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Foreword 

1 H E A C S S Y M P O S I U M SERIES was first published i n 1974 to provide 
a mechanism for publishing symposia qu ick ly i n book form. The pur
pose o f the series is to publ ish t imely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasional ly , books are developed from symposia sponsored 
b y other organizations when the topic is o f keen interest to the chem
istry audience. 

Before agreeing to publ ish a book, the proposed table o f contents 
is reviewed for appropriate and comprehensive coverage and for i n 
terest to the audience. Some papers may be excluded i n order to better 
focus the book; others may be added to provide comprehensiveness. 
W h e n appropriate, overview or introductory chapters are added. 
Drafts o f chapters are peer-reviewed prior to final acceptance or re
ject ion, and manuscripts are prepared i n camera-ready format. 

A s a rule, only original research papers and original review pa
pers are inc luded i n the volumes. Verba t im reproductions o f previ 
ously publ ished papers are not accepted. 

A C S BOOKS DEPARTMENT 
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Preface 

T h e behavior of supramolecular structures and assemblies under spatially con
fined conditions is a central problem in the physics and chemistry of "soft matter." 
A s the degree of confinement approaches a relevant supramolecular length scale, 
significant deviations from bulk behavior are generally observed. These deviations 
often play a central role in both technological and biological processes, in applica
tions as diverse as lubrication, l iqu id spreading, filtration, mesoscopic materials 
synthesis, and biological pattern formation. 

The objective of this symposium, and this volume, is to bring together a group 
of researchers from a broad range of academic disciplines and industry to explore 
the common features of a confining field on supramolecular structure and behav
ior. Recent advances in experimental techniques (such as neutron reflectometry, 
atomic force microscopy, and surface force measurements) have opened this 
field to experimental investigations that were previously impossible. This volume 
centers around the confinement of polymers, biomolecules, and surfactants by 
interfaces, particles, and porous media. A l though most of the chapters are based 
on research presentations given by the authors at the symposium itself, a few 
select chapters were also solicited after the symposium to complement the overal l 
program and fill in some gaps in the subject matter. 

This volume is divided broadly into three sections, among which there is consid
erable overlap. Surfactant Confinement explores the confinement of surfactants 
and the resulting changes in their aggregation properties; confinement is effected 
by a single interface (Chapters 1 and 2), between two interfaces (Chapters 3 and 
4), by a combination of interfacial effects and fluid flow (Chapter 5), or by 
bulk electrostatic interactions and finite-volume effects (Chapter 6). Polymer 
Confinement considers the confinement of polymer melts and solutions; these 
include boundary layer lubrication between solid surfaces (Chapter 7), glass 
transitions in free-standing films (Chapter 8), interfacial confinement effects in 
adsorbed block copolymers and homopolymers (Chapters 9, 10, and 12), and 
confinement by lyotropic l iquid crystalline phases (Chapter 11). Final ly , C o n 
finement of Biomolecules considers confinement effects in biomolecules; these 
can be due to bulk solvent flow (Chapter 13), tethering and confinement between 
solid surfaces (Chapters 14 and 15), filtration through porous media (Chapter 
16), or organic synthesis inside porous media (Chapter 17). 

A l though the choice of subjects included in this volume is not intended to be 
comprehensive, it is intended to be representative of the multidisciplinary breadth 
of research areas that have supramolecular confinement as a common feature. 

xi 
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It is our hope that this symposium and volume w i l l serve as a point of departure 
for further systematic study of this fertile common ground between chemistry, 
physics, chemical engineering, and materials science. 

W e acknowledge financial assistance from Rhod ia , Inc. (Cranbury, N J ) , and 
from the A m e r i c a n Chemical Society Petroleum Research Fund . Thei r generous 
support enabled us to bring together a large group of researchers, including many 
internationally recognized leaders in fields where spatial confinement is important, 
and thus contributed significantly to the success of the symposium. W e also 
thank John Texter for his advice and assistance with both the symposium and 
its proceedings. 

SRINIVAS M A N N E 

Department of Physics 
University of Arizona 
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Tucson, AZ 85721 

G R E G O R Y G. W A R R 

School of Chemistry 
University of Sydney 
Sydney, New South Wales 2006 
Australia 
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Chapter 1 

Supramolecular Structure of Surfactants Confined 
to Interfaces 

Srinivas Manne 1 and Gregory G . Warr 2 

1Department of Physics, University of Arizona, 1118 East 4th Street, 
Tucson, AZ 85721 

2School of Chemistry, University of Sydney, 
Sydney, New South Wales 2006, Australia 

The mounting evidence for the existence of surfactant aggregates at solid/solution 
interfaces prompts a re-examination of common experimental techniques for studying 
surfactant adsorption. The simple models of a surfactant monolayer or bilayer, while 
reasonable in the face of older experimental data, are now seen to be inadequate to 
describe the rich range of order seen by atomic force microscopy and other techniques. 
In this manuscript we review the results o f atomic force microscopy which demonstrate 
the existence of surface micelles, look again at the experimental results which pointed 
towards surface aggregates, and also look ahead at how the existence of surface 
micelles requires us to revise the interpretation of other experimental studies and our 
entire picture o f adsorbed films. 

Introduction 
Adsorption of a simple solute at an interface is nothing more than an accumulation over 
and above what would normally be present based on bulk solution concentration. The 
adsorption of such solutes can easily be modeled by a Langmuir-type mechanism 
involving an interaction between a solute and a (not necessarily well-defined) surface 
site. This leads to the well-known Langmuir isotherm, which describes adsorption 
behavior up to surface coverage of a filled monolayer. 

The behavior o f surfactants and polymers is much more rich. Interactions between 
these compounds give rise to self-assembly in bulk solution and, for polymers, in the 
melt. The supramolecular structures thus formed are labile, and may be easily 
influenced by external fields. This is perhaps best known from the range of Theological 
behaviors o f polymer melts and solutions, of surfactant systems,2 and in biopolymer 
solutions (see Chapter 13). 

2 © 1999 American Chemical Society 
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A shear or elongational flow field is, in many ways, the top end of the hierarchy of 
confinement, where the motion of the material itself is the confining field. Often flow 
is present in other situations and must be considered in addition to wall effects in pore 
or slit geometries (see e.g. Chapters 5, 7, 9 & 16). A pore or slit is confinement 
expressed most conventionally; A slit may be formed from two solid surfaces (Chapters 
4 & 15), by liquid droplets or air bubbles (Chapters 3 & 8), or by the bilayers of a 
surfactant lamellar phase (Chapter 11). 

A useful starting point for building up this hierarchy of confinement geometries and 
supramolecular structures is to consider small surfactants confined in two dimensions; 
that is, confined at a single interface. Specifically we consider here adsorbed surfactant 
films where the adsorbed structures are in equilibrium with a bulk solution. 

Recent atomic force microscopy ( A F M ) studies have demonstrated the close connection 
between bulk and interfacial (adsorbed) self-assembly structures of both polymers and 
surfactants. In the case of surfactants on a range of substrates, A F M has revealed the 
existence of lateral structure in adsorbed surfactant films consistent with adsorbed 
hemicylindrical, cylindrical and spherical micelles. These are discussed in detail below. 

The first evidence that surfactant films contained aggregates arose from adsorption 
studies. In their landmark 1955 papers, Gaudin and Fuerstenau3 noted co-operativity in 
the adsorption mechanisms of cationic and anionic surfactants on quartz; at low 
concentrations the adsorption was weak and increased only slightly as bulk 
concentration increased. However above a critical concentration the amount adsorbed 
increased suddenly and rapidly. Hydrophobic aggregates on the surface were postulated 
and these were dubbed hemi-micelles. This appellation stuck, and an abrupt upward 
turn in an adsorption isotherm has come to be regarded as diagnostic for the presence of 
hemi-micelles. 

Although there is strong evidence for aggregates at low surface coverage, the 
conventional interpretation of adsorbed films has favored eventual saturation of the 
substrate by a laterally unstructured coating. In this chapter we review recent and not-
so-recent evidence for self-assembly of surfactants at a range of solid/solution interfaces 
and discuss evidence for the proposal that adsorbed films consist of arrays of surface 
micelles (Figure 1(a)) rather than a laterally structureless film (Figure 1(b)), even when 
the surface is fully covered. 

Figure 1. (a) adsorbed micelles (spherical or cylindrical) versus (b) classical bilayer 
pictures of surfactant adsorption. The thickness in both cases is approximately twice 

the surfactant length. 
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Adsorption Isotherms - Solution Depletion Methods 

Solution depletion methods 4 were the earliest techniques used to investigate surfactant 
adsorption, and over the decades a large database of surfactant-solvent-surface 
combinations has been collected in this way. They probe the interfacial adsorption of 
surfactants by measuring the drop in surfactant concentration in the free solution caused 
by the exposure o f this solution to a solid of known surface area. This is typically 
measured as a function o f the initial surfactant concentration, resulting in a plot of the 
adsorbed density o f surfactant molecules vs. the solution concentration—the adsorption 
isotherm. These plots generally show a rapid increase in adsorption density near the 
cmc, followed by a plateau thereafter. A n example is shown in Figure 2. 5 The post-
cmc plateau coverage is often consistent with a vertical monolayer for hydrophobic 
substrates and a vertical bilayer for hydrophilic substrates, and these morphologies have 
served as the "standard models" for interpreting adsorption data. 6 , 7 ' 8 ' 9 However, some 
investigations have shown evidence in support of surface saturation by interfacial 
micelles (discussed below). 

10 
E 
o 

I 1 

i ? 
CA 
g 0.1 
Q 
c 
o 
IL o.oi 
o 

§ 
0.001 

0.01 0.1 1 10 100 

Equil ibrium T T A B concentration /mM 

Figure 2. Adsorption isotherm of tetradecyltrimethylammonium ( T T A B ) bromide onto 
AI2O3, also showing aggregation numbers of surface micelles from pyrene fluorescence 

quenching. 

In principle it should be possible to distinguish between distinct interfacial aggregates 
and a flat layer by measuring the adsorption density, since, for example, close-packed 
spheres and parallel cylinders would give rise to densities that are, respectively, 0.605 
and 0.785 times that of a bilayer. However this identification is made difficult by 
uncertainties in the determination of solid surface area. 

For a typical surfactant headgroup, it takes of order 10 m 2 o f surface area to deplete the 
solution o f 1 | imol o f surfactant. It is therefore impractical to use interfaces whose 
areas can be measured directly, and suspensions of fine powders are used instead to 
create a detectable depletion. Unfortunately, no completely reliable ways exist to 
measure interfacial areas o f powder suspensions. For example, gas adsorption 
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isotherms on dry powders may have limited relevance for the wet state, where 
incomplete wetting may reduce the effective interfacial area, or solution-induced 
delamination (in the case o f layered solids) may increase it. One comparison of surface 
area measurement by gas adsorption vs. electron microscopy characterization showed a 
20% discrepancy even for dry, monodisperse, spherical latex particles. 1 0 For layered 
solids such as graphon and clays, where adsorption on a particular crystal face (the 
basal plane) is typically o f interest, another serious problem is the proportional increase 
in chemical heterogeneities (step and edge sites) with decreasing particle size. This is 
of particular concern for hydrophobic surfaces, on which step sites are typically polar 
and hydrophilic. Uncertainties in the measurement of changes in surfactant 
concentration, and in the proper analysis o f adsorption isotherms, are discussed in a 
thorough review by Hough and Rendall . 4 

The most compelling evidence for interfacial micelles from adsorption isotherms comes 
from comparative adsorption measurements, among different surfactants and with 
varying degrees o f surface modification. Rupprecht et al. have shown that the 
saturation adsorption density on silica o f an amphiphilic cation (tetradecylpyridinium) 
depends strongly on the counterion, showing a sixfold increase in adsorption when the 
counterion is changed from chloride (weakly binding) to salicylate (strongly binding). 1 1 

Such a dramatic enhancement of adsorption is difficult to reconcile with a bilayer 
model, where surfactant ion-surface interactions and steric packing should dominate. 
However, it is completely consistent with interfacial aggregate growth around an 
electostatically adsorbed "anchor" molecule, since similar increases in aggregation 
number are observed in free micelles when the counterion binding affinity is increased. 
This model is further confirmed by adsorption measurements on silica surfaces 
modified by a low density of covalently tethered alkyl groups. 1 2 Even anionic 
surfactants are shown to adsorb to these surfaces, with the adsorption density increasing 
with the degree of surface alkylation. The widely spaced alkyl groups are interpreted as 
"nucleation sites" for surfactant aggregation, leading to a saturated layer o f interfacial 
micelles around the cmc. 

