that the reaction 

is of first order. This concerns especially the case of Al-subphase. The values of k 

obtained as the slope of the curve are k = 3.0• 10-3 s-1 for Al-LA and k = 2.8 · 10-3 s-1 

for Tb-LA at the given temperature (20°C) and surface pressure ( 15  mN/m). The 

temperature dependence of the reaction has been found to be very weak.9> The 

reaction was also insensitive to oxygen.9> This indicates that the reaction follows the 

ionic polymerization mechanism rather than radical polymerization. 14-16> 
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Recently, two methods 1 ,2 ) have been developped to study the two
dimensional shear modulus of insoluble monolayers at the air-water interface. 
Abraham & al. l ) used direct method where the shear is applied to a solid 
monolayer, with an apparatus of about one centimeter, thus probing a 
polycrystalline structure. Their analysis gives a very low value for µ, the shear 
modulus : µ<0. 1 mN/m, for C20H4 1  OH. On the contrary, Bercegol & al.2) , by 

bending an isolated 2D monocristal, obtain a very different value (-3000 mN/m, 
for the Young modulus of a monolayer of NBD stearic acid). 

We present in this paper a third method which permits to determine the 
elastic constants using X-ray diffraction. It is well known that in 2D systems3), the 
Bragg peaks are replaced by power-law singularities: 

loc I Q-Qo 1 -<2-T\l (1 ) 

where the power law exponent is directly related to the Lame coefficients '),, and µ 
by the following relation4) for hexagonal symetry: 

T\ = ((kBT/4rcµ)(A+3µ)/(A+2µ))Qo2 (2) 

Recent progress5) on high resolution grazing incidence diffraction at the ESRF 
allows to determine T\, in the interesting range for monolayers. In addition, the high 
resolution enables also to measure the static monolayer compressibility modulus K, 
by studying the Bragg peak position Qo versus lateral pressure (K= - 112Qo 
drc/dQo). K is related to the Lame coefficients 'A and µ by the relation : 

K= 'A + µ. (3) 
With the two experimental determinations of T\ and K, we thus can use the two 
equations (2) and (3) to obtain '),, and µ. 

1second actress: ESRF, BP 220, 38043-Grenoble Cedex 
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We have studied a 1 -decanol (C I OH2 1  OH) monolayer at the air-water 
interface. After deposition of a drop of solutions in dodecane with different 
concentrations (25%, 50%, 60%, 75% et 100% and alcohol in alkane) on the water 
surface, the drop gets spontaneously surrounded by a monolayer of pure alcohol6) . 
Surface tension measurements show that the lateral pressure decreases of about 10 
mN/m with the dilution of the alcohol in the range of the above mentioned 
concentration 7) . 

Figure 1 shows the raw diffraction data for 1-decanol monolayer at T =4 °C 
and 1 1  °C. For each temperature, one displays two peaks with change in lateral 
pressure of 4.8mN/m. The melting transition is weakly first order at 14 .3 (± 
0.3)0C. The crystalline structure of the alcohol monolayer is hexagonal, the Jong 
axis of the molecules being vertical on average. We just recall that each point on 
diffraction data corresponds to the intensity integrated over 360 deg rotation of the 
trough. This was necessary to smooth the grain crystalline texture because the 2D 
crystals are very large5) . 
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Figure I :  Evolution of powder diffractogramms of 1-decanol monolayers at 4 °C and 1 1  °C with lateral 

pressure. Lines are the best fits. t,.: datas for pure decanoI;t: datas for decanol in dodecane (50/50) 

In Figure 1 ,  one observes large shifts of the Bragg peaks with temperature 
and small shifts due to pressure changes. All Bragg peaks are analysed with a power 
law shape (continuous lines on fig . I ) . The best fit gives the position Qo, the 
amplitude and the power-law exponent -(2-TJ) (details in reference 4). Fig. I reveals 
a clear broadening starting a few degrees below the melting transition. 
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Consequently, TJ increases with temperature. This indicates a softening of the lattice 
prior to melting. Tablel gives the results for TJ at 4 °C and 1 1 °C.  

Figure 2 displays the position of the Bragg peak centers Qo versus surface 

tension at two temperatures 4°C and 9°C. 

1 .47 
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::--:s 1 .46 d' 
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Surface tension (mN/m) 

Figure 2: Position of the Bragg peak centers versus the surface tension at constant temperature ( 4 °C 

and 9°C). Lines are the best fits. t :  at 4°C; b. :  at 9°C 

We expect a linear compressibility and the slope is equal to 
dQo/dcr=-(3 . 1Q-4+/-.5 1Q-4)A- l /(mN/m). It appears that this value does not change 

appreciably between 4 °C and 1 1  °C, in the range of the uncertainty of out experiment. 
We can extract the modulus of compressibility K. Then knowing K and TJ, we can 
deduce 'A and µ which determines completely the elastic tensor for this hexagonal 2D 
system. Table 1 shows the results at two different temperatures (4°C and 1 1 °C). 

T °C n K(mN/m) u(mN/m) 'A(mN/m) E(mN/m) 
4°C 0.36 ± .05 2440± 300 200 ± 80 2220 ±400 720 ± 300 
l l°C 0.41 ± .05 2420 ± 400 1 70 ± 50 2250± 400 630 ±200 

Table I :  Results of 11 and elastic constants values obtained for 1 -decanol monolayers at two 

temperatures (4°C and 1 1 °C). K is the compressibility modulus, 'A and µ the Lame coefficients 

and E the Young modulus. 

The values obtained for Young modulus in the 1-decanol mono layer (720± 300 
mN/m at 4 °C and 630± 200 mN/m at 1 1  °C) are of the same order of magnitude as 
those measured by B ercegol &al.2) in NBD stearic acid monolayer (3600 ± 1 300 
mN/m), a chain with 1 8  carbons. Our results are compatible with the existence of a 
2D crystal within the framework of 2D melting theories. The value of K is similar 
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to the one we deduce from X-ray data by Barton &al.8) in heneicosanol monolayers 
in the hexagonal phase. If we estimate the volumic compressibility (K'=KJI where 1 
is a chain length =13 .5A), we found K'=2 . 109 Pa. This value agrees with different 
works on chain compounds like fluorinated chains oligomers constrained by 
hydrostatic pressure (3 109 Pa, see refence 9). 
With the example of the 1 -decanol, we have shown that high resolution X-ray 

studies associated with surface tension measurements, enable to determine the elastic 
constants of monolayers at the water-air interface. The precision of this method 
relies mainly on the quality of the spatial caracteristics of the X-ray beam and on 
the high coherence of the 2D crystalline lattice. This method could be increased 
with the use of channel-cut monochromator and analyser and may also be applied to 
structures of lower symetry. 
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In this short review, we summarize a study of the mechanical 
properties of two-dimensional crystals obtained in a Langmuir 
monolayer. Crystal shape and elasticity have allowed use to measure 
the Young's modulus of a single monocrystal, and also observe the 
coexistence between an instantaneous and a time-lag crystal-breaking 
mode when stress is applied. 

The Kosterlitz-Thouless-Halperin-Nelson's predictions for two-dimensional 
solids, based on the idea of melting by dislocation unbiding, give a lower limit for 
Young's modulus. Langmuir monolayers are well adapted to compare real two
dimensional systems with this theory. The monolayers, we study at the free surface 
of water, are made of an insoluble amphiphilic molecule (stearic acid) including a 
fluorescent group (NBD) attached to the twelfth carbon of the aliphatic chain. The 
variation of the area accessible to the monolayer reveals a first order phase 
transition I) .  Hence, during compression of the water surface, we observe, by 
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fluorescence microscopy, a solid phase (area per molecule"'30 A2) coexisting with 
a liquid expanded phase (83 A2/molecule). In the liquid state, the molecule lies flat 
on the water surface, quenching the fluorescence of the NBD group, on the 
contrary an intense fluorescence is obtained when the NBD groups are lifted out of 
the water in the solid state. Recently, x-ray diffraction revealed a crystalline 
structure of this solid phase 2). 

In the absence of impurities due to oxydation of the molecule, crystals are 
long rodlike with two parallel sides (more than Imm long and 5 to 50 µm wide) 3). 

Such a shape allows micromechanical measurements on a single crystalline rod. 
Using 3 silanised glass fibers (10 µm diameter), perpendicular to the water surface 
and 0.5mm separated, it was possible to isolate then to apply a force to a rod. 
Bending a crystal in the plane of the water, then relaxing the constraint, the rod 
becomes instantaneously straight again. This absence of plastic deformation allows 
us to deduce the Young's modulus of the two dimensional NBD-stearic crystal 
from several plots of the extend of bending versus the applied force 4). The value 
obtained, 3660±1300mN/m, is in agreement with the Kosterlitz-Thouless theory on 
the melting of a two dimensional crystal, which predicts a lower value for the 
Young's modulus (for our crystal 700mN/m) 5,6) . 

Figure 1 :  fracture of a rod (50 µm wide) after a 3 points flexion. 
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During these measurements, it was found that a rod under a bending stress 
breaks after a delay time tB (Fig.I) .  To study the breakage time, statistics were 
done by measuring tB for different strains 't or rates of extensions of the external 
line of the rods under bending 7). The different breaking times measured for a 

given value of 't are grouped around their mean value t"B . Since, most of the 
observed dispersion on the experimental values of tB results from the low 
experimental accuracy in 't, the time-lag breaking appears to be a well-defined 

function of the applied stress. The breakage time tB versus l !t2 , on a ·  semi

logarithmic scale, is shown in Fig.2. The plot is linear except for large tB because 
of an experimental artefact 7,8). At high strain, the time-lag breaking remains 
however we also observe instantaneous breaking 7), Moreover, it has been 
observed that a rod keeps the memory of the applied strain that is, if the strain is 
released after a time t1 <tB and then applied again after a duration of t3, the rod 

will break after a delay t2 independent of t3 and such that t1 +t2=tB. 

I 

1 . 5  2 2.5 

1f't 2 

. 106 

Figure 2: mean time-lag breaking t"B versus lf't2 on a semilogarithmic scale. A 
point on this figure corresponds to a statistic where about 20 rods were broken. 
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The complexities of the mechanisms of fracture and the enormous vanety of 
material dependent effects has not yet allowed for the formulation of a universally 
encountered fracture behaviour. Several explanations can be given to understand 
our phenomena. 

First, the linear plot in Fig.2 is in agreement with a calculation of Pomeau 9), 
suggesting that the time-lag breaking results from the time of nucleation of a 
crack. This nucleation time is proportional to exp(-cd/td) , with d=2 for a two
dimensional model and d=4 in a three-dimensional model ( c being a molecular 
constant). The large exponent for three-dimensional crystals indicates that the 
range of strain giving observable times of nucleation is too small to be observed, 
contrary to the case of a two-dimensional crystal. However, the nucleation of a 
crack is due to a thermal process. Consequently, within the Pomeau's theory, the 
mean value of the time for nucleation is tn but the probability of nucleation is 
given by a Poisson law. We do not observe this law in our experiments: the 
breaking time is well-defined, suggesting that the breaking results from the 
percolation of a large number of cracks, N. According to the Poisson law, the 
distribution width for the time of nucleation of one crack is tn. ;However a crack 
percolation model predicts a width, tn/-YN. Our experimental results are best 
explained by the later, with N>> 100. 

Another way to explain the breaking mechanism considers the migration of 
point defects (vacancies, impurities) towards the region of largest stress, through 
the constraint yield. This assumption implies a plastic deformation which we did 
not observe, within the 1 µm resolution of the microscope. 

Finally, another suggestion results from considering the very anisotropic 
growth and optical properties of the solid domain. The appearance of a solid 
domain melting under the effect of a prolongated illumination, suggests that a solid 
domain is made of long fibers, the molecular forces being very different in the 
direction of the length and in the perpendicular direction. Considering this fibrous 
structure at the molecular scale, the process leading to the breaking is probably a 
succession of a large number of elementary processes. The elementary process 
could be the breaking of a fiber under stress, producing the progress of a crack 
from the edge of the domain. When the size of this crack reaches the critical size 
satisfying the Griffith critical condition, it propagates quickly IO). 

In addition, we have been interested in the effects of a prolongated bright 
light beam focused on a crystal. We have noticed that, for a rod in which the 
pressure remains constant, illumination implies the nucleation of local volumes of 
liquid at some points distributed at random inside the solid, leading to the process 
of melting (Fig.3). Whereas, for a crystal under a bending stress (i.e. 
corresponding to an inside stress gradient) melting occurs along the neutral axis of 
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the rod (Fig.4), which seems paradoxical with the Lifschitz's theory 11). However, 
our phenomenon seems to require the formation of impurities, in the crystal, 
generated by light and the presence of oxygen in the air . In this case, strictly two
dimensional theories of melting 12) can not be applicable here. Experiments are in 
progress to find the mechanism explaining these observations. 

Figure 3: melting of a rod (about 20 µm wide) without stress. 

Figure 4: melting of a rod under a bending stress: a volume of liquid has been 
nucleated within the solid, along the neutral axis of the crystal (bar=20 µm) 
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Above a surface pressure threshold Ile , we detect a buckling instability in the low 
temperature solid phase of a C1s-C1s phosphocholine monolayer spread at the air
formamide interface. Light scattering provides measurements of the threshold value 
Ile = 7 mN.m-1, and of the instability wavelength (A. z 38 µm) and amplitude � (a few 
nm). We report also preliminary results on temporal evolution of this phenomenon. 
The spectrum of this deformation shows several diffraction peaks. From their 
intensities and their positions, we conclude that these peaks are odd harmonics of a 
non-sinusoidal deformation. Main results of a theoretical model taking into account 
dipolar interactions and stress anisotropy are also presented. 

1. Introduction 
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Comparing Langmuir film behaviour on different liquids gives information about the 
effective role of the substrate on the microscopic film structure and on specific interactions 
between the polar heads and the substrate molecules. 

Amongst other liquids, formamide can be used as an alternative non-aqueous solvent to 
support amphiphilic monolayers 1-3) . Advantages are its high polar moment and dielectric 
constant, respectively 3.4 Debye and 109.5 at 20°C (versus 1 .85 and 80.2 for water). Its 
solvation properties, hydrogen bonds, surface tension (58.2 mN.m-1 at 20°C, versus 73 
mN.m-1 for water), and molecular stability make it as suitable as water for spreading 
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Langmuir films. Recently, the phase diagram of 1,2-Distearoyl-sn-Glycero-3-

Phophatidykholine (DSPC) on formamide has been determined from surface isotherms 

and fluorescence microscopy observations 4). One recovers the same variety of phases as on 

water (gas, liquid, solid and mesophases). 

A feature specific to a DSPC film spread on formamide is the spontaneous buckling of 

the low temperature solid phase above a surface pressure threshold Ile 5). This undulation 

has never been observed on water except on a polymerized monolayer 6). 
Grazing incidence X-ray diffraction was performed to determine the structure of this 

solid phase 7). The chains are organized on an oblique lattice, and their tilt, measured from 

Bragg rod scans, is about 35°. No structural change is observed when the surface pressure 

is varied from 1 to 38 mN.m-1. In the solid phase, the area per molecule is A=46 A2, and the 

compression modulus K = -Adil/ dA = 3500 mN.m-1 is very large compared to water ( K= 
500 mN.m-1 ). Two consequences of this specific behaviour must be pointed out : no phase 

transition can interfere with the buckling instability and the high rigidity of this phase 

seems to be an important ingredient for the occurence of the instability. 

The typical wavelength of buckling (a few µm) makes light scattering experiments 

relevant to characterize this deformation. Here we present first results of these experiments 

showing scattered peaks and dynamical evolution of the instability. Elements of theory and 

discussion which have been presented elsewhere 5) are briefly recalled. 

2. Direct observation of buckling 

Figure 1 is a scheme of the experimental set-up showing our home-made Langmuir 

trough with its two barriers symmetrical compression system. The surface pressure is 

measured with a filter paper suspended from a Wilhelmy balance. 

Figure 1. Sketch of the experimental set-up. 
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I 
In the solid phase (T<l9°C), uniaxial compression creates above the pressure threshold 

Ile an undulation roughly parallel to the orientation of the barriers and constant both in 

space and time. This buckling instability is directly visible by shadowgraphy (fig. 2) with an 

intensified camera (SIT 68, Dage-MTI) and a standard x20 or x40 objective : the roughly 
periodic deformation of the surface acts as a serie of alternate convergent and divergent 

dioptres. A characteristic length scale appears on these images of the orders of 10 µm and 

the deformation amplitude is a few nm (estimated from the distance between focalisation 

planes). 

However, extracting precise information from these images is delicate and more 

quantitative analysis will come from light scattering. 

Figure 2 . Shadowgraphic image of buckling. The Field is lOOxlOO µm. Arrows 
indicate the direction of compression. 

3. Light scattering experiments 

Using the buckled film as a grating, we measure the spectrum of the undulation by 

scattering the A.0=488 nm line of a 35 mW argon laser. The beam, driven through a 
monomode optical fiber, hits the horizontal xy -plane with incident angles 0i=35° and <!>=0°. 

We detect the signal scattered by the monolayer with a photomultiplier placed off the 
specular reflection, at 0r=35° and <I> * 0. 
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At <l><<l ,  the intensity scattered per unit solid angle di/ dQ is related to the 
amplitude of the deformation z by 8-9); 

1.. ..dl = S I �q i 2 � cos3S; 
Ir dQ 4it2 

where z = �(x,y) = L l;q exp (iq.i') 
q 

k is the incident wavevector, q is the transfer wavevector ( I  q I = 4it sin* sin 8; ) and Ir the A.o 
specular reflected intensity. 

All the experiments were performed at T =10°C. 

a) Dimamical properties 
First, the photomultiplier is set-up in a fixed position (<!>=4°, q=7360 cm-1). We exert small 

compression steps ( M=l A2 during a few seconds) and we detect the scattered intensity 
Iscat above a pressure threshold 11cexp. Figure 3 shows the temporal behaviour of lscat 
during and after a compression step. From a peak value reached at the end of compression, 
lscat relaxes and two regimes can be separated in this relaxation. In the first minutes, lscat 
quickly decreases, probably due to rearrangements of solid domains. After this fast decay, 
lscat slowly decreases on a longer time scale. After 10 hours, lscat reaches a quasi
equilibrium plateau value. Between 10 hours and 60 hours, the variation of lscat is 35 %.  
Note that this may not be directly related to buckling relaxation ( it may be  due to 
evaporation, degradation or solubility of the monolayer ... ) 
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Figure 3 . Pressure IT, scattered light intensity lscat and area per molecule A versus time t 

during and after a compression step. 
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This plateau value is zero for 4 mN.m-1 < TI <  7 mN.m-1 and strictly positive for TI >  7 
mN.m-1 . Thus the threshold for permanent buckling is about 7 mN.m-1 . 

These dynamical properties are strongly influenced by the history of the layer and 
especially by the relaxation time between two successive compression steps. For a same 

compression step, the peak value and relaxation time scale are smaller if the monolayer has 
previously relaxed for a longer time. However, the plateau value is roughly the same. Also, 

after decompressing the monolayer to TI�O mN.m-1 and waiting a few hours before 

recompression, the plateau is reached faster than for the "fresh" monolayer. We conclude 
that some peculiar rearrangements occur during the first hours. Further compression and 

recompresssion lead to reproducible results. In the following experiments, the monolayer 

has been allowed to relax long enough to get reproducible results. 

In figure 4, we plot the scattered intensity versus the surface pressure TI for different 

relaxation times At after each compression step. The time interval between two successives 

steps is 3h30. Iscat is a linear function of TI and the fit crosses the TI-axis at the same value 

Ticexr=7±1 mN.m-1 , whatever At. This can be extrapolated to infinite time and agrees that 

Ticexr �7±1 mN.m -1 is the threshold value for permanent buckling. 

Since I scat is continuous at Ticexp, we believe that this instability is second-order. 
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figure 4. Scattered intensity vs 1t at various relaxation time At. 
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b) Spectrum 

The spectrum of the buckled deformation is obtained by varying <I> when the intensity has 

reached its equilibrium value. A reference scan is performed in the solid phase at 
IT=OmN.m-1 . This reference is reproducible and is substracted from scans at higher 

pressures. Because of specularly reflected light at small angles, we cannot explore the 
I q J  S 2.5 103 cm-1 region. Figure 5 shows a typical scan at IT=8.6 mN.m-1 . 
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1J Cl> 2 1 0" 8 ... Cl> - n = 8 . 6 m N . m- 1 -IV (.) en 0 
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In-plane wavevector q (cm· 1) 

figure 5. Scattered intensity vs in-plane wavevector q at rr=8.6 mN.m-1 . 
Line shown to guide the eye. 

Over a symmetrical decrease, we see roughly periodic modulations in the intensity ratio 

I/Ir- Rather than succesive diffraction orders, we believe that these peaks correspond to 
harmonics of a non sinusoidal deformation above the threshold. By plotting the peak 
positions versus peak rank, it appears that they are odd harmonics of a fundamental mode 
at qi=1650 cm-1 (peak positions averaged on many spectrums are q3=5100 cm-1 , qs=8650 
cm-1 , q?=11600 cm-1 , qg=14700 cm-1 , qu=18000 cm-1 ). No clear dependence of these 

positions nor of the spectrum shape can be detected by varying the pressure. 
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From these scans, it is possible to extract a wavelength and an amplitude of the buckled 

state : Aexp=38 µm and V <�
2
> =  2 nm at it=8.6 mN.m-1 . These values have the same 

magnitude as those estimated from direct microscopy. 

3. Theoretical approach : dipolar interactions and anisotropic effects 

Here, we recall the main results of a theoretical model and discussion which has been 

presented elsewhere 5). 
Milner et al. 10) have shown that, in a fluid phase, buckling is a first-order instability and 

should always occur for a negative surface tension threshold 'Ye· We have modified their 

model by adding vertical destabilizing effects of dipolar interactions to classical stabilizing 

effects of gravity and surface tension (bending energy can be neglected) and we have 

shown that for a single-mode deformation of small amplitude, buckling is a second-order 
instability and occurs at a positive surface tension threshold Ye . 

We calculated Ye= 6 mN.m-1 , i.e ITcthe0=52 mN.m-1 for formamide. Considering that 

the dipoles are locally normal to the buckled surface or vertical along the z direction does 
not noticeably change these predictions. 

This theoretical pressure threshold is much larger than Ilcexp=7 mN.m-1 . These two 

values can be reconcilied by introducing stress anisotropy : in a solid phase, we can no 

longer use the isotropic concept of pressure and we must define a 2D-surface stress tensor 
Ilij which has its principal directions along the x and y direction 5,11) . In its minimum 

energy position, the filter paper is more sensitive to Ilyy while the theoretical value for the 

threshold corresponds to Ilxx· We expect Ilyy < Il xx, which is consistent with Ilcexp < ,  
IJctheo. 

The predicted wavelength at the threshold "-theo= 24 µm is smaller than the measured 

one. Note that a possible wavelength variation close to the threshold is not considered 

here. 

A complete theory should also take into account, for example, the presence of different 
solid domains with various orientations and non linear coupling between all unstable 

modes. 

4. Conclusions and perspectives 

A DSPC monolayer spread on formamide at T<l9°C is in a crystalline phase. In this 

phase, strong interactions between formamide and polar heads lead to a high stability of 

the monolayer and a large compression modulus. As a consequence, buckling occur before 
collapsing. 

Although buckling is directly observable by microscopy, light scattering is more adapted 

for a quantitative characterization. We have shown that dynamical properties of buckling 

depend on molecular rearrangements at short and long time scale. Threshold, wavelength 
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and amplitude are measured by this method. We also conclude that detected diffraction 

peaks are odds harmonics of a fundamental mode of a non-sinusoidal deformation. 
A simple theoretical model introducing vertical destabilizing effects of dipolar 

interactions and stress anisotropy is consistent with experimental results. 

We are optimizing the experimental set-up to scan smaller q with better resolution. We 

expect to understand the onset of the instability (q-dependence), the evolution during 

compression and the high pressure region (transition to the collapsed state). 

To test the validity of the model, we plan to measure the stress anisotropy by exciting 
capillary waves in two orthogonal directions. Preliminary results show that the surface 

pressure is different in this phase from the one measured by a Wilhelmy balance. It is 
larger in the direction of compression than in the perpendicular one. 
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Amphiphilic monolayers spread at the air-water interface and compressed to beyond the 
equilibrium spreading pressure of coexistence with the bulk phase (ESP ) , are metastable 
and "collapse" . Despite considerable effort neither the role of dimensionality and of the 
range of interactions on molecular ordering nor the mechanisms of collapse have been fully 

elucidated. The most likely routes to the bulk phase are a slow nucleation and growth process 
above a pressure Ilcollap'e [1 ]  (intermediate trilayer and multilayer states have been observed 
[2,3]) and, if the compression rate is high, a fracture process at II fracture > Ilcollap,e· The 
formation of trilayer structures has been suggested to arise from the buckling and folding 
of the monolayer [4], although the corresponding energies [5] and wavelengths are probably 
too large [6]. If a nucleation and growth process is to be retained, the solid bulk phase can 
either form at defects already present in the monolayer [5], or by homogeneous nucleation 
[1 ] .  The rate of collapse depends, in particular, on the temperature, the pH [7] and the 
nature and concentration of the cations in the subphase [8]. The collapse is expected to be 
strongly dependent on the initial state of the monolayer, and the choice of the solvent as 
well as the deposition procedure are essential in obtaining reliable results. 

10 , 12  pentacosadiynoic acid (PCA) is a diacetylenic amphiphile that can be polymer
ized under U.V. irradiation [9]- [ 1 1 ] .  Polymerizable diacetylenic films have attracted much 
attention since the work of Wegner [12] due to their potential applications. In the present 
context , the PCA presents the advantage of forming at low pressures on water very stable 
trilayers that can be studied in detail. The film can also be stiffened by polymerization. 
In this latter case, the much more stable monolayer buckles. All the collapse processes can 
therefore be studied with this same material. 

Collapsed films are highly inhomogeneous. Ignoring this inhomogeneity can lead to seri
ous misinterpretations. In this study we used Brewster angle microscopy (B.A.M.) to image 
the texture of the films in situ, and atomic force microscopy (A.F.M.) on transferred films 
when a better resolution was desirable (with the risk of structure or texture change during 
transfer) , together with pressure-area isotherm and x-ray scattering measurements .  
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II. THE 10-12 PENTACOSADIYNOIC FILM ON A BASIC BUFFER SUBPHASE. 

A basic subphase stabilizes the monolayer with respect to tri- or multi-layer growth (see 
below) ( 1 1 ] .  Isotherms of PCA spread on a sodium tetraborate buffer (pH=7.5) at different 
temperatures ranging between l 7°C and 30°C are given in fig.1 .  An expanded phase is 
formed at a high molecular area. The pressure in the expanded phase starts to increase slowly 
at about 0.80nm2 /molecule to reach a plateau of transition (first order transition) towards 
a more condensed phase. At a molecular area of about 0.3nm2 /molecule, the pressure 
increases again in the condensed phase. Finally the monolayer collapses at a pressure higher 
than 30mN /m. X-ray reflectivity experiments have been performed at room temperature in 
the expanded phase: the overall thickness of the monolayer is 1 .  76nm, with 0. 70nm for the 
upper alkyl section, 0.26nm for the lower alkyl section, 0.4nm for the diacetylenic rod, and 
0.4nm for the headgroup thickness. The expanded phase appears to be rather disordered. 
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fig. l :  left: schematic of the PCA molecule; right: surface pressure - molecular area isotherms for PCA on a 

basic buffer and a 1:9 ethanol hexane mixture as spreading solvent at different temperatures Insert: enthalpy 

of transition. 

The chain thickness in the condensed phase (2.lnm) is larger than in the expanded 
phase. The nucleation and growth of long (up to 600µm), narrow, ramificated domains can 
be observed by Brewster angle microscopy. Some of the domains appear to grow from a 
bright nucleus (fig.2 left) .  By carefully controlling the pH and the temperature, and using 
the 1 :9 ethanol/hexane spreading solvent mixture, a condensed film with very long range 
order ( lmm) is systematically observed (fig.2 right) .  This highly ordered condensed film is 
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ideal for the polymerization. 

fig.2: Brewster angle microscopy image on the expanded condensed transition plateau. left: nucleation of 

domains, right: highly ord,ered domains at the low area end of the plateau. The image size is 600µm x 600µm. 

III. POLYMERIZATION ON A BASIC BUFFER. 

The PCA was exposed to U.V. radiation both in the expanded phase and in the condensed 
phase. To avoid ozone oxidation (leading to a pressure increase after a few minutes exposure) 
the polymerization was performed under an Argon atmosphere. In contrast to the expanded 
phase, a long range polymerization is evidenced in the condensed phase. This suggests that 
the film has to be condensed and organized enough for polymerization. This is in some way 

in agreement with the often quoted topochemical nature of the polymerization reaction [9]-
[ 1 1 ] .  

The film area at constant pressure diminishes (about 10%)  upon polymerization suggest
ing a molecular rearrangement, in agreement with the x-ray measurements. The polymerized 

film can be compressed without collapsing to a much higher pressure than the unpolymerized 
film (> 40mN/m). Grazing incidence x-ray scattering has been performed on a polymerized 
film compressed to l5mN/m. A broad peak at qx = 4 x 1 0-4nm-1 can be attribuated 

to the buckling of the film in the third dimension [6] which has been observed with other 

polymerized systems and should be characteristic of such covalently tethered films without 
intrinsic tension. 
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IV. COLLAPSE OF THE 10-12 PENTACOSADIYNOIC FILM ON PURE WATER. 

Surface pressure - molecular area isotherms for PCA film on a pure water subphase 
at room temperature using chloroform as spreading solvent are shown in fig.3 for different 
speeds of compression. The first domains of condensed phase, appearing into the gas phase 
at the very large molecular area of 20nm2 /molecule, could be observed by B.A.M .. The 
pressure starts to increase at 0.32nm2 /molecule up to a bump at a molecular area of 0.256 ± 
0.005nm2• The pressure of the bump depends on the speed of compression. Moreover, 
for pressures below the bump pressure. the film is not stable. If the compression stops, 
the pressure slowly decreases due to collapse. The existence of trilayer domains in the 
gas - condensed phase coexistence region has been demonstrated using x-ray reflectivity 
experiments, atomic force microscopy and optical microscopy images even at molecular 
areas higher than 0.32nm2 /molecule. X-ray reflectivity has been performed at the constant 
pressure 7r = 3mN/m, and a molecular area slowly decreasing from 0.29nm2 /molecule to 
0.22nm2 /molecule during the 12 hour long experiment. The thickness of the film (6.75nm) 
is consistent with a trilayer. The corresponding x2 value of the fit is however rather high 
(ll) .  This is because the film is not uniform, as can be observed on A.F.M. images (fig.4) 
obtained on a film deposited at 5mN /m, but rather consists of rectangular trilayer domains. 
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fig.3: Surface pressure - molecular area isotherms for PCA on pure water subphase at room tempera

ture using chloroform as spreading solvent. The compression velocity is (a) 0.17nm2/molecule/s, {b) 

0.05lnm2 /molecule/ s, {c) 0.0l 7nm2 /molecule/ s, ( d) 0.05lnm2 /molecule/ s, (e) 0.0017nm2 /molecule/ s. 