Given the general agreement of this interpretation with A F M observations (see below), 
it is safe to predict that future work in adsorption isotherms w i l l consider multiple 
models o f interfacial structure (e.g., close-packed spheres, parallel cylinders etc.) as 
theoretical starting points for the interpretation of adsorption data on single-chain 
surfactants.1 3 

Calorimetry 

Calorimetry 1 4 is primarily used to probe the energetics o f surfactant adsorption and not 
the structure as such; however, these measurements are often used to deduce plausible 
adsorption mechanisms and hence infer interfacial structure. One commonly used 
technique is flow calorimetry}s Here the solution is flowed through a column 
containing the adsorbent powder. This column is kept at constant temperature inside 
the microcalorimeter chamber; temperature regulation is accomplished by a feedback 
loop that controls current through a heating coil . After the column equilibrates to a 
given temperature in a constant flow of pure solvent, a known quantity of surfactant is 
released into the flow, and the net heat input (or output) required to maintain the 
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6 

constant temperature is monitored. Typically this is read off as the area under the curve 
o f heat flow, (dQ/df) vs. t. Since this process is isothermal, the net heat transfer is 
simply the enthalpy of adsorption. The quantity of interest is usually the heat transfer 
per molecule, or the molar enthalpy of adsorption, which is the measured enthalpy 
divided by the molar adsorption density. For this reason, calorimetry is often performed 
in close conjunction with solution depletion measurements (see Chapter 2). 

Surfactant adsorption mechanisms and structure are often intuited by comparing 
adsorption calorimetry results with those of micellization in free solution. Experiments 
on both hydrophilic ( s i l i c a ) 1 6 , 1 7 , 1 8 and hydrophobic (graphite) 1 5 , 1 9 surfaces show that the 
adsorption is strongly exothermic at very low surface coverages but becomes weakly 
exothermic or even endothermic at coverages exceeding - 1 0 % of saturation. The 
former step is therefore energy-driven and should be dominated by surfactant-surface 
interactions (since the coverage is very l o w ) , whereas the latter step is more entropy-
driven and should be dominated by intermolecular interactions. For most surfactants, 
bulk micellization is also an endothermic or weakly exothermic process; 2 0 the primary 
driving force is the entropy gained by expelling initially ordered water molecules 
around the tailgroups into the bulk solvent. This similarity has been used to argue in 
favor o f interfacial aggregate formation beginning at moderate surface coverage. 
Moreover, the experimental value o f molar adsorption enthalpy for moderate to high 
surface coverage has been found to match the known value of micellization enthalpy in 
certain cases.1 The temperature variation in the adsorption enthalpy at high coverages 
also closely follows the temperature variation o f micellization enthalpy, providing 
further evidence for this mechanism. 1 9 

While these studies show strong evidence for aggregative adsorption as the mechanism, 
they do not by themselves definitively exclude the possibility o f uniform monolayers 
and bilayers as the final equilibrium structure once surface saturation has been reached. 
Findenegg et al have taken a step in this direction by comparing the theoretical 
enthalpy o f half-cylindrical aggregation on graphite (the A F M result) to the enthalpy 
associated with horizontal-to-vertical reorientation of surfactants (the "standard 
model"); 1 9 only the former is found to be consistent with their calorimetry data. 

Reflectance Techniques 

A powerful and increasingly common suite of techniques for investigating thin 
adsorbed films are based on the angular dependence of the reflection of an incident 
beam from a bulk surface in contact with a surfactant solution and, therefore, coated 
with an equilibrium adsorbed film. Optical reflectometry is most useful for thick films, 
such as those formed by particles deposited on a surface. However neutrons and x-rays 
have much shorter wavelengths and can be used to examine adsorbed films in greater 
detail. Neutron reflectometry has recently become a widespread tool for investigating 
adsorbed surfactant layers at air/liquid, liquid/liquid and solid/liquid interfaces. X-ray 
reflectometry has yet to gain widespread use except in air/liquid films, although 
increasing intensities available in synchrotron sources may bring this into play for other 
interfaces. A recent and promising development of both neutron and x-ray 
reflectometry exploits off-specular reflections and scattering from solution near the 
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surface to determine structural details. Aspects of these techniques are discussed 
further in Chapters 2 and 5. 

A s discussed extensively by Zemb and others 2 1 with respect to scattering, reflectivity is 
essentially the same whether light, neutrons or x-rays are employed as the source of 
radiation. Whereas refraction and reflection of light is sensitive to refractive index, x-
ray optics are sensitive to electron densities (atomic number), and neutrons are sensitive 
to nuclear properties as expressed in the scattering length density. It is this property of 
neutrons which leads to contrast variation by isotopic substitution experiments in both 
neutron reflectometry and small-angle neutron scattering. The other significant 
difference between visible light and x-ray or neutron optics is one of resolution; The 
smallest length scale is determined by the maximum achievable wave vector, Q, defined 
by> 

where A is the wavelength of the radiation, and 0the angle of incidence. The maximum 
resolution achievable depends on wavelength, and the shorter wavelengths of neutrons 
and x-rays give much improved spatial resolution. 

Ellipsometry is an optical technique which exploits the particular sensitivity of the 
polarization of a reflected beam to the presence of an adsorbed layer at an interface. 
Although more sensitive than optical reflectometry, the resolution is such that it is not 
possible to obtain detailed information on adsorbed layer structure from ellipsometry. 

Neutron Reflectometry (NR) 

The conventional interpretation of N R experiments treats the adsorbed layer as a 
laterally unstructured f i l m . 2 2 The combination of reflections from the solid/film and 
film/solution interfaces give rise to an interference fringe which may be characterised to 
first order by a thickness and average scattering length density, (3. In reality the 
adsorbed fi lm is not usually homogeneous. Its composition and hence scattering length 
density may vary as a function of position normal to the bulk interface. The film is then 
notionally divided into layers of different scattering length density corresponding to e.g. 
head group and alkyl tails of surfactant. It is common to add onto this description a 
surface roughness, often as a simple Gaussian. The picture of adsorbed films emerging 
from N R studies is the commonly-accepted one consisting of a monolayer on a 
hydrophobic substrate, or bilayer on a hydrophilic solid. The spatial resolution of N R 
even permits the separate identification of head-group and alkyl tail regions. This is 
facilitated by experiments in which surfactants are selectively isotopically substituted to 
create regions of different scattering length density. 2 3 A n d yet, this picture is clearly at 
odds with the evidence for the existence of adsorbed micellar aggregates, particularly 
on hydrophilic substrates. 

Another incongruity is the observation that adsorbed layers on hydrophilic surfaces 
virtually never form a coherent film with 100% surface coverage, according to N R 
studies. A patchy film is usually invoked to explain the derived surface coverages, 
consisting of islands of bilayer. This too is inconsistent with A F M images. 
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However a laterally unstructured film is not the only possible interpretation of neutron 
reflectometry data. 2 4 A model based on adsorbed cylindrical or spherical micelles has 
recently been developed which yields comparable quality fits to an adsorbed bilayer in 
simulated f i lms 2 5 and experiments 2 6 The reflectivity of an adsorbed fi lm of T T A B on 
sapphire at pH=l 1, fitted to a bilayer and to adsorbed cylindrical and spherical micelles 
is shown in Figure 3. The fitted surface coverages and fi lm thicknesses for this system 
are listed in Table 1. The quality of each of the fits is comparable, however the low 
thickness and incomplete surface coverage mitigate against a coherent bilayer. The 
T T A B alkyl tail is approximately 18A long, so we expect the surface layer to be about 
twice this in thickness, whether in the form of aggregates or not. 

Figure 3. (a) Neutron reflectometry data for T T A B adsorbed onto a sapphire crystal. 
Solid lines show (indistinguishable) fits to adsorbed cylinders, spheres, and a bilayer. 

Dashed line shows reflectivity from the sapphire/T^O interface, (b) 250x250 nm A F M 
image of spherical micelles adsorbed onto sapphire crystal. In both data sets the 

equilibrium T T A B concentration is 0.025M. 

Table 1. Best fit parameters to neutron reflectometry data shown in Figure 3. 

Fractional coverage Thickness / A 

Bilayer 0.53 25±1 

Cylinder 0.45 30±2 

Sphere 0.41 34±2 

A pleasing feature of the adsorbed aggregates model is that surface coverages less than 
100% emerge naturally from the packing of spheres or cylinders on a surface; Closest-
packing for cylinders leads to a maximum surface coverage of 79%, and 61% for 
spheres. Both surface aggregate fits shown are physically reasonable on the basis of 
fractional coverage (Table 1). Considering the derived parameters, particularly layer 
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thickness, spheres seem to be the most likely structure, but there is little by which to 
choose between spheres and cylinders using neutron reflectometry alone. 

A F M reveals that this surfactant fi lm does in fact consist of spheres, as shown in Figure 
3(b). 

Ellipsometry 

Ellipsometry has long been used to investigate adsorbed films of surfactants, and 
recently attention has turned to the existence o f aggregates at the solid/solution 
interface. Because ellipsometry yields two parameters, both the average refractive 
index and thickness o f an adsorbed fi lm may be deduced. More detailed models of 
adsorbed surfactant films, similar in character to those used to model neutron 
reflectometry, have also been constructed. 

The work on surface aggregates, largely due to Tiberg, has concentrated on nonionic 
surfactants adsorbed onto bare and hydrophobically-modified silica. On silica, surface 
coverages at the plateau adsorption are found to decrease as ethoxy chain length 
increases. 2 7 From this it is inferred that, as in solution, longer chain lengths correspond 
to smaller aggregates (see Table 2). 

Table 2. Ellipsometry 2 7 and fluorescence quenching 3 3 data for adsorbed nonionic 
surfactants on silica. Ellipsometry of poly(oxyethylene) dodecyl ethers yields an 

absolute fractional surface coverage. Fluorescence quenching of poly(oxyethylene) 
octyl phenyl ethers yields the aggregation numbers directly. Bulk aggregation numbers 

are shown for comparison. 

surfactant Fmax surfactant ^ ( b u l k ) Â agg (adsorbed) 

C12E5 0.54 OPE-9.5 132 210 

C12E6 0.44 OPE-12.5 107 97 

C n E g 0.25 OPE-30 40 42 

Similar conclusions were drawn for polydisperse (Triton) nonionics adsorbed on silica 
and their sulfonated derivatives on titania. 2 8 

On hydrophobic (dimethyloctylsilylated silica) surfaces, ellipsometric studies are 
consistent with a laterally coherent monolayer. This differs from A F M observations for 
both i o n i c 2 9 , 3 0 and nonionic 3 1 surfactants on graphite. A s discussed below however, 
evidence for the uniqueness of graphite as a substrate for adsorption is mounting. 

The picture developed for nonionic surfactants adsorbed on hydrophilic silica is similar 
to that due to A F M images of adsorbed ionic surfactants. The adsorbed surfactants are 
aggregated into small micelles. 

Fluorescence Probe Studies 
The fluorescence quenching studies of L e v i t z 3 2 , 3 3 and Somasundaran5 provided some of 
the first direct evidence for surface aggregates. Adapted from earlier work by Turro 3 4 
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and others on micellar solutions, this technique involves observing the quenching of 
the emission of a micelle-bound fluorophore by an added quencher. 

The technique is essentially statistical. The aggregates under study are notionally 
divided into four classes; micelles with quencher and fluorophore, micelles with 
fluorophore only, micelles with quencher only, and micelles with neither fluorophore 
nor quencher. Only fluorophore-containing micelles are probed. Assuming a random 
(Poisson) distribution of both additives, the fraction of micelles containing a certain 
number o f quenchers, x, is known to be 

<»>-«*-<»» . P o = e x p ( _ < J C > ) 

x\ 

where < x > is the average number of quenchers per micelle in the system. 

The aggregation number of the surface micelles is then obtained from the relative 
fluorescence intensities in the presence and absence of quencher. The aggregation 
number, N, may be obtained from time-resolved fluorescence36 or from static emission 
intensities us ing 3 4 

[QU ^J(Q)J 

Here, [S] and [Q] are the concentrations of surfactant and quencher on the surface. 

In the time-resolved quenching experiment a delta-pulse excitation is used and the 
decay of fluorescence intensity with time is determined. 7(0) and 7 ( 0 are the intensities 
from all micelles and from micelles with fluorophores only measured at time zero after 
excitation. This is usually obtained by fitting the decay to a known function of time, /:-

7(0 = / (0)exp(- V - < x > (l - exp(-kQt))) 

where ko is the rate constant for unquenched fluorescence emission, ICQ is the rate 
constant for intramicellar quenching (bimolecular collision of fluorophore and 
quencher), giving rise to a fast decay component followed by a slow, unquenched 
decay. In this method the micelle aggregation number is obtained either from the fitted 
curve, using <x> = [Q]sw^N[S\surf, or by noting that the long-time tail of the 
fluorescence is an exponential described by 

7(0 = 7(0)exp(- < x >)exp(- k0t) 

Extrapolating the long-time tail back to /=0, gives I(Q) =7(0)exp(-< x >), and 
aggregation number is determined as above. 

In the static emission method, 7 is simply the static fluorescence intensity measured at 
quencher concentration [Q], and N is determine from the ratio of intensities with and 
without quencher. 

This technique relies on several key assumptions. 

A . Fluorophore and quencher are both fully micelle bound, with no exchange between 
aggregates. The presence of additives is assumed not to alter micelle structure. 

B . The concentration of surfactant in aggregates must be known. In bulk solution this 
is usually equated to the critical micelle concentration. On a substrate the adsorbed 
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amount may be measured separately and all adsorbed surfactant is presumed to be in 
aggregates. 

C . Quenching must be rapid. This is particularly important in static fluorescence 
studies, where the approximation is made that there is no emission from micelles 
with quencher added (fast decay). A n y emission from aggregates containing 
quenchers may change the apparent aggregation number. This effect is particularly 
significant at larger aggregation numbers where quenching is slowed by the long 
diffusion time before quencher and probe can encounter one another. 3 7 

Almgren has shown that quenching in long, cylindrical micelles does not obey the 
equation for small micel les . 3 8 ' 3 9 The quenching law is derived from a one-dimensional 
diffusion-reaction equation and is independent of micelle length. The time-resolved 
fluorescence decay in such cases becomes nonexponential at long times. 

A F M studies of surfactants adsorbed onto mica frequently show long, flexible cylinders 
separated by a few Angstroms. This is precisely the situation in which fluorescence 
quenching studies w i l l fail to yield a meaningful aggregation number, even in bulk 
solution. A F M imaging of such aggregates has only been carried out above the critical 
micelle concentration, where the surface is saturated. A t lower concentrations smaller 
surface aggregates may be observed. 

Highly concentrated micelle solutions also deviate from the expected behavior due to 
intermicellar exchange o f fluorophores and quenchers. 4 0 In highly concentrated 
systems this permits quenchers and probes in different micelles to interact, falsely 
reducing I(Q) and increasing the apparent aggregation number. This applies to 
adsorbed films at full coverage, independent of aggregate morphology. Previous work 
has postulated that adsorbed hemi-micelles transform to a coherent bilayer at saturation, 
in conflict with A F M observations. However comparison with bulk solution studies 
suggest instead that the model used to interpret fluorescence quenching studies may 
break down at high surface coverage due either to the formation of cylindrical 
aggregates or close-packed spheres. Once the cmc is exceeded, fluorescence 
necessarily probes both bulk and surface micelles. In any case the technique cannot be 
used to unequivocally infer adsorbed fi lm structure at high coverage. 

A t lower concentrations where attempts at A F M imaging have been unsuccessful, 
fluorescence quenching provides a usefiil window into the formation of aggregates. Its 
use in a wide range of bulk solution systems has demonstrated it to be a versatile probe 
of many adsorbed aggregates. 

Levi tz ' pioneering fluorescence probe studies of nonionic surfactant adsorbed films on 
silica first established that these techniques could be used to study interfacial structure. 
This demonstrated that fluorescence emission kinetics followed that of a bulk micellar 
solution, and therefore that small surface micelles were present in octyl phenol 
ethoxylates like Triton X-100 (OPE-9.5). Aggregation numbers on silica closely track 
those observed in bulk solution (see Table 2), and are consistent with the results of 
ellipsometric studies. 

This work was extended to ionic surfactants by Somasundaran et al, showing that they, 
too, form micelle-like aggregates on hydrophilic surfaces. Aggregation numbers are 
consistent with small, spherical micelles below the adsorption plateau (full surface 
coverages), but seem to grow with increasing concentration. A n illustrative example of 
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fluorescence quenching results for T T A B adsorbed onto AI2O3 is shown on the 
adsorption isotherm in Figure 2. 5 This system corresponds to the A F M image and 
neutron reflectometry results for T T A B above the cmc shown in Figure 3. 

Other fluorescence probe studies have been employed to investigate the structure of 
adsorbed surfactant films less directly. A measure of polarity or effective dielectric 
constant for surfactant aggregates, as well as measurements o f microviscosity, 4 1 are 
both consistent with adsorbed aggregates, although it is difficult to be persuaded of the 
discrimination afforded by such techniques. 

Atomic Force Microscopy (AFM) 
The A F M 4 2 images a sample surface by positioning a force sensor—usually a small 
pyramidal tip attached to a sensitive cantilever spring—very close to a sample surface 
and detecting variations in tip-sample force as the sample is raster-scanned. A typical 
cantilever size is 100 x 30 x 0.5 um, with a spring constant of order 0.1 N / m ; tips are 
typically 4 | im in size and square pyramidal in shape, with an end radius in the range 5 
to 50 nm. The cantilever deflection (in response to the force exerted on the tip) is 
detected by an optical lever with a magnification factor o f order 1000. The use of 
surface forces as a contrast mechanism, combined with optical lever detection, makes it 
simple to adapt A F M imaging to solid-liquid interfaces;4 3 the fluid cell need only be 
transparent (usually glass) and incorporate a fluid inlet and outlet. 

The dc force resolution o f the A F M is limited primarily by the thermal background. 
From the thermal oscillations of the cantilever, given by 

— kBT = —ksprtngZ^ 

the calculated background force Fmax = kspringzmax is of order 10 p N . However the 

minimum detectable force variation during imaging can actually be much less than this 
value, for two reasons. First, signal-to-noise ratios of far less than unity can be 
detected, especially (as is often the case) for surface structures having well-defined 
symmetries and periodicities; such structures effectively convert a dc detection scheme 
into an ac measurement, where the dominant spatial periodicities can be identified by 
eye and quantified by fast Fourier transforms. Second, the presence of a repulsive force 
gradient between tip and sample (such as the exponential force gradient observed in 
electric double layer forces) increases the effective spring constant by the quantity 
dF/dz, thereby reducing the thermal noise background. For these reasons, local force 
variations approaching 1 p N can often be detected. 

Imaging o f adsorbed surfactant films is accomplished by mapping the colloidal 
stabilization forces between the tip and sample when they are immersed in surfactant 
solution above the cmc (Fig. 4(a)). 2 9 Force curves show an exponential repulsion 
consistent with electric double layer forces at long range (the measured Debye length 
usually agrees to within 15% of the predicted value), followed by a much steeper short 
range interaction, followed by irreversible rupture of the outer surfactant layers on tip 
and sample (hemifusion). Force-contrast imaging is performed by setting the operating 
force in the precontact repulsive part of the curve before the rupture. Image contrast 
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(Fig. 4(b)) is usually best in the steeper short-range part of the force curve, although 
images have also been obtained further out in the double layer. 

Figure 4. (a) Schematic of A F M imaging mechanism for interfacial surfactant 
aggregates. The adsorption of surfactant on both tip and sample creates repulsive 

stabilization forces (in this case electric double layer forces) that can extend 1-100 nm 
beyond the plane of contact. These repulsive interactions are mapped by setting the 

imaging force in the pre-contact region as shown, (b) 150 x 150 nm image of spherical 
micelles in a hexagonal pattern at the mica-solution interface. The surfactant is a 

divalent cationic surfactant with a Cig t a i l . 4 7 

Typical imaging forces are of order 0.1 to 1 nN , and typical "fly heights" are of order 1 
nm above the surface aggregates. A t these small separations, the tip-sample repulsion 
can arise from a number of contributions; in addition to electric double layer 
interactions between ionic surfactant headgroups, or steric overlap interactions between 
nonionic surfactant headgroups, other contributions include solution confinement 
effects related to the finite sizes of solvent molecules and/or counterions, and 
mechanical/elastic response of surfactant aggregates caused by steric overlap of interior 
tailgroups. During imaging, a number of these interactions probably act 
simultaneously, and the relative contribution of each remains a subject for further 
research. Whereas the background imaging force is o f order 100 to 1000 p N , the 
measured lateral variations in this force—i.e., the force modulation caused by the 
periodic aggregates—is typically much smaller, of order 1 to 10 p N (roughly 1% of the 
background). This is consistent with theoretical expectations; even for long-ranged 
Coulomb interactions, calculations show that the modulation of electrostatic potential 
above a lattice o f discrete charges decays to - 1 % of the overall background when the 
test plane is only a single lattice spacing above the gr id . 4 4 

A F M results, when coupled with those from other techniques, show that the shape, size 
and arrangement o f interfacial surfactant aggregates depend on both intermolecular and 
molecule-surface interactions 4 5 The aggregate shape can be understood as a 
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compromise between free curvature as defined by the dimensionless packing 
parameter 4 6 and the specific constraints imposed by molecule-surface interactions. The 
interaggregate arrangement can be interpreted as a two-dimensional surfactant 
mesophase which is somewhat related to the bulk phase behavior at higher 
concentrations. 4 7 Specific results are summarized below. A l l structures reported are at 
room temperature for surfactant concentrations above the cmc. 

Ionic Surfactants on Oppositely Charged Hydrophilic Surfaces 

In these systems, surfactant headgroups interact electrostatically with the surface, 
leading to aggregates of thickness roughly twice the surfactant length, with headgroups 
facing the surface as well as the solution. A variety of aggregate morphologies has been 
observed, from spherical aggregates 4 5 ' 4 7 , 4 8 (both randomly arranged and hexagonally 
close packed), to cylindrical aggregates 4 5 , 4 7 , 4 8 (short and long parallel rods and curved 
wormlike aggregates), to flat bi layers . 4 5 , 4 7 On the anionic surface of silica, single-chain 
cationic surfactants give rise to spherical aggregates resembling bulk micelles 4 5 These 
aggregates have a well-defined nearest-neighbor spacing but no long-range order. They 
have been interpreted as arising from the electrostatic binding of individual surfactant 
molecules to the charge sites on the surface, which then serve as nucleation sites for 
micellar aggregation above the cmc. This interpretation has been corroborated by 
changes in nearest-neighbor spacing with p H , with higher p H solutions resulting in 
greater surface charge density and a corresponding reduction in interaggregate spacing. 
Accordingly, interfacial aggregates are expected to resemble bulk micelles whenever 
the surface charge density (or adsorption site density) o f the substrate falls short of (or 
at most equals) the charge density on the surface of a micelle. Since surface potentials 
are typically rather high (of order 100 mV) for spherical micelles, 4 9 most charged 
surfaces satisfy the above requirement, and globular interfacial aggregates are expected 
for most single-chain ionic surfactants. Preliminary results on quartz and alumina 
confirm this v i ew. 2 6 

A notable exception to this is the cleavage plane of mica, wherein exchangeable surface 
cations result in a much higher adsorption site density than on silica. Here the observed 
surface aggregates often have a lower degree of curvature than the corresponding 
aggregates in free solution 4 5 , 4 7 , 4 8 The mica surface has been interpreted as acting like a 
highly charged "planar counterion" (or "countersurface"),4 7 acting to bring interfacial 
headgroups closer together than their equilibrium separation in bulk solution, thereby 
increasing the effective packing parameter at the interface. This is analogous to the 
induction of a sphere-to-rod transformation in bulk solution by multivalent counterions. 
Thus some surfactants that form spherical micelles in solution have been observed to 
form cylindrical aggregates on mica, and likewise some surfactants that form cylindrical 
micelles in solution have been observed to form bilayers on mica 4 7 However, other 
surfactants that have dimensional packing parameters far from transition values have 
been found to have aggregate curvatures on mica unchanged from those in free solution. 
Work is in progress to quantify the effective change in interfacial packing parameter 
caused by a countersurface of known potential. 

While it is tempting to regard the aggregate morphology on mica as a two-dimensional 
lyotropic mesophase caused simply by a surface-induced zone of high concentration, 
there does not appear to be a simple correlation between observed interfacial 
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morphologies on mica and three-dimensional lyotropic phases. For example, of those 
surfactants which form close-packed spheres on mica , 4 7 ' 4 8 some (e.g., divalent 
surfactants) express a micellar cubic phase in bulk solution, 5 0 whereas others such as 
alkyl triethylammonium surfactants do not. 5 1 However, it is true that all surfactants (so 
far) that have formed cylindrical aggregates on mica express, as expected, a hexagonal 
phase as their first liquid crystalline phase. Moreover, univalent double-chained 
surfactants form flat bilayers on mica, also as expected from the predominance of 
lamellar phases in b u l k . 5 2 

The mica lattice appears to exert a weak orienting influence on the axial directions of 
cylindrical aggregates and on the symmetry axes of hexagonally packed spherical 
aggregates. However the evidence has been con f l i c t i ng , 4 5 ' 4 7 , 8 probably because local 
A F M images of small areas do not always reflect overall surface trends; this is 
especially true when the degree o f epitaxial orientation is small, as is expected when a 
flat surface interacts with a small and symmetric headgroup. This is in marked contrast 
to the graphite case discussed below. 