Insert: The pressure of collapse as a function of velocity for PCA and for the liquid-crystal 4-cyano-4'-n 

octylbiphenyl (BCE). 
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The x2 value can be significantly improved by including a coexistence with a monolayer in 
the model. Trilayers could also be obtained by deposition of 3-dimensional PCA crystals (no 
spreading solvent) on water. In the latter case, we do not observe a monolayer, suggesting 
that the trilayer is the stable phase in equilibrium with the crystal at very low pressure, 
i.e. the monolayer would always be metastable. A.F.M. images shown in fig.4 obtained 

respectively at higher and lower pressure than that of the bump, show very different domains. 
In particular, after the bump (for an area 0.2nm2/molecule), the domains are smaller and 
thicker. This indicates that the collapse occurs at the bump which corresponds to the 
activation barrier necessary to create multilayer nuclei from the trilayers. Indeed, the smaller 
size and wide thickness distribution of the multilayer nuclei suggest that their origin is the 

break or folding of the previously observed trilayers. 

fig.4: Atomic force microscopy image of the trilayer (left) and the collapsed film (right) deposited on a 

silicon wafer. The image size is lOOµm x lOOµm. 

The collapse pressure of PCA is given in fig.3 as a function of the compression velocity. 
Remarkably, the collapse pressure is linear in the logarithm of the compression velocity: 

II =  Il0 + lllnV (1 ) 

with II = ( 1.63 ± 0.13)mN/m. Interestingly, another material forming trilayers at the air
water interface, the liquid crystal 4-cyano-4'-n octylbiphenyl (8CB) does not exhibit any 
speed dependence of the collapse pressure. 8CB is in a smectic A phase at room temperature. 
This suggests that in the case of 8CB the trilayer domains can form and/or grow freely 
whereas the formation and/or growth of "solid" multilayer domains of PCA requires to 
overcome some additional energy. Briscoe and Evans [13] have studied the sliding friction 
between two monolayers of fatty acid deposited on molecularly smooth mica substrates using 
a friction apparatus. They also found P = Po + adn V where P is the pressure applied to 
the film and a = 0.42MP, close to the pressure in the monolayer obtained by dividing 
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the surface pressure () by the monolayer thickness (0. 77 MP). A possible interpretation is 
therefore that the growth of multilayers gives rise to a sliding frictional force between layers 
which is more important at higher velocities. The dependence of the collapse pressure on 

V can also be due to the nucleation of more and more multilayer islands with increasing 
velocity. 

V. CONCLUSION. 

In this study, different processes by which an overcompressed monolayer escapes into the 
third dimension have been identified. Compressing the polymerized network, buckling in the 
third dimension was observed at a surface pressure 7r = 15mN /m and irreversible collapse 

at 7r > 40mN/m. With an unpolymerized film and pure water as subphase, intermediate 
trilayer domains have been evidenced at very low pressure ( < lmN /m). This trilayer is the 
stable phase in equilibrium with the crystal. Upon further compression the film breaks into 
multilayer fragments ,  with a logarithmic dependence of the collapse pressure on the com
pression velocity. We aim at describing this process in detail ,  and in particular the possible 
role of structural defects during the growth. 
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A b s t r a c t : We examine the effect of the molecular weight (Mw ) of 
polyethyleneglycol PEG on the stability of the lamellar phase made of sodium 
dodecylsulfate-octanol-water. This La phase can incorporate up to 30 % of PEG. 
The degree of solubilization is nearly independent of the size of PEG in the range 
Mw: 3350-22600, and is weakly dependent on the smectic period. For some 
polymer and bilayer concentrations PEG with Mw=8000 and 22600 generate a two
phase region where two lamellar phases coexist. The extent of this region , that 
might be bounded by two critical points, is polymer size dependent. Finally addition 
of PEG to La results in a thinning of the bilayers which increases with Mw. 

In the past few years, the effects of polymer on surfactant flexible layers 
begun to be investigated theoretically (1-3) and experimentally in lamellar phases 
(4,5) and microemulsions (6). In this paper as well as in a previous one (1) we 
examine the effect of a water-soluble neutral polymer, polyethyleneglycol (PEG) 
on the stability of a lamellar phase made of charged surfactant bilayers consisting of 
sodium dodecylsulfate and octanol. In the first paper we found that the lamellar 
structure still exists when pure water is replaced with aqueous solutions of PEG 
( M w =22600 g/mol). Large amounts of PEG can be solubilized in the 
electrostatically lamellar phase, however for intermediate polymer concentrations 
and layer spacings, adding polymer generates a closed-loop smectic-smectic 
miscibility gap that might be bounded by two critical compositions. The comparison 
with the polymer-free reference system reveals that PEG gets partially associated to 
the octanol-SDS bilayer and makes the interactions between the bilayers less 
repulsive. They even become attractive enough to promote the phase separation 
between two lamellar phases, with the possible existence of critical points. In the 
present paper, using X-ray scattering we study the effect of the molecular weight of 
PEG on the phase diagram of the above mixed system. 
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Experimental part: Three polyethyleneglycols with molecular weights of 
22600, 8000 and 3350 were obtained from Fluka and used without purification. 
The radius of gyration of isolated macromolecules and the overlap concentration 
c* for PEG 22600 and PEG 8000 were obtained from neutron and light scattering 
experiments [PEG 22600: Rg=29 A,  c* -35 g/l ; PEG 8000: Rg= 1 6  A ,  
C*=85 g/l]. The corresponding values for PEG 3350 were estimated a s  Rg - 9 A, 
C*=l80 g/l. Preparation of spatially homogeneous samples at thermal equilibrium 
and the X-ray measurements were performed as described before (?). 

Results and discussion 
Phase diagrams: The extent of the lamellar phase of the ternary system water
octanol-SDS at constant temperature and pressure can be described by two 
composition variables: the membrane composition defined as the molar octanol to 
SDS ratio R and the membrane weight fraction cm. The lamellar phase exists with 
R comprised between 1 .2 and 2.9 and cm between 5 and 60 % so that the thickness 
of the water layer can be continuously varied from 15 to 500 angstroms. In the 
preceeding paper we have investigated in detail the section of the phase diagram of 
the quaternary system water-PEG (22600)-octanol-SDS where the ratio R is hold 
constant and equal to 2.7. This type of diagram allows to follow the solubility of the 
polymer in the lamellar phase made with bilayers of a given composition as a 
function of the lamellar spacing d. 

Figure 1 shows the resulting pseudotemary phase diagrams defined by R=2.7 
for the different chain length polyethyleneglycols. All of them present a lamellar 
phase. The first remarkable fact is that the boundaries of this region are within the 
experimental accuracy slightly dependent on the polymer molecular weight in the 
range 3350-22600, they only depend on the monomer units concentration. The 
solubility of PEG in Lex is almost independent on the smectic period d; indeed it 
follows a plateau for Cm comprised between 0.25 and 0.6. At large d, for Cm below 
0.25, the solubility continuously falls from 30 % to 0 %. Thus, up to one half of 
the water of the mesophase can be replaced with PEG. 

In the preceeding paper we have seen that PEG 22600 produces at 
intermediate membrane and polymer-concentrations a closed-loop two-phase region 
where two lamellar phases of different periods coexist (region Lex/Lex). Figure 1 
shows that the extent of this area depends strongly on the chain length of the 
polymer. This area exists only in presence of PEG 22600 and PEG 8000. 
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. j w;iter j_ 
Figure 1 :  Sections at constant bilayer composition (R=2,7) of the quaternary phase 
diagram water-octanol-SDS-PEG with PEG 22600, PEG 8000, PEG 3350 
(T=25 "C). 

Lamellar phase: We have studied for each polymer, the X-ray spectra of 
monophasic lamellar samples located along dilution lines defined by a constant 
concentration of polymer in water (cp). The spectra are characteristic of lamellar 
phases. Depending upon Cm, they indeed exhibit one, two or three orders of Bragg 
diffraction at qo, 2qo, 3qo. Whatever Mw and cp varying from 0 to 0.4 a linear 
behavior of the smectic period d with the inverse of the membrane volume fraction 
is observed. Figure 2 gives as an example results obtained for PEG 8000 along the 
line cp=0.02. This classical swelling law is still relevant for monophasic samples 
located along both sides of the demixing area (line cp=0.3); 'I)le geometric thickness 
of the bilayers 5 as deduced from the swelling law: · d=5/cpni �ends on both the 
polymer content Cp and the polymer size. As shown in figure 3, & aecreases as Cp 
increases and this effect is all the more larger as Mw is higher . 
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Figure 2: Smectic period d versus 11</Jm along the dilution lines cp=0.02 and cp=0.3 

The decrease of () reveals the adsorption of PEG on the SDS bilayers and 
suggests a slight increase of the average area per polar head of the surfactant. It 
also shows that this interaction is enhanced as the length of the PEG chains 
increases. Similar effects have been observed in SDS micellar solutions in presence 
de PEG (8). There are indeed many evidences that SDS and ethylene oxide 
polymers strongly interact mainly via the polar head of the surfactant when the 
polymer molecular weight is larger than 4000 (9). An alternative interpretation can 
be considered however; the observed decrease of the smectic period d at constant 
alcohol + surfactant concentration may also arise from a partial solubilization of 
PEG in the bilayer. At this stage we cannot draw definite conclusions about the 
polymer partitionning between solvent and bilayers. 
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Figure 3: Evolution of the membrane thickness o with the polymer fraction cp. 
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La-La two-phase region: As already mentioned, two-phase equilibria involving 
two lamellar phases are found in presence of PEG 22600 and PEG 8000. Their 
identification rests upon the analysis of X-ray spectra which display two sets of 
Bragg peaks, each characteristic of a lamellar phase. For both polymers, the lower 
(a) and upper (b) boundaries of the two-phase region follow closely dilution lines at 
constant Cp. Similarly the left (c) and right (d) boundaries correspond to lines at 
constant cm, meaning that along these lines the phase separation occurs at almost 
constant thickness of the water layer. The limits (a) and (c) change with the 
molecular weight while the two others at high Cm (line d) and high Cp (line b) are 
less sensitive to the size of the polymer. As Mw decreases, the boundary (c) shifts to 
higher cm from cm=0.3 for PEG 22600 to Cm=0.35 for PEG 8000 and the 
boundary (a) to higher Cp from Cp=0.01 for PEG 22600 to Cp=0.03 for PEG 8000. 
These changes appear to be strongly related to the size and the overlap 
concentration of the polymer. For both polymers, the phase separation along line 
(c) occurs when the thickness of the water layer is of the order of the diameter of 
isolated macromolecules (PEG 22600 dro-50 A; 2Rg=58 A;  PEG 8000: 
dro-40 A; 2Rg=32 A). Following this trend, in the case of the smaller polymer 
(PEG 3350) line (c) would be expected to be located very close to line (d). This is 
consistent with the disappearance of the two-phase region for this polymer. 
Similarly, the lower boundary (a) appears to be connected with the overlap 
concentration c*. 

Unfortunately direct evaluation of the composition of the coexisting phases is 
impossible: we cannot achieve macroscopic phase separation. Therefore, the precise 
compositions of the coexisting phases - and in particular the polymer partitioning 
between the two lamellar phases - remain unknown. However, some indications 
can be deduced from the splitting �q= I qz-q1 I between the Bragg peak positions of 
the coexisting two lamellar phases. Large splittings are associated to strongly 
different lamellar phases while �q�O signals lamellar phases with negligible 
differences in smectic period, as should occur at a critical point. For PEG 22600 
we found two strong minima of �q precisely located on the boundary of the two
phase domain, respectively at cl>m=0.58, Cp=0. 1 5  and at c!>m=0.32, cp=0.038. These 
two points, denoted Pct and Pc2 in figure 1 ,  have been ascribed to critical points. 
This statement is in line with the strong decrease of the layer compression modulus 
B (equivalent to the diverging osmotic compressibility in isotropic solutions), 
evidenced by dynamic light scattering and neutron scattering measurements, in the 
vicinity of Pc2 (7). Similarly, in the case of PEG 8000, measurements of �q along 
the border of the La/La region suggest the existence of two critical points, one, Pc2 
is in the membrane rich region at c!>m=0.57, Cp=0.15, the second Pct found at low 
cl>m and Cp has not been so precisely located (Pei :  c!>m=0.36, 0.25<cp<0.05). 
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In conclusion our study shows that the lamellar phase made of sodium 
dodecylsulfate-octanol-water can incorporate up to 30 % of the water soluble 
polymer PEG. This degree of solubilization is nearly independent of the molecular 
weight of PEG in the range Mw 3350-22600 and is weakly dependent on the 
smectic period d. Moreover for intermediate polymer and bilayer concentrations, 
the polymers PEG 22600 and J:'EG 8000 generate a closed-loop smectic-smectic 
miscibility gap that might be bounded by two critical points. Two of the boundaries 
of this La-La domain are size-polymer-dependent, one is related to the radius of 

gyration Rg, the other one to the overlap concentration. In presence of PEG the 
repeat distance shrinks slightly. This results from a thinning of the bilayer or a 
partial penetration of the polymer within it, or a combination of both effects. These 
effects are enhanced when the concentration and molecular weight of the polymer 
are increased. 
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Abstract 

We study the lamellar phase of a ternary system comprised of a non-ionic surfactant, 
a charged polymer and water. The polymer, a water soluble random copolymer of 
styrene and styrene sulfonate, can be incorporated in the system up to several weight 
percent and its behaviour can be varied by adjusting the proportion of hydrophobic 
to hydrophilic monomers. Surface tension measurements clearly indicate a 
surfactant-polymer interaction over a wide surfactant concentration range. Using 
freeze fracture electron microscopy we demonstrate that the polymer molecules are 
confined inside the surfactant bilayers. The system offers a simple model for the 
protein interactions in biological membranes. 
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Introduction 

The polymer solubilisation into lyotropic surfactant phases has been a subject of 
numerous studies l -9). It is well known that changes resulting from the polymer
surfactant interactions can affect both the bulk and surface properties of 
solutions l0-1 1). Therefore, the mixed polymer-surfactant systems have found broad 
applicationsl ). These systems are also of fundamental interest for understanding 
physics governing the modification of surfactant self-assembly in the presence of 
large molecules and the behaviour of polymer molecules in confined environment. 
In particular, the smectic lamellar phase formed by surfactants in water solutions is 
of special interest in the studies of aqueous polymer/surfactant mixtures6-8) .  

The interaction of proteins with amphiphilic molecules has been extensively studied 
for over half a centuryl) .  This activity has been motivated by a need to understand, 
at the molecular level, the basics of biological functions of proteins as the main 
building blocks of biological structures, in particular of cells. However, the fact that 
both proteins and cell membranes are of a very complex physico-chemical nature 
makes it difficult to gain a clear insight into the observed processes and to model 
them theoretically. Therefore, a need arises to find alternative molecular systems that 
could be used to study the role of specific aspects of protein-phospholipid 
interactions. Here we describe a ternary system composed of a surfactant, water and 
polyelectrolyte. Using various experimental techniques, in particular freeze fracture 
electron microscopy and small angle x-ray scatteringl2), we show that the polymer 
molecules are incorporated into the surfactant bilayers, in full analogy to biological 
cells. 

Results and analysis 

We study a ternary system of a non-ionic surfactant, n-dodecyl pentaoxyethylene 
glycol ether (C12E5), a water-soluble polymer, poly(styrene-co-styrene sulfonate) 
with degrees of sulfonation ranging from 30% to 90% and water. Poly(styrene-co
Na styrene sulfonate) (abbreviated as PS 1 -xN aPSSx , x being the degree of 
sulfonation or charge content) is a random copolymer of highly hydrophobic 
polystyrene units and hydrophilic polystyrene sulfonate ones. It was obtained by 
postsulfonation of a polystyrene with a molecular weight of 250000 and a 
polydispersity (Mw/Mn) of 21 3) .  The behaviour of poly(styrene-co-styrene 
sulfonate) in semi-dilute water solutions was characterised elsewherel4, 15). In order 
to probe the interactions between polymer and surfactant molecules in solution we 
used the simple method of surface tension measurements. 
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Figure 1 .  a) Surface tension of the C12E5/water /PSl -xNaPSSx (x=0.45) system 
measured using the Wilhelmy Plate Method at room temperature. Data for the binary 
C l 2E5/water system are shown with full triangles, full circles correspond to 
2.8xl0-6 moles/I of polymer and empty circles to 8.3x10-6 moles/I of polymer. b) 
Surface tension of the C12E6/water /bovine serum albumin system (after Nishikido 
et al.1 6)). Data for the binary C12E6/water system are shown with full triangles, full 
circles correspond to l x l 0-5 moles/I of BSA and empty circles to 5x10-5 moles/I of 
BSA. 

Unlike other water soluble polymers, PS1 -xNaPSSx has a high affinity for non-ionic 
surfactants as shown by our experimental data. The value of surface tension is a 
measure of the number of free surfactant molecules in the mixed system, which in 
tum depends on the interplay between the processes of self-assembly, surfactant-to
polymer binding and surface activity. For small charge content there is a clear 
indication of a surfactant-polymer interaction over the concentration range 10-6M to 
1 0-2M of C1 2E5 (Figure l a), which is similar to the attraction of bovine serum 
albumin (BSA), a widely studied hydrophilic protein with a hydrophobic pocket, to 
the hexa(oxyethylene) dodecyl ether (C1 2E6) non-ionic surfactant16 (Figure lb). 
The surface tension curves shown in Figure la for the concentration of polymer of 
2.8x 1 0-6 M and 8.3x10-6 M suggest that the addition of polymer depletes the 
surface of surfactant molecules which bind to the polymer in the solution. 
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The surface tension results indicate that the basic structure of PS 1 -xNaPSSx may 
offer a very simplified model of protein, in which the several hundred different units 
found in proteins have been replaced by just one hydrophilic and one hydrophobic 
type of monomer. The numerical proportion of hydrophobic to hydrophilic units in 
proteins determines their behaviour in solution, and this can be modelled by varying 
the degree of sulfonation in poly(styrene-co-styrene sulfonate). 

The phase diagram of C 12E5/water system is well knownl7). We concentrate on a 
region of high surfactant content where a liquid crystalline lamellar mesophase (La) 
exists at room temperature. Recently we have shown that the characteristic SAXS 
spectra of the lamellar phase are affected by the presence of polymer molecules: 
shift and broadening of the Bragg lines as well as emergence of small-Q scattering 
background were observed12l. 

Freeze fracture electron microscopy can be used to directly observe the polymer
induced structural changes in the lamellar phase. In this method, a small droplet of 
sample is placed on a copper holder, covered with a copper plate and rapidly 
quenched in liquid propane. Then, the frozen sample is fractured at - 1 25°C inside 
the vacuum chamber of a Blazer Model 301 freeze etching apparatus (p<l 0-6 Torr). 
The exposed fracture face is shadowed by a platinum-carbon layer at an angle of 
35°. Examples of the TEM micrographs of the replicas are shown in Figure 2. All of 
the pictures clearly demonstrate a well defined lamellar structure and the interlayer 
distance is in very good agreement with the SAXS-determined values 12). The 
surfaces exposed by cleavage (and visible on the FFEM images) are mid-sections 
through the hydrophobic centre of the bilayerl 8). These surfaces appear smooth for 
the binary C 11E5/water mixture (Figure 2A). For the ternary C 11E5/water /polymer 
systems additional objects are clearly visible on the images (Figure 2B-D). Because 
of the cleavage properties of the freeze-fractured bilayers the objects seen cannot be 
attached to the hydrophilic surfaces of the lamellae but have to be enclosed inside 
the bilayers l9). We conclude that those objects are the images of molecules of 
PS 1 -xNaPSSx confined inside the bilayers. A deeper analogy may exist between the 
system studied by us and the biological membranes since proteins are basically 
amphoteric, complex, unbranched polymers ll .  It seems that for the present system 
this analogy extends also to the structural position of the polymer molecules relative 
to the bilayer. 
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Figure 2 .  Freeze fracture electron microscopy images for samples of surfactant-to
water ratio 3.39 with and without polymer. The sulfonation degree of the polymer is 
x=0.30. A: binary C1 2E5/water system, 77.2 wt% of surfactant. The concentration 
of polymer is 0.2 wt% (B) and 2.3 wt% (C: side view an(\ D: top view). Arrows 
indicate positions of the polymer �lecules. 

' 
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Conclusions 

We have presented experimental evidence showing that i n  the 
(C 12E5)/water/poly(styrene-co-styrene sulfonate) system there is a pronounced 
polymer-surfactant interaction (surface tension data) . Freeze fracture electron 
microscopy results unequivocally demonstrate that in the lamellar phase the polymer 
molecules enter the bilayers and remain incorporated as isolated entities inside them. 
The system is a particularly simple model for the protein interactions in biological 
cell membranes. 
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ABSTRACT 

We investigate the modifications in the phase behavior of a non ionic ternary 
surfactant system (Triton XlOO/octanol/water) after addition of small amounts of an 
ionic amphiphile (Cetylpyridiniumchloride). From neutron scattering, we show that, 
the birefringent Lex lamellar phase disappears completely and is replaced by two 
different isotropic phases, depending on the total membrane concentration: a dilute 
phase of small unilamellar vesicles, and an "elastic" phase, consisting of densely 
packed big onions (multilamellar vesicles) having unique rheological properties, at 
higher surfactant concentration. We interprete the spontaneous formation of vesicles 
by investigating the bending elasticity of fluid bilayers consisting of two amphiphilic 
species. We have shown that the corresponding composition degree of freedom couples 
to the curvature, playing a crucial role in the bending properties of mixed membranes. 
This can be quantified in terms of the bending moduli of the individual consisting 
monolayers, provided that these are calculated at fixed chemical potential and not at 
fixed composition. This general approach is applied to the specific case of dilute initially 
neutral membranes weakly charged by addition of a small amount of an ionic 
surfactant. The calculated electrostatic contribution to the rigidities may well be 
sufficiently negative as to explain the observed spontaneous bending. 
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INTRODUCTION 

One of the characteristic feature in ternary phase diagrams of 
surfactants/cosurfactants and water is the large region of the La phase which consists of 
a regular stacking of very large bilayers parallel to each other. The resulting lamellar 
phase is birefringent and shows quasi long range smectic order. Increasing attention is 
presently focusing on the spontaneous formation of vesicles and liposomes from 
surfactant bilayers membranes. Most of these systems involve at least two amphiphilic 
compounds, so that the membranes are in fact mixed bilayers. For instance, Hoffmann 
et al 1 ) have studied a ternary system consisting of a non ionic surfactant 
(tetradecyldilethylaminoxide) and a non ionic cosurfactant (hexanol) in pure water. 
They have added to this neutral system a small proportion of ionic surfactant 
(tetradecylmethylammoniumbromide) and show that the lame!lar birefringent phase 
disappears and is replaced by a stable liposome phase, as revealed by freeze fracture 
electron microscopy. However, very low concentrations (few mM) of added salt is 
actually sufficient to wipe out the effect of the ionic dopant and the phase diagram goes 
back to its initial geometry (corresponding to the inital non ionic situation). 

We have studied a similar dilute neutral surfactant/cosurfactant mixture in pure 
water. This system exhibits a very classical phase diagram, but it is profoundly affected 
by addition of a small amount of a cationic surfactant. The lamellar phase disappears 
and is replaced by two distinct isotropic phases, depending on the total membrane 
volume fraction. Using small angle neutron scattering technique (SANS), we have 
characterized the structure of these two phases. The experimental results are developed 
in the first section of this article. 

Dealing with the experimental facts, the problem is to understand the spontaneous 
tendency for symmetrical bilayers to bend so as to form vesicles.The basic idea, first 
suggested by Safran et al 2) is to consider explicitely the coupling between the local 
curvature and the local composition of the membrane. We summarize in section II a 
simple but quite general thermodynamical formalism3), which allows to calculate the 
relevant bending moduli of mixed bilayers as well as the stability criteria. This general 
framework is then applied to the more specific present experimental situation: a single 
neutral bilayer doped with an ionic amphiphile. The calculated electrostatic 
contribution to the bending rigidity of the bilayer may well be sufficiently negative so as 
to explain the spontaneous bending observed by Hoffmann et al and ourselves. 

I EXPERIMENTS 

The initial system considered, consists of Triton XlOO (non ionic commercial 
surfactant) and octanol in pure water. It exhibits a very classical phase diagram (see 
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figure l a) .  Increasing the alcohol upon surfactant weight ratio, we observe the 
following sequence of phases : micelles (L1), lamellar phase (La), and finally a thin 
region of existence of the sponge phase (L3). Adding a small amount (3.5% in weight of 
the membrane) of a cationic surfactant (cetylpyridiniumchloride) leads to great 
changes (see figure lb): the lamellar phase disappears completely (as well as the sponge 
phase), and is replaced by two isotropic phases separated by a two phases coexistence 
domain. We have performed small angle neutron scattering experiments in the 
Laboratoire Leon Brillouin in Saclay in order to analyze the structure of these two 
isotropic phases, and we have chosen for all samples a high alcohol/surfactant ratio 
(w=Moctano1/MTX100 >0.4), so that the initial non doped samples are lamellar. 

w 
0.8 

0.5 

w 
0.8 ...... .,...,..___..___.__,___.___._..._-"-_ 

0.5 

"elastic 
phase" 

L 1 L 1 

0 �---�---�---�---- 0 �---..___ ___ ..____ ___ ..____� 
0 5% 1 0% 

Fig. 1 a 
15% <I> 0 5% 10% 

Fig. 1 b 
1 5% <I> 

Figurel: Phase diagrams of the systems: Fig. la:TXlOO/octanol/ water; 
Fig.lb:TXlOO/ octanol/water with 3.5% of CPCL(in weight of surfactant and cosurfactant)added .. 
X axis: weight fraction of octanol plus TXlOO; Y axis: octanol weight upon TXlOO weight 

The dilute phase (L1), corresponding to a total volume fraction of alcohol and 
surfactant <l><l .5%,  with w>0.4 is transparent, isotropic, fluid,sligthly bluish and does 
not show any shear induced birefringence. On figure (3), the scattered intensity times q2 
(the scattering vector) of one sample (<I> =l %, w=0.5) is plotted as a function of q . The 
first maximum at low q's (q=0.02 A-1)  is the correlation peak due to the electrostatic 
interaction between the individual objects separated by a mean distance of about 50 nm. 
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In the high q range, the scattering patterns of the neutral and doped samples are 
identical, meaning that both consist of bilayers with 8=3 nm dry thickness. The 
oscillations in between correspond to the form factor of the objects: their relative 
positions indicate unilamellar vesicles of average diameter D=17n'm. 

q21(q) 
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Figure 2: Neutron scattering pattern (q2J(q) versus q) of two dilute samples (<1>=1%, w=0.5): 
diamonds: non doped sample; open circles: doped sample (3.5% CPCL in weight of the membrane added); 

full line: form factor of a vesicle ( external diameter 0=8.5 nm and thickness o=3nm) 

The more concentrated phase (<1>>3%, w>0.3), we have called "elastic phase" is 
isotropic, transparent, very viscous, and shows extremely strong flow birefregence. 
Furthermore, small bubbles remain trapped over months, suggesting a finite yield 
stress as confirmed by rheological measurements of the elastic modulus G. The 
scattered intensity (see fig.3) by the doped sample (<1>=5% w=0.5), reveals the existence of 
two Bragg singularities at q5 = 0.105 A-1 and 2 q5, characteristic of a local smectic order 
with a periodicity d = 60 nm. The consistent picture of the elastic phase is the 
following: it is that of close packed spherical onions (glass of soft balls).; each onion has 
a mean diameter of about 600 nm and consists of about ten bilayers, with an 
interlamellar spacing of 57 nm and a dry membrane thickness of 3 nm. The average 
size of the onions is derived from the correlation bump observed in light scattering at 
q=0.001 A-1 . However, it should be noticed that the existence of this correlation bump 
seems to depend on the history of the sample. Our scattering results are in good 
agreement with the FFEM pictures obtained on a similar system 1) .  
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Figure3: Scattered intensity of a concentrated doped sample ("elastic phase"): <1>=5%, w=0.5 

II MODEL OF BENDING INSTABILITY IN MIXED CHARGED BILAYERS 

Using the Hefrich's classical phenomenological approach for the bending energy of a 
fluid membrane, bending instability and spontaneous formation of vesicles in 
surfactant bilayers occurs as soon as the bending modulus of the corresponding 

monolayer i( =K+l/2K becomes negative, where K and K are respectively the elastic 
mean and gaussian curvature bending moduli of gaussian curvature of the monolayer. 
However, in the case of mixed bilayers, such as those presented in section I, an 
additional degree of freedom must be considered as well, namely the chemical 
composition of the membrane. Actually, the local composition certainly couples to the 
local curvature of the bilayer therefore playing a crucial role in the spontaneous 
bending. The basic idea, first developped by Safran et al2) is that, in mixed surfactant 
membranes, amphiphilic molecules can exchange from the upper to the lower 
monolayer. Upon bending the bilayer, the curvatures experienced by the two 
monolayers have opposite signs. So, in general, their chemical compositions will 
change respective to one an another. If the coupling between curvature and 
composition is strong enough symmetry breaking and spontaneous bending occur. 