Nonionic and Zwitterionic Surfactants on Hydrophilic Surfaces 

In these cases the adsorption and surface aggregation are expected to be driven not by 
charge-charge interactions but by weaker charge-dipole and hydrogen-bonding 
interactions between surface sites and the surfactant headgroup. The only zwitterionic 
surfactant studied so far has been dodecyl dimethylammonio-propanesulfonate 
( D D A P S ) , 5 3 which has a cationic group adjacent to the chain followed by a terminal 
anionic group. This surfactant has been shown to form randomly packed spherical 
aggregates on the anionic surfaces of both mica and silicon nitride, in agreement with 
the aggregate morphology in free solution. 5 4 

A strictly nonionic system that has been widely studied in the past is the adsorption of 
polyethyleneoxide (PEO)-based surfactants on silica. A recent A F M study 5 5 has shown 
that many of these surfactants make globular (roughly spherical) aggregates on the 
silica surface, with the spheres randomly arranged on the silica surface at nearest-
neighbor distances somewhat greater than twice the surfactant length. A s with ionic 
surfactants on silica, these interfacial aggregates reflect bulk micelle morphology. 5 6 

PEO-based surfactants with relatively longer tailgroups or shorter headgroups, which 
have a tendency towards bilayer structures in solution, showed similar tendencies on 
s i l ica . 5 5 

Surfactants on Anisotropic Hydrophobic Surfaces 

The first A F M study of interfacial aggregation was on the cleavage plane of graphite, 2 9 

motivated by the frequent use of graphite crystals as A F M substrates and by long
standing use o f graphon as a hydrophobic adsorbent for surfactants. Initial 
investigations revealed that the crystal lattice, and the resulting anisotropy of its 
interactions with linear alkyl chains, is the defining feature in determining the aggregate 
morphology. This central role o f the lattice has since been confirmed for a variety of 
surfactants with wide differences in headgroup chemistry and molecular 
g e o m e t r y . 3 0 , 3 1 , 4 5 , 4 7 , 5 3 , 5 5 , 5 7 , 5 8 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

1

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



16 

Unlike hydrophilic surfaces, graphite interacts primarily with surfactant tailgroups via 
hydrophobic and van der Waals interactions. It has long been known that the graphite 
surface adsorbs and orients alkyl chains along its three equivalent symmetry axes, with 
the alkyl chain following the zigzag line connecting nearest-neighbor carbon atoms on 
graphite. 5 9 ' 6 0 A similar orientational constraint should apply to surfactants, and A F M 
results bear out this view. Images show linear, parallel aggregates oriented 
perpendicular to an underlying symmetry axis and spaced apart by a little over twice the 
surfactant length. These are consistent with half-cylindrical aggregates, wherein 
molecules adjacent to the surface are arranged tail-to-tail along parallel strips, with 
tailgroups oriented parallel to a graphite symmetry axis . 2 9 

The degree of control exerted by the graphite surface is illustrated by the remarkable 
universality of the above morphology: For surfactants with 12 or more carbon atoms in 
the tailgroup, those that are capable of cylindrical curvature—i.e., those that show a 
hexagonal phase anywhere in the bulk phase diagram—reveal half-cylindrical 
aggregates on graphite. These include surfactants that are i o n i c , 9 3 0 ' 4 5 ' 4 7 ' 5 7 

nonionic ' ' and zwitterionic, and those that form spherical, cylindrical, or even flat 
bilayer aggregates on m i c a . 4 5 ' 4 7 ' 5 3 Several o f these molecules (e.g., C i 2 T A C and the 
asymmetric gemini surfactants) even have a pronounced micellar cubic phase (spherical 
curvature) that suppresses the hexagonal phase (cylindrical curvature) until relatively 
high concentrations. For one surfactant (the nonionic C12E5), the hexagonal phase is 
only expressed at temperatures somewhat lower than room temperature (18 .5°C) , 5 6 even 
though half-cylinders on graphite are clearly observed at room temperature. Even 
polymeric surfactants adopt structures based principally on anisotropic interactions 
between the alkyl chain and substrate (Chapter 12). 

Surfactants that do not self-assemble into half-cylindrical aggregates include (i) 
univalent double-tailed surfactants that express only lamellar and bicontinuous bulk 
phases, for which cylindrical curvature is not favored; and (ii) surfactants with 10 or 
fewer carbon atoms in the tailgroup, which form flat vertical monolayers on graphite, 
evidently because the tail falls short o f a critical length required for orientation by the 
graphite surface. 5 5 

Preliminary results with another crystalline hydrophobic surface, the cleavage plane of 
M0S2, shows similar half-cylindrical aggregates running perpendicular to surface 
symmetry axes, 4 5 despite the marked differences in lattice symmetry, spacing, and 
surface chemistry between this surface and graphite. This indicates that strong 
tailgroup orientations leading to half-cylindrical aggregates may be a feature common 
to all crystalline hydrophobic adsorbents. The degree of surface control is much greater 
than for hydrophilic surfaces because hydrophobic surfaces interact with the entire 
length of the tailgroup, which makes up most of the surface area of the molecule. The 
anisotropy o f this interaction apparently gives rise to the half-cylindrical shape as well 
as to the specific orientation of this aggregate relative to substrate symmetry axes. 

Surfactants on Isotropic Hydrophobic Surfaces 

Given the evidently crucial role o f surface anisotropy above, an important test case is a 
flat hydrophobic surface that is amorphous and isotropic, such as silanated silica. 
Unfortunately, very little is known about aggregate morphologies for this case, partly 
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because o f difficulties in achieving hydrophobicity while keeping the overall surface 
roughness small on the length scale of surfactant molecules. Initial results on a 
somewhat rough silanated surface show flat, continuous monolayers of nonionic 
surfactants.5 5 However experimentation is still needed on substrates that reproduce the 
hydrophobicity and atomic smoothness of graphite without its anisotropy. 

Shape Changes and Kinetics in Interfacial Aggregates 

A number o f induced shape changes in interfacial aggregates have recently been 
reported. Spherical aggregates on mica have been converted to parallel cylinders, both 
by displacement o f the initially adsorbed surfactant by another (in this case D D A P S 
displaced by C12TAB), 6 1 and by binding specific counterions directly to the aggregates 
themselves (in this case salicylates to divalent cationic surfactants).47 The former 
results in slow exchange kinetics over a period of hours, whereas the latter results in fast 
binding kinetics over a period of seconds to minutes. In addition, cylindrical aggregates 
of C i 6 T A B on mica have been converted to spheres by the addition of surface-binding 
co-ions (in this case Cs + ) that take up some of the adsorption sites, resulting in a lower-
density aggregate structure.6 2 The addition of dodecanol to SDS solutions has been 
observed to give rise to swollen half-cylindrical micelles coexisting with flat featureless 
aggregates on graphite. 6 3 Even in the absence of additives, there have been reports of 
very slow shape changes (over many hours) of some cationic surfactant aggregates on 
mica . 6 2 

Limitations of AFM Imaging and Interpretation 

Data from probe microscopy can be at risk from imaging artifacts, since the technique is 
somewhat invasive. A number of standard controls have evolved over the years to 
counteract these concerns, and they have been successfully applied to images of 
interfacial aggregates. Aggregate morphologies are observed to be repeatable from scan 
to scan and are generally independent o f scan parameters (size, speed and direction) and 
cantilever properties (spring constant, tip radius, and constituent material). The 
strongest lines of evidence that the observed morphologies are not somehow being 
created by solution confinement are (i) the consistency between A F M images and 
previous adsorption measurements for isolated surfaces; (ii) the observed registry 
between aggregate morphology and surface symmetry axes; and (iii) the expected 
variation of aggregate shape with molecular geometry and with specifically binding 
counterions on m i c a 4 7 In addition, interfacial aggregates have also been used as 
templates for the synthesis of mesoscopic silicate films, which have faithfully 
reproduced and confirmed the interfacial morphology observed at the solid-solution 
interface. 4 7 , 6 4 

Nevertheless, some concern about disruption of the native aggregate structure is 
justified. The image resolution typically improves as the imaging force is increased 
towards the tip breakthrough point (where the surfactant layer is ruptured); however, 
these high forces sometimes perturb the aggregate structure, as evidenced by 
irreproducible images between successive scans. A n effect o f scan direction has also 
been reported, with half-cylindrical aggregates registering larger spacings when 
oriented perpendicular to the fast scan direction relative to those oriented parallel to this 
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direction. The pressure exerted by the A F M tip may cause some local spreading and 
flattening o f surfactant aggregates below the tip, and this distortion may be prevented 
from relaxing back to equilibrium along the fast scan direction. A s a general rule, it is 
prudent to confirm observed structures and spacings at the lowest forces at which 
imaging is still possible, and to check these spacings at more than one scan direction for 
greater accuracy. 

Caution should also be exercised in interpreting A F M images o f surfactant aggregates. 
Since the tip traverses a kind o f equipotential surface, the height information in the 
adsorbate film is largely suppressed (see inset, Figure 4(a)). A sectional profile across 
an A F M image therefore reveals only local force variations and not the true adsorbate 
topography as such. (The two plots would coincide only in the event of a true hard-wall 
interaction between a "point probe" and the adsorbate layer; this is far from the case 
here, since finite tip sizes and Debye lengths on the order of nanometers both act to 
broaden the effective area of tip-adsorbate interaction to well past a single micelle.) In 
particular, the identification o f some linear aggregates as "half-cylinders" and others as 
"full cylinders" is based not on measured height differences, but on (i) comparison to 
effective occupational areas as measured by adsorption isotherms or to thicknesses as 
measured by surface force apparatus; and (ii) knowledge of the particular surface 
chemistry; 4 7 hydrophilic surfaces interact with headgroups and lead to " fu l l " aggregate 
structures, whereas hydrophobic surfaces interact with tailgroups and lead to " h a l f 
structures. However, not all surfaces can be so unambiguously classified (e.g. gold), 6 5 

and the identification of full vs. half aggregates is not always straightforward. 

A n additional consequence of the lack of true height information is that it is difficult to 
judge based on AFM images alone how much (if any) substrate is exposed between 
adjacent aggregates. Only the periodicity o f the aggregate arrangement can be 
quantified, and the lateral size of the aggregates must be inferred from a knowledge of 
the molecular dimensions o f the surfactant. From these data the spacings between 
adjacent aggregates can be deduced, and it is typically small in comparison to the 
aggregate size. Spherical aggregates tend to be spaced further apart than cylindrical 
aggregates, consistent with the greater degree o f surface charge expected for spheres 4 7 

The aggregate spacing has been shown to be a function of concentration, although it 
quickly approaches an asymptotic value (close to the physical size o f the micelles) 
around the cmc . 3 0 

Surface Force Measurements 

While the A F M excels at detecting local force variations, it is, in its unmodified form, 
less practical for making quantitative force measurements that can be compared to 
theoretical predictions. Its drawbacks are twofold: for a given force measurement, the 
corresponding tip-sample separation cannot be measured independently; and the shape 
and surface chemistry o f the imaging tip are ill-defined. The latter challenge was 
elegantly met by the advent o f the colloid probe technique, 6 6 wherein a colloidal particle 
of known radius and composition is glued to the end of the A F M tip and serves as a 
well-defined interaction probe. To date, the problem of independent measurement of 
tip-sample separation has not been solved. 
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Although usage of the colloid probe technique is on the rise, the surface force apparatus 
( S F A ) 6 , 6 8 is still the mainstay of surface force measurements. The S F A measures 
forces between two curved mica sheets, thus combining well-defined radii of curvature 
with atomically flat surfaces of known surface chemistry. The separation between mica 
surfaces is measured independently by interferometry, allowing comparison of force vs. 
distance measurements to theoretical interaction potentials via the Derjaguin 
approximation. 