In order to extend these ideas to various experimental situations, we have shown that 
symmetry breaking and spontaneous formation of vesicles from mixed surfactant 
bilayer membranes are controlled by the sign of the bending modulus of mixed 

monolayers at constant chemical potential K:W rather than the usuall one K:'I' at fixed 
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composition3). This expresses simply the fact that amphilic molecules can exchange 

from the upper to the lower leaflet. We have also shown how K:µ can be derived from 

K:'I' . As a result it appears that Kµ is lower than K:"', meaning that the composition 

degree of freedom of the mixed bilayer induces a softening of its bending rigidity. 
We apply now these general results to the following situation: an initially neutral 

bilayer to which we progressively add increasing amounts of an ionic surfactant. This is 
relevant, we think to the situation investigated by Hoffmann et al1) and by ourselves in 

section I. We would like to focus more specifically on the electrostatic effect: so, we 
assume that the ionic dopant has the same packing requirements as the neutral 
amphiphile (i-e. the same molecular structure apart from the ionic charge); in 
particularly, both amphiphiles have the same packing contribution to the bending 

modulus K:. For charged bilayers in water, the upper and lower electrical double layers 
contribute to the bending elasticity4). We focus on very dilute lamellar systems, so that 
we can neglect the inter membranes interaction. The two important characteristics 
lengths are: the Debye screening length 'A and the Gouy-Chapman length 10 5). We have 
at room temperature the Bjerrum length ls = 0.72 nm. Using our general results, 3), and 
the calculations of Lekkerkerker6), we obtain for the electrostatic contribution to the 
bending properties 3): 

-- - - 2 T 'A  . (q - 1 X q + 2) . ( 2 ) ilK'I'= K'I' - K = lti; L..( p ) where. L( p ) = 
q ( q + 1 )  - d1log 1 + q 

( 1 )  

- - - 2 T 'A 4 p3 
LlKµ = Kµ - K = -, - H( p ) where: H( p ) = L( p ) - 2 (2) 7t B q ( q + 1 ) { 2 p + q ) 

where the following notations are used: 

'A � . J' ln(t) 
p = 2 n 16 'A ljl = I ; q = v 1 + p- and d1log(x) = H dt 

c 1 

p is the reduced area surface charge density (ljl denotes the ionic dopant area density), 
T is the temperature. 

So the charge contributions ilK:'l' and LlKµ to the bending rigidities K:'I' and K:µ are 

controlled by the mathematical properties of the functions L(p) and H(p) which only 
depend on the dimensionless reduced area charge density p. 

These functions are plotted on figure (4). L(p) is a non monotonic function positive at 
low charge density but negative at higher p's (p> 6.7). At very high p, L(p) 
asymptotically reaches its lowest negative value: 1-n2/6. So, charging a bilayer7) up to a 
sufficient area density may well lead to spontaneous bending provided that the 

molecular packing contribution K: to K:'l'is smaller than 2T'A (n2/6 - 1) / nls. Interestingly, 

taking 'A= 100 nm (a reasonnable value for our experimental situation in absence of 
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added salt) the asymptotic negative value of LlK'V of the order of -50 T is reached for \jl of 

the order of 2.10-lnm-2 (i-e when roughly 10% of the neutral surfactant is replaced by 

the ionic dopant). Since for most common single chain surfactants (iC = 1 to 10 T 
typically) the packing contribution to the rigidity is by far smaller than 50 T , we do 
expect spontaneous bending in our situation as is indeed observed .. lf now we 
remember that the surface charge density is not a conserved quantity, we must consider 

rather LlKµ and therefore the properties of H(p). The variations of H(p) are also 

represented in figure (4) so that they can be compared to those of L(p). We note that at 
low charge density, H(p) is significantly smaller than L(p) (softening effect due the 
composition degree of freedom) which means that the spontaneous bending is expected 
even sooner upon charging progressively the membrane (H(p) becomes negative as 
soon as p is larger than 3.4). However at high charge density, the asymptotic values of 
L(p) and H(p) are simply identical. This means that the composition degree of freedom 
plays no role in the high charge regime. Furthermore, adding salt at fixed area density \jl 
decreases the value of p (which is proportionnal to the Debye screening length A.), and 
therefore increases the bending rigidity of the bilayer. This explains why, the formation 
of liposomes or vesicules, seen in the absence of added salt, is suppressed after addition 
of quite small amounts of salt. 
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Figure 4:Variation of the function L(p) (dotted line) and H(p) (full line). Note that lin versus log 
units have been used for the vertical and horizontal scales respectively. 

CONCLUSION 
We have given experimental evidences of spontaneous unilamellar or 

multilamellar vesicles formation in dilute mixed surfactant bilayers solution,built up 



264 

from neutral bilayers doped with small amounts of an ionic amphiphile. The bending 
instability has been interpreted in terms of the bending moduli at fixed chemical 
potential of each monolayer: the calculated electrostatic contribution may well be 
sufficiently negative so as to explain the spontaneous bending we observed. 
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The phase behavior of mixtures of two monodisperse di block copolymers made up of A and B 
monomer units is investigated using self-consistent mean-field theory. Due to the large number 
of controlling parameters (two molecular weights, two chemical compositions, temperature, 
and polymer volume fractions) , a very rich phase behavior is expected. Two extreme cases are 
studied: (1) mixtures of small amount of short diblocks with long diblocks, and (2) mixtures of 
di blocks with equal lengths. For the case of short and long mixtures, we found that the addition 
of small amount of short diblocks has large effects on the phase boundaries of the system. For 
the case of equal length diblocks, several new phases including an inversed spherical phase 
and a bilayer phase are predicted. Our studies demonstrate that the phase behavior of binary 
mixtures of diblock copolymers is controlled by the interfacial curvature and the segregation of 
the diblocks. 
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One of the ultimate goals in studies of block copolymers is the development of methods 

to determine polymer morphology for materials applications. The phase behavior of diblock 

copolymers can be controlled by synthesizing precisely tailored diblock copolymers. Another 

route to control block copolymer morphologies is through polymer blending, in which two or 

more copolymers with different morphologies are mixed together to get a desired morphology. 

Furthermore, mixtures of diblock copolymers are interesting because of their potential to form 

new types of ordered phases, and as a testing ground for theoretical models which have been 

developed for one-component systems. What has been lacking on the theoretical side is a 

systematic attempt at understanding the phase behavior of even a simple system such as a 

binary mixture of two types of monodisperse di block copolymers composed of A and B monomer 

units. Due to the large number of controlling parameters (the four degrees of polymerization 

Z1A, ZlB,  Z2A ,  Z2B, the tatal volume fractions of the copolymers, and the A-B interaction 

parameter x) , a very rich phase behavior is expected for these binary mixtures. We have 

launched a systematic study of the phase behavior for diblock copolymer mixtures using the 

self-consistent mean-field theory. Specifically, we have studied two extreme cases: Mixtures 

of long diblock copolymers with a small amount of short diblock copolymers 1 ) ,  and mixtures 

of di block copolymers of equal lengths 2) .  A general observation from these studies is that 

the phase behavior of binary mixtures of diblock copolymers is controlled by the interfactial 

curvature, which is proportional to the average chemical composition of the di block copolymers 

at the interfaces, and the segregation of the diblocks to the interfaces. 

The model system is a binary mixture of two types of AB di blocks, with chemical composi

tions Ji = Z1A/Z1 , h = Z2A/Z2, and a Flory-Huggins interaction parameter x between the A 

and B units. Here Z1 and Z2 are the degrees of polymerization of the two diblock copolymer 

chains and ZlA and Z2A are degrees of polymerization of the A blocks for the first and second 

components. The binary mixture itself is composed of two monodisperse components, with 

1 - </J as the volume fraction of the first component and </J as the volume fraction of the second 

component. The phases of diblock copolymer melts are well described by mean-field theory. 

Many methods have been developed to solve the mean-field equations for single component 

diblock copolymer melts. The methods are usually applicable for either the strong segrega

tion limit 3) or for the weak segregation limit 4) , both involving specific assumptions about 

the polymer density profiles. An exact approach, which neither involves a priori assumptions 

about the shape of the equilibrium density profiles nor truncates the free energy, corresponds 

to solving the mean-field equations numerically 5) .  For the binary mixtures of di block copoly-
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mers, an analytic theory in the strong segregation limit has been developed and applied to the 

lamellar and cylindrical phases of the mixtures 6) . The model system is studied by using the 

self-consistent mean-field theory described in 1) .  For a given set of parameters {x, Z, fi ,  h, </>}, 
the self-consistent field theory is solved for the lamellar, cylindrical, and spherical structures. 

The equilibrium structure is determined by minimizing the free energy density with respect to 

the domain sizes of the structure. This procedure is repeated for all values of f1, Ji, and ¢. The 

phase diagram is then constructed by analysing the free energies of the different structures. 

For the case of mixtures of long and small amount of short diblock copolymers (Z1 >> 

Z2 , if> < < 1) 1) , our studies demonstrated that the addition of a small amount of the short 

diblocks has quite large effects on the phase boundaries, as exemplified in Figure 1. The fact 

that we can change the phase boundary by blending a small amount of short diblocks into the 

long diblock melt provides a novel method to control the phase behavior of the system. 

1.0 

...... 0.5 c L 
x=o.2 Z1=500 
Z =50 <1>�0.05 

0.0 
0.0 0.5 1.0 

fl 

Figure 1 Calculated phase diagram for binary mixtures of long and a small 

amount of short diblock copolymers, showing the shift of the phase boundaries 

between the lamellar {L), cylindrical (C), spherical (S), and the disordered (D) 

phases. 

For the case of mixtures of equal lengths di block chains2 ) , the phase diagram is complicated by 
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the appearance of several new phases and a phase separation region, as exemified in Figure 2. 

When one of the diblock copolymers is highly asymmetric, e.g. Ji � 0 or 1, two new phases, 

a bilayer diblock lamellar phase and an inversed spherical phase, are stablized in the system. 

The density profile for the inversed spherical phase is shown in Figure 3, indicating a spherical 

phase with homopolymers localized inside the spheres. Some possible applications of this novel 

phase have been suggested 2) .  

0.75 

f2 0.5 

0.25 

0 
0 0.25 0.5 

f, 
0.75 

Figure 2 Calculated phase diagram for binary mixtures of diblock copolymers 

of equal lengths. The phase separation region is indicated by 2 and the inversed 

spherical phase is indicated by s-1 . 
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Figure 3 Structure-density profile diagram for a mixture of a homopolymer 

and an asymmetric diblock copolymer resulting in inverse spherical domains 

containing the homopolymer. 
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The calculated phase diagram can be understood in terms of the interfacial spontaneous 

curvature and the segregation of the diblocks. The spontaneous curvature of the interfaces 

is determined by the chemical compositions of the diblocks at the interfaces. If the diblocks 

are completely segregated, the spontaneous curvature is proportional to the total chemical 

composition .f = ( 1  - rjJ) .fi + r/J.fz, and the phase boundaries will be determined by f only, 

i .e . ,  the phase boundaries will be parallel to each other. The segregation of the di blocks is 

determined by the chemical compositions .fi and .fz . Figure 4 shows the calculated density 

profiles for the mixtures of long and short diblocks. 

0.5 

20 30 
x / b  

40 50 

Figure 4 Calculated lamellar concentration profiles for Z1 = 500, Z, = 50, 
j1 = 0.5, rjJ = 0.05, (a) f, = 0.5; (b) f, = 0.95. The long chain profiles are plotted 

as solid lines and the short chain profiles are represented by the shaded areas. 

The equilibrium domain spacing of the pure diblock system (do) is indicated 

in the middle. For symmetric short diblocks (top panel) the small molecules 

localize at the interfaces. For asymmetric short diblocks (bottom panel) the 

small molecules localize in the domains. All distances are expressed in terms of 

the Kuhn's length b. 
When .fi and .fz are close to 0.5, the diblocks are segre.gated to the interfaces. This explains 

the approximately parallel phase boundaries in the interior of the .fi-.fz phase diagrams. On 

the other hand, when either .fi or .fz is close to 0 or 1 ,  the highly asymmetric diblocks are 
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localized in the middle of the domains, as will be demonstrated in the next section, and the 

interfacial spontaneous curvature is no longer determined by the total chemical composition f. 

For example, when Ji = 1 ,  the spontaneous curvature of the interfaces is determined by f2. 

The appearance of the spherical, bilayer lamellar, and inverse sperical phases can be attributed 

to the change of the interfacial curvature with f2. 

In summary, a systematical study of the doblock copolymer binary mixtures has been 

launched using the self-consistent mean-field theory. The results for the two extreme cases, 

mixtures of long and short diblocks and mixtures of equal length diblocks, demonstrate that 

the phase behavior of the diblock blends is controlled by the interfacial curvature, which is 

determined by the average chemical composition of the di blocks at the interfaces, and the seg

regation behavior of the diblocks. The calculated phase diagram provides a useful tool for the 

design of di block blends with specific microphases. A number of new phases are predicted, and 

possible applications of these new phases are explored. 
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We discuss theoretically aggregation in a solution of diblock copolymers of two 
different sizes. The free energy of one aggregate is calculated as a function of the 
proportion of short and long chain in the micelle. We use the Doud-Cotton model 
to calculate the energy of the micelle as a function of the aggregation number of each 
component. The two parameters that caracterize the asymmetry of the blocks are the 
ratio of the insoluble part of the diblock n and an other parameter b which depends 
on the sizes of the soluble parts of the diblocks. Mixed micelles are found only in an 
intermediate range of n and b, which shows that diblock copolymers with a very 
different asymetry do not mix. In a certain range of asymetries, the small copolymers 
are incorporated discontinously into the micelles formed by the larger copolymers. 
This leads to two different types of aggregates coexisting in the solution: micelles 
containing only large copolymer, and mixed micelles. 

1- Introduction 
A diblock copolymer is a long flexible chain composed of two different polymers 

chemically attached together. Imersed in a selective solvent which is a bad solvent 
for one of the blocks and solubilizes the other block, the insoluble part shrinks while 
the soluble part is swollen. At sufficiently high copolymer concentration, a 
surfactant-like aggregation process called micellisation is observedl. The purpose of 
this work is to study this aggregation in a bidisperse solution composed of long and 
short copolymers. The soluble part (or hydrophilic part if the solvent is polar) is 
supposed to be much longer than the insoluble part for the two biblocks, so that the 
aggregates are always spherical2 and can be described by the Daoud-Cotton model. 

2- Daoud-Cotton model for the mixed micelle 
A spherical micelle is decomposed in three parts. An outer corona formed by the 

long and short hydrophilic blocks and characterized by the length of each swollen 
blocks hl and hs, a spherical core of radius R formed by the melt of insoluble blocks, 

and the interface between them, characterized by a interfacial tension y (see Fig. 1) .  
For a bidisperse micelle, the blob model due to Daoud and Cotton gives the 

1 Israelachvili, J.N. Intermolecular and Surface Forces, Academic, London (1992) 2 Izzo, D.; Marques, C.M. Macromolecules 1993, 26, 7189 
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following expression for the energy of the corona3 : 
E(pl,ps)=(A-B)p1312+B(pl-ps)3/2 (1) 

where pl and ps are the number of long and small block in the micelle, and A 
and B caracterize the asymetries of the blocks: A=log(h1/R) and B=log(h5/R)> A and 

B are considered as roughly constant (hi>hs>R) 3. In the following, the ratio is 
denoted by b=B/ A (O<b<l). The micelle is sketched qualitatively in figure 1 .  

Fig. 1 Schematic representation of the Daoud-Cotton model for a bidisperse 
mice lie. the outer corona is formed by the long chains and the 

interne corona is formed by long and short chains 

3- linearisation near the one component limit 
To determine the critical micellar concentration (cmc) and the aggregation 

number of each species, the following set of conditions has to be satisfied (see 4 for 
detailed calculation) 

:F=O dps:F=O (2.a) 

where :F is the free energy of the aggregates that has to be minimized 

.:F=E(pl,ps)+y(N1p1+ Nsps)213-µIp!-µsps (2.b) 

NI and Ns are the degree of polymerization of the insoluble part of the long and 
short copolymer. The ratio of the polymerization indices n=N5/N1 (O<n<l). In the 
free energy, the interfacial energy has been expressed as a function of the aggregation 
number by using the volume conservation of the core, and the elastic energy of the 
core has been neglected since for spherical micelles it is much lower than the energy 
of the corona4. A chemical potential has been introduced for each species (µ1, µ5) to 
take into account the exchange between the micelle and the bulk. Below the cmc, 

3 Daoud,M.; Cotton, J.P. J. Phys. (Paris) 1982, 43, 531 
4 Sens,P.; Marques, C.M. ; Joanny, J.F. In preparation 
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each chemical potential increases as the logarithm of the bulk concentration of the 
copo!ym<?r. Once aggregation occurs, the chemical potentials are roughly constantl. 

In order to simplify these equations, we investigate the perturbation caused by a 

small amount of small copolymer oµ8 added to a solution of long copolymers. This 

problem can be solved by an expansion near the solution of equation (2) for p8=0, 
which gives the cmc and the aggregation number of a monodisperse solution of 

long copolymers: p10=(2Y/3A)6/5N14/5 and µ10=(2y/3)3/5(AN1)2/5 (the equivalent 

expression for the small copolymer p50 and µ10 are straightforward). 

The linear expansion is performed with pi=p10+op1, p8=0p8, µi=µ10+oµ1, 

µs=µs*+oµs and shows that a minimal chemical potential (or concentration) of short 

chain in the bulk µ8*=(3b+n) /5(bn)2/5µ50 is needed for the mixed micelles to be 

formed. Mixed micelle form only if the short diblocks are incorporated in the large 
micelle before they can aggregate by themselves. This statement require that 

µs*<µso, which limit the difference in asymmetry of the two types of diblock: 

3b+2n<5(bn)2/5 (4) 
Once this condition is fullfiled, the linearisation gives the number of small 

copolymer incorporated in the large micelle op8/p10�0µ8/ (Dµ10) with 

D=5b-9b2+8bn-4n2 (5) 
One easily sees that the solution is non physical for values n and b such that 

D<O. It has been shown [4) that this range of parameters correspond to a situation 
where the number of short diblocks in the micelle jumps discontinously from zero 
to a finite value as one increases the concentration. In this case, micelles of two 
different compositions can be found in equilibrium in the solution, as shown in 
figure 2 where the probability distribution of finding a micelle with a given 
composition is plotted. The distribution exhibit two distinct peaks, one for mixed 
micelles and one for micelles of long copolymer. 

t·xpl-�// 

J'I 
Fig.2 Probability distrilmtion (�f fi11di11g a mixed micclle in frmctwn of its composition of short 

(p8) and long !p/) dililock in tlie case of disro11ntino11s incor110rnrion of small dil>lock in tlie large 

mice/le. Two rliffcrellf fyJ'CS t�f miceffe exist at etp1ilibriu111. 
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Furthermore, one can see from equation (4) and (5) that mixed micellisation can 
occurs only in intermediate range of the parameters (n,b), and that the discontinous 
behaviour mentionned above can be observed in the limit of this range. 

4- Evolution of the critical micellar concentrations 
One can go beyond the linear expansion by solving numerically the set of 

equations (2). The result is presented in figure 3 in a (µ5-µ1) diagram. 
Two possible trajectories at fixed concentration of short copolymers are 

presented. ( 1 )  The concentration of small copolymers is below µ80 (the lowest 
chemical potentiel compatible with mixed micellisation). In this case the 
concentration of small copolymers is not high enough to allow mixed micellisation. 
As the concentration of large copolymers increase, the chemical potential of the 
large copolymers µ1 increase until it reaches its critical value µ10, where the 
monodisperse micellisation of large copolymers starts. In this case, the small 
copolymers are left in the solution. (2) In the second trajectory the concentration of 
small copolymers is high enough to allow the mixed micellisation (µ8(2bµ5*) . The 
mixed micellisation occurs for a concentration µ1(2) of large copolymers. 

l's 

-+------11) 

rig.3 Evolution of tlze critical micellar cliemical potential of long copolymer µ[ with t/1e 

concentration of small diblocks. the mixed micel/isation is possible if µ5>µs
' 

5- Conclusion 
This work is a short version of a more complete study of the possibilities of 

mixed micellisation in a solution of diblock copolymers of two different sizes and 
asymmetries. We have also derived a phase diagram for the mixed micellisation 
where one can see that very different copolymer do not mix. By very different, we 
mean very different values of the two parameter n and b. Two copolymers of very 
different sizes but same asymmetry can mix in our model. The coexistence of 
micelles of two different composition is found in a certain range of asymmetry. The 
detailed calculation has been presented elsewhere4, where we also discus a brush 
model which might apply to mixing of copolymer and surfactant. 



DYNAMIC LIGHT SCA TIERING STUDIES ON THE NEW 
SURFACTANT CETYL TRIMETHYL AMMONIUM HYDROXY 

NAPHTHALENE CARBOXYLA TE ( CT AHNC) 

B.S.Valaulikar, W. Urbach and D.Langevin 
Laboratoire de Physique Statistique, 

Ecole Normale Superieure, 
24 Rue Lhomond, 7523 1 ,  PARIS, FRANCE 

P.A.Hassan and C.Manohar, 
Chemistry Division, Bhabha Atomic Research Centre, Trombay, 

BOMBA Y-400 085, INDIA 

The surfactant CTAHNC forms worm-like micelles at low concentration. 
Surface tension measurements show two CMC's at very low concentration 
of the surfactant. The second CMC at 0.025mM corresponds to the 
formation of giant micelles. At higher concentration of the surfactant liquid 
crystalline phases form and the solution shows flow birefringence indicating 
the presence of rod-like micelles. 

Dynamic light scattering measurements are done to obtain the diffusion 
coefficient as a function of the concentration of the surfactant. The diffusion 
coefficient is also measured as a function of temperature. The effect of the 
addition of salt on the diffusion coefficient is also studied. The 
hydrodynamic radius is obtained from the diffusion coefficient and the 
results are discussed in terms of the shape and size of the micelles. 
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INTRODUCTION 

In the past few years there has been a considerable interest in surfactant 

systems which form worm like micelles
1

-
3 l

, the most studied being Cetyl 

trimethyl ammonium bromide (CTAB) with Sodium Salicylate (NaSal). 

These systems form worm like micelles at very low concentrations of about 

a few mM and form networks. The network properties are different from 

similar systems of polymers in view of the finite l ife time of the long 

micelles and play a decisive role in controll ing the rheological 

properties
4·

5l . The ability of these systems to show the interesting 

properties at low concentrations has been traced to the surface activity of 

NaSal molecules which results in strong adsorption on to micel lar surface of 

CTAB transforming it into a giant worm like micelle
6l . S ince the surface 

activity of the molecule plays an important role an attempt was made to 

enhance the surface activity by incorporating an extra benzene ring into 

NaSal to obtain Sodium Hydroxy Naphthalene Carboxylate (SHNC)
7

·
8l . The 

addition of SHNC to CT AB solutions not only p roduced two viscoelastic gel 

phases but it also showed two liquid crystal line phases (possibly nematic) 

thus indicating the close connection between the two structures. The 

viscoelastic gel also showed strong flow birefringence. This motivated us to 

prepare CTAHNC - a new surfactant obtained by removing NaBr from 

CTAB +SHNC mixture. This enabled us to investigate a two component 

system instead of the multicomponent CTAB+SHNC system. Such two 

component systems are studied by Hoffmann et al
2l

. The surfactant 

CTAHNC has been not studied upto now and we report here the 

preliminary results of Dynamic Light scattering (DLS) studies on this 

surfactant. Our results indicate that the surfactant forms long micelles at 

very low concentrations. 

MATERIALS AND METHODS 

CTAB was obtained from sigma chemicals and the SHNC was a gift from 

Atul Chemicals. SHNC was purified by methods mentioned earlier
7l . 

CTAHNC was prepared by taking equimolar solutions of CTAB and SHNC 

in water and filtering the resulting precipitate. The precipitate was washed 

several times with water to remove the NaBr and was dried. The surface 

tension was measured by Du Nouy ring method. The DLS experiments 

were performed on the instrument built in our laboratory. 
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Figure 1 :  Surface tension of the CT AHNC solution as a function of its 
concentration. 

Figure 1 shows the plot of surface tension versus concentration of 
CTAHNC and it is seen that there is change in slope of the plot at two 
different concentrations of CT AHNC. The first change of slope occurs at 
O.O l mM  (cmc l )  and the second at 0.028mM (cmc2). Such changes in the 
physical properties are seen in some surfactant systems due to the change in 
the shape of the micelles from spherical to rod shape9l. Hence, CTAHNC 
micelles can be said to have spherical shape from cmcl to cmc2 and 
cylindrical shape above cmc2. These values are typical of nonionic 
surfactants and this correspondence indicates that CTAHNC behaves like a 
uncharged surfactant. This suggests that one can look upon CTAHNC as a 
double chain surfactant one with a long chain and the other with a short 
chain. The packing considerations show that one can exrict to form long 
cylindrical micelles out of such double chain surfactants 1 l _  · 

The diffusion coefficients were measured by obtaining the Intensity
Intensity autocorrelation function g(t) at several angles and fitting the data 
with a polydispersity fit using the relation: 

g(t)=A (exp(-t/ T) + p/2 (t/ -r)2)2 

277 



278 

where i; is the correlation time of the decay and p is the polydispersity index 
which is related to the width of the size distribution1 ' l _  The measured decay 

1 . . . 1 . 
1 2 h 4.im · 8 

corre at10n times i; were inverse y proport10na to q w ere q = - sm - , n 
Jc 2 

being the refractive index of water, "A being the wavelength of the laser and 

(J is the scttering angle. The plot of lh versus q2 is linear and the slope of 
this plot gives the diffusion coefficient. The polydispersity index p is in the 
range of 2 to 4 % .  
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Figure 2: Difffusion coefficient of CTAHNC solution as a function of its 
concentration. 

Figure 2 shows the diffusion coefficient (D) as a function of the 
concentration of CT AHNC. The concentration range is from 0.04mM to 
0.09mM. The samples below 0.025mM showed very low intensity and hence 
the D value could not be obtained at low concentrations. As seen in figure 2 
the diffusion coefficient decreases as the concentration of CTAHNC 
increases. This indicates that the micellar size increases with increase in 
concentration of the surfactant. 

Viscoelastic gels are known to be sensitive to temperature changes. 
Hence the diffusion coefficients are measured as a function of temperature. 
Figure 3 shows the diffusion coefficients measured for two concentrations, 
0.04mM and 0.08mM both above the cmc2 as a function of temperature T .  

The temperature i s  changed from 20° C to 35° C .  The diffusion coefficient 
increases with an increase in the temperature of the solution. 



• 
"' 

4,00E-08 
3,SOE-08 
3,00E-08 

b Z,SOE-08 
ci 

Z,OOE-08 
l ,SOE-08 

l ,OOE-08 
1 s 

• 

• 

20 ZS 30 35 40 
TEMPERATURE, °C 

Figure 3: Difffusion coefficient of CTAHNC solution as a function of 
temperature. 

The diffusion coefficient is also measured in presence of salts like KC!, 
NaCl, ammonium carbonate. This is essential as ammonium carbonate is 
added to the system to change the pH in FRAP (Fluorescence Recovery 
After Photobleaching) experiments. The diffusion coefficient is found to 
decrease in presence of very small amounts (0.2mM) of the electrolyte. The 
further addition of the electrolyte increases the diffusion coefficient. At 
higher concentration of the electrolyte (above l mM) some particles appear 
in the solution. The appearance of small particles makes the measurement of 
D inaccurate. The study suggests that the addition of electrolyte decreases 
the solubility of the surfactant and the surfactant is salted out of the 
solution. 

DISCUSSION 

In DLS experiments, the diffusion process observed depends upon the 
lengths probed (L) and the q value. In dilute solutions L is the 
hydrodynamic radius R whereas in concentrated solutions L represents the 
correlation length l;. For qL<< l ,  the process observed is the centre of mass k T 
diffusion and "t is given by "t - l= Dq2 where D - _B - k8 being the 

6n:riR ' 
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Holtzman constant and YJ is the viscosity of water at temperature T. For 
qL>> 1, the contribution from the internal modes of the micelles is added 
and -r is given by: -r - l= Dqg. For qL>4.2 Adam et al12) found that g=2.8. 
The qL values for CTAHNC samples are in the range 1 . 1 2  to 2.66. Thus, a 
mixing of the two diffusion processes is observed. Since there is no 
deviation from the relation -r - l= Dq2, the contribution of internal modes is 
small and one can get an idea of the dimension of the micelle using the 

k T 
relation D � -8 - . 6nryR 

The calculated R values are in the range of 700 A to 1000 A. Since the 
micelles of this size are expected to be non-spherical, the actual longer 
dimension of the micelle is greater than I 000 A. If the volume of the sphere 
with radius R is equated to the volume of a cylinder with radius 20 A 
(approximate length of the CTAHNC chain) then the length of such a 
cylinder is of the order of 106 A. However such large lengths are expected 
to be in coiled form and the actual length will be less than 106 A. It is 
decided to use some other technique to confirm the findings of this study. 
The increase in D with the increase in temperature is due to the decrease in 
11R value. The hydrodynamic radius calculated using the proper value for 
viscosity of water showed a decrease with increase in temperature. 

CONCLUSION 

The DLS experiments indicate the formation of giant micelles in the 
solution of the surfactant CTAHNC at very low concentration. The 
hydrodynamic radius of the micelle is in the range of 700 A to 1000 A. The 
diffusion coefficient of the micelle increases with the increase in the 
temperature of the system. The diffusion coefficient is also sensitive to the 
presence of the electrolytes in the system. 

ACKNOWLEDGEMENTS 

We would like to thank Dr.S.D.Samant for SHNC samples and for advice 
regarding purification method. This work was supported financially by 
Indo-French Center for Promotion of Advanced Research (IFCPAR) grant 
for project 1007-1 . We are grateful to Director, IFCPAR for all the 
administrative support. 



REFERENCES 

I) M.E.Cates and S.J.Candau, J.Phys.Condens.Matter. 2. 6869(1990) 
2) H.Rehage and H.Hoffmann, Molecular Phys. 74 933( 199 1 )  
3 )  H.Rehage, I.Wunderlich and H.Hoffmann, Prog.Colloid. Interface. Sc. 
72 1986( 1 986) 
4) M.E.Cates, Macromolecules, 20 2289(1987) 

M.E.Cates, Macromolecules, 21 256( 1988) 
5) S.J.Candau, F.Merikhi, G.Watson and P.Lemarechal, J.Physique, 5 1  
977( 1990) 

6) C.Manohar, U.R.K.Rao, B.S.Valaulikar and RM.Iyer, J.Chem.Soc. 
Chem.Comm. 379 ( 1986) 

7) B.K.Mishra, S.D.Samant,P.Pradhan, S.B.Mishra and C.Manohar, 
Langmuir 2 894(1993) 

8) S.Mishra, B.K.Mishra, S.D.Samant, J.Narayanan and C.Manohar, 
Langmuir 2 2804(1993) 

9) H.Hoffmann, G.Oetter, B.Schwandner, Prog.Colloid.Polym.Sci., 73 
95( 1987) 
10) S.Mishra, B.K.Mishra, D.K.Chokappa, D.O.Shah and C.Manohar; 
Bull.Mat.Sci. (To be published). 
1 1 ) P.N.Pusey, Photon Correlation and Light beating spectroscopy, Eds. H. 
Z.Cummins and E.R.Pike, Plenum, 1973, NY. 
12) M.Adam and M.Delsanti, Macromolecules 10 1229( 1 977). 

281 





283 

WETTING AND ADHESION 



284 



Spreading of chain molecules 

via molecular dynamics 

I .Introduction 

by 

Joel De Coninck 

Modelisation Moleculaire 

Universite de Mons-Hainaut 

20, Place du Pare 

7000 - Mons 

Belgium 

285 

Wetting and spreading are important phenomena for many practical purposes 

and their study is mainly based on Young's equation, already established a few 

centuries ago. Rather recently however, new powerful techniques have been used to 

get a microscopic description of these processes using for instance ellipsometry, 

AFM/STM, . . .  Very surprising properties have been observed at that scale and many 

research groups are trying to get a clear understanding of these phenomena. 

In this paper, we study the dynamics of the spreading of liquid drops of chain 

molecules on a solid substrate using complementary microscopic approaches. 

Section 2 will be devoted to the presentation of some experimental 

observations. In Section 3, we will present the status of the related effective models 

and we will complete this "tour" by new results using Molecular Dynamics in Section 

4. Some perspectives are given in Section 5 .  

2 .  Some experimental observations. 

Remarkable ellipsometric techniques with a very high resolution normal to the 

substrate have been used in particular by A.M. Cazabat, M.P. Valignat . . .  in the 

College de France to observe the time dependent profile of sessile dro�s of polymeric 
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fluids in a complete wetting regime. [ 1 ]  
Different profiles of a drop of polydimethylsiloxane on top of silicon wafer 

covered by a grafted layer of trimethyl groups are presented for instance in figure 1. 

0 A 

80 

0 2 m m  

Figure 1:  Ellipsometric thickness profiles of a polydimethylsiloxane as a function 
of the time. The profiles are recorded every 24 hours. 

These results show clearly the existence of layers of molecular thickness (of the 
order of 7 A). Plotting the radius of these layers as a function of the time, there 
appears one regime in --Jt for the short-times. Moreover, when the second layer 
becomes empty, there appears a second regime in --Jt for the first layer. 

More information on experimental observations can be found in Valignat's 
contribution to this book or in [2-3] .  

The origin of this --Jt behaviour is far from being clear : is i t  related to substrate 
or chain effects for instance? Moreover, the details of the mechanism of spreading 
cannot be observed at that scale. 
3. Some effective models 

One of the first related model is due to de Gennes and Cazabat [ 4] and is based 
on hydrodynamical considerations. Assuming viscous frictional forces for the contact 
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with the wall, this model leads to a good description of the data. 

Several research were devoted to a molecular description of these spreading 

properties. Two main ingredients are required to define such model. 

Once we have described the energy of interaction between the atoms of the 

liquid and the atoms of the solid, it remains to define the dynamics tc describe the 

displacement of the atoms as a function of the time, starting from a sessile drop. 

A first series of numerical simulations were based on Monte-Carlo dynamics 

with a local conservation of matter [5]. 

Let us consider a lattice Z3 at each site i of which we consider a variable 11; 
which may take two values : + 1 if there is an atom and 0 otherwise. The substrate is 

given by the half infinite lattice ZxZx { nE Z ln�O } .  The energy of interaction is of the 

form 

(1) 

where V;i is the pairwise interaction energy, which is taken for simplicity equal to v 
if i and j are nearest neighbours and 0 otherwise. The term A(i) describes the 

liquid/substrate interaction. It is given by A/d3 where d is the distance between the 

atom i and the substrate whenever d)l and some constant B whenever d=l in lattice 

units. Within this model, we consider an initial configuration of occupied sites and 

let the system evolve according to a Monte-Carlo dynamics which preserves locally 

the number of occupied sites. 

At each step, the atoms (n,,�) can interchange positions according to the 

Kawasaki' s  algorithm [6], i.e. with a transition probability P given by 

(2) 

with all the other sites of the system being kept fixed; k is the Boltzmann 's constant 

and T is the temperature. 
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The advantage of these models is that they allow to recover all the 
experimentally observed properties. For instance, we can interpret the origin of the 
diffusive growing in terms of random displacements of the molecules on top of the 

first layer; these molecules will then find the wall once there appear some vacancies 
in their vicinity within the first layer due to thermal fluctaation. 

This model also lead to a simple interpretation of the origin of the second 'l/t 
regime observed for the first layer. 

We have indeed to consider for the initial drop a temperature T below the 
critical temperature, in a three dimensional space (d=3), T0ct=3• Once all the molecules 
belong to the first layer, the system becomes a two dimensional system on top of the 
substrate, and it is known that T0ct=2 � T0ct=3 [7]. If the considered temperature T is 

�}. 
such:�at 

(3) 

we will then observe a second diffusive regime for the first layer, once the second 
layer become empty [5] , and the associated gas phase. 

Another interpretation has been proposed within this context by taking into 
account possible heterogeneities on top of the substrate [8] . 

However for these models, it is not possible to justify the choice of the 
dynamics except perhaps in some coarse grained sense. 

The only possibility to do that microscopically is to consider the associated 
Molecular Dynamics technique. 

4. Molecular dynamics for chain molecules. 
Let us consider a set of atoms interacting via some classical L-J potentials, the 

dynamics of the system being given by the classical Newton's equations relating the 
forces acting on this atom i to its acceleration a;. 
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(4) 

This technique has been previously used for simple molecules (mono and bi
atomic molecules) by Yang, Koplik and Banavar [9] and by Nieminen, Abraham 
Kartienen and Kaski [ 10] .  The two groups considered respectively two different plane: 
one modeled by five layers of atoms and the other by an idealized flat substrate. Both 
type of simulations lead to the existence of a precursor film but they disagree on the 
time dependence of the radius of the first layer R1 (t) : the first group got .Ylog (t) and 
the second group, t. 

Recently [ 1 1 , 12], we have considered chain molecules within this context. 
The pair interactions are given by classical L-J potentials of the form 

VJr) Cii - Dii 
,. 1 2  ,.6 (5) 

where i and j refer to a liquid or a solid atom and where r is the distance between the 
two atoms. Moreover, the fluid atoms are subject to some confining potential of the 
form 

(6) 

between adjoining atoms belonging to the same molecule. It should be noted that this 
new potential considerably reduce the volatility of the liquid and is chosen to mimic 
the properties of the polymeric fluids. 

The solid is made by two layers of atoms and we cut the interacting potential 
for distances r>2.5 in units of the fluid size. To incorporate the long range effects, we 
add some potential of the form 
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A v k)=--lm 
(r+u)3 

where u is the unit height of the solid lattice. 

(7) 

For our simulations, we have chosen Crr = Dre = C,r = D,r = 1 and C,, = 36.45. 
D,, = 5. The parameters which control the wetting behaviours are C,r and D,r· If for 

instance we lower C,r and D,r , we can obtain a partial wetting regime. 

We have considered fluid drops made of 864, 4000, 16384 and 32000 atoms 

in chains of length 8 and 1 6  on top of a solid of 147456 atoms. 

The initial configuration is given by an equilibrated sphere of liquid which is 

given a small �ownward velocity to reach the substrate. During the spreading, the 

temperature of the solid alone is maintained fix. 

The results indicate the existence of a precursor film, the radius of which grows 

with an asymptotic power law compatible with 'l/t as reproduced in figure 2. 

Figure 2 : The squared radius of the first layer as a function of the time t for 
different drops with chains with 1 6  and 8 atoms, the straight line shown for 
reference has a slope of 0.92. 

To compute this radius R, at a given time t, we use the same procedure as the 

experimentalists. We plot the density of atoms of the first layer p as a function of the 
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radius r and we define R1, as the radius at which p(r) is equal to 0.5. 
On the basis of these results, we are also interested by the molecular details of 

the spreading : how are the molecules approaching the substrate? 

To study this displacement, we have plotted in particular the radius R where 
the atoms of the second layer enters the first layer normalized by tht> radius of the 
second layer at the same time R2, over 100 units of time to increase the statistics. The 

35 ������������ 

results are given in figure 3. 
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Figure 3: Histogram of the radius R of the entry point of the atoms of the second 
layer going into the first layer divided by the radius of the second layer at that 
time, during 1 00 time steps. 

This indicates that the atoms are moving within the interior of the drop. To clarify the 

situation, we have also studied the flux of atoms passing through the plane separating 
the first and the second layer. By weighting by + 1 the atoms moving downward and 
by - 1  the others, we have obtained the distributions plotted in figure 4 as a function 
of the reduced radius R/R2• To improve the statistics, we have again consid�red 
averages over successive time intervals of 100 units. We easily observe that the flux 
is much reduced in the central region. 

This picture supports the de Gennes-Cazabat prediction of the existence of a 
permeation rubber near the edges of the drop, the atoms at the interior moving in fact 
oftenly up and down. 
5. Concluding remarks. 
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Figure 4: The average flux over 100 time steps per unit area of atoms of a 2000 
16-atoms drop going from the second layer into the first layer as a function of 
R/R2 for three different starting times. 

The introduction of chain molecules combined with very large systems have 
allowed us to reproduce satisfactorily the experimental observations of spreading for 
ideal substrates. More realistic substrates are now under investigation and will 
probably lead to a detailed understanding of these remarkable phenomena. 
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The Spreading Dynamics of Silicon Oil Films at thicknesses in the monolayer regime is 
studied by monitoring the evolution of the coverage profile with optically excited surface 
plasmons. While for thicknesses above one monolayer the observed profiles agree well 
with the theory of viscous flow spreading, strong deviations are observed at smaller 
coverages which point to a diffusivity which decreases with decreasing coverage. This can 
be qualitatively explained in the framework of the excluded area interaction of the chain 
molecules. When the coverage decreases, the configurational entropy of the individual 
molecules changes strongly, leading to a substantially enhanced apparent viscosity for 
submonolayer films. 
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The spreading dynamics of oil films on solid surfaces has been studied intensively during 
the last decade, mainly because of its importance for lubrication and coating applications 
[1,2]. An extensive theoretical treatment of the spreading of nonvolatile liquids has been 
set up [3] assuming viscous flow and neglecting the effect of the molecular structure of the 
oil. Within this framework, many experimental observations could be quantitatively 
predicted. More recently, one has started to focus on the impact of the molecular structure 
on the film profiles. In the monolayer regime, a tendency of layering was also observed 
with chainlike molecules in experiments (4,5] as well as in molecular dynamics 
simulations (6-8] . In the present work, we investigate the regime of molecular diffusion in 
the submonolayer regime for chainlike molecules. In experiments with poly(dimethyl
siloxane) (PDMS) films on metal surfaces, we monitored the emerging film profiles 
optically by means of surface plasmons, as described before [4] . It is observed That the 
continuum model breaks down quite abruptly at a film thickness corresponding to the 
backbone diameter of the molecules, crossing over to submonolayer diffusion. This is the 
regime we want to focus on in the present paper. 

Fig.l .  Log-log plot of 
precursor film profiles 
of PDMS on an 
evaporated gold film, 
measured in vertical 
rise geol"letry. Above 
a thick-ness of 7 A, the 
profiles agree well 
with the scaling law 
predicted for viscous 
flow (represented by 
the straight line only 
the slope of which is 
significant). Below 7 A, 
which corresponds to 
one densely packed 
layer, significant de
viations are observed. 

2 
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Fig.1 shows a set of typical data obtained for a vertical-rise geometry. The profiles 
obtained are plotted on a log-log scale in order to compare with the theoretical prediction 
that the precursor film thickness d should scale as the inverse square of distance, d,.x-2 
[2]. The slope of the straight line is -2, demonstrating the good aggreement of theory with 
the profiles found experimentally, at least for film thicknesses exceeding 7 A. This is just 
the diameter of the PDMS backbone and corresponds to the thickness of one monolayer 
(ML) of densely packed molecules lying flat on the surface. Below this thickness, 
significant deviations from the scaling law are observed. Qualitatively, a steeper profile is 
needed to produce the creep velocity of the precursor film, which points to a reduction of 
diffusivity for coverages less than one ML. 

This is supported by similar data obtained with spreading microdroplets, which have 
been published before [4]. It was found both experimentally and in Mote-Carlo (MC) 
simulations that the profile of sub-monolayer 'droplets' was quite well represented by a 
spherical cap, instead of a gaussian distribution expected for diffusing single monomers 
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with hard-core interaction. It was shown by MC simulation that the experimental profiles 
could be well explained by assuming that the chain molecules were lying flat on the 
surface. If these data are reanalyzed in the framework of the diffusion equation, 
grad[D(c) grad c] - c\c = 0, one can extract the diffusivity D(c), which is plotted in fig.2 (c 
denotes the coverage, with c=l corresponding to one ML). It is clearly seen that D(c) 
increases with increasing coverage for submonolayer films. At first glance, this seems to 
be a puzzle, since one would expect the mobility of the molecules to decrease as they 
become more densely packed, thus mutually hindering their motion. It will now be 
shown that although this effect is present, there is also an influence of the conformational 
entropy of the chains which acts in the opposite direction, overcompensating the former 
effect. As a result, one obtains, from purely analytical considerations, a simple picture 
which accounts for the observed behaviour of the diffusivity. 

Fig.2. The diffusivity vs. 
the coverage in the 
submono-layer regime 
as derived from the data 
of ref. [4] (Monte Carlo 
Simulations). It is 
clearly seen that the 
diffusivity increases 
within the analyzed 
range of coverage by 
about a factor of four. 
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We write the molecular mass current j (in the plane) as [9] 

j = c <v> = c m  gradµ(c) = c m  dµ/dc grad c (1) 

where c is the coverage, <v> is the mean drift velocity of the molecules, µ(c) is the 
chemical potential and m is the mobility of the molecules. From the diffusion equation we 
have j = D(c) grad c and thus 

D(c) = c m  dµ/dc (2) 

For independent monomers, µ = kT ln c, and D becomes constant, as expected. For chain 
molecules, we have an additional term -TSc in the chemical potential which is connected 
to the conformational entropy Sc of the chains. This can be written as -kT In w, where w is 
the number of possible configurations of the chain. This depends on the coverage c, 
namely on how many near sites are already occupied by monomers belonging to other 
molecules. We thus have for the chemical potential 
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µ(c) = kT (In n - ln w) (3) 

where n = c/l is the number of chain molecules per unit area and 1 is the number of 
monomers per chain (i.e., the degree of polymerization). For the diffusivity we thus get 

D(c) = m kT {  1 - c  (d in w/dc)} (4) 

For further evaluation, we have to find expressions for m and w, which are both affected 
by neighboring molecules. 

We are interested in the coverage dependence of D, whereby we want to compa�e with 
the diffusivity D0 of a free (single) chain molecule diffusing alone on the surface. For the 
latter, there is also a finite coverage being seen by the monomers, namely the other 
monomers belonging to the same chain molecule. This gives, for instance, rise to the fact 
that for the conformation of the single chain, only self avoiding random walks (SAW) are 
to be taken into account (not the 'phantom chain' configurations). Further reduction of the 
number of possible conformations is effected only by ot/zer chain molecules. Similarly, the 
mobility m of the molecule is effectively (with respect to the mobility of a 'lonely' 
molecule) reduced only by monomers belonging to other chains, not by those belonging 
to the same one. 

In what follows, we denote the probability that a site next to the chain under 
consideration is occupied by a monomer belonging to a neighboring chain as en- For the 
mobility, we simply write m = m0(1 - en). Here m0 plays the role of an attempt frequency 
for jumps to neighboring sites of the substrate, and cn is the probability that a jump is not 
successful because the target site is occupied by a monomer belonging to another chain. 
Next, we have to derive an expression for the number of conformations of the chain, w. 
This is given by the number of SAWs possible under the condition that there is a certain 
density of forbidden (occupied) sites. For zero coverage on a square lattice, we can 
approximate this by w 31, since a bond can continue either straight, bend 90 degree to the 
left, or bend 90 degree to the right (three possibilities). This represents a walk which is 
self-avoiding only in the first consecutive step, but we will take this as an approximation 
for the sake of simplicity. 

What happens if some of the sites are occupied? In the case that all nearest neighbour sites 
are occupied, there remains only a single conformation, namely the one which is already 
realized. Generally, there are 2(1-cn)+l possibilities for a single bond, where again we 
need to know the foreign occupation of the sites next to the chain. We thus have for the 
number of conformations 

(5) 

and for the diffusivity D(c) 

D(c) = m0k T (1-cn) x( 1 + [2c 1 /(3 - 2cn)J] x (den/de) } (6) 

To obtain an expression for cn, we first calculate the blob size C; of the chains, along the 
lines of standard scaling theory. To do this, we first recall that the end-to-end distance R 
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as derived from Flory's theory of swelling scales as 

RN13/(d+2) (7) 

where d is the dimension of the system. For 3D, this leads to the well known law R "' 10.6. 
The critical concentration (or coverage, respectively) c* for mutual penetration of the 
chains is approximately given by the self-density, c* = l/R2 (in two dimensions). For 
coverages larger than c*, the blob size s should not depend on I, since the chains are then 
longer than the blob diameter. On the other hand, for c � c* we have s = R. Thus for c 2 c* 
we can write a scaling law for 1;: 

where m is still to be determined. This obviously behaves as 

S � 1(3 - 2m)/4 

(8) 

(9) 

where we have used equation (7). To cancel the I-dependence, we have to demand that 
3 - 2m = 0 or, since we are interested only in the c-dependence, 

(10) 

Viewed from the chain whose motion is to be examined, the concentration of foreign 
monomers Cf(r) increases up to the total coverage c within a distance r=s (r is the distance 
to the chain, measured in units of bond length). The probability q(l) that a site next to the 
chain is occupied by a monomer belonging to another chain is thus roughly given by 

(11) 

The prefactor must be unity, because when c=l, the probability en to have a nearest 
neighbour site (which would else be free) occupied is equal to one. Consequently, we 
have en = J... Inserting this into equation (6), we obtain for the diffusivity D(c) 

D(c) = D0(1-cA.) ( 1 + 3A. c
A 1/(3 - 2cA.)} (12) 

where D0 = m0 k T and A. =  m + 1 = 5/2. 

The central result of this paper is shown in fig.3, where we plotted D(c)/D0 vs. c for 
different values of I. For 1=10, which is a typical length of the polymers used in our 
experiments, an increase in the diffusivity similar to the observed one is seen. The small 
full circles on the curves indicate the estimated limiting concentrations, c* = 1-1 /2. They 
correspond in each curve to an increase in D of roughly a factor of two, aside from the 
'pathological' case 1=1. This case, which should yield D/D0 = 1 [10], is also described 
rather well by the theory as long a� one does not approach c=l too closely. The 
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intersection of all curves at (1;0) corresponds to the fact that when the molecules are lying 
densely, their mobility is equal to zero. For a polymer diffusing on a surface, this case is of 
course never observed since as c -7 1 (from below), it becomes entropically favourable for 
monomers to leave the first layer, and the model breaks down. 

This work was supported by the Deutsche Forschungsgemeinschaft (SFB 306). 
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Fig.3. D/D0 vs. the coverage according to eq.(12) for chain lengths 1, 5, 10, 15 and 20. The 
maximum value is monotonically increasing with chain length. The qualitative behaviour 
is obviously similar to what is shown in fig.2 
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The transport kinetics of wetting layers of ethanol and propane on silver substrates is 
investigated by monitoring the temporal decay of pulsed laser induced spatial thickness 
modulations. Our method allows to distinguish between different transport mechanisms, 
such as direct exchange with the vapor phase, viscous flow within the wetting layer, or 
surface diffusion. In either case, the activation energy found for the lateral transport 
points to viscous flow as the dominant mechanism in the investigated temperature range. 
For very thin films, the flow proceeds considerably slower than expected from bulk 
viscosity data. This suggests that the proximity of the substrate influences the 
morphology of the liquid, giving rise to an enhanced effective viscosity. 
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Thin films on solid surfaces have become an attractive field of condensed matter physics. 
This is not only due to their technological importance but also for the sake of the 
fascinating dynamical phenomena discovered in surface diffusion, catalytic surface 
reactions and the dynamics of wetting far from thermodynamical equilibriuml-5). For 
specific investigations of these phenomena, one has to identify the basic transport 
mechanisms and determine the corresponding transport coefficients, which may be 
strongly affected by the confined (film) geometry6,7J. In particular, it has been reported 
that the viscosity of a few molecular layers of liquid between solid walls may be enhanced 

by up to six orders of magnitude8l. Effects of this kind have not yet been investigated in 
equilibrium wetting layers due to the lack of experimental techniques. 

We monitored the decay of pulsed laser induced spatially periodic thickness modulations 
in wetting layers of liquid ethanol and propane on a silver surface. In the absence of 
inertial effects, the decay proceeds exponentially in time, with the decay rate depending in 
a characteristic manner on the wave vector of the thickness modulation, q=2n(A.. If the 
modulation decays via exchange of molecules with the surrounding vapor, the 

equilibration proceeds locally and the decay rate does not depend on q 9). If, however, the 
decay proceeds via lateral transport mechanisms, such as viscous flow within the film or 
surface diffusion at the liquid-vapor boundary, the decay rate is proportional to q2. 
The substrate consisted of an evaporated silver film (50 nm thickness) whose surface was 
characterized by scanning tunneling microscopy. On an atomic lateral scale, the films 
were smooth with height variations of a few A. On a lateral length scale of a few hundred 
A, variations with typical slopes up to 0.4 were found10) . The thickness variation of an 
adsorbed liquid film due to this roughness can be estimated from the known substrate 
profiles, liquid surface tensions and typical adsorption energies11l . We obtain a thickness 
variation of only about 2 A for a 30 A ethanol film. We thus do not expect the substrate 
morphology to have a dramatic impact on the lateral transport in the film. 

Experiments were performed with wetting layers adjacent to a vertical substrate. The 
sample consisted of a closed volume next to the silver coated glass prism which served as 
the cell window. After filling the cell with a certain amount of material, it was cooled 
down to the desired temperature. A wetting layer formed within a few hours, in the 
course of thermal equilibration of the sample. The modulation was created by pulsed laser 
induced thermal desorption using two crossed Nd:YAG laser beams. From the thermal 
properties of the involved materials, we can estimate that about 100 µsec after the laser 
pulse, the amplitude of the temperature modulation at the surface has decayed to less 
than 10 mK. The spatial average of the surface temperature approaches the equilibrium 
temperature to within 1 K within a millisecond. For the measurement of the film thickness 
and detection of the thickness modulation, we used optically excited surface plasmons as 
described beforel2,13) _ The observed decay times of the thickness modulations ranged 
from a few milliseconds to several seconds. 



Fig.1. Plot of the modulation 
decay time vs the wavenumber 
of the modulation for a 30 A 
ethanol film at 150 K. The solid 
line represents a least squares 
fit according to A = a q2 + b. 
The error bars indicate the 
standard deviation of a number 
of meas-urements. 
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Fig.1 shows the temporal decay constant a of the thickness modulation in an ethanol 
wetting layer as a function of its wave number, q. At this temperature (T = 150 K), lateral 
transport seems to play an important role, as the strong q-dependence suggests. The solid 
line represents a least squares fit of the function A = aq2 + b, where b represents the (q-in
dependent) exchange of material with the vapor and a represents a lateral transport coef-
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Fig.2. Arrhenius plot of the fit parameter a for ethanol (a) and propane (b) films. The 
slope, which corresponds to the activation energy of the transport process, suggests that 
viscous flow is the dominant mechanism. The dashed line represents what one would 
expect from bulk viscosity data. 
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ficient. The latter is expected to be inversely proportional to the viscosity of the liquid if 
viscous flow is the dominant transport mechanism14l. An Arrhenius plot of a measured 
with an ethanol film of 30 A thickness is shown in fig.2a. From the slope of the fitted line, 
we obtain an activation energy of 220 ± 50 meV, while from reported data for viscous 
flow15) we derived a value of 170 meV. If surface diffusion would play an important role 
here, we would expect the activation energy to be considerably smaller than the reported 
value for viscous (bulk) flow. This seems not to be the case here. The deviation to higher 
energies, if considered significant in view of the large experimental scattering, may be 
due to the high van der Waals pressure within the film, which can be several hundred 
bars, depending on the interaction potential and the film thickness. Judging from 
available data for the pressure dependence of th viscosity15) , it appears possible that this 
changes the activation energy by the observed amount. 

Fig.2b shows our results obtained with propane films of 26 A thickness. We would like to 
mention the reproducibility demonstrated by the accordance of the circles with the 
squares, which were measured in different experimental setups. This lets an influence of 
contamination effects on our results appear very unlikely. Furthermore, the experimental 
scattering is considerably less than in the case of ethanol. The slope of the data in the 
Arrhenius plot yields an activation energy of 73 ± 7 meV, while the reported value for 
bulk viscous flow is 50 ± 4 meV 16). The deviation is similar to what we found for ethanol, 
pointing again to viscous flow as the dominant transport mechanism, with the activation 
energy being slightly enhanced probably due to the van der Waals pressure. Surface 
diffusion does not seem to play an important role. 

In order to obtain a prediction not only for the activation energy, but also for the prefactor 
in the Arrhenius plot, we have to know the Hamaker constant for the interaction of the 
propane molecules with the substrate. The Hamaker constant does not vary dramatically 
for different liquids, as long as quantum liquids are disregarded. Even for systems as 
different as nitrogen, methane and krypton, the calculated Hamaker constants lie within 
25 percent17l. For the alkanes, the polarizabilities of the C-H bonds can be regarded as 
additive. We can thus obtain a reasonable estimate for the Hamaker constant of the 
propane/silver system by appropriate scaling of the value of 23.8xl03KA3 reported for 
the methane/ gold system l7). 

The dashed line in fig.2b represents what one would expect accordingly for the viscous 
transport in the propane film. As already mentioned, the slope representing the activation 
energy is quite close to the observation. However, the prefactor of the decay rate differs 
by more than an order of magnitude. This discrepancy is too large for being explained by 
the van der Waals pressure in the film. A possible explanation is that the confined 
geometry of the thin film (i.e., the proximity of the substrate) gives rise to a substantial 
enhancement of the effective viscosity, similar to what has been observed by other authors 
for liquid films between solid walls8) . In fact, a strong tendency to liquid-crystal-like order 
near the substrate has been reported for alkanes and other liquids both 
experimentally8,l8,l9) and theoretica!ly20l. An effect of these structures on the transport 
properties of a wetting layer may be expected, but the crucial test whether this is actually 
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the case is to measure the dependence of the transport kinetics as a function of the liquid 
film thickness. 

This is shown in fig.3, where we have plotted the decay coefficient a vs the film thickness 
in a log-log plot at T = 90 K. For Poiseuille flow in the film and a van der Waals potential 
following an inverse-cube law21), a should vary inversely proportional to the film 
thickness. This is indicated by the solid line where the Hamaker constant has been 
estimated as discussed above. As one can see, the discrepancy in the transport rates 
almost vanishes as the film thickness exceeds 70 A. On the other hand, it increases steadily 
as the films become thinner, just as expected in the case of a substrate induced effect. 

Fig.3 Log-log plot of the decay 
rate coefficient a vs the film 
thickness for propane at T = 90 
K (a similar behaviour has 
been observed at T = 110 K). 
The data show a crossover to 
bulk viscous transport at film 
thicknesses above 70 A when 
one compares with the usual 
van der Waals behaviour (solid 
line). The discrepancy with 
experimental work on the 
adsorption potential of similar 
compounds (dotted line) is 
even larger. 
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Finally, we want to discuss the possibility of a non-van der Waals surface potential. In 
fact, it has been reported that the van der Waals potential might be inadequate for the 
adsorption behaviour of similar compounds22·23l, among others pentane, a homologue of 
propane, and ethanol. In contrast, a potential following approximately an inverse-square 
law has been found, along with an adsorption energy which exceeded the typical van der 
Waals energy by orders of magnitude for film thicknesses similar to those investigated in 
our experiment. If we adopt this (yet unexplained) potential, along with the high binding 
energies found, we obtain for the decay rate coefficient a the behaviour indicated by the 
dotted line in fig.3. Although the general trend that a be more or less independent of the 
film thickness is in accordance with our results, the discrepancy in the absolute value is 
even larger, and independent of film thickness. A large discrepancy in the apparent 
viscosity is then found for ethanol as well. As an alternative interpretation of our data, we 
should thus take into account the possibility that some mechanism which gives rise to the 
unexplained non-van der Waals potential in the reported isotherms22,23) may also be 
responsible for the (in this case dramatically) enhanced viscosity we have observed. 

We are indebted to J.Israelachvili and J.Klein for helpful comments and suggestions and 
thank G.Reiter and U.Seifert for inspiring discussions. This work was supported by the 
Deutsche Forschungsgemeinschaft (SFB 306). 
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Abstract 
Organic multilayers of well-defined thicknesses were prepared via Langmuir
Blodgett transfer and serve as model systems to probe the influence of short and 
long range interactions on the molecular ordering and topology of ultrathin 
organic films. After their preparation LB-films usually are not in equilibrium.Thin 
multilayers of behenic acid on silicondioxide surfaces break up irreversibly into 
islands (dewetting) at elevated temperatures. X-ray reflectivity, polarization 
microscopy and AFM studies show that these islands have a unique equilibrium 
height irrespective of the original film thickness. The degree of island coverage 
increases linearly with increasing original film thickness due to material 
conservation. Multilayers originally thicker than the equilibrium island height 
remain closed films. The results are explained with the minimization of the sum of 
the interface tension and Van-der-Waals energy contributions. 

Introduction 
The stability and wetting behaviour of ultrathin organic films on solid interfaces is 
an interesting field of physics and of considerable practical interest for coating and 
painting applications. Langmuir-Blodgett-films are suitable model systems for such 
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studies because their thickness can be controlled precisely in bilayer increments and 
their properties can be varied by chemical engineering. 
Behenic acid (dodecanoic acid) multilayers were deposited on naturally oxidized 
silicon wafer surfaces as described in detail elsewhere!). Their thermal annealing 
behaviour, structure and topology was investigated by x-ray reflectivity, polarized 
reflection microscopy and AFM. 
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Figure 1 :  X-ray reflectograms of multilayers of various thicknesses as-deposited (a) 
and after thermal annealing for 60 hours (3 layers: 8hours) at 70°C (b). For 
presentation in one graph some intensities were multiplied by factors of 1000. 

Experimental Results 
The data of Figure 1 show that the thermal treatment changes the internal structure 
of the multilayer films. A detailed analysis2l reveals that the samples as-deposited 
are continuous multilayer films with their number of layers identical to the number 
of dipping cycles. Films as-deposited consist of micrometer sized (lateral 
dimension) stacks of bilayers with three different bilayer spacings (55A, 52A, 48A) 
corresponding to three different molecular tilt angles (2l deg, 28deg, 36deg). 
During the annealing thin films irreversibly rupture into islands of increased layer 
number and areas of bare monolayer covered substrate surface. The islands consist 
of stacks of bilayers with uniform spacing (48A) and molecular tilt (36deg). 
Polarized reflection microscopy (Fig. 2) and AFM studies (Fig. 3) reveal that the 
island covered area depends on the original film thickness and the annealing time. 
Thick samples (>21 layers) remain closed films even after long annealing times 
(>30 hours). Thinner films break up within a few minutes. After several hours of 
annealing the island heights of all samples approach a fairly unique value (Fig. 3). 