There have been several S F A investigations of surface forces in surfactant solutions, 6 9 

motivated both by the need to quantify and model colloidal stabilization forces caused 
by surfactant adsorption, and by the desire to understand interfacial surfactant behavior 
in general. S F A was the first technique 7 0 to directly measure thicknesses of adsorbed 
surfactant layers by quantifying the "hard wa l l " separation in surfactant solutions 
relative to that in pure water; consistent with adsorption isotherms, cationic surfactant 
layers on mica and silica above the cmc were found to have thicknesses comparable to 
twice the surfactant length. The S F A has also been used to quantify the onset of 
colloidal ^stabi l izat ion due to charge neutralization in dilute surfactant solutions, as 
well as colloidal ^stabilization due to interfacial aggregation just below the cmc. Force 
measurements have also been used to deduce surface potentials and charge densities of 
ionic surfactant layers by fitting solutions of the Poisson-Boltzmann equation to the 
force d a t a . 7 0 ' 7 1 ' 7 2 

While force measurements by S F A and the colloid probe technique have provided 
valuable insight into colloidal stabilization forces as such, theoretical comparisons 
hinge on the assumed model for lateral structure of the surfactant film, which cannot be 
directly probed by force measurements alone. In the absence of contrary evidence, 
cationic surfactants have generally been assumed to adsorb as flat bilayers on mica 
above the c m c , 7 0 ' 7 1 , 7 2 and this simple model has been used as the basis for theoretical 
comparisons involving electric double layer forces, 7 3 depletion and structural forces, 7 4 

and membrane fusion. 7 5 A s discussed above, recent A F M results indicate that the flat 
bilayer assumption is justified only for lipid-like surfactants, whereas single-chain 
surfactants typically self-assemble as an array of spherical or cylindrical aggregates 
above the cmc. It is therefore worth exploring how aggregate curvature and lateral 
structure in the adsorbate layer affects theoretical interpretations of surface force 
measurements. 

First, the assumption of a flat bilayer causes simple counting errors, leading to an 
overestimate of the number of interfacial surfactant molecules and consequently an 
underestimate o f the dissociation constant for a given fitted value o f the adsorbate 
charge density. For the case of close-packed spheres, wherein the surface occupation 
ratio is 0.605, the dissociation constant is underestimated by -40%. The agreement is 
better for close-packed cylindrical aggregates, but can be considerably worse for any 
morphologies incorporating nonzero spacings between aggregates. 

Second, the presence o f textured or heterogeneously charged adsorbate layers may 
significantly affect theoretical predictions of electric double layer interactions, giving 
rise to different best-fit values of surface potential, charge density and so on, than would 
be the case for the bilayer assumption. A recent theoretical treatment7 6 o f double layer 
forces between periodically heterogeneous surfaces—undertaken with surfactant 
adsorption in mind—concludes that the additional interaction due to the charge 
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heterogeneity (i) can be attractive or repulsive depending on the registry between the 
fixed charge distributions, and (ii) is always attractive i f lateral self-adjustment of 
charges is allowed. It is an open question whether the aggregate arrangements on the 
two mica surfaces are laterally fixed or, over the time scale of a measurement, mutually 
adjust to a minimum energy conformation as the surfaces approach each other. 

Third, theoretical models for structural forces in micellar solutions have assumed that 
micelles are confined between flat featureless wal ls . 7 4 A t least for micellar solutions 
between solid surfaces, a more appropriate model would be confinement between 
textured walls (patterned either with lines or dots), wherein the surface corrugation and 
periodicity have a length scale similar to the size of the confined species. 

Despite these caveats, it is worth emphasizing that surface forces measured in double-
chain surfactant solutions can be compared to simple theory, since these surfactants do 
adsorb as flat bilayers. 

Conclusion 

This chapter is primarily concerned with the determination of supramolecular structures 
formed by surfactant molecules at interfaces. Structure is, however, just one part of the 
problem. A complete understanding would also involve descriptions of the kinetics and 
energetics o f interfacial self-assembly, along with a mathematical model that explains 
these data and predicts the behavior for general surfactant-solvent-surface 
combinations. One approach might be to impose an interfacial "boundary condition" to 
geometric packing arguments, in order to arrive at an effective packing parameter which 
is dependent on surface properties. 

The development o f a unifying model has been hindered in the past by a lack o f direct 
and independent knowledge of structure, which is essential to the proper interpretation 
of other measured properties such as energetics and colloidal forces. Lateral mapping 
o f colloidal stabilization forces by A F M , when combined with other quantitative 
measurements (by S F A , adsorption isotherms etc.), has provided a direct window into 
interfacial aggregation. A n experimental "database" of interfacial structures is now 
well underway. In the future, this knowledge should prove useful for more refined 
interpretations o f interfacial properties as well as more accurate models of interfacial 
self-assembly. 
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Chapter 2 

Interfacial Effects of Dilute Solutions and Lyotropic 
Liquid Crystalline Phases of Nonionic Surfactants 
Gerhard H. Findenegg, Christian Braun, Peter Lang, and Roland Steitz 

Iwan-N.-Stranski-Institut für Physikalische und Theoretische Chemie, 
Technische Universität Berlin, 10623 Berlin, Germany 

1. Introduction 

Interfaces represent regions in which the symmetry of the intermolecular force field is 
severely perturbed. The reduced spatial dimensionality imposed by a flat surface 
represents the simplest case of confinement of a system. Minimization of the surface 
free energy may cause a spontaneous reconstruction of the structure in the outermost 
layers of a crystal. Confinement has also a strong influence on the relative stability of 
different phases of a substance, and gives rise to a wealth of surface effects on phase 
transitions[1,2]. If the surface particles are less tightly bound than those in the interior 
of a crystal, one may expect that melting wi l l start at the surface and propagate into the 
interior of the crystal. Such a behavior is called surface melting and has been observed 
for various metals and molecular crystals including ice[1] . The opposite effect, i.e. 
when an ordered surface layer coexists with a bulk liquid at temperatures above the 
melting point of the bulk phase, is called surface freezing and has been observed so far 
for mesogenic substances forming thermotropic liquid crystals[3] and for long-chain n
-alkanes and alkanols[4]. It has been conjectured that surface freezing can occur only 
for molecules having an elongated (rod-like) shape, for which the surface can induce 
an alignment of their long axis parallel to each other, which in turn causes a tight 
binding of the molecules in such an ordered surface layer. Recently, evidence of such 
surface-induced shifts of first-order phase transitions has also been obtained for 
lyotropic systems of amphiphilic compounds[5]. In these systems the building units of 
ordered structures are not individual molecules but supramolecular (micellar) 
aggregates of molecules, which may be of spherical, rod-like or disk-like shape. 

In this article we review recent studies of surface effects of dilute aqueous 
solutions and lyotropic liquid crystalline phases formed by amphiphilic chain 
molecules. Compounds of the oligo-oxyethylene mono-n-alkyl ether family, 
abbreviated as C m E n , are commonly used as model amphiphiles in physicochemical 
studies, since their properties can be tuned by varying the chain lengths of the 
hydrophobic alkyl chain ( C m ) and the hydrophilic oligo-oxyethylene chain (E n ) . Like 
other surfactants, C m E n amphiphiles assemble to loosely packed adsorbed monolayers 
at the air/water interface and they aggregate to micelles, bilayer membranes or vesicles 

24 © 1999 American Chemical Society 
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0.001 0.01 0.1 1 10 100 20 40 60 80 100 

C 1 2 E 4 (wt%) C 1 2 E 5 (wt%) 

Figure 1. Phase diagram of the system C12E4 + water (left)[6] and CnE5 + water, 
(right)[7]. Note that in the diagram of the Ci2E4 system the composition (wt-percent 
surfactant) is plotted on a logarithmic scale. The meaning of the symbols is explained 
in the text. The phase diagrams were redrawn with permission from reference 6 and 7. 

in the aqueous solution, strongly dependent on their concentration in the aqueous 
phase. Regular packings of spherical or cylindrical micelles and bilayer membranes 
then form lyotropic liquid crystalline phases of cubic (Vi ) , hexagonal (Hi) and 
lamellar ( L a ) structure for surfactants with alkyl chain length m > 10. Figure 1 shows 
the phase diagrams for C12E4 and C12E5, two typical representatives of this family[6,7]. 
For the former system the composition is plotted on a logarithmic scale to show details 
of the diagram at low amphiphile concentration, viz. the temperature dependence of 
the critical micelle concentration (cmc) and the lower boundary of the liquid-liquid 
coexistence region. Note that the lyotropic phases generally extend over a rather wide 
range of surfactant concentrations due to the fact that different amounts of water can 
be incorporated between the micellar aggregates[8]. 

This article is organized as follows: In Section 2 we discuss aspects of the 
adsorption of surfactants from dilute aqueous solutions onto hydrophilic solid surfaces, 
with an emphasis on surface aggregation phenomena below the cmc. We shall see that 
this surface aggregation is closely related to micelle formation in the bulk solution and 
may be considered as a surface-induced pre-transition below the bulk cmc. In Sections 
3 and 4 recent results on surface ordering of lyotropic phases at a solid/fluid interface, 
and at the free surface of the lyotropic phase, wi l l be outlined. Surface-sensitive 
methods like neutron reflectometry and X-ray reflection Bragg diffraction have been 
employed in these studies to obtain structural information about the interfacial region 
of these lyotropic systems. 

2. Surface aggregation of amphiphiles from dilute solutions 

Adsorption of nonionic surfactants from aqueous solutions onto well-defined solid 
surfaces commonly occurs in two distinct steps. The first step involves the 
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displacement of water molecules which had been in contact with the surface by the 
amphiphilic molecules; accordingly, this step depends on the relative strength of 
interaction of the amphiphile and water molecules with the solid substrate. 
Hydrophilic surfaces (silica or metal oxides) with surface hydroxyl groups or other 
polar sites are strongly hydrated, just as the hydrophilic heads of the surfactant 
molecules, and thus the adsorption affinity of the surfactant molecules is weak in this 
initial region (low-affinity regime)[9]. On a hydrophobic surface, on the other hand, 
strong adsorption of the hydrophobic tails of the surfactant molecules wi l l occur even 
from highly dilute solutions, until the entire surface is covered by a surfactant 
monolayer (high-affinity adsorption)[10,11]. In either case, the molecules adsorbed in 
the first step can act as a template for a subsequent surface aggregation process of the 
surfactant[12]. Below we shall consider the surface aggregation on hydrophilic 
surfaces in more detail. Figure 2 (a and b) shows an isotherm of the adsorbed amount 
per unit surface area (J~i) and the respective integral enthalpy of adsorption (A21//) of 
the short-chain surfactant C g E 4 from aqueous solutions onto a hydrophilic silica 
surface. The solid substrate used in this study[9] is a mesoporous silica glass with 
mean pore size of ca. 24 nm. Since the pore diameter is significantly greater than the 
length of a fully extended surfactant molecule (ca. 2 nm), it is believed that the 
adsorption behavior is similar to that on a flat surface, i.e. confinement effects caused 
by the limited pore space wi l l have no pronounced influence on the adsorption 
isotherm in this case. The initial low-affinity region of the isotherm exhibits a weakly 
convex shape and reaches a value of no more than 0.06 pmol m" 2 (corresponding to a 
mean area of ca. 28 nm 2 per adsorbed molecule) at a concentration corresponding to 
ca. 60 percent of the cmc. However, as the surfactant concentration is increased 
further, the adsorbed amount increases steeply until one reaches the cmc at which n 
levels off to a plateau value of 6 jLimol m" 2 (0.28 nm 2 per molecule) at the given 
temperature. The sharp increase in Tj is attributed to a surface aggregation process in 
which the few physically anchored surfactant molecules are believed to play a decisive 
role as nucleation sites for surface micelles. The concentration at which this process 
commences is called critical surface aggregation concentration (csac). Above the cmc 
the chemical potential of the surfactant remains nearly constant and thus no further 
adsorption occurs. 

The shape of the adsorption isotherm (/"i vs. c\) exhibited in Figure 2a is fairly 
general for nonionic surfactants on hydrophilic surfaces, and it can be characterized by 
four parameters, viz. , the csac and cmc, and the extent of adsorption at the csac and at 
the plateau of the isotherm. On the other hand, this plateau value of the isotherm 
appears to depend strongly on the nature of the surfactant and on temperature, which 
implies that the size and/or shape of the surface aggregates is variable. 