Figure 2: Polarized reflection light 
micrograph of a 9-layer film after 
annealing (dark areas = islands). 
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Figure 3: Height profile of an annealed 
1 3-layer sample measured with AFM. 

This equilibrium island height is independent of the original film thickness and the 
relative surface coverage with islands area Pe increases linearly with the original 
film thickness (Figure 5). 
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Figure 4: Schematic diagram of the topo- Figure 5: Relative island coverage Pe of 
logy of a continuous and annealed film. as function of the original film thickness. 

Theory 
Figure 4 shows a schematic diagram of the film topology of an area A with a 
continuous film and an island. For model calculations it is assumed that: 
1 )  the equilibrium topology of the film is determined by the minimum of the sum 
of the interface (surface tension) and long range (VdW) energy contributions3.4l; 
2) the islands have an area of Ai; 
3) during the annealing the total amount of material is conserved; it is shuffled 
from a continuous film of height hr into islands of height hi : 

Ahr = Aihi ;  ( 1 )  
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4) the ratio p of island covered area vs. bare monolayer surface is: 
Ap = -t ; (2) 

5) short range interactions are represented by interface energy contributions with 
the spreading coefficient: 

Sy = "fo - (yo1 +yl) ; 
6) long range (V dW) energy contributions for a film of thickness 
number of bilayers, d = bilayer thickness) are described by: 

E =-� =  AH 
n l27th2 l27tn2d2 

(3) 
h = nd (n = 

(4) 

with AH as non-retarded Hamaker constant for the interaction of air with the 
monolayer covered substrate across the multilayer. 
The free energy per area for a film with an island coverage ratio p and a line 
tension contribution "{1-A 1- (A 1-= boundary area of an island) is: 

Fi o 1- A_l_ fi = A = "{  - Syp +y A + EnP (5) 

With eqs. ( l )  and (2) this can be written as: 

0 1- Al_ AH 3 f. = "f  - S  p + y - - --p I y A l 27thF 
(5a) 

If line tension contributions are neglected eq. (5a) has a minimum of energy per 
unit area for area ratios Pe of: 

(6) 

Eq. (6) describes an energetic minimum only for positive spreading coefficients 
( Sy > 0) and negative Hamaker constants (AH < 0), i. e. the minimum results from 
the competition between the interfacial energies, which favour a continuous film 
and the long range interactions, which tend to thicken the film. The conservation of 
material leads to island formation. With a typical Hamaker constant 
( AH = -10-201) and experimental values CPe = 0.3 for hr = 3x10-8m) eq. (6) 
yields Sy "" 8x10-5 mJm -z . Such a small value is not unreasonable, because it is the 
spreading factor of fatty acid on a fatty acid coated surface. 

Discussion 
The measured area ratios Pe vs. the original multilayer thicknesses hr show a 
linear relation as predicted by the simple model (Fig. 5). For a more quantitative 
analysis, however, additional contributions have to be taken into account: 1 )  eva
poration losses; 2) nucleation and dewetting kinetics; 3) island height distribution; 
4) island size distribution; 5) island shape; and 6) line tension contributions. 
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The data presented in Figure 5 were obtained from samples treated long enough to 

approximately reach the equilibrium island height he. The linear extrapolation of 

the data does not go through the origin, which points to some loss of material. This 
can also be observed directly with polarization microscopy during annealing: For 
the 2-layer films (=monolayer plus bilayer) no area ratio is plotted in Figure 5 
although island formation occurs. But while these islands gain height during 

annealing, evaporation causes the loss of all the material before he is reached. The 

data of Figure 5 and other investigations not presented here indicate that the total 

amount of material loss is roughly proportional to the annealing time and 

independent of the original film thickness. Thus, evaporation affects thin films 

much more than thick multilayers. 
At their main transition the multilayer films (multilayer islands) segregate into 

three-dimensional droplets without internal layered structure. Upon cooling below 

the main melting temperature these droplets remain and consist of randomly 

oriented micrograins with bilayered packing. 

Annealing is performed at temperatures below the main melting transition. The in

creased molecular mobility during the annealing is probably caused by the melting 

of only the chains. The internal bilayer structure is preserved and the films/islands 

remain highly viscous. The samples approach the equilibrium topology only slowly, 
with thicker samples taking longer times (>10 hours) than thinner films. The equi

librium thickness of the islands is around 80 - 100 nm. Therefore samples with less 

than 35 - 40 layers should separate into islands whereas thicker multilayers should 

retain their continuous film topology. In the experiments however, samples with 

more than 21 layers have not yet been observed to form islands. This may have 

energetic and nucleation reasons. In the beginning of the annealing the closed film 

has to be ruptured. This is probably a nucleation process which has to overcome 

line tension contributions and the activation energy will roughly be proportional to 

the film thickness. Surfaces with already thick islands also gain less energy upon in

creasing their island heights compared to those starting with thinner heights because 

of the fading VdW-contribution with increasing thickness. Both these effects, the 

smaller energy gain and the higher activation barrier, may explain why films close 

to but with still less than the island equilibrium height have hitherto not yet been 

ob-served to break up. The relatively smaller energy gain per height increase for 

island heights close to he also explains, why there is some variation in the island 

heights (Figure 3). 
Nothing is currently known about details of the molecular transport during the 
annealing and the mechanisms causing the sizes and shapes of the islands. 

Nucleation, molecular transport, and line tension will determine these 

characteristics. In the model calculations the line tension contribution has been 
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neglected because i t  cannot easily be incorporated into calculations due to the 
complicated island shapes and size distributions. Experimentally the influence of the 

line tension is observable. The island shapes tend to become more and more smooth 
during annealing. Line tension contributions will play a more important role for 

small islands. For idealized round islands it scales linearly with the island diameter 

whereas the surface contributions go quadratic. With a typical island diameter of 

l Oµm one obtains perimeter areas of 3µm2 compared to surface areas of 80µm2 

(for he= l OOnm) and line tension contributions may be negelected in a first 

approximation. 

The observed phenomena and their theoretical interpretation bears strong 

similarities to the wetting/dewetting behaviour of polymers5,6,7J and liquids8l. The 

internal structure of Langmuir-Blodgett multilayers resembles that of layered block 
copolymer layers, where also island topologies can be found9l (however caused by 

different reasons). A great advantage of Langmuir-Blodgett multilayers is the 

possibility of preparing films in precise thickness increments of the bilayer 
spacings. Thus the thickness of the films as-deposited can be controlled within a few 
Angstroms and series of various film thicknesses can be prepared and investigated. 

By changing the substance it is further possible to selectively change the geometrical 

and physical properties. 
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Abstract. The interface between a flat solid surface and a cross-linked elastomer can 
be considerably strengthened by the addition of chains (chemically identical to the 
elastomer) that are tethered by one end to the solid surface. At high grafting densities 
these coupling chains may, however, segregate from the elastomer and the adhesion 
may drop substantially. This important problem has been recently considered by de 
several authors in the case of a monodisperse "brush". In this article, we analyse the 
adhesion between a polydisperse brush and an elastomer, and we present some recent 
experiments conducted on polydimethylsiloxane - silica systems. 
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1 Introduction 

Adhesion between a flat solid surface and a cross-linked elastomer is a 
technologically important problem (a cross-linked elastomer consists of long, flexible 
chainclike molecules that are interconnected at various points by cross-links to form a 
molecular network; the polymer medium is locally fluid, but the macroscopic flow of 
the material is prevented by the cross-links). The interface between the two materials 
can be strengthened by the addition of chains (chemically identical to the elastomer) 
that are tethered by one end to the solid surface. As a crack grows along the interface, 
these coupling chains are progressively pulled-out from the elastomer[l -31. This 
"suction" process is expected to occur in an approximately planar cohesive zone 
directly ahead of the crack tip[41. 

Figure 1. The interface between flat solid surface and a cross
linked elastomer is strengthened by the addition of chains 
(chemically identical to the elastomer) that are tethered by one 
end to the solid surface. 

A number of models have been proposed to describe the process of chain pull-out 
and the relation between chain pull-out and interfacial toughness[5-l l l .  In the model 
of Raphael and de Gennes[8-91, the partially pulled-out chains are assumed to form 
single-chain fibrils. The minimization of the sum of the surface and stretching 
energies of these chains shows that there is a minimum force f * required for a fibril 
to exist even at zero pull-out rate. As the force on a chain that is being pulled-out 
remains finite as V -t O ,  the existence of a threshold toughness G0 that is larger than 

the work of adhesion W due to intermolecular interactions (typically van der Waals 
type) is predicted. For many practical cases, the zero-rate fracture energy G0 is given 

by[9-10] 

( 1 )  
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where v is the number of coupling chains per unit interface area, N their 
polymerization index, and kT the thermal energy. In what follows we will often use 
the dimensionless grafting density a =  v a2, where a is the monomer size. 

Equation ( 1 )  is valid as long as the interdigitation between the coupling chains 
and the elastomer is total. For high a values, however, the coupling chains may 
segregate (at least partially) from the elastomer and G0 may reduce to W. This 
important problem has been recently considered by de Gennes[ l2l and by Brochard
Wyart et a/. [ 1 31. The starting point of these studies is the analysis by de Gennes of the 
equilibrium between a melt of chains ( N monomers per chain) and an elastomer 
cross-linked in the dry state (Nc monomers between cross-links)[ l2J. For a single N 
chain inside the elastomer, the Flory-type free energy can be written as 

(2) 

(all numerical factors being ignored). The first term represents the deformation 
energy of the chain ( R  is the coil radius). The second term is the swelling energy of 
the elastomer. Since the free energy eqn (2) is identical to the free energy of a chain 
(N monomers) immersed in a melt of shorter, chemically identical chains (Nc 
monomers per chain)! 14], the N-chain conformation is the same in both situations. 
However, the volume fraction of monomers of the N chains within the elastomer is 
limited by the elastic energy of the elastomer to a value Nc/N [ l2J .  Similarly, a 
monodisperse brush* in contact with an elastomer is expected to fully interdigitate the 
network if the resulting volume fraction of monomers from the brush inside the 
elastomer, <t>, is smaller than a critical value <!>1 = Nc/N l 1 3J .  The corresponding 
grafting density is a1 = NjN312 • For a< a1 , G0 -W is a linear function of a. For 
a> a1 , the interdigitation between the brush and the elastomer is only partial and 
each grafted chain has only a number n =: Nc213 a-

1 
of monomers within the 

elastomer. As a result, G0 -W = kT n v increases more gradualy with a (like 
a

1
13).  In this regime, <t> is larger than <!>1 and reaches a value of order l for 

a := Nc-
1
12 • At that point, the interdigitation is lost and G0 -W falls off to zero[l5J. 

Experimentaly, the formation of a dense polymer brush is a delicate chemical 
problem: one has to find a system in which the wall has no preferential interaction 
with the monomers of the chains, except the extremity to be grafted. An example of 
such a system has been worked out by P. Auroy et a/. [ 1 6 1 ,  with a-ffi 

* A layer of polymer chains grafted at one end onto a solid surface is usually referred 
to as a' "brush". 



3 1 6  

hydroxylterminated polydimethylsiloxane (PDMS) chains end grafted on previously 
modified porous silica beads (by esterification of most of the silanol sites of the 
surface by pentanol molecules). Another and simpler way of forming dense surface 
anchored layers of polymer chains has been worked out by M. Deruelle et a!J17l ,  
through simultaneous adsorption and end grafting of  PDMS on untreated silica 
surfaces .  If the naturally oxydised surface of a silicon wafer is used, the layers can be 
analysed in details through reflectometry techniques such as X-Rays, neutrons 
reflectivity, or ellipsometry. The dry thikness ho of such layers, characterised by 

ell ipsometry and X-Rays reflectivity, follows rather well the scaling law 
ho == a N112 <!>0718 • When put into contact with a good solvent, these layers swell, but 

the thickness saturates at a value smaller than what would have been obtained with a 
purely end grafted layer made with the same chains, at the same surface density[ I SJ . 
This is an experimental evidence that the structure of these simultaneously adsorbed 
and end grafted layers is different from that of a brush. In fact, due to the adsorption, 
these layers are made of loops, with a large polydispersity of loop sizes, reflecting the 
statistics of the chains in the reaction bath. The structure of such irreversibly 
adsorbed layers has been worked out by 0. Guiselin[ 19J , and they have been named 
pseudo-brushes, because they are analogous to highly polydisperse brushes of loops. 
S ince, experimentaly, pseudo-brushes are formed rather easily, it is of some 
importance to try to estimate the adhesion between a pseudo-brush and an elastomer. 
This will be done in Section 2. In Section 3 we present experiments conducted on 
polydimethylsiloxane - silica systems. The paper ends with some concluding 
remarks. 

2 Adhesion between a polydisperse brush and an elastomer 

In order to estimate the adhesion energy between a pseudo-brush and an 
elastomer, we will treat the pseudo-brush as a polydisperse brush of half loops. We 
assume the polydisperse brush to be characterized by the following distribution: 

S( n) := 
<!> 7 /8 () 

02 n112 l < n < N  (3) 

where S(n) is the number (per unit area) of chains made of more than n monomers 
( 1  < n < N ). This distribution is reminiscent of the "pseudo-tail" distribution calculated 

by Guiselin in the case of a layer prepared by irreversible adsorption from a semi
dilute solution of volume fraction <!>0 I !  9J . 

Let us first recal l some useful results concerning the behavior of a polydisperse 
brush (described by the length distribution eqn (3)) exposed to a melt of mobile 
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chains (degree o f  polymerization Ne  , with N112 < N0 < N)[20-21J . (a) In the regime 

<1'>0 > N c -113 , the mobile chains penetrate into the brush to a distance from the wall 

that corresponds for the tethered chains to the index 

(4) 

(the n -th monomers of all tethered chains larger than n are supposed to be located at 
the same distance from the surface)[l9-21 1 .  Note that s is an increasing function of 
N c :  decreasing the length of the melt chains increases the stretching of the brush and 

therefore increases the mixing by providing more volume for the melt. (b) There 
exists a threshold value of <1'>0 below which the excluded volume interactions cease 

to be relevant at the brush extremity[20-221. This threshold value is given by 

<1'>0T =: (Nc!N)817 (see also Ref. 1 2) .  For <1'>0 =: <1'>0T , the number of chains per unit area 

is of the order of a-2 (NjN) and the average volume fraction of chains of the brush 
inside the interdigitation zone is of the order of Nc/N . 

We now consider what happens when the polydisperse brush is exposed to an 
elastomer ( Nc monomers between cross-links, with N112 < Nc < N). By analogy with 

the monodisperse brush, we make the conjecture that the network elasticity starts to 
restrict the interdigitation when <1'>0 = <l'>oT · The use of this criterion is strengthened by 

the fact that it is also the point when the average volume fraction of brush chains in 
the network is of the order of Nc/N . 

We now consider the situation <1'>0 ><1'>0T where we expect partial 

interdigitation: as a result of the brush polydispersity, long enough chains will 
penetrate into the elastomer while short ones will not. In order to describe 
qualitatively this partial interdigitation regime, we assume that the number of chains 
per unit area that enter the network is locked at its value for <1'>0 = <1'>0T , that is at 

a-2 (Nc/N ) .  One can thus define an index m such that the number (per unit area) of 

chains with more than m monomers is given by a-2 (Nc/N) : 

(5) 

The novel feature of the polydisperse brush compared to the monodisperse 
brush is that we now have two independent mechanisms leading to partial 
interdigitation: the 'melt mixing effect' ,  which imposes the cutoff s, and the 
elastomer elasticity, which imposes the cutoff m .  According to the relative value of s 
and m (eqns (4) and (5)), two cases must be considered. As long as s is larger than 
m ,  that is for Ne > N213 , it is plausible to assume that the elastomer behaves like a 

melt of Ne chains and penetrates into the brush to a distance from the wall that 
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corresponds to the index s .  According to eqn ( 1 ) , the adhesion energy G0  i s  then 

given by 

NJ ( dS(n)) G0 - W = kT dn -� (n - s) 
s 

(6) 

The integral appearing in eqn (6) corresponds to the number of monomers of the 
brush present in the elastomer (see eqn ( ! )) . Using eqn (4), we get[23J 

G - W = kT Nin <I> 7/8 [1 - <I> 7i8 (N  /N)1;2 ]2 o - a2 o o c (7) 

Equation (7) predicts the existence of a maximum in the adhesion energy as <1>0 718 
. . 7/8 ( )1/2 d mcrease s .  Th i s  max imum occurs for <l>omax = N/9Nc an  

(G0 - W)max = kTa-2 N112 (4/9) <1>omax718 .  Note that since <1>0 cannot exceed 1 ,  the 
maximum disappears if N is larger than 9Nc . 

We now consider the opposite case Ne < N213 .  Since m is now larger than s ,  
we expect the elastomer to penetrate into the brush less deeply than a melt of  Ne 
chains. If one postulates that the penetration is controlled by the index m, the 
adhesion energy G0 is then given byl23J 

kT J dn(- dS(n) )(n - s) dn 
m 

kT N112 <I> 11s [l _ <I> 118 (N112/N )]2 - 2 () 0 c a 

(8) 

Equation (8) predicts the existence of a maximum in the adhesion energy as <1>0718 
i ncreases .  Th i s  maximum occ urs for <I> 718 = N  /(3 N112 ) and  Omax c 
(G0 - W)max = kTa-2 N112 (4/9) <1>0nrnx718 .  Note that since <1>0 cannot exceed 1 , the 

maximum disappears if N is larger than Nc2 /9 . 
It is worth noting that eqns (7) and (8) can be rewritten as[24J 

o = _ __ o __ 1 _ o G - W 9 <I> 718 ( 1 <I> 718 J2 (Go - W)max 4 <l>o11smax 3 <l>omax 7/8 
(9) 

According to eqns (7) and (8), the maximal value of the curve G0 - W versus 
<1>0718 varies non monotonically with Ne :  



and 

a2 
-(G - W) 
kT 

0 
max 

- (4/33 ) Nc 

2 
!l__(G -W) := (4/33 ) N N  -112 
kT 

0 
max c 
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for Nl/2 < NC < N2/3 (10) 

pour N113 < Ne < N ( 1 1 )  

From eqns ( I  0)  and ( 1 1 ) ,  one finds that ( G0 -W )
max 

i s  optimum for N c = N213 where 

it takes the value ( 4/33) kT a-2 N2'3 l251 . 

3 Experiments 

Systematic experiments on polydimethylsiloxane - silica systems have been 
undertaken using the pseudo-brushes presented at the end of Section 2[24] [26-28J . 
Narrow fractions of PDMS chains (a-w hydroxyl terminated, Mw in the range 20 
000 to 700 000, Mw/Mn = 1 . 1 )  were used at volume fractions <1>0 ranging from 5 to 

100%, to form the layers on the upper surface of silicon wafers. 
Two mechanical tests have been developed to extract the adhesion energy: 

90° peel tests, conducted on an especially built machine allowing for very low 
velocities (5 nm/s to J O  mm/s) and the J.K.R. tesd29J in which a small elastomer lens 
is pressed against the substrate; measuring the area of contact as a function of the 
applied load yields both the adhesion energy and the elastic modulus of the 
elastomer. Details of the experimental set up and of the results are reported in 
reference[24] [261 for the peel test and in references[27][281 for the JKR test. In order to 
minimise as much as possible bulk dissipation in the elastomer in the peel test, we 
have used silk reinforced thin ribbons (200 mm thick), and checked both the 
thickness and the width dependence of the measured peel force. 
On Fig. 2 we have reported the measured adhesion energies obtained at very low 
velocity (5 nm/s) deduced from peel tests (Fig.2a) and from J.K.R. tests (Fig.2b), on 
layers formed at fixed molecular weight and increasing <1>0•  In both cases, a 

maximum in the evolution of the adhesion energy as a function of the surface density 
of chains, er � <1>0718 , is clearly visible. On Figure 2a, results obtained with two 

different elastomers (molecular weights between cross links respectively 10 400 and 
24 000) seem to indicate that the position of the maximum is not strongly affected by 
N e ,  the polymerisation index betwen crosslinks, while the adhesion energy at the 
maximum increases with N c .  Surprisingly enough, the layers with the higher er 
(obtained by adsorption and grafting from a polymer melt) do not provide large 
adhesion energy. 
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Figure 2a. Measured adhesion energy G0 a s  a function o f  the 
surface density of the chains in the surface layers (proportional to 

<1>0718 ) from peel experiments performed at a velocity 

V = 50 nm s-1 for elastomers with M c = 10000 (filled symbols) 

and Mc = 24000 (open symbols), and chains in the surface 

layers with a molecular weight 41 2000 . The full lines are just 
guides for the eyes. 

4. Concluding remarks 

The remarkable experimental features presented in the preceeding section are 
in qualitative agreement with the theoretical predictions of section 2. In fact, the 
experimental system is more complicated since one deals with loops rather than 
individual chains. According to Brochard-Wyart et al. f l  3] when a loop (with fixed 
attachment points on the solid surface) of length 2n interdigitates into the elastomer, 

its conformations are strongly restricted. The corresponding entropy loss is given by 
!'>.So=f3(2n/NJ, where f3 is a numerical factor of order unityl l 3J This effect, referred 
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to as "the cactus effect", is absent when one considers the penetration of two distinct 
chains of length n into the elastomer. 
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Figure 2b. Measured adhesion energy G0 a s  a function o f  the surface 
density of the chains in the surface layers from JKR experiments at 
V = l O nm s-1 for elastomers with Mc = I OOOO and chains in the 

surface layers with a molecular weight 41 2000 . The full lines is just a 
guide for the eyes. 

A model taking the cactus effect into account has been recently proposed[24J . 

This model also leads to the form of eqn (9) but with <f>omax 718 = 1/3 and 

(G0 -W) = kTa-2 N112 (4/9) <I>0max718 • All the experimental results obtained with max 
peel tests are reported on Figure 3, along with the master curve eqn (9). 

The challenge is at present to obtain sufficiently accurate data to test further 
the validity of these descriptions. This implies controlling as far as possible the 
quality and the reproducibility of the elastomers, as the local elasticity in the 
interdigitated region is the key parameter which limits or allows the connectors to be 
efficient. A strong advantage of the J .K .R. test is to allow simultaneous 
measurements of the adhesion energy and of the elastic modulus. It thus reveals to be 
a unique tool and 
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should allow a better understanding of the molecular mechanisms at the origin of the 
enhancement of the adhesion energy between a sol id and an elastomer through 
connector molecules. 
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Abstract 

In order to improve the properties such as adhesion and surface energy the surface of 
polypropylene (PP) films were modified by ammonia plasma treatment. The physicochemical 
modification of the treated surfaces was studied in terms of acid-base properties. The ammonia 
treated PP became more wettable and showed a basic character for treatments of the order of 0.7-
1 s. This work points out the importance of the specific basic groups grafted on the surface by an 
ammonia plasma on the adhesion phenomena with aluminium. However, this basic character of 
the surface disappeared with ageing leading to an amphoteric one. The latter has been explained 
by the fact that the polar groups are hurried away from the surface and/ or are neutralized by 
atmospheric contaminants. It has been shown that the ageing phenomena can be limited by 
crosslinking the PP surfaces with helium discharge, before ammonia plasma treatment. 
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Introduction 

The plasma technique is a dry process which can tailor polymers in order to introduce 
polar functional groups at the surface [1]. The advantage of such treatments is that the 
modification is restricted to the upper most layers of the substrate. It is clear that the 
type of polar or non polar groups introduced on the surface depend on the plasma 
atmosphere chosen for the study. Recently, the classification of "polar" properties in 
terms of lewis acid-base interactions rather than "polar" interactions seems to be more 
appropriate [2-4]. In this paper, firstly we characterize the acid-base properties acquired by polypropylene 
(PP) films (a non polar material) treated by an ammonia plasma. For this, contact angle 
measurements and X-ray Photoelectron Spectroscopy (XPS) in conjunction with 
molecular probe are used. Secondly, we study the effect of the ammonia treatment on 
the adhesion improvement of PP to a thin aluminium coating (� 20 nm) as well as 
the ageing effect of the treated PP before metallization. 

I-The acid-base character of "polar" interactions 

For fifty years or so intermolecular interactions have been classified as "polar" or "non 
polar", as a result of the remarkable achievements in the understanding of the nature 
of the attractive forces in gases. So, It became customary to discuss the dipole-dipole 
interactions and the dipole induced-dipole interactions for molecules in the liquid or 
solid state , or at their interfaces. Only very recently has the extrapolation from gases to 
condensed phases of the dipole interactions been studied, and it is found so far that in 
condensed phases there is no evidence for any measurable dipole interactions energies 
of cohesion and adhesion [5]. Instead it is found that the lewis acid-base interactions 
occur between the so-called "polar" groups in liquids and solids and that this 
interactions are quite independent of "polarity" as measured by dipole moment. It is 
therefore concluded that dipole-dipole interactions in liquids are negligibly small as 
compared to acid-base interactions or dispersion force interactions [4] . Several 
compounds usually referred to as "polar" have both acidic and basic sites as in water, 
alcohols and acetone. Often in these compounds molecules self-associate through acid
base bonds to line up the dipole moments thereby resulting in high dielectric constant. 
Generally, the thermodynamic work of adhesion W is defined as the reversible work 
of adhesion (per unit area) to disjoin the adhesive adherend-interface (i.e solid/liquid) 
[4]: 

W=yI + yz- yI2= yl (1+ cos 8 )  (1) 

where yl and y2 are the surface free enegies of components 1 and 2, yl2 is the 
interfacial free energy of the material. Fowkes has shown that the latter includes two 
kinds of interactions [5]: 

W= W d +W ab (2) 
W d defines the dispersion or London forces and wab the non dispersive or acid-base 
interactions: 

w d = 2 (yly2)1/2 (3) 

To determine the work of adhesion W (eq.1) of treated PP surfaces, we have employed 
the classical contact angle technique using unbuffered aqueous acidic and basic 
solutions [6,7]. 
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II-Assessment of acid-base properties of polymer surfaces by XPS 

The XPS method for determining acid-base interactions of polymer has been described 
elsewhere[8-9]. The polymer film is exposed to liquid vapours of known acid-base 
properties. The polymer film is then allowed to outgas the excess of solute and is 
transfered into the XPS equipment for surface characterisation. If the polymer-solute 
acid-base interactions are strong enough, then a residual amount of solute is detected 
and the molar ratio of solute per polymer repeat unit (%S) is evaluated. 

III-Plasma treatments 

The plasma reactor used to treat PP films (8µm thick) was a bell jar one with a non 
symmetrical configuration of electrodes (hollow electrode-earthed cylinder). The 
reactor was described in detail elsewhere [10]. The working pressure was about 150 Pa 
and the NH3 discharge was established with the help of 70 kHz excitation source. The 
power of the discharge was approximately 70 W. In situ metallisation of pretreated PP 
films was carried out by thermal evaporation in the same chamber, which avoided any 
contact of the pretreated polymer with air prior to Aluminium deposition. 

IV- Results and discussion 

As we have mentioned before, the work of adhesion of treated PP films were 
determined with different aqueous solutions. The contact angle of these solutions at 
the surface were measured immediately after the treatment. Figure 1 shows the 
increase in the total work of adhesion of treated PP films using different test liquids for 
different treatment times. It should be noted on this figure the basic character of the 
surface, i.e.Wsl= 129 mJ/m2 for acid pH and Wsl= 120 mJ/m2 for basic pH, for 
treatment times of the order of 0.7 to 1 s. For longer treatment times, the surface 
reaches an amphoteric character with the same total work of adhesion for the strongly 
acidic and basic aqueous solutions. 
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Figure1. Variation of  the total work of 
adhesion with different test liquids for 
different treatment times: 
(a) untreated PP; (b) t=O.ls; (c) t= 0.7s; 
(d) t=30s 

Ammonia plasma treatment produces chemical modification of the PP surface by 
grafting nitrogen and/or oxygen namely an increase of N/C and O/C ratio around 12% 
and 5% respectively [11]. 
In order to confirm the results obtained by wettability measurements, chloroform 
(TCM) was used as the molecular probe (lewis acid) in conjunction with XPS to 
interrogate the acid-base properties of ammonia plasma treated PP[8]. Figure 2 shows 
the adsorption of TCM on ammonia plasma treated PP and not on the untreated PP. 
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This is interpreted in terms of acid-base interactions between TCM and basic groups 
(amine, amide) grafted at the surface. The molar ratio of TCM per polymer repeat unit 
(%5) is evaluated in figure 3. In the first region, i.e. for treatment time shorter than 1 s, 
the %5 has its upper value equal to 5%. In the second region i.e. for treatment time 
longer than 1 s, %5 ratio decreases sharply until 0.7% for a treatment time equal to 30 s. 
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Figure 2. XPS survey spectras of (a) 0.7 s NH3 
treated PP and (b) untreated PP following 10 
mn exposure to TCM vapours. 

Figure3 . %5, the chloroform to nitrogen 
atom ratio (in %) vs treatment time. The 
plots shows that optimal treatment time 
is lower than ls. 

The variation of %5 vs treatment time is in complete agreement with the results 
obtained from contact angle measurements and adhesion measurements of thin 
aluminium coating to ammonia plasma treated PP. 
The metallization process consisted of depositing in situ a thin aluminium coating on 
the ammonia treated PP films by thermal evaporation at 10-3 Pa[12]. Simultaneously 
with the peel strength recorded, the percentage of the peeled off metal was measured 
with the help of a video camera and an image processor using the black and white 
contrast between the covered and non covered areas[lO]. The results (figure 4) show a 
sharp decrease of the aluminuim % peeled off from the begining of the plasma 
treatment ( for 0.023s of treatment time only 4-5 % of Al is peeled off) . This percentage 
remains constant with increasing plasma treatment time and then it increase (20%) for 
treatments exceeding ls. 
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Figure 4 . Evolution of the amount of aluminium peeled off as a function of the treatment 
time. 
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In fact, both XPS and adhesion measurements point out that ammonia plasma treated 
PP interacts favourably with either an acidic molecule (TCM) or an amphoteric 
element (aluminium) following a short plasma treatment that does not exceed ls. 

However, we have observed the ageing phenomena of the 1 s pretreated film upon 
exposure to a non polar medium such as air. On the one hand the surface rendered 
wettable by the treatment is found to revert to a less wettable state with time and on 
the other hand the adhesion starts to degrade leading to a higher percentage of the 
peeled off metal [11,12]. Note on Figure S(c) that with ageing the basic character is no 
longer clearly observed and the surface becomes amphoteric. Furthermore, Figure 6 
shows that the measured percentage of peeled off metal increases in function of the 
ageing time of ammonia treated PP before mettallization confirming the results 
discussed above. 