For C 8 E 4 , the amount adsorbed at this plateau corresponds to an apparent 
cross-sectional area per molecule of 0.28 nm 2 in a hypothetical monolayer arrangement 
(which is not plausible), or an area of 0.56 nm 2 per molecule if a bilayer is formed. In 
such a bilayer arrangement one anticipates that the oxyethylene chains in the first layer 
are attached to the surface while those of the molecules in the second layer w i l l face 
the aqueous phase. On the assumption that the tetraethylene glycol block (E4) occupies 
an area of ca. 0.36 nm 2 , the present results for the isotherm of C g E 4 suggest that the 
adsorbed layer represents a fragmented (patchy) bilayer which covers ca. 60 percent of 
the surface at the given temperature (25°C). This finding illustrates that the 
pronounced plateau of the adsorption isotherms does not imply surface saturation but 
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1 1 1 1 
a cmc 

0 4 8 12 16 
c, [mM] 

Figure 2. Adsorption of C&E4 from aqueous solution on CPG (24 nm) porous silica 
glass at 25°C : (a and b) Adsorbed amount 7~} and integral enthalpy of adsorption 
A2JH vs. bulk concentration c\. (c) Differential molar enthalpy of adsorption A2jh vs. 
relative concentration c/cmc; the dotted line indicates the molar enthalpy of 
micellization A^h at 25°C (reproduced from ref. 9). 

is due to the fact that the chemical potential of the surfactant remains nearly constant 
after reaching the cmc. 

More information about the nature of the surface aggregation process can be 
obtained from the enthalpy of adsorption. The isotherm of A2\H vs. c\ for CgE4 on the 
hydrophilic silica glass is slightly exothermic in the low-affinity region up to the csac, 
but strongly endothermic in the surface aggregation regime above the csac. Figure 2c 
shows the differential molar enthalpies of adsorption from solution, A 2 i / i=d(A 2 i / / ) /d r i 
as a function of the reduced bulk concentration c/cmc. In the low-affinity region 
(isolated anchor molecules) A 2 i / i is exothermic, with an initial value of ca. -15 kJ/mol, 
indicating that the adsorption of the anchor molecules from aqueous solution onto the 
(hydrated) surface hydroxyl groups is energetically favorable. The differential enthalpy 
of surface aggregation above the csac is endothermic and the value of Anh is in close 
agreement with the molar enthalpy of micelle formation in the bulk solution (A m i C / i ) . 
These findings support the conjecture that the process of surface aggregation and 
micelle formation in the bulk are similar phenomena. 

A remarkable feature of the surface aggregation of C m E n amphiphiles is the 
pronounced inverse temperature dependence of the adsorbed amount / ] in the plateau 
region of the isotherms. As an example Figure 3 shows the adsorption isotherms for 
C 8 E 4 on C P G (17 nm) silica glass in the temperature range from 5 to 45°C. A positive 
temperature derivative d/~i/d7M) is consistent with the positive (endothermic) enthalpy 
of adsorption in the aggregative adsorption regime at o c s a c , which in turn correlates 
with the endothermic enthalpy of micellization A m i C / i>0 and the negative temperature 
dependence of the cmc (see Fig. la). A n inverse (positive) temperature dependence of 
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/ A 25°C 
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c1 [mM] 

Figure 3. Adsorption isotherms of C 8 E 4 on C P G (17 nm) silica glass at three 
temperatures. The curves represent a fit by the Gu[13] model (Reproduced with 
permission from reference 27. Copyright 1999 O. Dietsch.) 

r i is also observed in the aggregative adsorption regime of C m E n amphiphiles on 
hydrophobic surfaces[9]. It is attributed to a dehydration of the hydrophilic head 
groups, which renders the amphiphiles to become less hydrophilic as the temperature 
is increased. This dehydration effect is also causing the phase separation of the L i 
phase at elevated temperatures (see Fig . 1). 

Finally, we note that the critical surface aggregation concentration is strongly 
correlated with the cmc of the surfactant[9]. In this sense we may consider surface 
aggregation as a surface-induced pre-micellization process which, like other pre-
transitional phenomena at interfaces, exhibits some universal features. Several details 
of the surface aggregation of surfactants at hydrophilic surfaces are not yet understood 
(e.g., the nature of the binding of the anchor molecules, or the factors dominating the 
size and shape of the surface aggregates at the onset of bulk micellization). It w i l l also 
be of interest to study the universal aspects of surface aggregation in greater depth. 

3. Lyotropic phases against solid surfaces. - Neutron reflectivity studies 

3.1. Technique of neutron reflectivity. In recent years neutron reflectivity has proved 
to be a powerful tool for the investigation of solid/liquid interfaces with respect to 
structure and composition of adsorbed material at the interface[14-17]. The technique 
probes the variation in scattering length density Nb (i. e. the product of the number 
density N of the material and its neutron scattering length b) as a function of depth z, 
with excellent spatial resolution down to the sub-nanometer scale and penetration 
depths of hundreds of nanometers. In addition, neutron reflectometry is a non
destructive method and thus, repetitive measurements on one specimen can be 
performed. The experimental setup of a typical neutron reflectivity experiment at 
the solid/liquid interface is depicted in Figure 4. The liquid sandwiched between a 
P T F E trough and the silicon substrate. Monochromatic neutrons pass through the 
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Figure 4. Sketch of the scattering geometry in a neutron reflectivity experiment at the 
solidAiquid interface. The scattering vector Qz, defined by the difference of the wave 
vectors of the incident and the scattered beam, Qz = kfkt, is perpendicular to the 
interface. 

silicon block and are reflected off the silicon/liquid interface and are subsequently 
counted with a position sensitive detector (PSD, 3 He) as a function of the angles of 
incidence and exit, 0Ci and GCf. The reflected intensity, /(Of), normalized to incident 
intensity, / 0 , for specular condition cci = 0Cf may then be rewritten as the reflectivity 
R(QZ) as a function of the wave vector difference Qz = 2bsin a of the scattered and 
incident beam with wave vector modulus kx = kf = k =2nlX. Experimentally specular 
conditions are achieved, by tilting the sample cell by a and setting the detector angle 
to 2 a with respect to the direction of the incident beam. Since the direction of the 
scattering vector Q z is perpendicular to the interface, R(QZ) is related to the density 
gradient across the interface by[18,19] 

R(QZ) = RF(QZ) 
1 (dNb(z) r n w 

(1) 

where RF{Qz) refers to the Fresnel reflectivity[19] of the interface and Nbo* denotes the 
scattering length density of the bulk material. Due to the phase problem involved in 
the inverse Fourier transformation there is no unique solution to the determination of 
the density profiles Nb(z) from reflectivity measurements. The most common way of 
data analysis is the comparison between the measured spectrum and simulated 
reflectivity spectra from model profiles which in turn may then be optimized by fitting 
routines. A n alternative approach is the model-free analysis of reflectivity data with 
the so-called simulated annealing technique[20]. 

3.2. Surface effects accompanying the L a - t o - L a

+ transition. The interface of a 
solution of the amphiphile C12E4 in D 2 0 at a weight fraction of the surfactant w s=0.29 
against a silicon wafer with a hydrophobic coating has been studied in a temperature 
range from 20 to 44 °C by neutron reflectometry. In this temperature range a sample 
with the given composition is expected to transform from the micellar phase L i to 
three lamellar states (see Figure la) in which water layers are separated by double 
layers of the surfactant. In our experiments D 2 0 was used instead of H 2 0 to enhance 
neutron contrast between the surfactant and the solvent. 

Figure 5 shows a typical set of specular neutron reflectivity spectra of the 
boundary layer of a 29 wt-% solution of Cj 2 E4 in D 2 0 against the silicon wafer with 
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hydrophobic coating, as a function of sample temperature, starting in the isotropic 
micellar phase L i at 20.5 °C. The corresponding reflectivity curve exhibits a broad 
shoulder with a saddle point. This shoulder is mainly due to small angle scattering of 
the micellar aggregates in the bulk which is superimposed on the reflectivity spectrum 
of the solid/liquid interfaced 1]. On increasing the temperature by 0.3 K a Bragg peak 
develops in the scattering curve. This Bragg peak originates from well ordered 
lamellae of surfactant bilayers and hence is evidence of the phase transition of the 
sample from the isotropic micellar phase, L i , into the lamellar state, L«. Further 
heating induces additional changes in the ordered state of the complex fluid. In the 
temperature range from 20.9 °C to 22.4 °C the Bragg peak position is not stable but 
shifts to smaller scattering vectors with temperature and time. This shift corresponds 
to an increase of the repeat distance d of the lamellae from 74 A to 90 A . Above 22.4 
°C and up to 44.2 °C the d-spacing is almost temperature independent. However, in 
this temperature region the sample still undergoes changes in its molecular 
organization. This is evident from the pronounced increase of the width of the Bragg 
peak, the loss of the second order peak and also the increase of reflected intensity in 
the low Q region just above the total external reflection edge (see Fig . 5). 

From the detailed investigation of the temperature and time dependence of the 
neutron reflectivity experiments three different stable states of the complex fluid have 
been identified: U for T < 19.4 °C, L„ for 20.6 °C < T < 20.9 °C and a state termed L a

+ 

by Strey[6,22] for T > 22.4 °C, and transition zones between these stable states[23] 
(Note that transition temperatures are about 2 K lower than indicated in Figure l a , due 
to the substitution of H 2 0 by D 2 0 ) . The structure of the L« + state has not been finally 
clarified. It was claimed that it represents a lamellar structure destroyed by stirring[6] 
which cannot reform due to an energy barrier. However, our data show that the L a

+ 

state occurs as well with samples at rest. Furthermore, we did not observe the 
reformation of the L a phase at high temperatures, in contradiction to the phase diagram 
in Figure 1 a. 

In the L a state the correlation length of adjacent lamellae - estimated from the 
full width at half maximum (fwhm) of the corresponding Bragg peak - is of the order 
of 30 lattice constants. This situation changes on the transition into the L a

+ state: here, 
the correlation length of adjacent lamellae reduces to 5 lattice planes at 44 °C. The 
structural difference between the L a and the L a

+ state becomes most evident from so 
called transverse rocking scans which are displayed for both states in Figure 6. During 
such a scan the detector is fixed to the angle at which the Bragg-peak has its 
maximum, 2ocBragg, and the sample is rocked by the angle 8 in a way that 5=0 
corresponds to a = a B r a g g - for the angle between the interface and the incident beam. For 
a perfect layer structure with all layers oriented parallelly to the interface a sharp reflex 
at 8=0 is expected. In the opposite limit, when the layers are oriented at random with 
respect to the surface, a constant background with a small peak originating from the 
specularly reflected beam should be observed. Accordingly, we interpret the rocking 
curve from the L a phase as being generated by a highly ordered lamellar structure with 
a strong coupling of the bilayers to the solid/liquid interface. On the other hand, the 
data from the L a

+ state indicate a broad orientational distribution of the surfactant 
bilayers possibly originating from a multilayered vesicular type structure without 
strong coupling to the interface. Thus it is evident that the coupling of lyotropic phases 
to a solid substrate depends in a delicate way on the organization of the phase on a 
mesoscopic scale. 
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0.00 0.05 0.10 0.15 

Q / A " 1 

Figure 5. Specular neutron reflectivity from the interface of a solution ofCj2E4 in D20 
(29 wt-% surfactant) against a silicon wafer with hydrophobic coating as a function of 
sample temperature. The individual spectra are displaced relative to each other by 
factors of 102, l(f and 106, respectively, from bottom to top. (Reproduced with 
permission from reference 23.) 