One can suggest that the ageing process results firstly, from a reorientation of polar 
moieties away from the surface into sub-surface giving rise by this way to a lower 
value of the work of adhesion Wsl- Secondly, from a neutralization of basic polar 
groups by atmospheric contaminants [11].  
In order to minimize this reorganization upon contact with air, we have pretreated 
the surface with a helium plasma before the ammonia treatment [13], because, inert 
gases are well known to crosslink polymer surfaces [14] .The results show in this case 
that the surface energy remained relatively unchanged since the contact angle of water 
shown in figure 7 increased very slowly in 4 days (less than 10%) and then remained 
constant for longer periods. Moreover, no degradation of the adhesion was observed 
even for treatments exceeding a few seconds considered to be an overtreatment (8-10% 
for t=Ss) [13]. The polymeric surface being crosslinked, the mobility of the polymer 
segments at the surface decreases and the scissoring effect due to a plasma 
overtreatment (t=Ss) is considerably less, limiting in this way the formation of a weak 
boundary layer responsible for the adhesion degradation of the Al-PP system[13]. 
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Adhesion and wettability of polymers to substrates may be enhanced by surface 
modification. In this aim, The plasma process is a successful tool bringing about acidic 
and basic groups grafted to the surface. The 'polar' interfacial interactions which are 
exothermic and enhance adhesion can never be of a dipole-dipole type but are the 
result of exothermic lewis acid-base interactions. 
The acid-base properties of ammonia plasma treated polypropylene were characterize 
by contact angle measurements and, XPS using chloroform as the lewis acidic probe. 
The former points out the basic character of the NH3 treated PP explaining in this way 
the adsorption of chloroform to the surface. The latter has been interpreted in terms 
of acid-base interactions between chloroform and basic groups grafted on the surface. 
However, the chloroform/N ratio has its upper value for a treatment time lower than 
ls and then decrease sharply for longer treatment times. The results parallel those 
obtained from the metallization of ammonia plasma treated PP by aluminium. 
Nevertheless, the ageing phenomena brings about surface rearrangement and 
neutralization of basic groups by atmospheric contaminants. Therefore, in order to 
minimize this phenomenon the surfaces were crosslinked by a helium pretreatment 
limiting thus the mobility of the polar groups. 
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s 
The deposition of conducting polymers such as Q, onto metallic substrates (Pt, Ti ,Al ) is 

performed after a chemical pretreatment of the suiface substrate ,using aliphatic (CH3-(CH2)i1-SH n=O 

tolO) and bipolar thiols ( t!YCH2JnSH, n=0,1,2,3). The formation of the thiol self-assembled monolayers 

is optimized towards the blocking of the metal oxidation. The pretreatment with aromatic thiols improves 
also the polymer film adhesion . Moreover, this procedure leads to dense , long conjugated polymers with 
few defects. 

INTRODUCTION 

The electrodeposition of polymers such as Conducting Polymers (CP) is an area of 
considerable activity. The process, which involves the oxidation of a monomer at an electrode 
surface is hindered when the electrode oxidizes before the electropolymerization takes place. 

Up to now, noble metals have been mainly choosen as suitable electrodes, but recently 
some attempts have been undertaken for depositing pyrrole or thiophene onto Fe, Ti , 
Al..),2l.Generally the metal surfaces are passivated by the solvent or by the supporting salt. 
In such cases, the polymer films are often of poor quality, of low adherence, and they can 
aslo contain metal oxide traces. In regard to the potential applications of these 
electrodeposited polymers as adhesive and protective films against corrosion or as painting 
primary, this method appears not at all acquainted as the polymer film must be of good 
quality in regard to two aspects: interfacial properties (adhesion, high coverage ... ) and also 
structural properties (density, porosity, morphology, electronic properties). 
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As alternative way for electrodepositing polymers onto oxidable substrates we propose 

the pretreatment of the metal surface by molecules having a large affinity for metals such as 
sulfur-based molecules 3,4) possessing hvo active poles HS-(CH2)n-Y .These molecules are 
designed to contain a pole X (SH, for example) which is intended to adsorb strongly. and the 
other hand, the Y pole, which must be able to react during the electropofymerization process 
with the monomer or oligomer in solution and form thus a strong covalent bond (Fig.1). 
After such pretreatment, polybithiophene can be further electrochemically deposited. 

The goals of such pretreatments concern the improvement of : 
a) the interfacial properties as adhesion, coverage, charge transfer, . . .  
b) the interesting bulk structural properties of the polymer films towards future 

utilization, such as density, conductivity , stablity .... 
We have studied the formation and properties of i) the metal/thiol interface (with R-<l>

(CH2JnSH, n=0,1,2,3; R=H, CH3) and ii) the thiol/polymer interface (Fig.2). With this aim, 
we have firstly focused the study on a model system, i.e. the platinum/thiol system covered 
or not by the conducting polymer. We have optimized the properties of the thiol layers in 
regard to their blocking properties towards H30+, OH-, and oxygen adsorptions. This step 
allows not only to show the influence of the pretreatment on the polymer film properties but 
also to analyze the effect of an adsorbed oxide layer. Secondly, we have applied this process 
to the case of oxidizable metals. 

The preparation of platinum single polyoriented crystals, and the thiol pretreatment have 
been described elsewhere 3). The electrode is dipped in an aqueous thiol solution, carefully 
rinsed with water and acetonitrile. The electropolymerization occurs in a LiC104 0,2M -
CH3CN solution containing recristallized bithiophene (0,2M) 

I. FORMATION AND CHARACTERIZATION OF ALIPHATIC CH3(CH2)nSH (n=O to 10) 
AND AROMA TIC (R-<l>-(CH2)nSH, n=O to 3; R=H, CH3) THIOL MONOLAYERS 

High concentrations(>IQ-2 M) of the thiols in water with relatively long time of dipping (>1 
mn) of the elecrode lead to the best blocking properties .The blocking coefficients x, higher 
than 95% 3b,d 4) , are measured by the amount of hydrogen that the electrode can adsorb in 
sulfuric acid medium . The values of capacitive current, the blocking ability towards the 
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metal oxidation and the wetting properties have been also considered. It has been thus 
shown that the ordering, close-packing , and hydrophobicity of these layers increase with 
the aliphatic chain length (n), that drives the self-assembling properties of the molecules. 

The electrode can also be quenched with deaerated and H2 saturated water. In this case, 
the thiol adsorbs onto an oxygen free surface. The blocking coefficient and the 
hydrophobicity are then higher, due to a closer-packing of the thiol molecules. However the 
adsorbed oxygen is displaced by the thiol as shovvn by Auger spectroscopy 3e,4) .The role of 
oxygen is probably related to the potential taken by the electrode during the thiol 
adsorption. 

II INFLUENCE OF THE CHAIN LENGTH n OF <ll-(CH2)nSH ( n=0,1,2,3 ) 

II.I.Kinetic of Growth Process 

In Figure 3, the electropolymerization curves show important modifications in regard to 
the molecule used for pretreatment . The curves could be divided in three regions : 

-In region I where the monomer is not yet oxidized, the current is due to the capacitive 
charge or to the residual water oxidation, all the more lowered than the chain length is longer 
(see inset b): The blocking efficiency towards these processes increases with n. 

- In region II, the current concerns mainly the monomer oxidation, the formation of 
oligomers and of the first nuclei. With the pretreated electrodes, the current begins a little 
later but increases quicker and clearer (inset b). The current is even lower at the maximum 
potential Vmax. 

- In the last region, the current, connected to the kinetic of film growth, increases quicker 
when the chain length increases. With bithiophene as monomer, the alkyl chain length of the 
thiol doesn't limit the growth rate of the polymer film. 

II.2 Electrochemical properties of the films 
Once the films formed, a doping-undoping process is observed electrochemically (Fig.4). 

The potential peak of the obtained polybithiophene (PBT) film Eox,p is a parameter 
expressing the conjugation length of the chain. Its half width at half height (PHWHH) 
characterizes the distribution of the lengths of the conjugated segments. Negative differences 
of ti(Eox,p) and ti(PHWHH) between pretreated electrode and the bare one indicate an 
improvement of the film quality.The films deposited on pretreated electrodes show 
improved characteristics in regard to their electrochemical properties (Fig.5): ti(Eox,p) and 
ti(PHWHH) are negative and decrease with the chain length.The longer the alkyl chain length 
is, the more improved the electronic films properties are. The role of the alkyl chain appears 
therefore determining; this effect is probably related to the greater order of the longer chains 
which show higher dose-packed density, as already observed with aliphatic thiols. Let us 
notice that the improvements of the films have been observed with aliphatic thiols with the 
same trend . However the practical adhesion of the films is very weak showing the role of 
the aromatic cycle in the deposition process. 
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Fig.3: Grafting curves for electrodes 
pretreated with <'l>-(CH2lnSH (n=0-3) 
and for a no pretreated one ( -l 

Influence of initially adsorbed oxygen 

-. 

·� - - - ----�-� 
Fig.4: Comparison between voltammogramms 
of doping-undoping :PBTfilms: (_) without 

pretreatment; (- -) pretreated with n=3; 

In this case, the thiol adsorbs onto an oxygen free surface. With <'!>-SH, the electrochemical 
properties are better improved as compared to oxidized platinum electrode. Electrochemical 
parameters decrease of M(E ox,p)= -lOmV and M(PHWHH) = -18mV more; As previously 
shown for the aliphatic thiols 2,4), the oxygen hinders a good ordering of the monolayers. 

III INFLUENCE OF METHYL SUBSTITUENTS OF THE PHENYL CYCLE OF (CH3lm-<'l>
SH (m=0,1,2) 

The presence of one methyl substituent still improves the properties of the polymer films 
(Fig.6). Furthermore, the meta position appears as the best one. In this only position, the 
electronic effect of both the CH3 and 5 substituents add up, activating the positions 2,4,6 Let 
us notice that the position 4 is also sterically favoured. These results indicate that a chemical 
reaction -electrophilic substitution type- occurs, leading to the formation of a C-C covalent 
bond . Moreover the adhesion is much better in the case of aromatic thiols than with aliphatic 
thiols. Thus the role of the aromatic cycle is confirmed, as previously suggested in Fig. 1. 
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IV PRETREATMENT OF OXIDIZABLE METALS: TITANIUM AND ALUMINIUM 

After polishing , the electrode is immediatly dipped into pure thiol, rinsed with CH3CN 
and introduced in the cell. Figures 7a and 7b show that, in the presence or not of bithiophene 
in the solution, the metal oxidation is largely inhibited. In absence of the adsorbed thiol, the 
polymer grows onto an oxide layer which has been formed at a lower potential . In this last 
case, the deposition rate is lowered. By electrodepositing the polymer by cyclic voltammetry, 
the same behaviour is again observed ; moreover the electrochemical properties of the films 
are improved as for platinum (fig 7). The deposition yield also increases, as for an identical 
oxidation charge, the amount of deposited film onto pretreated Ti is larger than that on a 
bare electrode. 

b II 

t (s) 
Fig.7: Electrochemical curves l=f(t) for a: without bithiophene; b: with bithiophene ;(-) Ti 
no pretreated; (- - - -) Ti pretreated by <P-SH 



336 

a b 
Fig.8 Voltammogram I=f(V) for the electropolymerization of bithiophene on a: Ti ; b: 

<I>SH/Ti ;(- - - -) first cycle. 

Concerning aluminum electrodes , comparable results were obtained for the blocking 
properties, growth mechanism and electrochemical properties . Finally, the practical adhesion 
of these films studied by MEB after a deadhesion test, is strongly enhanced when using an 
arylthiol pretreatment. This effect is not observed when using aliphatic thiol, demonstrating 
again the important role played by the phenyl group . 

Conclusion 
The pretreatment of platinum electrodes by aliphatic aromatic thiols leads to significant 

modifications in the deposition process kinetic and in the electrochemical properties of 
polybithiophene films. The longer the alkyl chains are, the better the films are. We interprete 
this behaviour by the difference in the structure of the thiol monolayers which become 
highly ordered and close packed with a long chain. With aromatic thiols, such 
pretreatments has been shown to allow the grafting of conducting polymer with the 
formation of a .covalent C-C bond improving thus the adhesion of the polymer film 
deposited onto platinum as well as onto oxidizable metals such as Ti and AL 
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Small amphiphilic helical peptides are antibiotics produced in the host defense 
systems of animals. They exert their activity directly on the lipid bilayer of cell mem
brane. How do they attack bacteria without harming the host cells? It turns out that the 
mechanism of their activity is related to a phase transition like behavior. At low con
centrations, they are adsorbed on the membrane surface. Above a critical concentra
tion, they insert into the bilayer. The critical concentration depends on the lipid 
compostion of the cell membrane. We use the methods of oriented circular dichroism, 
x-ray diffraction and neutron scattering to study this problem. 
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Inltroduction 

How is the physical property of a lipid bilayer related to the membrane interaction 

wilth proteins? Naturally produced amphiphilic helical peptides provide a simple, 

well-defined system for studying this problem. These 20-30 amino-acid peptides are 

antibiotics; the best known examples are megainins1l. They rupture bacterial cell 

membranes but are, at the effective antibacterial concentrations, nonhemolytic. The 

evidence that these peptides exert their activity directly on the lipid bilayer rather than 

on some protein targets is threefold: the synthetic enantiomers made of D-amino acids 

are equally active as the natural L enantiomers2l; their effects on artificial membranes 

are similar to that on cell membranes; and so far no proteins receptors have been found 

for these peptides. The question then is how do they interact with a lipid bilayer? And 

how do we account for their biological functions, particularly how do they attack bac

teria without harming the host cells? Most of our experiments were performed with 

magainins and alamethicin. 

One expects an amphiphilic helical peptide of about 20 amino acids to either 

adsorb on the interface between the polar region and the hydrocarbon region of the 

bilayer or insert in the bilayer as an aggregate such that the exterior surface of the 

aggregate is hydrophobic. To study such peptide/membrane systems, we prepared the 

samples into smectic liquid crystals. (All experiments were performed with the lipids 

in the La phase as monitored by polarized microscopy or x-ray diffraction.) We could 

then distinguish the two above-mentioned states by measuring the orientation of the 

peptide helices. This was done by the method of oriented circular dichroism3l. Our 

measurements showed that the two distinct states actually represent two thermody-

namic phases of the peptide-membrane systems4l. In general, at low concentrations, 

expressed as the peptide-to-lipid molar ratio P/L, the peptides are adsorbed parallel to 

the membrane surface. Above a critical concentration P/L * , there is a coexistence 

region in which a fraction of the peptide molecules are inserted perpendicularly in the 
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bilayer, and the rest remain on the surface. The inserted fraction increases (from zero 

at P/L *) with P/L. In some cases the coexistence region ends at a higher P/L and 

beyond this concentration all peptide molecules are inserted4• 5l. In other cases, the 

coexistence region extends to very high P/L's and the completely inserted phase was 

not detected within the experimental limit. The value of the critical P/L * for a given 

peptide varies with the lipid composition of the bilayer. In the activity assays, these 

peptides show critical concentrations for lysis. Thus it was hypothesized5l that the 

insertion transition is the mechanism of cytotoxicity and the cell selectivity is 

achieved by the dependence of P/L * on the lipid composition of the cell membranes. 

The smectic liquid crystalline samples are also ideal for lamellar diffraction and 

in-plane scattering. By the x-ray lamellar diffraction study, we found that when the 

peptides are adsorbed on the membrane surface, the lipid chains become disordered 

and the bilayer thickness decreases. The decrease of the bilayer thickness is propor

tional to P/L (as long as it is below P/L *). Since the chain volume is approximately 

constant, the chain cross section must increase correspondingly, and from this one can 

calculate the area occupied by the adsorbed peptides. These results reveal a very sim

ple way the peptides interact with bilayers at low concentrations, that leads to peptide 

insertion at high concentrations. 

The inserted peptide molecules in the bilayer can be detected by x-ray or neutron 

in-plane scattering. Our preliminary neutron in-plane scattering experiment showed 

that alamethicin forms well defined channels in the "barrel-stave" fashion. 

Oriented Circular Dichroism 

To determine the orientation of the helices with respect to the planes of the bilayers 

in our multilayer (smectic L. C.) samples, we employed the method of oriented circu-

lar dichroism (OCD) described in Wu et al. ( 1990)3l. This method makes use of the 

Moffitt theory6l that the peptide's exciton band at 208 nm is polarized parallel to the 

helical axis?). Thus a normal incident OCD of a multilayer sample shows, for helices 



342 

parallel to the membranes, a 208 nm amplitude slightly larger than the corresponding 

vesicular CD, whereas the band disappears if the helices are perpendicular to the 

membranes. This simple method allowed us to examine the peptide orientation in a 

matter of minutes using a standard CD spectropolarimeter. 
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OCD were measured with the multilayer samples equilibrated in a humidity cham

ber. An example of alamethicin with diphytanoyl phosphatidylcholine is shown 

above. The phase diagram show three distinct regions: the region where the peptide 

molecules are practically all inserted (dark), practically all in the surface state (white), 

and the coexistence region (gray). The symbols denote the fraction of inserted, e.g., � 

means the fraction of insertion is between 40% and 60%. The critical concentration 

for insertion P/L*- l/40. The phase diagram \!lries with both peptide and lipid. 

X-rny lamellar diffraction 

Because of the long range thermal undulations, the diffraction patterns of mem

branes in excessive water are suppressed; as a result, only two or three Bragg orders 

are detectable. This problem can be overcome by reducing the water content in the 
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multilayer sample but still maintaining the lipids in the La phase. 8 to 9 Bragg orders 

are measurable under such conditions. The electron density profiles of the bilayes 

showed that peptides in the surface state reduce the bilayer thickness. In all cases the 

decrease of the bilayer thickness is proportional to P/L S). These results can be inter

preted as follows. In a planar bilayer of pure lipid, the polar region and the hydrocar

bon chain region must occupy the same cross sectional area. If some peptide 

molecules are inserted in the polar region, the added cross sectional area in the polar 

region due to the adsorbed peptide molecules must be matched by a corresponding 

areal increase in the chain region. In general, the cross sectional area of a lipid is 

larger if its chains are more disordered. Since the volume of the chains is, to the first 

order, constant during an order-disorder transition, the fractional increase in the cross 

section M/Ao (per peptide) equals the fractional decrease in the thickness. 

bS=M(L/P) is then the expanded area due to each adsorbed peptide molecule. The 

experimental values of bS are approximately that of the cross sections of the adsorbed 

peptides8l. This is consistent with the assumption that the peptide is adsorbed at the 

interface and the adsorbing peptide pushes the lipid head groups laterally to create an 

additional area of bS in the polar region. Furthermore, since the free energy of mem

brane deformation is proportional to the square of the thickness change, it will 

increase with (P!L)2. 

The critical concentration for insertion can now be understood as follows9l. The 

free energy of adsorption consists of two parts, the energy of binding to the interface 

and the energy of membrane deformation. At low P/L's, the free energy of insertion is 

much larger than the free energy of adsorption. However, at a sufficiently high peptide 

concentration, the energy of adsorption can exceed the energy of insertion. The criti

cal concentration for insertion is the point when these two energies are equal. 

Neutron in-plane scattering 

Peptides embedded in the bilayers can be detected by in-plane scattering10l. To study 
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how inserted alamethicin molecules are distributed in the bilayer, neutron scattering of 

alamethicin in dilauroyl phosphatidylcholine was measured with Q parallel to the 

plane of bilayers. Water was replace by D20 so that, if there is a substantial amount of 

water associated with inserted alamethicin, D20 would provide the primary contrast 

against the lipid-peptide background. An example was shown in Fig. A 1 1l .  The 
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peak at Q- O. I 1A 1 is the first order lamellar peak due to smectic defects present in the 

multilayer sample. The lamellar peak may be removed from the data (Fig. B). The 

analysis of the scattering curves showed that alamethicin forms cylindrical channels, 

primarily of eight monomers. 
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Protein adsorption on solid surfaces plays a fundamental role in the field of 
biocompatible materials, and is an important consideration for blood compatible 
surfaces or metallic surgical implants. One of the main differences between adsorption 
processes of "small" molecules and of macromolecules is that macromolecules can 
reach the surface by two different mechanisms: by direct adsorption or by a 
progressive exchange reaction. This exchange mechanism has been investigated for 
two different cases: (a) homogeneous exchange whereby IgG molecules adsorbed onto 
latex particles are replaced by IgG molecules from the bulk solution and (b) 
heterogeneous exchange whereby IgG molecules adsorbed onto a hydrophilic silica 
surface are replaced by fibrinogen molecules from the solution. Selective 1251 
radiolabeling was used to distinguish between incoming and outgoing proteins. In the 
two cases, the replacement at an intermediate time scale (several hours) can be 
modelled by a first order kinetic reaction with respect to the molecules in solution, 
similar to that described for homogeneous exchange in polymer systems. Rate 
constants were determined. 
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Introduction 
Protein adsorption on solid surfaces presents a fundamental challenge: A protein 

is wry different from the simple, stable, point or spherical particles beloved of most 
theories of adsorption.1l Furthennore, processes allowing the surface configuration to 
change between different possible states are often be so slow that no equilibrium state 
is reached, within reasonable experimental times (i.e. several days). 

The large molecule is in contact with the surface not at one single point, but at 
many. The interaction energy at any one point may be small but the sum total very 
large, leading to tight binding of the molecule. This is  so strong that the protein 
solution may be replaced by a pure buffer solution with little observable desorption. 
However, the protein may be progressively deplaced at the interaction sites by an 
incoming protein. This process is of interest both simply because it is intrinsically 
different from the usual, simple adsorption occurring when a surface is first placed in 
contact with an adsorbate solution, and because during this process the proteins may 
be forced to change configurations, through irreversible denaturization, more than is 
necf:ssarily the case for simple adsorption. 

The "exchange" process was first proposed for proteins many years ago,2l but so 
far the only systematic studies performed have involved synthetic polymers.3lAJ.5l The 
major difficulty involved, in either case, is that exchange cannot be monitored directly 
with available techniques. It is however possible to search for general laws governing 
the adsorption or desorption of the protein molecules, and compare them with the laws 
expected for exchange processes. This will be attempted here for two different protein 
systems: Immunoglobulin G (IgG) on the surface, placed in contact with either an IgG 
solution (homogeneous exchange) or with a fibrinogen (Fib) solution (inhomogeneous 
exchange). These proteins were chosen in part for their biological importance: IgG is 
the standard antibody while fibrinogen plays a major role in blood clotting phenomena. 

Materials and Methods 
IgG (� = 1 50 000), provided by the Centre Regional de Transfusion Sanguine 

(Strasbourg, France), was isolated from human senun. Human fibrinogen (�=340 
000) was purchased from Kabi Vitrum (Stockholm, Sweden). 

Two different substrates were used. The homogeneous exchange experiments 
used monodisperse polystyrene latex particles, prepared under emulsifier-free 
condlitions, with diameter 790 nm A Tris/HCI buffer solution (pH 7.35) was chosen in 
order to avoid flocculation. The particles were placed in individual small tubes and 
left in contact with the initial protein solution for 4 hours. The protein solution was 
separated from the particles by centrifugation, the solution was four times removed and 
replaced with buffer, which was then replaced with a second protein solution. After a 
given time, the protein solution was removed and tested for radioactivity: the change in 
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activity was assumed to be due either to radiolabeled molecules leaving this solution to 
adsorb on the surface or to radiolabeled molecules desorbing from the surface, 
depending on which species was radiolabeled. This method is limited to 
measurements at discrete time intervals (one for each tube). 

For the inhomogeneous exchange experiments, the protein or buffer solutions 
flowed through a silica tube of inner diameter 0 . 1 7  cm and length 2 1 . 5  cm, positioned 
in the center of a circular Nal detector. The inner surface of the tube provided the 
adsorbing surface, which could thus be monitored continuously. 

Further experimental details may be found in references [6] and [7]. 

Results and Discussion 
INITIAL PROTEIN LAYER 

The protein molecules are not spherical : the simplest approximation of the Fib 
molecule would be as a rod of dimension 45x9x6 mn3 while the lgG molecule in 
solution is  roughly T-shaped, with dimensions 23 .5x4.4x4.4 nm3 .8) The Fib molecule 
in particular is somewhat flexible; further confonnational changes may occur at the 
surface even without denaturization. Different surface configurations are clearly 
possible. The initial configuration may depend on the concentration of the protein in 
solution, shear at the surface during deposition, etc. As long as the conditions are kept 
constant, a well-defined "adsorption isotherm" may be obtained (see fig. 1 a). 

The replacement experiments were performed with an initial protein solution of 
concentration c1=0.25.g/I, replaced by buffer after 4 hours, leading to an initial surface 
concentration r 1=0.55µg/cm2. If the buffer is now replaced by a second protein 
solution, the new proteins may reach the surface by three major mechanisms: they 
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may fill available holes in the surface, they may fill space left by a molecule that leaves 
the surface spontaneously, or they may reach the surface by a cooperative exchange 
proc:ess. The difficulty is in distinguishing between the three processes. 
HOMOGENEOUS REPLACEMENT ONTO LATEX PARTICLES: IGG-IGG 

Here we are limited to discrete measurements in time; further, only for 
adsorption is the signal-to-noise ratio sufficient to detennine the surface concentration. 
Some pure desorption is observed (see figure l b), calling for direct replacement. 
Further, the final total protein concentration was found (fig. 2a; by radiolabeling both 
incoming and outgoing proteins) to be significantly t,'Teater than after the first protein 
adsorption step: this also corresponds to direct adsorption. These two "direct" quantities 
correspond to a sit,'llificant fraction of the total protein adsorbed from the second 
solution, as indicated in figure 2a. However, these processes appear quite rapid, 
completed within the hour which is also characteristic for the initial protein adsorption. 
With time, the protein concentration continues to increase (fig. 2a): in analogy with a 
chernical reaction, the adsorption rate might be expected to follow the Jaw 

df2 . , ) ? p a df = f (f1 ,C2 = k['I C2 ( 1 ) 

where the indices ( 1 ,2) indicate the initial and replacement proteins respectively, r the 
surface concentration, and c the bulk concentration. Since the protein concentration 
in solution and in volume remain constant to a good approximation, this suggests a 
linear increase in time. The increase was measured for a series of different bulk 
concentrations c2 (fit,'llre 2b), and found to be linear in this concentration, suggesting 
an analogy to a first-order chemical reaction, with one and only one protein molecule 
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involved in the rate limiting-step of the adsorption. This can be called exchange only if 
at least one previously-adsorbed molecule is also involved in the adsorption. This 
cannot be demonstrated directly. However, we do see (figure l b) that the total 
desorbed quantity after a given time is consistent with the total adsorbed which is 
attributed to the exchange process (i.e.  not including the net increase in protein 
concentration during the adsorption-rinsing-readsorption process). 
INHOMOGENEOUS REPLACEMENT IN A SILICA TUBE: IGG-FIB 

The limitations of the above approach, using adsorption onto particles, are 
obvious. Adsorption onto tl1e inner surface of a tube, through which a protein or 
buffer solution may be flowing, has several advantages: the tube may be directly 
placed in the detector to continuously monitor the desorption (presently only possible 
if the liquid in the tube is 11ot radiolabeled) and the flow conditions through the tube 
are well defined. 

We see significant desorption from the initial protein layer, with pure buffer as 
well as witl1 the second protein solution. The surface concentration can no longer be 
taken as constant, but neither does it follow a simple exponential law as suggested by 
eq. 1 .  The simplest adequate fitting fonnula 

r, = Ae -Kit + Be-Kol + C  (2) 

introduces 3 characteristic time scales: l /K1, on the order of hours; l/K2, on the order 
of 2 days, and a third much longer. This dependence of ilie replacement rate with 
time, implying eitl1er several (at least three) distinct populations of proteins or an 
evolution of the protein layer with time, has been observed previously.3l-9l The short 
time constant, K1, is again linear with protein bulk concentration, suggesting a first 
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order process. K2 is however independent of bulk concentration. It is the desorption 
given by K1 which is a candidate for a true exchange process. One may note that the 
total adsorbed protein is again approximately equal to the total desorbed quantity. 

Another open question is that of possible configurational changes of the protein 
during the exchange process. One test of this change would be the reactivity of the 
protein with antibodies directed against the protein. With the radioactivity experinients, 
it is difficult to distinguish between antibodies which adsorb on the substrate, either 
directly or by exchange, and those which attach to adsorbed protein molecules. IO) 

Another method, scanning angle reflectometry, I I) allows one to measure both the total 
proteill surface. concentration and the thickness of the protein layer, which increases 
significantly when antibodies attach to the proteins, but not during additional 
adsorption exchange. We observe thus that Fib which replaces IgG on the silica 
surface remains reactive against anti-Fib, qualitatively to the same extent as Fib 
directly adsorbed on the surface. 