0.4 

5 [deg] 
Figure 6. Transverse rocking scans of the two lamellar states of C12E4 in D20 against 
a silicon substrate with hydrophobic coating at fixed 2 a position around the Bragg 
peak positions: La phase (ctBragg = 1.86°, i.e. 0.088 A'1 at 20.6 °C, open circles ) and 
the La phase (asragg = 1.46°, i.e. 0.069 A'1 at 25.3 °C, open squares); 8=a-GCBragg' 
(Reproduced with permission from reference 23) 

3.3 Surface effects accompanying the L i - t o - H i transition. As a further example for 
investigating interfacial effects of phase transitions in lyotropic surfactant systems we 
have studied the isotropic-to-hexagonal (L i ->H0 transition in the system C12E5 + 
D 2 0 . 
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24.9 °C 
SANS 

- SANS Fit 
-Combined Fit 

19.1 °C 
Combined Fit 
SANS fit 

Q / Angstrom'1 

Figure 7. Neutron reflectivity of the 
boundary layer of a solution of 39 wt-
% C12E5 in D2O against a silicon wafer 
with hydrophobic coating: Lj phase at 
24.9 °C (top); Hi phase at the U-^Hl 

phase transition temperature at 20.4 °C 
(middle); and at 19.1 °C, i.e. - 1.3K 
below the phase transition (bottom). In 
the graph of the Lj phase the measured 
SANS contribution for a fixed angle of 
incidence of 1° is also shown, together 
with the best fit of a Lorentzian on a 
linear background to these SANS data. 
In the graphs of the Hi phase simulated 
Lorentzian profiles are also shown 
(SANS fit) which account for the SANS 

contribution in the Hi phase necessary 
to fit the measured reflectivity 
spectrum. The combined fit to the 
reflectivity spectrum at 24.9 °C is the 
incoherent superposition of the best fit 
to the SANS data and the simulated 
reflectivity of a single surfactant 
depleted liquid layer (Nbdepi = 4.03-10' 
6A~2, ddepi = 2000 A with a rms-
roughness at the liquid site of 125 A) 
between the silicon substrate and the 
bulk fluid (Nbbuik = 3.76-10* A'2). The 
combined fit to the reflectivity spectrum 
at 20.4 °C is the incoherent 
superposition of the best fit to the 
SANS data and the best simulated 
reflectivity (Ref fit) of a multilayer 
model (50 repeating units) of 
surfactant depleted (Nbdepi = 4.55 10'6 

A'2, ddepi = 30 A) and surfactant 
enriched slabs (Nbenr = 3.5910'6 A'2, 
denr = 24 A). The slabs are oriented 
parallel to the solid surface and 
simulate the density variation in z of 
the hexagonal arrangement of the 
cylindrical aggregates. The combined 
fit to the data at 19.1 °C is the 
superposition of the Ref fit (not shown) 
based on a multilayer model (99 
repeating units) of surfactant depleted 

(Nbdepi = 4.97106 I2, ddepi = 31 A) 
and surfactant enriched slabs (Nbenr = 
2.87 W6 A'2, denr = 24 A) parallel to 
the solid surface and the SANS fit. Note 
that the SANS contribution decreases 
markedly in the Hj phase with 
increasing distance from the transition 
temperature. Note also that the 
difference in scattering length density 
between surfactant depleted and 
surfactant enriched slabs in the Hi 
phase increases with increasing 
distance from the phase transition 
temperature. 
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This transition was again studied by neutron reflectivity at the interface of a silicon 
wafer with hydrophobic coating. For a mixture of 40 wt-% C i 2 E 5 in D 2 0 (cf. F ig . lb) 
reflectivity curves recorded at different temperatures are presented in Figure 7. The 
isotropic micellar solution Lj transforms spontaneously to the H i ordered state at 20.4 
°C upon cooling as indicated by the appearance of the 01 Bragg peak at that 
temperature in the reflectivity spectrum of the silicon/liquid interface. Again this phase 
transition temperature is about 3 K lower than in the phase diagram of Figure lb , due 
to the isotope effect of substituting H 2 0 by D 2 0 . In contrast to the ordering transition 
L i - t o - L a of the system C i 2 E 4 + D 2 0 , there is no variation of the d-spacing of the 
ordered state with temperature down to the lowest experimental temperature of 19.1 
°C. From the 01 Bragg peak the d-spacing of the cylindrical surfactant aggregates is 
found to be 53.4 A , in good agreement with the value found for the H i phase of 39 wt-
% C i 2 E 5 in H 2 0 at the air/water interface by X-ray reflectivity[5]. 

The broad shoulder in the reflectivity spectrum of the solid/liquid interface in 
the isotropic state of the fluid at 24.9 °C (Figure 7) is due to small angle scattering 
from micelles in the bulk, as can be seen from the superimposed normalized S A N S 
spectrum obtained from the sample at a fixed angle of incidence of 1° by moving 
solely the detector. The S A N S contribution matches the reflectivity spectrum for Q > 
0.06 A " 1 and the S A N S spectrum is of Lorentzian shape with a center position of the 
small angle scattering peak at 0.106 A" 1 corresponding to a correlation length of 59 A 
in the isotropic bulk state of the fluid. The S A N S contribution decreases markedly on 
entering the H i phase, while the intensity of the 01 Bragg peak increases with 
increasing distance from the transition temperature TLI->HI (see Figure 7). The 
simulations also shown in Figure 7 suggest that this increase in the Bragg scattered 
intensity is mainly due to the evolution of neutron contrast between surfactant depleted 
and surfactant enriched zones on the supramolecular self-assembly of cylindrical 
aggregates in the H i phase (see figure caption 7 for details). 

The H i phase of the complex fluid is macroscopically aligned with respect to 
the silicon/liquid interface with its (01) lattice planes parallel to the surface of the 
substrate. This is evident from the transverse rocking scan of the "sample performed at 
the Bragg peak position (see Figure. 8). From the peak width (fwhm) of the rocking 
peak the maximum inclination of the (01) lattice planes with respect to the substrate 
surface was estimated to 0.15°. 

0.06 

1 1 1 i i i i i i i i 
- 3 - 2 - 1 0 1 2 3 

5 [deg] 
Figure 8. Transverse rocking scan of the Hj phase of CnE0 + D20 against a Si-wafer 
with hydrophobic coating at fixed 2 a position around the 01 Bragg peak position 
(aBraw = 2-47°> i e - 0.116A'1 at 19.7°C); 8=a- aBrag8. 
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4. Lyotropic phases against the free interface 

4.1. X-ray total-external-reflection diffraction (XTERD). As discussed in the 
preceding section, a liquid/solid interface may influence the structure of a complex 
fluid on a mesoscopic scale. In this section we wi l l describe structural and 
thermodynamic effects of the free surface of liquid crystalline phases. Specifically we 
shall deal with the hexagonal Hi-phase of C12E5 in water. A n adequate tool for the 
investigation of surface-related effects is the x-ray total-external-reflection-Bragg 
diffraction technique developed by Marra and Eisenberger[24] (abbreviated X T E R D ) . 

In a conventional small angle x-ray scattering ( S A X S ) experiment, the 
diffraction pattern is observed in transmission, whereas in an X T E R D experiment the 
angular distribution of the scattered intensity is recorded in reflection geometry. A 
schematic set-up for this kind of experiment is sketched in Figure 9. Like in the 
specular reflectivity experiments discussed above, the scattering vector is given by the 
wave vector difference of scattered and incident beam. However, in an X T E R D -
experiment the scattering vector is no longer perpendicular to the interface but there 
are also components in the surface (ry) plane. According to Figure 9 the modulus of 
the scattering vector in this plane is = 47isin6/A,, where 9 is half the angle 

between the projections onto the surface plane of the incident and the diffracted beam. 
XTERD-experiments are superior to transmission scattering experiments in the 

respect that they allow to distinguish between structural information from the sample 
surface region and from the bulk simply by variation of the angle of incidence. If oti is 
smaller than 0Cc, the critical angle of total external reflection, the refracted beam 
degenerates to an evanescent wave which propagates parallel to the surface with an 
amplitude decaying exponentially in the z-direction. Thus, x-rays penetrate the sample 
only to a limited depth Ao which is approximately 5 nm for aqueous systems[25]. In 
the opposite limit (oti » 0Cc) the effective penetration depth extends to a macroscopic 
scale. Consequently, as one varies 0Ci, structural properties of the bulk and the surface 
region wi l l contribute with different weights to the reflected diffraction pattern. 

4.2. Binding of the hexagonal phase to the surface and surface relaxation As 
displayed in Figure l b the stability region of the hexagonal phase of Q2E5 in water 
spans a composition range of 0.27<ws<0.58 at 0°C, where ws represents the weight 
fraction of the surfactant. The congruent melting point of this phase is found at about 
24°C and at a surfactant content of about 45 weight percent[7]. 

Figure 9: Sketch of the scattering geometry in an XTERD-experiment. The primary 
beam forward direction is denoted the y-direction while the z-direction is defined 
perpendicular to the surface. The scattering vector is defined as Q = k s - k j 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

2

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



35 

Figure 10: Image plate of the diffraction pattern from the Hj-phase ofC^Es in water 
at ws=0.39 observed in reflection geometry with (X ;=0.8 (X C . On the right the 
hexagonal arrangement of cylindrical aggregates is sketched, where the long axes are 
disposed parallel in the y-direction (adapted from reference 26). 

It is common understanding that this phase consists of cylindrical micelles which are 
regularly packed in a two-dimensional array without any periodicity in the direction of 
the cylinder long axis. Two-dimensional diffraction patterns obtained from the H i 
phase in a transmission S A X S experiment consist of Debye-Scherrer rings which is 
typical for powder samples. On the other hand, the two-dimensional diffraction 
patterns observed in reflection geometry look completely different[26]. Figure 10 
shows an image plate pattern obtained from a sample with ws=0.39; this pattern 
consists of a distinct set of hexagonally arranged Bragg-peaks. 

Hexagonal diffraction patterns are generated by a regular hexagonal 
arrangement of scatterers as sketched on the right of Figure 10. Threadlike surfactant 
aggregates oriented with their long axes parallel to the surface form hexagonally 
packed bundles in the plane perpendicular to the sample horizon. If the (01) set of 
nearest-neighbor lattice planes is aligned parallel to the liquid/air interface, the 
corresponding 01 and 02 Bragg spots are located in the beam-forward direction as a 
function of momentum transfer Q z only. Any inclination of the lattice planes, i.e. any 
rotation of the hexagonal arrays around the y-axis would rotate the corresponding 
diffraction pattern by the same angle. In the limiting case that all orientations of the 
lattice planes were equally distributed, diffraction rings would occur. Consequently, a 
diffraction pattern consisting of discrete spots proves that the (01) planes are indeed 
parallel to the surface and no other orientation of the hexagonal arrays with respect to 
the liquid/air interface is realized. Similar two dimensional diffraction patterns are 
observed at angles of incidence larger than 0Cc, i.e. up to a f = 3ac which shows that 

the close binding of the lattice planes to the liquid/air interface persists several 
micrometers into the sample bulk. 

Closer inspection of the diffraction pattern displayed in Figure 10 reveals that 
the Bragg spots consist of doublets of peaks, one of which disappears if the angle of 
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Qz/nm-i 

Figure 11: PSD-spectra of the (01) peak from the Hi phase of C12E5 in water at 
ws=0.39 observed in reflection geometry as a function of the angle of incidence. 
Symbols are experimental data and the full lines are fits to the data by the sum of a 
Gaussian and a Lorentzian on an exponentially decaying background. The inset shows 
the peak-areas of the respective functions in dependence on at. 

incidence is increased, while the detector is kept at a fixed position. This remarkable 
effect was investigated quantitatively by observing the 01 spot for various 0Ci with a 
position-sensitive detector (PSD). This experiment probes variations of the electron 
density along the direction perpendicular to the surface only, since the scattering 
vector is almost parallel to the z-direction. The observed doublet patterns remain 
unchanged when moving the sample in the xy-plane or rotating the sample around its 
z-axis at a fixed angle of incidence. However, as to be seen from Figure 11, with 
increasing a\ the Bragg spot at smaller Q z of each doublet becomes more and more 
prominent until at at = 3ac only one asymmetric peak is observed. Accordingly the 

Bragg spots at larger Q z have to be ascribed to a structure which is not present in the 
bulk sample, since at large angles of incidence mainly bulk properties are probed. 

The PSD-spectra displayed in Figure 11 can be fitted by a sum of a Gaussian 
and a Lorentzian superimposed on an exponentially decaying background. As to be 
seen from the inset in Figure 11, the relative intensities of the peaks change drastically 
with increasing cci i.e. with increasing penetration depth of the x-ray beam. A s long as 
the angle of incidence is smaller than Oc the Gaussian peak has about half the intensity 
of the Lorentzian peak, while at at = 3ac the Gaussian is by a factor of three more 

intense than the Lorentzian. 
The basic features of the real-space lattice may be deduced from the shape of 

the fit function, since the electron density distribution function in real space and the 
scattering curve are related by a Fourier transformation. As the Fourier transform of a 
Lorentzian is an exponential and the Fourier transform of a Gaussian is a Gaussian 
again, we are lead to conclude that there are two coexisting lattices, one with an 
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Figure 12: PSD-spectra of the (01) peak from the Hj phase of Ci2E5 in water at 
ws=0.39 observed in reflection geometry at (X; = 0 .8a c for three different 

temperatures. Symbols are experimental data and the full lines are fits to data by the 
sum of a Gaussian and a Lorentzian. 

exponentially decaying positional correlation, and the other with a Gaussian 
distribution of correlation lengths. The former is present only in a surface layer with 
finite thickness while the bulk sample consists of a three-dimensional powder with a 
Gaussian distribution of domain sizes. Corresponding to the different positions of the 
Bragg peaks, different d-spacings[26] for the bulk dB=5.11 nm and the surface lattice 
ds=5.05 are calculated by Bragg's equation d = 2n I Q. Since the Bragg-spacing is 
proportional to the square root of the area of the two-dimensional unit cell this 
difference in spacings corresponds to a packing density in the surface layer which is 
increased by about 2.5% as compared to the bulk. Simulations of the scattered 
intensity based on a box model of the electron density perpendicular to the surface 
show that the surface layer has to comprise at least 30 micellar layers with constant 
spacing, corresponding to a thickness of about 150 nm, to account for the occurrence 
of a peak doublet. 