Conclusions 
In both cases, several different desorption processes appear to occur at the 

interface, with widely varying time scales. In the time scale of hours, the exchange 
rate was shown to follow a first-order equation in the bulk concentration (a= I in eq. 
I ). Incoming and outgoing proteins balanced during this time scale. The rate constant 
for what is tentatively identified as an exchange process is ke=(5 .8± 1 .0) 1 031/mole hr 
for replacement of lgG by IgG on the latex particles and ke=(3 .8±0 . 1 ) ! 051/mole hr for 
the replacement oflgG by Fib on the silica surface. The orders of magnitude difference 
between the rate constants may reflect a greater ease in the replacement of IgG by Fib 
than by IgG, but the different surfaces in the two experiments certainly play a role. 
Further experiments with different protein pairs on the silica surface are in progress. 
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TURBULENT FLOWS OF POLYMER SOLUTIONS 

Hans-Werner Bewersdorff 
FH Lausitz, Dept. of Chemical Engineering, GroJSenhainer Str. 57, D-01968 Senftenberg 

Abstract 

The addition of minute amounts of soluble high molecular weight polymers to Newtonian 
fluids results in a lowering of the friction factor in turbulent pipe flows. In some polymer
solvent systems the polymer concentrations, which are needed to produce the effect, can 
be lower than 1 ppm. This shows that the effect can occur in ultradilute solutions. Since 
the lowering of the friction factor is accompanied by a modification of the structure of 
turbulence the coherent structures of turbulence have to interact with the viscoelastic 
material properties of the polymer solution. 
First, the known different viscoelastic rheological properties of dilute polymer solutions, 
the shear viscosity behaviour, the non-vanislung normal stress differences in shear flows, 
and the increased elongational viscosity behaviour are reviewed and discussed with 
respect to its importance in turbulent flows, before the basics of turbulent drag reduction 
are presented. The influence of the polymer parameters on the friction behaviour in 
smoooth f ipes is related to changes in the structure of turbulence. In turbulent velocity 
profiles o drag reducing polymer solutions the buffer layer between the viscous sublayer 
and the turbulent core expands with increasing drag reduction. In this region the structure 
of turbulence chang�s. cframatically. A �trong damping of the .R:ey�olds shear stresses 
occurs, the cross-m1xmg of the flow 1s reduced, and a def1c1t m the (Newtoruan) 
momentum balance is found. An attempt is made to relate these changes in the structure 
of turbulence to the viscoelastic rheological properties of the polymer solution in order to 
gain information on the mechanism of interaction between the h1rbulence and the 
additives which leads to the observed reduction in drag. 
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Introduction 

When minute amounts of suitable high molecular weight polymers are dissolved in a 
Newtonian fluid, the resulting polymer solution becomes a non-Newtonian fluid and can 
exhibit elastic effects. In turbulent flows these elastic properties of polymer solutions can 
interact with the coherent structures of turbulence causing a modification of these 
structures. This occurs in free turbulent flows as well as in wall-bounded turbulence. In 
wall-bounded turbulence the interaction of viscoelasticity and turbulence results in a 
lowering of the wall shear stress at a constant flow-rate. Due to possible energy savings in 
practical applications of the effect intensive research in this field resulted in more than 
thousand publications in the last three decades. Only a few publications deal with the 
modifications of the structure of turbulence in free turbulence in dilute polymer solutions. 
They are reviewed in [1] and [2]. In general, in these free turbulent flows the polymers 
cause a suppression of the small-scale turbulence. 
However, most publications deal with pipe or channel flows, i.e. with wall-bounded 
turbulence. In a fully developed pipe flow a force balance between the pressure forces and 
the frictional forces results in 

d2 
Ap 4 7t (1) 

In this equation Ap is the pressure drop, d the pipe diameter, 'tw the wall shear stress, 
and 1 the length of the pipe segment. In hydraulics it is common to plot a friction factor 

f = 
2 'l:w 
p u2 , (2) 

which is the ratio of the wall shear stress to the pressure head with p being the density of 
the fluid and u the bulk velocity, versus the Reynolds number 

Re = u d 
v 

In eq. (3) v denotes the kinematic viscosity of the fluid. 

(3) 

In this plot (see Fig. 1) two flow regimes occur for a pipe flow of a Newtonian fluid. For 
Re < 2,320 the flow is laminar with 

f = 16 I Re (4) 

which results from Poiseuille's law. In the turbulent flow regime in hydraulically smooth 
pipes the friction factor is given by 

1 / ,ff' = 4 log ( Re --..[T1 ) - 0.4 , (5) 
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.. 

Figure 1: Friction behaviour of a 10 ppm aqueous polyacrylamide solution in a 30 mm 
pipe 

the Prandtl-Karman-law. 
Any lowering of the friction factor in the turbulent flow regime at a constant flow-rate is 
called drag reduction. It should be mentioned that drag reduction does not only occur in 
dilute polymer solutions, e.g. as for the dilute polyacrylamide solution in Fig. 1. In general, 
a distinction is made between drag reduction by active or by passive means. Passive drag 
reduction can be produced by appropriate changes in geometry, e.g. riblets, outer-layer
manipulators, and convex curvatures [3]. In the area of active drag reduction one has to 
distinguish between drag reduction by magnetohydrodynamic (MHD) forcing, drag 
reduction in liquid boundary layers by gas injection, drag reduction by particle injection, 
drag reduction by surface mass injection [3], and last not least, drag reduction by polymer 
and surfactant [4] addition. 
Drag reduction in turbulent flows of polymer solutions is observed when the molecular 
weight is larger than about 500,000 g/mol. It occurs in turbulent flows of dilute solutions 
of flexible and semi-dilute and concentrated solutions of rod-like polymers. Frequently 
studied polymer-solvent systems are: polyethyleneoxide (PEO) - water, polyacrylamide 
(P AAm) - water, polystyrene (PS) - toluoene, polyisobutene (PIB) - petroleum, carboxy
methylcellulose (CMC) - water, Xanthan Gum - water. 

Rheology of polymer solutions 

Polymer solutions normally exhibit a shear thinning behaviour in simple shear flows, 
meaning the shear viscosity decreases with the shear rate. However, since the polymer 
concentrations needed to produce drag reduction in turbulent flows are extremely low, 
usually a few ppm, the small deviations in shear viscosity from that of the Newtonian 
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solvent can be neglected in most cases. Consequently, according to Virk [5] in plots of the 
friction behaviour of drag reducing polymer solutions the Reynolds number is usually 
based on the solvent viscosity. In polymer solutions in which higher concentrations are 
needed to produce drag reduction in turbulent flows, the influence of the shear-thinning 
on the friction behaviour can no longer be neglected. This holds mainly for solutions of 
relatively stiff rod-like polymer molecules, e.g. for Xanthan Gum and carboxymethyl
cellulose (CMC) solutions and is discussed in [6]. 
When a viscoelastic fluid leaves a capillary, the diameter of its jet can increase up to three 
times of the capillary diameter in contrast to a Newtonian fluid. This flow phenomenon is 
called die swell effect. The physical reason for such a behaviour is that in the capillary 
flow of the viscoelastic fluid an extra stress along the streamlines exists. When the fluid 
leaves the capillary, these normal stresses in flow direction relax, the fluid contracts in 
axial direction and expands in radial direction. This means that in a capillary flow, which 
is a shear flow, viscoelastic fluids exhibit normal stresses in contrast to Newtonian fluids. 
In solutions of flexible polymers, besides of the region at low shear rates, the normal stress 
difference is higher than the shear stress with a slope of the first normal stress difference 
as a function of the shear rate between 1 and 2. However, the occurring normal stresses in 
shear flows of dilute polymer solutions in low viscosity solvents are normally too small to 
be resolved by commercial rheometers. 
Dilute polymer solutions exhibit the most dramatic deviations from Newtonian behaviour 
in elongational flows. However, the measurement of elongational viacosities is one of the 
most difficult problems in rheometry, especially for low shear viscosity fluids. Several 
extensional viscometers have been proposed. However, in most situations no steady state 
can be reached in these instruments and only transient elongational viscosities, depending 
on the residence time in the elongational field, can be measured. Nevertheless, in many 
flow situations, as in the local elongational fields of a turbulent flow, no steady state is 
reached either. Furthermore, since the actual flow behaviour of viscoelastic materials 
depends on the deformation history, the flow in an elongational field should be shearfree 
and the strain history of the test material in the rheometer should have no influence. On 
the other hand, the elongational fields in the boundary layer are not shearfree either. 
The difficulties in measuring elongational viscosities of polymer solutions and the state of 
the art of the measuring technique are described in a special issue of the Journal of Non
Newtonian Fluid Mechanics, Vol. 35 (1990) 85-470. The influence of pre-shearing on the 
elongational behaviour of dilute polymer (and surfactant) solutions was studied in [7-9]. 
In these studies the transient elongational viscosity of drag reducing dilute polymer 
solutions started to increase from its Newtonian value only when a certain critical shear 
rate was exceeded. This finds its analogy in the onset behaviour in turbulent pipe flows as 
we will see later on. 
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Friction behaviour 

Dilute solutions of flexible polymers exhibit a so-called onset phenomenon which means 
that the deviations in the friction behaviour from that of the Newtonian solvent start to 
occur when a certain Reynolds number (see Fig. 1), or more accurately when a certain wall 
shear stress is exceeded which is characteristic for each polymer-solvent system. The 
critical wall shear stress is independent of the pipe diameter and the polymer 
concentration. According to [10] the product of the velocity gradient at the wall at onset 
conditions and the relaxation time of the polymer solution has a characteristic value for 
polymer solutions. Furthermore there exists a limit of the maximum attainable drag 
reduction [5] in pipe flows given by 

1 / -!f' = 19 log ( Re -[£1 ) - 32.4 . (6) 

This means that in the turbulent flow regime a polymer addition can produce drag 
reduction up to 80 %. However, even at maximum drag reduction conditions the flow is 
still turbulent and not laminar. In pipes of small diameter no onset behaviour often can be 
detected. This is due to the fact that in these cases the critical wall shear stress is already 
exceeded in the laminar flow regime. The influence of the pipe diameter d , the polymer 
concentration c , and the molecular weight M on the friction behaviour of dilute 
solutions of flexible polymers is shown in the Figures 2 - 4. 

f 

Figure 2: Friction behaviour of dilute 
polymer solutions of different 
concentrations 

f 

R e  
Figure 3 :  Friction behaviour o f  dilute 

polymer solutions in pipes 
of different diameter 

The onset of drag reduction can be related to molecular dimensions of the polymer 
molecules. As shown by Virk [5] a relationship between the wall shear stress at onset 
conditions 'l:w and the radius of gyration RG of the polymer molecules exists 

(7) 
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which means that the onset wall 
shear stress is inversely propor
tional to the hydrodynamic volume 
of the polymer molecule; C is 
a constant. By changing the quali
ty of the solvent, or the pH-value 
of the solution in case of polyelec
trolytes, the hydrodynamic volume, 
and therefore the critical wall shear 
stress at onset conditions change. 

laminar 

f 

R e  
Figure 4: Friction behaviour of dilute 

polymer solutions of 
different molecular weight 

;} = 4 lo� (Re ff) - 0.4 Prand ll-Hrm§n 
law for smooth 
pipes 

Type A (flexible polymers) 

Type B (rod-like polymers) 

J = 19 lo� (Re If) - 32.4 

Figure 5: Friction behaviour of polymer solutions 

Re 

In Fig. 5 type A shows the friction behaviour of dilute solutions of flexible polymers, 
which was described above, whereas type C elucidates the maximum drag reduction 
behaviour which is observed when the saturation concentration is reached. Solutions of 
rod-like polymers (type B) exhibit a so-called retro-onset-behaviour. In the turbulent flow 
regime the friction first is described by the maximum drag reduction asymptote, eq. (6). 
When a critical wall shear stress, which depends on the polymer concentration, is 
exceeded, the friction behaviour is parallel to the Prandtl-Karman law, eq. (5). 
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Structure of turbulence 

Turbulent velocity profiles are normally presented in terms of wall variables with the non
dimensional velocity 

with the friction velocity 

U.. = .f -rw / P 1 '  

plotted versus the logarithm of 

y+ = y u, I v  

(8) 

(9) 

(10) 

where y is the distance from the wall. In case of drag reduction for dilute polymer 
solutions (see Fig. 6) three different regions in the velocity profile can be distinguished. 
First near the wall the viscous sublayer with 

u+ = y+ (11) 

exists which is increased in size in comparison to a Newtonian fluid. Then the velocity 
profile follows the so-called ultimate profile [5] 

+ u 

10 

u+ = 11 .7 In y+ - 17 (12) 

laminar pipe flow: 

+ y•2 u = y'-
.f8fe' 
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Figure 6: Dimensionless velocity profiles of drag reducing polymer solutions 
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in the buffer layer, and in the core region it shows a parallel shift to higher u+ -values in 
comparison to a Newtonian fluid 

u+ = 2.5 ln y+ + 5.5 + t.B (13) 

As the drag reduction increases, the buffer layer expands until, for the case of Virk's [5] 
maximum drag reduction, no turbulent core exists and the buffer layer reaches the centre 
of th,2 pipe. 
From the velocity profiles it may be concluded that the interaction between the polymer 
molecules and the turbulent structures takes place in the buffer layer which therefore is 
also called elastic layer. The same conclusion follows from the measurements of the 
turbulence intensities and the Reynolds stresses. The maximum intensity of the axial 
turbulence is shifted, with increasing drag reduction, more and more towards the centre of 
the pipe whereas the radial turbulence intensity is strongly damped, e.g. [11] .  The 
Reynolds shear stresses which characterize the turbulent momentum transport are also 
drastically reduced in flows of drag reducing polymer solutions [11] .  However, when the 
solvent viscosity is used for calculating y+ for drag reducing fluids a Reynolds stress 
defiot occurs and in dimensionless form 

= 1 - y 

R 
(14) 

where G stands for "elastic stresses", as it was called by the first authors [12] recognizing 
this deficit. The origin of the Reynolds stress deficit is unknown. By calling G elastic 
stresses one implies that this deficit is due to elastic properties resulting from rheological 
effects. An alternative would be that the structures of the turbulent flow are altered so that 
they can be dominated by viscosity up to higher distances from the wall. The quantity G 
could be interpreted by a wall distance dependent effective viscosity 

u'v' y v eff dU+ 
- -- = 1 - - - - -- - G  

u,2 R v0 dy+ 
(14) 

where v eff is the effective kinematic viscosity and v0 the kinematic viscosity of the 
solvent. The maximum relative viscosity v elf I v0 increase is between 3.5 and 5.5 [6]. 

Remarks on the mechanism of interaction 

Although many investigations were undertaken on the behaviour of drag reducing 
polymer solutions the exact mechanism of interaction between the polymers and the 
turbulent structures is still unknown. Several models have been proposed. However, all 
these theories are not completely satisfactory in view of the experimental evidences. 
Lumley [13] showed that the drag reducing effect by polymer additives can be roughly 
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explained by dimensional reasoning. Due to relatively large strain in turbulent boundary 
layers he assumed an increase in viscosity of the polymer solution which in turn damps 
the dissipative eddies. Since the molecules are not expanded in the viscous sublayer, this 
layer is not affected by the polymers which is in agreement with experimental findings. If 

i oo 1LO _ _,,��"-, o�-,���o 1 01 
K' 

Figure 7: Dimensionless wall distance 
y+ as a function of the dimen
sionless wave number k+ 

a dimensionless wave number 

k+ = v I u, ri , (15) 
with Tl as a length scale of the smallest 
eddies, is introduced, the spectrum of tur
bulence is limited by 

y+ = 2.5 / k+ ' (16) 

curve 1 in Fig. 7, which characterizes the 
largest eddies, and by 

y+ = 2.5 / k+4 

as the viscous cut-off for the smallest 
eddies, curve 2 in Fig. 7. 

(17) 

In case of drag reducing polymer solutions the size of the smallest dissipating eddies 
increases due to an increased local viscosity, and according to [13] eq. (17) changes to 

y+ = 
2.5 vg (18) 

curve 3 in Fig. 7. If a wall distance dependent viscosity is assumed [14] which is calcuated 
from the Reynolds stress deficit, curve 2 changes to curve 4. Curve 4 follows curve 1 up to 
y+ = 21 , which means, supposed the large scale structure remains unchanged, that up to 
this distance only eddies of one size exist, and that the structures of turbulence are 
dominated by viscosity up to larger distances from the wall. 
Well-known coherent structures in turbulent boundary layers are the counterrotating 
vortices [15]. These vortices are oriented in flow direction and behave quasi periodic in the 
spanwise direction. They are responsible for the low speed streaks close to the wall. It is 
assumed that they are the essential structure responsible for the burst mechanism which is 
an essential feature of the near-wall turbulence because during bursts 80 % of the time
averaged Reynolds stresses are produced. If these longitudinal vortices are calculated 
numerically by using the concept of a wall distance dependent effective viscosity [16], 
their size increases, their centre is shifted to larger wall distance, and their vorticity is 
decreased considerably. Thus this wall distance dependent viscosity acts like a viscous lid 
on the boundary turbulence. The boundary layer is stabilized which is in agreement with 
the experimentally detected reduced burst rate [17]. 
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The movement of the longitudinal vortices creates two instabilities. Firstly these vortices 
exhibit a instability of themselves, a flapping of them in crossflow direction which results 
in a vortex breakdown, and secondly they produce an inflexional profile in the region 
where low speed fluid is lifted up as a result of the vortex motion. In such ejection-type 
motions a vortex stretching occurs which could be hindered by the increased elongational 
viscosity of the polymer solution. By a statistical analysis of the momentary values of the 
velocity fluctuations, e.g. (11], it has been shown that the bursts are suppressed. The same 
holds for the sweep motions in which high speed fluid is transported to the near-wall 
region. However, what is missing so far in order to find the exact mechanism of inter
action between the polymer molecules and the structures of turbulence, is an information 
on the orientation and conformation of the polymer molecules in the buffer layer. 
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Presented by Tuan Quoc Nguyen 

ABSTRACT 

The dynamics of segmental orientation in polystyrene has been studied with the 
technique of polarization-modulated flow birefringence. Two types of flow fields, 
quasi-steady and transient elongational, have been investigated. In opposed jets flow, 
the large dispersion in the birefringence curves after correction for molecular weight 
distribution suggested a gradual increase in segmental orientation with the fluid 
strain-rate instead of the predicted abrupt coil-to-stretch transition. Segmental 
orientation was even more gradual in flow through a narrow contraction. Flow
induced degradation was unexpectedly large in this type of flow with a pronounced 
propensity for midchain scission. Based on the birefringence and degradation results, a 
coil-to-deformed coil transition in which segmental orientation is significant without 
an increase in the radius of gyration is proposed to represent chain conformation in 
strong flows. 
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1 INTRODUCTION 

Flexible chain orientation and extension in flow is an intricate process which dei:-ends 
markedly on the details of the pervading flow field. Its comprehension, however, is 
fundamental to a molecular interpretation of experimental results in many important 
areas, such as rheological measurements, flow through porous media, mechano
chemical degradation, plastics processing, drag reduction and flow-induced structure 
formation. Despite some real advances accomplished during the last few years 
through a combination of theoretical and computer simulation studies, the detailed 
nature of the process of molecular uncoiling is still largely speculative. The present 
study focussed on recent experimental results to understand the process of polymer 
orientation and deformation in strong flow. 

THE COIL-STRETCHING TRANSITION IN STRONG FLOW 

The coil-to-stretch transition is probably the most striking feature predicted for isolated 
flexible polymer chains subjected to a strong elongational flow. Very early, it was 
realized that the inclusion of hydrodynamic interactions can increase the abruptness 
of the coil-to-stretch transition 1,2) Modeling the chain as a non-free draining slender 
body, the conditions for flexible chain extension in uniaxial elongational flow have 
been determined as: 

i; 2: Ee = Ahz - M-3v (1) 
and tr >> 'tz (2) 

( i; = fluid strain-rate, 'tz = Zimm's relaxation time for a nondraining chain, tr = 

residence time in the high strain rate region, v = Flory exponent equal to 0.5 in a 9-
solvent and 0.6 in a good solvent, A = factor of the order of unity. Elaborated 
calculations based on the bead-spring model 3) give A = 0.5035 which is just 7% above 
the value for the Hookean dumbbell). The first condition is imposed by the forces 
balance equation whereas the second condition is dictated by the amount of 
accumulated strain necessary for full chain extension. As chain stretching combines 
two conditions (Eqs. 1 & 2), the experimental requirements for both must be met in 
order to observe large molecular deformation. The strain-rate condition is easily 
satisfied with an appropriate pumping system. The large residence time, however, 
imposes severe restrictions on the flow geometry. In certain elongational flows, which 
possess a center of symmetry such as at the stagnation point between two opposed jets 
or in the four-roll mill, a quasi-steady elongational flow can be achieved in the 
immediate vicinity of the symmetry center. In contrast, transient elongational flows 
created by forcing a liquid across a narrow contraction have an inherent transient 
residence time which allows for only modest chain extension. Nevertheless, flow 
birefringence was readily discerned in this type of flow, indicating a substantial degree 
of segmental orientation 4) .  Other unexpected results observed in transient elonga
tional flow are the sharp midchain scission and the large degradation yields 5) . 

2. EXPERIMENTAL INVESTIGATION ON POLYMER CHAIN ORIENT A TION 

2.1. EXPERIMENT AL 

• All the experiments were performed at room temperature (23°C). 
• Extensional flow fields were created by pumping PS solutions across two sapphire 
jets in exact opposition (jets 0 = 500µm, gap distance = 600 µm) for stagnant elonga
tional flow or a single jet for transient elongational flow. 
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• Sharp PS fractions with molecular weight in the range of 1.13•106 to 21• 106 were 
dissolved in decalin (poor solvent) or I-methyl-naphthalene (good solvent) and 
filtered prior to the experiments. 
• The retardation signal (&') and the orientation angle (a) were mapped across �he 
birefringence domain with a polarization-modulated optical rheometer 6) combined 
with an X-Y translation stage and an automatic data acquisition system. 
• Flow-induced degradation could provide additional information on the stress 
distribution along the chain at the moment of fracture. Scission yields and molecular 
weight distribution of degraded polymer were determined by GPC. 

2.2. STAGNANT ELONGATIONAL FLOW 

The potential applications of elongational flow as the one capable of achieving large 
degree of coil extension have attracted early researchers' interests. In a series of 
pioneering experiments 7,8), it has been demonstrated that the birefringence signal in 
opposed jets flow increased sharply above some critical strain rate ( Ee) which scales 
with polymer molecular weight (M) as: 

Ee = B·M-� (3) 
with � = 1.5 regardless of the solvent quality. Alternatively, Eq.3 can be expressed as: M = ( Ec/B)-1/� (4) 
Applying Eq.4 and using the birefringence instrument as a molecular weight sensitive 
analyzer, it was verified that bond scission occurred at a critical strain rate Ef . The 
observed midchain scission and the measured scaling law Ef a M-2 were in perfect 
agreement with the fully extended chain model and gave further confidence to the 
coil-to-stretch transition theory. This seemingly coherent picture, however, was 
challenged by some recent experiments in which the degree of chain orientation and 
coil expansion are recorded simultaneously as a function of strain-rate 9) .  Although 
the birefringence signal reached rapidly saturation above Ee, the degree of coil 
expansion near the stagnation point remained extremely modest (1.3 to 2 depending 
on the polymer molecular weight) and was, in any case, well below the limit of full 
chain extension Similar conclusions have been reached by comparing the 
birefringence signal with the extensional viscosity 10) With hindsight, it seems that 
the previous measurements of Ee from the onset of birefringence are far from being 
indisputable. This quantity, obviously, depends on the measurement sensitivity and 
even more drastically on the polymer molecular weight distribution. Another factor 
which may influence the reliability of birefringence measurements is polymer 
concentration. Under the dynamic conditions of flow, intermolecular entanglements 
could be detected at polymer concentrations as low as 100 ppm for a 19·106 PS in 
decalin and 60 ppm for the same sample in 1-methyl-naphthalene. The orientation of 
the transient network increased the sharpness of the birefringence transition while 
distorting the retardation profile. The use of a fast polarization-modulation technique 
in conjunction with signal averaging increased the detection limit by over one order 
of magnitude in comparison to static-polarization experiments (Fig.I). Retardation 
could now be determined at polymer concentrations below the lOppm level. In 
addition to the gain in sensitivity, the polarization-modulation method provided the 
capability for real time determination of the absolute values of the retardation (&') and 
orientation angle (a) in a single experiment. This feature is particularly valuable in 
transient elongational flow where a is a function of the flow position. 
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It can be assessed that the birefringence region is highly localized along the inflow axis 
with a width <10% of the orifice diameter (Fig.2). It is found, however, that the degree 
of segmental orientation was not constant but increased from the stagnation point 
towards the orifice entrances. This effect, particularly visible in good solvents like 1-
methyl-naphthalene, indicated that molecular chains did not reach their maximum 
orientation at the stagnation point. 

10mW m He-Ne laser 

I 
polarizer (0°) � 

rotating A/2 

4 
plate (2kHz) 

condensing lens 

opposed-jets e (or single jet) 
flow cell 

I 
1J4 plate (DO) 

cp 
polarizer (45°) rn 
photodetector I 
(polarization @ modulated at BkHz) 

Fig.1 - Diagram of the flow 
birefringence experiment showing the 
arrangement of major optical elements. 
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Fig.2 - Retardation profile for a 10 ppm 
1 9 • 106 PS solution in decalin recorded 

across the stagnation point. 

To circumvent the sample polydispersity problem, Ee was determined by fitting the 
birefringence curve transformed according to Eq.4, to the experimental MWD obtained 
by gel permeation chromatography. In contrast with previous investigations, it was 
found that Ee depended on the solvent quality and scaled with polymer molecular 
weight (M) as - M-1.5 in a poor solvent (decalin) and as - M-1.8 in good solvents 
(toluene and 1-methyl-naphthalene). In addition, the large spreading in the 
birefringence curves even after appropriate correction for molecular weight 
distribution, suggested a gradual increase in segmental orientation with fluid strain
rate .instead of an abrupt coil-to-stretch transition (Fig. 3). 

2.3. TRANSIENT ELONGATIONAL FLOW 

Flow across a narrow contraction is characterized by a transient residence time which 
is usually too short to allow for significant chain extension. Using light scattering 
technique, it has been assessed that the degree of coil expansion which can be achieved 
in this type of flow is limited to < 4 even at very high strain rates 11). It has long been 
conjectured that birefringence would be too low to be detected in fast transient flow. 
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Fig.3 - Birefringence as a function of fluid strain-rate (£)  at the stagnation point 

( • ) experimental results; (---) calculated for an hypothetical monodisperse PS sample 
with M = 3.95•106 and (-) for a PS fraction with Mw = 3.95•106 and Mw/Mn = 1.10 

assuming an abrupt coil-to-stretch transition. 

Measurements in our laboratory indicated nevertheless a "cone-like" birefringence 
region with a maximum intensity at the orifice entrance and extending over less than 
1 orifice diameter into the solution (Figs.4a & 4b). This birefringence distribution is in 
conformity with flow field modelization using the POLYFLOW program. GPC 
measurements revealed an efficient chain halving process above a critical strain-rate 
Ef which depended on M-1. The observed precise midchain scission (Fig.5) is entirely 
unexpected and raised the intriguing problem on how a partly deformed coil can 
recognize its center during a fast stretching deformation 8). 
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Fig.4 - Retardation profiles in transient elongational flow for a 100 ppm 10.2•106 PS 
solution in decalin, recorded at different flow rates: (a) across the jet entrance at 

x =lOOµm; (b) along the flow direction (the orifice entrance is at x = 0). 
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Fig.5 - Molecular weight distribution 
of a 1 .03•106 PS degraded in transient 
elongational flow at i: = 1.7•105 s-1 
(----) uncorrected and (-) corrected 
for instrumental broadening. 

3. MODELS OF CHAIN DEFORMATION IN "STRONG" FLOW 

Experimental data invariably indicate that the degree of shear deformation of an 
isolated flexible molecular coil is much below the theoretically predicted values. In 
many respects, a rapidly deforming chain behaves like a rigid body rather than a floppy 
coil. The origins of kinetic rigidity are complex and can be traced back to the diverse 
sources of steric and topological hindrances (loosely known as "internal viscosity") 
present under the dynamic conditions of flow. Based on experimental evidences and 
recent simulation results 12), it is proposed that a sheared polymer coil passed through 
a succession of metastable conformations. The presence of self-entanglements delayed 
further stretching to the very long time limit. During the initial stage of deformation, 
the molecular coil responded to the flow field by a reorientation of the polymer 
segments without an increase in the radius of gyration. Instead of the coil-to-stretch 
transition, the change in coil conformation at i:c should be more appropriately termed 
as a coil-to-oriented coil transition. Even for a modestly deformed coil, calculations 
showed that the maximum stress is concentrated near the middle of the chain 13). This 
may explain the precise midchain scission observed in both stagnant and transient 
elongational flow. 
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ABSTRACT: 

We discuss theoretically dynamic measurements with a surface force apparatus 

composed of a plane and a sphere coated with adsorbed polymer layers in a good 

solvent. The hydrodynamics are studied within a simple two fluids model where the 

friction between polymer and solvent is described by the so-called Brinkman approx

imation. In a steady compression experiment the distance between the sphere and 

the plane varies at a constant velocity and the polymer layers have a hydrodynamic 

thickness e H of the order of their radius of gyration. In a periodic compression experi

ment, the distance has a periodic modulation of small amplitude at a finite frequency; 

the results are recast in terms of a complex modulus G. At a low frequency, the 

modulus has the standard Maxwell behavior ( G' � w2, G" � w ). The contribution of 

the polymer to the loss modulus G" is small when the polymer layers do not overlap, 

it is of the same order of magnitude as the pure solvent contribution when they do 

overlap. The elastic modulus increases with the thickness of the adsorbed layers. At a 

high frequency, the complex modulus increases as G � w2/3 and is independent of the 

thickness of the polymer layers. When the adsorbed polymer layers overlap, there is 

an intermediate regime where the elastic part of the modulus increases as G' � w4/3. 

I. Introduction 

A powerfull way of investigating interactions between surfaces is the surface force 

apparatus initiated by Israelachvili and Tabor [ 1 ] ,  which can measure directly both 

the static and dynamic forces between two surfaces separated by a thin liquid film. 

If the liquid film is a polymeric solution, the static force has a repulsive component 

due to the osmotic pressure of the chains, and an attractive component due to the 

bridging between the two surfaces [2] ,[3]. The dynamic force vanishes in the absence 
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of relative motion of the plates and has an hydrodynamic origin. For a Newtonian 

fluid, it is given by the Reynolds lubrication force. If the two plates are a plane and 

a spliere of radius R, the force is: F = 6-rrR2!Liio where ho is the minimum distance ho 
bet.wPm the plat.es and 17 the viscosity of the fluid (see Fig.I ) . 

The aim of this work is to derive an equivalent expression of the lubrication force 

for a polymer solution. We consider the case of a irreversibly adsorbed polymers from 

a good solvent. The bulk solution is washed after adsorption and replaced by pure 

sohwnt. We also assume that the polymer moves slowly and does not hav<' time to 

dcsorhe during compression. 

�ho���-�-
RftdJi/i�tl,! , l , ! ; l , l ,l , I ... r 

Figure 1 Sdwmat.ic reprC'senation of a surface force apparatus coated by adsorbed polynwr 
layers. Tlw self similar profil for the adsorbed layer is represented in the nonoverlapping <rnd 
overlapping rrtfWS (I .a  and Lb) 

This t.hf'orPt.ical work can be compared to experimental studies performed by Pcl

let.iPr Pt. al. where I.he same geometry is used [4] . On their work, an oscillatory mot.ion 

is irnposPd to a sphere plan apparatus and the dynamical response of adsorbccl poly

IIl<'r layers is mPa.snred as a function of the frequency of oscillation. In the case of 

o�wil1ntory eo111pr<�Rsio11, t.he viscodn.st.ic reRponse of a poly1nPri<' flni<l nu1 l)f' d1arnc
t.erilrd hy the slwar rela.xation modulus G, which links the shear stress to the slwar 

strain i1npnsf'd to the sample. For a periodic c01npressio11, it is convenient to df'al with 

the complex Fourier transform of the modulus G*(w) = G' + i.G" , where the real a11rl 
imaginary parts arc the elastic and viscous response of the sample. An analogy of the 

Reynolds formula for viscoelastic fluids gives F(w) = -67rR21G*(w) 

An adsorbed polymer layer are composed by loops of polymer of many sizes sepa

rated hy trains and tails. The elastic respons of the layer is mainly due to the loops, 

descrihc'ci using th<' scaling pict.nrc int.roducecl by de Germes [5] (sPC' Fig.I ) . Th<> poly

mer layer is sPPll as a self similar grid with a characteristic mesh size proport.ionnal t.n 



the distance to the wall �(z) ex z up to a distance from the wall equal to the largest 

loops of the layer. When the adsorbed layer is in contact with pure solvent, this size 

is of the order of the Flory radius Rf which increases with the molecular weight of the 

chains as Rf � N315 . As we will see in the following, this length turns out to be the 

most important size of the problem. The entanglements of the chains lead to a local 

Young modulus E proportionnal to the osmotic pressure in the layer E(z) � ksT/e. 
The oscillatory modes of the chains are characterized by the Zimm relaxation time, 

which is equal to r(h) ex ryh3 /ksT for a chain segment of size h. 

The paper is organized as follows. In the next section the hydrodynamic equations 

for the adsorbed polymer layer are derived using a two fluids model. In section III 

and IV we study the steady compression and low frequency periodic compression for 

nonoverlapping layers and overlapping layers (Fig. l.a and Lb). In the high frequency 

limit (section V) we present a new blob model for the adsorbed layer which take into 

account the internal modes of the polymer loops. The last section presents some 

concluding remarks and comparisons with experiments. 

II. Two Fluids Model 

The viscoelastic properties of the confined solution are described within the frame

work of a two fluids model, where the solvent is caracterized by its viscosity '7 and 

the polymer network by a local elastic modulus E .  The displacement of the sphere 

induces a pressure gradient OrP and a flow of the solvent in the radial direction r. The 

drag of the fluid through the polymer network creates then a viscous dissipation and 

an elastic strain on the polymer. This effect is described by the Brinkman equation 

[6] , which approximates the polymer solution by a porous medium with a permeability 

'7/�(z)2 . 

The hydrodynamic equations to be solved are the stress balance for the solvent and 

the polymer network. Following Fredrickson and Pincus [7], we write these equations 

within the lubrication approximation for the case of the gap thickness between the two 

plates h( r) is much smaller than the radius of the sphere and the r-dependence of the 

gap thickness is h(r) � ho +  h2 /2R (see Fig. 1 ) .  The time variation of h is expresses 

with the strain 1: h(r, t) = h(r) + 1ho. The viscous and elastic stresses depend on 

the radial velocity field of the solvent vr( z) and the radial displacement field of the 

network ur(z). The Brinkman dissipation involves the velocity difference of the two 
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fluids Vr - Ur· In the following equations, we have contracted all the numerical factors 

in an unique one: the friction parameter l which varies between 1 (no polymer in the 

gap) and infinity. 

For the solvent, the stress balance is: 

2 l(l - 1)  . T/Oz Vr - 8,.P = ri--2- (vr - Ur) z 
and for the polymer network, it gives 

(akBT ) l(l - 1) . Oz ----;30zUr = -ry-2-2- ( Vr - Ur) 

where r and z are the radial and tranverse coordinates. 

( 1 )  

(2 )  

If  we add to these equations the incompressibility relation for the solvent OzVz = 
-l/ror(rv,. ) , we are able to derive the pressure gradient and the hydrodynamic force 

given by the integration of the stress tensor over the radial surface: 

F = 2KR f00 dh(P(r) - P00 - 2riozvz lz=O) }ho 
The complex modulus is finally obtained via the Reynolds formula . 

III. Nonoverlapping polymer Layer 

(3) 

In the following, we will considere the case of large gap thickness (ho > > Rj ) .  
We separate the gap thickness into three regions, two adsorbed layers of thickness Rf 
and the free solvent in between. The velocity and displacement fields are found for 

each regions using the no slip condition at the wall for the solvent and irreversible 

adsorption for the monomers, as well as no elastic stress at the interface between the 

layer and the pure solvent region. 

III.A Steady Compression 

If the compression is slow enough, the polymer network has time to relax toward 

its equilibrium conformation. In this case, the hydrodynamic force is found to follows 

the Reynolds lubrication formula, with a correction to the gap thickness twice the 

so-called hydrodynamic thickness of the adsorbed layer eH � yRj 
2 h 

F = -6KR T/ h O - 2eH (4) 



The friction of the solvent on the adsorbed polymer is thus equivalent to an effective 

reduction of the distance ho between the sphere and the plane by the hydrodynamic 

thickness of the adsorbed layers. This is in agreement with the result of de Gennes 

for the flow along a wall coated with adsorbed polymer [8}. 

III.B Periodic Compression 

The natural characteristic time of the problem is the Zimm relaxation time of a 

loop of size h(r), r(h) = �h;��· In order to simplify the equations, this dynamical 

study is performed in the two asymptotic regimes of low and high frequency. We first 

described the low frequency limit, which extends up to frequencies Wf of the order of 

magnitude of the inverse Zimm time of the biggest loops: Wf = l/r(Rf) (see reference 

[9} for details and exact calculation) . 

At low frequency, the two adsorbed polymer layers constitute only a small pertur

bation to the flow and the complex modulus is dominated by the loss modulus of the 

pure solvent G11(w) = w17. The storage modulus G'(w) is a correction of higher order 

in w. The first order of G11 in Rj/ho gives the sam result than the steady compression: 

G"(w) = w11 [1 + 2(1 - l) RJ + o (Rl)2] I ho ho 

The expansion up to the second order in w gives the elastic contribution: 

1 2 ( (1 - 1)2 ) {
(Rf 

(R
f) 5} 

w2Rj G (w) = 17w ro 4(1 + 1)(1 + 3) ho)4
+ 0 ho rx hO  

where ro = ;k;� is the Zimm relaxation time of a chain segment of size ho. 

(5)  

(6 )  

The frequency dependence of the shear modulus a t  low frequency ( G ' � w2 and 

G" � w) is the standard variation for a Maxwell model for the viscoelastic fluids, 

which consist of a viscous component of viscosity 1) coupled with an elastic component 

of relaxation time Tm· An interesting point is the Rj � N12/5 dependence of the 

storage modulus, which could be checked experimentally. 
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This molecular weight dependence can be obtained via the simple following argu

ment. We consider the solution, in the gap of the surface force apparatus as a Maxwell 

fluid. At low frequency, the real and imaginary parts of the complex modulus are re

lated by g;,t�) = WTm· To obtain the right scaling behaviour for G1, we now choose 
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the relaxation time to be the Zimm time of the largest loops, r( Rf) ex �. From the 

polymer contribution to the loss modulus, we can derive the elastic modulus: 

I R1 G = wry-P ho (7) 

which is the same result as Eq.[6], up to a numerical factor which depends on the 

friction coefficient l. This simple argument emphasizes the fact that at low frequency, 

the viscoelastic respons of the layer is dominated by the large loops of size Rf as 

already found for the effective hydrodynamic thickness of the layers. 

IV. Weackly Overlapping Layers 

When the two layers weackly overlapped, we have to consider two differents regions 

ir. the gap (Fig.Lb) . In the central region (h(r) < ht =  2Rj), the layers overlapped 

and the polymer is everywhere. In the outer region (h(r) > Rj) there is still a 

polymer free region where the solvent can fl.ow, and the problem is similar to the non 

overlapping case. In the central region, we has to redefine the boudary conditions. the 

results are given up to functions that depend only in the friction parameter [9]. 

As in the previous section, the loss and storage modulus are found as the first and 

second order in the expansion of Eq. [1,2] in omega 

R2 R G'(w) = 2w2riro { 2-f7(l)- hF 8(l)+E(l)} h0 o G11 (w) = wri{ l(l + l )2 +a(l)_'.:Q_+/3(1) hB } 1 + 3  Rf R} 
(8) 

where the I-dependent terms have been calculated either analytically or numerically, 

and are found to be monotomous and vanishing for l = 1. These calculations have 

shown that the major dissipation occurs in the central region, where the two layers 

overlapped, and that the elastic respons is mainly due to the junction line between 

the layers, for h(r) = 2Rf· We display in figure 2 the variation of the two modulus 

with l for different thickness of the gap. 

V. Periodic Compression at High Frequency 

At a finite frequency w, all the internal modes of the chains with a relaxation 

time r so that wr > 1 are excited. For a portion of chain of size (, the typical 



G"/Oll1 

Figure 2 loss modulus for w<'nrkly overlapping layers as given by Eq.8. The ratio G" /w 11 is 

rnprPsent.ecl for three values of the gap thickness: R1/ho = 1, 2,  5 

rela.xation time is given by the Zimm formula r(e) = 11e/kT. We define the length (k T) l scale lw oc � 3 such that wr((w ) = 1 .  

Rr 

Figure 3 Schematic blob model of an adsorbed polymer layer under periodic compression at 

hip;h frequency. A caracteristic length €w is associated at each frequency w so that w T(�w) = l .  
Tlu"' S('lf-similar profit is valid ofr z < ew · For z > ew, the layer is equivalent to a solution or 
blob of constant size €w 
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For n.ll sizes ( of blob smaller than (w the Brinkman approximation can still be used 

(wr < 1) .  For sizes larger than (w (wr > 1) ,  the monomers are groupped into dynamic 

blobs of size (w (see Fig.3). From the hydrodynamic point of view, the blobs can be 

consickred as independent and the friction on each blob is givPn by Stokes law. A 

scaling argmnent allows us to obtain the frequency dependence of the clast.ic modulus 

E(w) = kl!Tc( z)w5/n [9], which has also been derived by Doi and Edwards using a 
slightly diffcnent argument [10]. After calculation, it appears that the velocity profil 

in thP w-la.yPr (z > lw ) is the same as in the free solvent region, plus an PXpon<'nt.ial 

decrcasP ov<'r a. length �w· This result shows that the dissipation is wea.k in this layer, 

and tha.t. we can roughly obtain the high frequency response by replacing Rf by (w in 
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the solutions of the low frequency limit. We find 

(9) 

The same argument can be used for two overlapping layers (Rf > ho). If ho < 
Ew < Rt the two layers of thickness Ew overlap and we find the complex modulus from 

equations [8] by replacing Rt by Ew 

G"( ) 
1(1 + 1)2 

+ 
1/3 4/3 W = W1]----z+3 1JTo W (10) 

At even larger frequency (w > wo) the layers of size Ew on the two surfaces no 

longer overlap and the complex modulus is given by Eq.[9] 

VI.Discussion 

We have analyzed the viscoelastic behavior of adsorbed polymer layers in an ide

alized surface force apparatus made of a shere and a plane. 

In the steady state experiment, when the two adsorbed polymer layers do not 

overlap, each polymer layer has a hydrodynamic thickness e H of the order of the size 

of the largest loops Rt and the effect of the polymer is equivalent to an effective 

reduction of the gap between the sphere and the plane by 2e H in agreement with a 

previous result of de Gennes. 

In the finite frequency experiment, the complex modulus has a Maxwell like be

havior at low frequency. The real part G' is proportional to w2 and the imaginary 

part G11 varies linearly with w. When the two adsorbed polymer layers do not overlap, 

the effect of the polymer on the loss modulus is small, the expression of the imagi

nary part ( � R}) shows the major role of the biggest loops of size Rf on the elastic 

response. When the two layers overlap the contribution of the polymer to the loss 

modulus due to the friction between polymer and solvent is of the same order as the 

pure solvent contribution. This Maxwell regime is expected until a pulsation Wf of 

the order of the inverse Zimm relaxation time of the chains. At higher frequency we 

predict a contribution of the polymer to the complex modulus proportional to ( iw )213 

in the non overlapping case. The overlapping case is now related to the value of (w 
and vanish at sufficiently high frequency. 



Experiments have been performed in the geometry studied here by Pelletier et al. 

[4] with however small differences. At low frequency a Maxwell behavior is observed. 

At higher frequency, the complex modulus increases with a power of w lower than 1 

and seems to depend weakly on ho but the range of ho is rather small. The crossover 

between the low frequency and high frequency regimes occurs at around lOHz; this 

roughly agrees with estimates that can be made of wo or w f ( '.::e lOOH z ) . We hope that 

further experiments will allow a more quantitative comparison with our theoretical 

results. 
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The Hydrodynamics of Domain Relaxation in a Polymer Monolayer 

E. K. Mann, 1,2 S. Henon,1 J. Meunier,1 D. Langevin,1 
1Laboratoire de Physique Statistique de l'E.N.S. 24, rue Lhomond 7523 1 Paris Cedex 
2Institut Charles Sadron, ULP-CNRS: 6, rue Boussingault 67083 Strasbourg Cedex 

The hydrodynamics of apparently simple movement within a monolayer is 
complicated by the involvement both of the essentially 2-dimensional monolayer and 
of the liquid substrate. This question is explored experimentally for domain shape 
relaxation in a polymer monolayer spread on substrates with varying viscosity, using 
Brewster angle microscopy to visualize the domains without further additives to the 
system. 

The polymer is PDMS (poly(dimethyl)siloxane), an insoluble polymer which 
segregates into dense and dilute polymer domains on aqueous glycerol and glucose 
solutions as well as on pure water. The surface pressure of these polymer films are, 
before collapse, independent of the glycerol and glucose content of the substrate 
solutions, permitting the starting hypothesis of a polymer monolayer uninfluenced by 
the modifier of the bulk viscosity (bulk viscosity l .2<TJITJwater<75). If deformed, 
isolated polymer domains relax towards the circular form under the influence of a line 
tension. This relaxation is linear for t1-1e highly-deformed "bola" shape, and 
exponential for moderate deformations. Relaxation times Tc are measured for domains 
of size 1 0  µm<R<80 µm and 0.2 sec<Tc<60 sec. Relaxation ofmonolayer domains in 
the two limits, in which surface or bulk viscosity dominates, is discussed. All data is 
consistent with dissipation dominated by viscosity in the substrate. The line tension 
deduced from these experiments is 'A = ( 1 . 1±0 .3) l o-12 N. 
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Introduction 
The complicated behavior observed in phase-separated molecular layers at the 

air-water interface includes the formation of a wide variety of shapes, from circles to 
stripes to labyrinths. 1l This behavior is believed to be governed by two major static 
parameters: the line tension, analogous to the three-dimensional surface tension, and 
the electric dipole moment normal to the layer. The line tension (or line energy) is a 
parameterization of all short-range forces within the monolayer. The long-range 
dipolar repulsion, nearly universal in monolayers since virtually any substance which 
spreads on water is either polar or charged and aligns at the interface, may in many 
cases be treated as a size- and shape-dependent correction to the line tension.2l 

Most methods used to measure the 3-dimensional surface tension are difficult to 
imagine extending to the line tension case.3l One possibility, exploited here, is to 
measure the relaxation of deformed domains, driven by the Laplace force to minimize 
their line energy. In order to derive the line energy from these experiments, the 
hydrodynamic aspects, and in particular the role of both surface and substrate 
viscosity, must be understood. This is addressed here through the variation of the bulk 
viscosity over a large range of values. 

Materials and Methods 
In order to perform the experiment without interference between the relaxation 

of different domains, it is necessary to produce domains which are isolated one from 
the other, with a controlled size smaller that the field-of-view of the microscope. This 
is not attained by the usual deposition methods, which tend to produce one large (i.e. 
�cm) polymer domain centered in the dish. A local deposition method was thus 
developed.3l A Langmuir-Blodgett method is used to deposit minute quantities of the 
polymer on a carefully-cleaned stainless needle. If the needle is then drawn through 
liquid surface under observation, rather than touching it at a point, the dense polymer 
domains deposited on the surface are elongated, relaxing more or less quickly. It is this 
relaxation which is studied here. Experimental details can be found in reference (3). 

The relaxation times from two different PDMS samples, with molecular weight 
�=1 0,000 (MJM0= l . 1 3) and �=100,000 (MJM0=1 .23), were indistinguishable. 

The glycerol and glucose solutions, analytical grade from Prolabo or Merck, were left 
in contact with activated charcoal (Prolabo, analytical grade) for several hours and 
then filtered, to remove surfactant impurities. The viscosity of the solutions was 
measured with a capillary viscometer. Surface tension measurements were performed 
by the Wilhelmy method using an open-frame probe.3l The Brewster Angle 
Microscope has been discussed elsewhere.4l It allows studies of the relaxation 

phenomena without additional additives, which could effect the line tension, but 
requires a minimum liquid depth of 3 mm; controlling convection for the less viscous 
substrates presents difficulties. 
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Figure 1. Sw:face pressure isotherms, PDMS on pure water (-1) and on glucose {20%, solid 
circles) and glycerol {open symbols; 20%: circles; 80%: squares) solutions. 

Results and discussions 
The glycerol and glucose added to the substrate to increase its viscosity could in 

principle also change the character of the polymer layer. A first test of this possibility 
is the comparison of the surface tension isotherms for the polymer on various 
solutions. Such isothenns are presented in figure I for the polymer on pure water, on a 
20% glucose solution and on 20% and 80% glycerol solutions. Within experimental 
accuracy, there are no significant differences between the isotherms for surface 
pressures below about 5 mN/m: In all case the surface pressure (the change in the 
surface tension in the presence of the polymer) remains unmeasurably low until surface 
concentrations C > 0.6 mg/m2, when the surface pressure suddenly increases. On all 
substrates, the same curve is followed with increasing pressure, with deviations 
occurring as the polymer film begins to collapse out of the monolayer state and the 
surface pressure begins to levels out to a plateau value. This may indicate the 
presence of glucose and glycerol in the collapsed film, but these additives have no 
obvious influence on the monolayer films of interest here (all relaxation measurem�nt 
are made at C < 0. 1 mg/m2.) The relaxation of the polymer domains may however be a 
more stringent test. 

One example of such relaxation is shown in fi&'Ufe 2, along with the definition of 

(a) 

L 
Figure 2. (a) Relaxation of a dense polymer domain on glucose solution (1Ji/1Jw ·c J.4). Bar 
represents 50 µm. images are given at 0.4 sec(frame. (b) Definitions for parameters describing 
domain shape: 0=L/W-l ;  R=(Areaht)112 . 
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Table J. Characteristic speed of relaxation in the various limits: domination by bulk viscosity Th 
or surface viscosity 1].; small de.formations characterized by an exponential relaxation time T , bola 
relaxation characterized by a constant speed V of the bola end�. Jhe expressions for reldxation 
domin e. 6), 7) ated bv the bulk viscosity assume that both phases o the mono/aver are incompressibl 

TJs<<Tjb/R T],>>rih/R 
S«I; I/Tc 16,Ys 

5 7r17hR2 �sR 

S»I; V �77brbo1a ---

a simple, easily measured parameter which characterizes the deformation of a domain 
from a circle. Two regimes are clearly distinguished. Small deformations would be 
expected to follow an exponential relaxation law, as in fact observed.3l,5l The opposite 
extreme, that of bola, or two heads and a thin com1ecting strip, has been recently 
treated by Benvegnu and McConnell6l for the case in which the viscosity is dominated 
by the substrate. As long as the heads are significantly wider than the connecting strip, 
the relaxation is observed to occur by simple shortening of the connecting strip, with 
little change in the size and shape of the heads. In this quasi-steady state, the restoring 
force of the nearly constant Laplace pressure difference across the domain must be 
balanced by nearly-constant viscous dissipation, for a nearly constant velocity. The 
expected behavior of the relaxation in t11e various limits are given in Table 1 .  

This is to be compared with the observed behavior. The characteristic 
relaxation time Tc for small deformations is proportional to the bulk viscosity rib and to 
R2, as predicted for the case when the bulk viscosity dominates (see fig. 3a). The end 

z 6 2 

1 0 relative viscosity 

(b)  3 

z 6 2 
" .8 ... A i::-:> .,. 

00 

• a •  
+ + 

1 0  3 0  [µm] 4 0  5 0  

Fig. }(a) Normalized (by size and viscosity) relaxation rates for moderately de.formed polymer 
domains on glycerol or glucose solutions, vs. bulk viscosity. Open symbols: glucose; closed 
symbols: glycerol. Divided into size ranges: circles, r< 20 µm; squares: 20<r<30 µm; diamonds: 
r> 30 µm. (b) Relaxation of bola (large de.formation limit) on various aqueous substrates: 
normalized end speed V vs. end radius rbola· Substrates:(•) glycerol, (o)glucose, (+) pure water. 



383 

velocity characteristic of bola relaxation is inversely proportional to lJb and R, again as 
expected when the bulk viscosity dominates (see fig. 3b). Furthermore, the line 
tensions deduced in the two cases are very close: /,,, = (1 . 1 ±0.3)1 o-12 N.  

This line tension is quite low: it  corresponds to a characteristic interaction length 
within the monolayer of 8 "' KT/'A = 4 nm, in comparison with the 0.4 nm characteristic 
distance between monomers in the dense polymer layer. The origin of this low line 
tension remains unclear. The contrast in surface concentration between phases and the 
relatively high monolayer elasticity do not suggest the approach of a critical point.3) 
On the other hand, something like a critical point does occur in fimction of molecular 
mass: No difference in the line tension is seen between higher molecular weights, here 
�= 1 0,000 and 1 00,000. However, no domain separation at all is observed for 
masses 10 times lower, �=1 250. Mixtures of low and high molecular weight 
samples show intermediate behavior: Starting from a homogeneous mixture, the 
characteristic domain size decreases with increasing proportions of the lower mass.8) 
Beginning with a homogeneous layer of the smaller mass, localized additions of the 
higher mass show fingering and similar shape instabilities, reminiscent of those 
produced as the line tension decreases to the level of electrostatic effects. 1 )  This also 
resembles a spontaneous emulsification, producing smaller and smaller characteristic 
length scales until these are no longer visible in the microscope. The smaller masses 
may act as a surfactant to the larger-mass domains. By extension, the terminal ends of 
the longer chains may also act as a self-surfactant. 

Fig. 4. Spontaneous destabilization C!f the frontiers of dense (dark) domains of PDMS with 
Mw�I00, 000, applied locally to a SU1:face with a uniform surface concentration 0.3 mg/m2 of 
PDMS with Mw� 1250. Bars: 50 µm. 
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In all of this analysis we have assumed that the line tension is a well defined 
quantity, independent of domain shape and size, and in particular that the electrostatic 
dipole contribution is negligible. In the size range studied (R= l 0- 1 00 µm), the 
measured line tension is in fact independent of domain size, and consistent between 
the two relaxation regimes, with very different domain shapes. The expected 
electrostatic effects may be estimated, without ambiguity as to the dielectric constant 
of the interfacial region,3>.9J,IO) from measurements of the surface potential difference 
between phases: A.0, the contribution to the line energy due to these effects is given 
by2) 

(!1V)2 & Ae "' 4 ;r 0 1n(r / h) = l · I 0-13 N 

for domains with characteristic dimension r in the range 1 0- 100 µm, where the 
measured potential difference is 0. 1 2  V, l l ) and the molecular parameter h is taken as 
0.4 nm, the average distance between monomers in the dense phase. Note that this 
conrection is an order of magnitude less than the measured line tension. It is thus 
expected to be negligible, as in fact observed. 

Conclusions 
We demonstrated here that hydrodynamic domain relaxation within one 

particular polymer monolayer, PDMS on water and sugar solutions, is dominated by 
the bulk rather than the surface viscosity. A line tension, A, = (l . l ±0.3) ! 0-12 N, is 
derived, independent of domain size and consistent between two very different 
relaxation regimes. 
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Abstract 
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Microemulsions and sponge phases are fluids, which are structured on a mesoscopic 
length scale. The complex internal structure of these phases gives rise to an interesting 
dynamical behavior. We review recent work on the equilibrium dynamics based on a time
dependent Ginzburg-Landau model consistent with linear hydrodynamics. In particular, the 
sound dispersion and attenuation, and the complex viscosity are calculated. We discuss the 
dependence of the typical structural relaxation time on the characteristic length scales of 
these systems. 
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Fluids, which are structured on a mesoscopic length scale of the order of 100 - 1000 A, while 

the typical sizes of all the molecules involved are only of the order of 10 A, have been studied 

intensively over the last few years [1 ,  2] . Such fluids are microemulsions in ternary amphiphilic 

systems and sponge phases in aqueous amphiphilic solutions. It is by now well established that 

the mesoscopic structure of microemulsions, for example, consists of two multiply-connected, 

intertwined networks of oil and water channels, which are separated by a monolayer of am

phiphiles. The average diameter of these channels is given by the mesoscopic length mentioned 

before. The structure of sponge phases is very similar. Since both networks span the whole 

volume, these fluids have been denoted "bicontinuous" (3]. Finally, diblock-copolymer melts 

also form bicontinuous phases, although their molecular architecture is different. 

The complicated internal structure of microemulsions, sponge phases and block-copolymer 

melts gives rise to a interesting dynamical behavior. It has been shown, for example, that shear 

flow induces a transition to a lamellar phase [4]. We want to review in this paper some recent 

work on the dynamical behavior of these structured fluids in thermal equilibrium, such as the 

sound dispersion and attenuation (5, 6], and the (complex) viscosity [7, 8, 6]. The dynamic 

scattering intensity has also been studied in detail [9, 10, 11 ], but will not be considered here. 

The model we consider is an extension of the Siggia, Halperin, and Hohenberg model H 

[12, 13] consistent with linear hydrodynamics. Our five hydrodynamic variables are the order 

parameter <P(r, t ) ,  which is proportional to the local concentration difference between oil and 

water, the momentum density j(r, t ) ,  and a pressure variable p(r, t ) .  In terms of these variables, 

the Ginzburg-Landau equilibrium free energy functional reads [5] 

( 1 )  

Here, we assume that the transport of  the amphiphile i s  much faster than all the other transport 

processes. In this case, the deviation of the amphiphile concentration from its mean value does 

not have to be included explicitly in our model. 

The static behavior of microemulsions can be described very well with the functions [14, 15] 

g(<I.>) 

f(<I.>) 

(2) 

(3) 

and a > 0. The functions g( <!.>) and f( <!.>) are chosen such that a three-phase coexistence 

between oil-rich, water-rich and microemulsion phases can be described. The same model can 

be used to describe sponge phases (16, 2] and diblock-copolymer melts (in the weak segregation 
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regime) [17] . In the microemulsion phase, the static scattering intensity in the Ornstein-Zernike 

approximation is given by [18] 
1 (q() 

G<1><1> (k) = 2ae4 (ke)4 + 2(1 - (q()2)(k()2 + (1 + (q02)2 , 
(4) 

where e = h/r2/4a + bo/4a]-If2 is the correlation length, and q = [Jr2/4a - bo/4a]+lf2 is 

the wavenumber corresponding to the average domain size of coherent oil- and water-regions. 

For strongly structured microemulsions, the scattering intensity ( 4) is characterized by a pro

nounced peak at k � q. 
The stochastic equations of motion of our Ginzburg-Landau model (1) are [13, 19, 20] 

where the Langevin forces (; have the usual correlations [12], 

< (<1>(r, t )(<1> (r', t') > 

< (T,a(r, t)(y,µ(r', t') > 

-2f<1> V'2.5(r - r').S(t - t') 

-2fr'V2.5(r - r').S(t - t')baµ 

(5) 

(6) 

(7) 

(8) 

(9) 

( 10) 

etc. The indices 'T' and 'L' indicate the transverse and longitudinal components of the mo

mentum density j .  

When the non-linear terms in the time-dependent Ginzburg-Landau equations (5)-(8) are 

neglected, the model can be solved easily. In this case, one finds that the sound velocity 

and damping as well as the viscosity are frequency independent. This property makes these 

quantities very interesting for the investigation of the dynamical behavior of structured flu

ids, since the effect of the non-linear terms - which are responsible for the coupling of the 

momentum density to the structure, for example - can be studied easily by subtracting a 

frequency-independent background from the measured signal. 

In order to calculate the frequency-dependent sound velocity c(w) and the damping D(w), 
we use the pole structure of the pp- or the jdL-correlation function in the hydrodynamic limit 

( i.e .  the limit of wavevector k -->  0) ,  where it has the general form 

( ) 
NP(k,w) 

Gpp k, w  = lw2 - c(w)2k2 + iwD(w)k2 12 ( 11 )  
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Figure 1: Sound attenuation a.;.(w )/c(w )2 as a function of the scaled frequency w = w/r'f>. The 
parameters are 90 = 1, Ao = 1, /0 = 1 ,  x;1 = 1, a =  1, r2 = 1 ,  and r ¢ = rp = rL = fr =  1 .  
The dashed-dotted line is calculated for a microemulsion with b0 = 1 .95 (qe = 0.1 13), the dashed 
line for b0 = -1 .80 (qe = 3.512), and the full line for b0 = -1 .95 {q( = 8.888). 

Here, Nv(k, w) is a polynomial in k2. The sound attenuation per wavelength a.;.(w) = 11"W(D(w)

D(cxl))/c(w)2, which is usually measured experimentally, is then easily obtained. The result of 

a one-loop calculation of the sound attenuation is shown in Fig. 1 for three different values of 

q and ( The internal structure of microemulsions or sponge phases gives rise to the peak at 

low frequencies. The position of this peak moves to smaller values of w with increasing domain 

size ,,-1 and with increasing correlation length (. 

S imilarly, the viscosity 'l(w) can be calculated in the hydrodynamic limit from the pole 

structure of the frfr-correlation function, 

Nr(k,w) 
GJrJr (k,w) = liw - 1)(w)k212 ' 

( 12) 

where Nr(k, w) is a polynomial in k2. The frequency dependence of the real ('I') and the 

imaginary (11") part of the viscosity, calculated again in the one-loop approximation, is shown 

in Fig. 2. Our results show the typical behavior of complex fluids. At a characteristic frequency 

w*, the vicosity 1)1 rapidly crosses over from the large zero-shear value to the low value of the 

solvent viscosity. At the same frequency, a maximum of 1)11 indicates a strong elastic behavior. 

The behavior of the viscosity at small frequencies is given by [6] 

1J1(w) - 1J'(O) 

1/"(w) w .  

(13) 

(14) 
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Figure 2: Complex viscosity 71(w) as a function of the scaled frequency w = w/f� . The param
eters are the same as in Fig. 1, and bo = -1 .95 (q� = 8.888). The full line is the real part, 71', 
the dashed-dotted line the imaginary part, 71", of the viscosity. 

Our results for 71(w) in the limit w ---> 0 are in agreement with those obtained in Refs. [7] and (8] 

based on a somewhat different approach (by studying the response of the system to an external 

shear stress). 

More information about the dynamical behavior of a structured fluid is obtained from the 

structural dependence of the position, w*, of the peak of 71". This characteristic frequency is 

found to have the scaling form [6] 

(15) 

The scaling function 0( x) approaches a constant quadratically for x ---> 0, and diverges as x4 for 

x ---> oo. Infact, the same characteristic frequency also determines the structural dependence 

of the peak position in the sound attenuation [6]. 
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