4.3. Surface induced shift of the hexagonal to isotropic phase transition. In 
addition to the structural changes in the boundary layer, the free surface also effects 
the transition temperature of the L1->H1 phase transition[5]. This effect was 
investigated for a surfactant/water mixture with a surfactant content of 39 wt%. In 
Figure 12 PSD-spectra of the (01) Bragg spot are plotted for three different 
temperatures. The curves were recorded at a fixed scattering geometry with an angle of 
incidence cc, = 0.8occ where both the bulk and the surface signal are visible in the 
diffraction pattern. 

A t a temperature 23.4°C two well-separated peaks areobserved which again 
can be approximated by the sum of a Gaussian for the spot at smaller reflection angle 
and a Lorentzian (for the one at larger ocr). As discussed in the preceding section the 
left peak corresponds to the bulk lattice and the right peak to a lattice present only in a 
surface layer of about 100-200 nm thickness. As the temperature is raised by 0.2 K 
there remains only one peak at the position corresponding to the surface lattice. This 
shows that the scatterers in the sample bulk have lost their positional correlation, i . e. 
the bulk is already in the isotropic state, while the surface layer is still in the 
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hexagonally ordered state. Heating the sample again by 0.2 K causes melting of this 
surface layer. From these data it is evident that the free surface stabilizes the higher 
ordered Hi-phase to higher temperatures, i. e. the hexagonal phase of Q2E5 in water 
shows surface crystallization 

We thus conclude that the liquid/air interface exerts an influence on the 
hexagonal Hi-phase of Q2E5 in water in a threefold way. (i) The lattice planes of the 
hexagonal unit cell are strongly alligned parallelly to the free surface, even down to a 
depth of several micrometers away from the surface, (ii) The surface causes a 
shrinkage of the unit cell by about 2.5 percent in a surface layer of a thickness of about 
100-200 nm. (iii) The melting point of the hexagonal phase is shifted to slightly higher 
temperatures in the surface layer as compared to the bulk. Measurements of the phase 
transition temperature and the lattice spacing of the surface layer at various bulk 
compositions of the C^Es/water system may thus reveal a surface phase diagram 
which is different from the bulk diagram in the temperature/composition plane. 
Experiments are in progress to establish this phase diagram. 
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Chapter 3 

Structural Transitions in Colloidal Suspensions 
in Confined Films 

Darsh Wasan and Alex Nikolov 

Department of Chemical and Environmental Engineering, Illinois Institute 
of Technology, Chicago, IL 60616-3793 

The phenomenon of nanosized particle structuring and structural 
transitions due to confinement in thin liquid films is of considerable 
interest in both science and technology. Our recent experimental 
observations on thinning of single liquid films containing monodispersed 
nanosized colloidal particles with diameters varying from 5 to 1,000 nm 
clearly establish the presence of long-range (non-DLVO) oscillatory 
structural forces induced by the confined boundaries o f the film. The 
effective particle interaction potential is oscillatory with both the period 
of oscillation and the decay length equal to about an effective particle 
diameter. A t low particle concentrations, the long-range oscillatory 
structural force leads to an attractive depletion effect which gives rise to 
phase separation in colloidal systems. However, at high particle 
concentrations, the oscillatory structural force induces particle structural 
transitions inside the film and the formation of two-dimensional 
crystalline layers with hexagonal interplanar ordering which offers a new 
mechanism for stabilizing particle suspensions, foams and emulsions. 
Our experimental, theoretical and computer modeling results have shown 
the phenomenon of particle structural transitions in confined films as a 
function o f film thickness, particle concentration, and polydispersity in 
particle size. This paper presents an overview of our findings. 

The iridescent colors produced by light interference phenomenon in a thinning soap 
film have fascinated scientists for a long time {1-4). Thinning soap film is a simple 
model to demonstrate the effect of highly confined surfactant micelles on their 
structural behavior over distances of the order o f lOOnm (5-75). Our more recent 
experiments in foam, emulsion and pseudoemulsion films using particles as large as 
1,000 nanometers have shown the phenomenon of particle layering and in-layer 
structural transitions in both plane-parallel and curved films, and also in the f i lm-
meniscus region, i.e. in a wedge film (16-21). 

40 © 1999 American Chemical Society 
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This is largely a review paper which summarizes research conducted in our 
laboratory over the last decade on understanding the nature of interactions within thin 
liquid films formed from suspensions of colloidal particles such as polymeric latexes 
and silica hydrosols, surfactant micelles, swollen micelles, microemulsions, and 
globular proteins. 

We have developed two experimental techniques to investigate particle 
structuring phenomena inside thin liquid films. The particle layering inside the films 
was probed by using the microinterferometric technique, and the in-layer particle 
structuring was revealed by the light diffraction method. Details o f these methods are 
given in our previous papers (17,18). 

We have also used the Monte Carlo simulations to reveal particle layering and 
in-layer structural transitions in colloidal systems confined between the film surfaces 
and verified the numerical results with experimental observations. 

Experimental 

The experimental set-up for investigating particle layering in a microscopic horizontal 
liquid film is shown in Figure 1. The formation of a film includes several steps. The 
first step is to form a biconcave drop of the liquid colloidal suspension inside a 
cylindrical tube (of radius R=1.5xl0" 1cm) with hydrophilic inner walls. Next, liquid 
is slowly sucked out of the drop through a capillary orifice in the tube wall , creating a 
microscopic, horizontal flat film (of radius about 5xl0" 3cm) encircled by a biconcave 
liquid meniscus. The cell assembly is enclosed in a thermostat and a constant 
temperature is maintained (±0.1 °C). The entire assembly is placed on the stage of a 
differential interference microscope (Epival interphako) which is mounted on a 
vibration free table to keep any external disturbances from affecting the film thinning 
process. Mono-chromatic light (wavelength 546nm) from the top of the glass cell is 
incident on the film's surface and the light reflected from a small portion o f the 
thinning film area is conducted through a fiber optic probe to a photomultiplier. Here 
the optical signal is converted to an electrical signal, amplified through an electrometer 
and, finally, recorded on a strip chart recorder which represents photocurrent as a 
function of time. A s the film thins the thickness changes, producing interference 
patterns. The film thickness, h, at any instant o f time can be estimated from the 
intensity of the photocurrent using the expression derived elsewhere (22-23). 

h = 

where 

271 llQ 
"—[in ± arcsin^A /[l + (4(3 / ( l - p))(l- A)]J (1) 

( n 0 + l X n + n 0 j 

X = wavelength of monochromatic light (546nam) 
/ = order of interferences 
n, = refractive index of film liquid and dispersed phase, respectively 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



42 

Figure 1. A sketch of the experimental set-up for monitoring particle layering 
within the microscopic horizontal films.  S
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A = Y^4f- <3> 
max mm 

I = instantaneous value of the photocurrent 
Imin, Ima = value of the photocurrent at the last interferential minimum and maximum, 
respectively. 

The video, in conjunction with a monitor and V C R , records in detail the process 
of film thinning. The method described here is a general one, appropriate for studying 
microscopic horizontal film thinning from micellar surfactant solution, suspensions of 
latex, silica particles, and other suspensions. 

Using the microinterferometric technique, a microscopic film from an aqueous 
suspension (ionic strength of about 4 x 10"3 mol/1) o f 2 0 V % silica particles with a 
diameter of 19nm at 25 °C was formed. The following phenomenon was observed: as 
soon as the film is formed, it starts to decrease in thickness. Initially, interference 
patterns (circles) appear, representing the dimple formation due to the hydrodynamic 
interactions between the approaching surfaces of the film. The dimples disappear after 
a film thickness of about 400nm is reached. The film thinning interferogram is shown 
in Figure 2. The film thins through several maxima and minima in the intensity of 
reflected light (the successive maximum and minimum represent a change in thickness 
of about lOOnm). After the maximum (at about 300nm), the first step-transition, at a 
film thickness o f about 230nm, is observed. The film rests for a few seconds in a 
metastable state with uniform thickness of230nm. Then, the film begins to change its 
thickness by stepwise transitions (stratify) as seen in the photomicrographs shown in 
Figure 2. 

After several seconds, a bright spot appears inside the film near the three-phase 
contact region. This bright spot begins to increase its area (see Figure 2) and more of 
the film area becomes brighter. We monitored four light intensity transitions before the 
stratifying film reached its final equilibrium stage which corresponded to a bright, 
white film with a thickness of about lOOnm. The interferogram depicts these four 
thickness transitions at 230,200,167 and 133nm, respectively. The film stops thinning 
after about 2 minutes, at about 1 OOnm. In this particular case, during the last stage of 
film thinning, the light intensity increases by steps which indicates that the stratification 
phenomenon is occurring at a larger film thickness (i.e., before the last light intensity 
maximum). The thinning stages of the film appear in the interferogram as steps whose 
width is proportional to the lifetime of the respective states. The mean height o f the 
step is about 30nm. It is noteworthy that a stable film, with a film thickness of about 
1 OOnm and containing three layers of particles inside it, can exist in this case. The film 
interferogram shown in Figure 2 reveals that the horizontal microscopic film in the 
presence of particles is thinning in a stepwise manner, and this is due to the formation 
of particle layered-structure inside the film. 

The particle self-layering phenomenon inside the film was also probed by 
studying vertical macroscopic film thinning behavior. This time, the film is formed by 
pulling a thin glass plate (5xl0" 2cm) from a monodispersed colloidal suspension o f 
2 0 V o l % of sil ica particles with a diameter of 19nm. A vertical film of about 0.5cm 2 

formed at 25 °C as shown in Figure 3. After formation, the film is observed in a white 
(polychromatic) 
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Figure 2. Photocurrent versus time interferogram of film thinning process of micro
scopic horizontal film (film diameter 6. 10"2 cm) stabilized by silica particles (20 
v%) with particle diameter, about 19nm. The thicknesses at which the transitions 
begin are marked with arrows. The successive movie frame photographs depict the 
film thickness transitions. (Reproduced from reference 17. Copyright 1992 American 
Chemical Society.) 
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reflected light by using a horizontal microscope. A set o f well-defined, horizontal 
stripes of different colors appears first in the upper part of the film and, with time, the 
boundaries of the stripes expand and move downward. A s a result, the area o f the 
colored stripes increases. Each color stripe contains a different number of particle 
layers inside the thinning film. There are six to seven stratified layers in this film (see 
Figure 3). Generally, in both horizontal microscopic and vertical macroscopic films we 
observed the same number of stepwise film thickness transitions. 

Figure 4 shows a similar photograph for the 4 4 V o l % latex particles having a 
diameter of 156nm. In this case, the boundaries between the stripes are sharp—a 
consequence of the stepwise profile of the film thickness in this region—and the liquid 
meniscus below the film appears as a region with gradually changing color. When 
observed in reflected light, the top stripes have the following, sharply distinguished 
colors: white, yellow, blue, red and green-yellow. Following these stripes, a sequence 
of diffuse, alternating green and red bands indicates the gradual change in film 
thickness (the film has a wedge profile) where the particles' layered structure gradually 
becomes disordered. The thickness of the stripes as determined by the difference in 
film reflectivity are marked on Figure 4. 

We observed similar, sharply defined stripes with films formed from micellar 
solutions of non-ionic surfactant with a micellar diameter o f about lOnm (10). 

We used the reflected light microinterferometric method to measure the total 
film thickness and the amplitude of the film thickness transition. However, this 
technique is not suitable for studying the type of particle packing structure formed 
inside a liquid film. Therefore, we used a low-angle transmitted light diffraction 
technique to study the same latex system as described above. In this case, we varied 
the angle of light intensity from 1 to 90° . A vertical macroscopic film of diameter 2.5 
cm was formed from a 4 4 V o l % aqueous latex suspension on a vertical plate formed 
inside of a glass cell which was especially designed to prevent film thinning caused by 
mechanical disturbances and evaporation. The monodispersed charged latex particles 
had a diameter of about 150nm and a charge of 5///cm 2. Figure 5 shows the diffraction 
pattern obtained from a vertical macroscopic latex film. Diffraction patterns 
corresponding to a predominantly 2D hexagonal packing structure appeared only at 
film thicknesses corresponding to two and one particle layers." No such in-layer 
structure was observed for film corresponding to three particle layers thick. 

In order to further investigate the dependence of the in-layer particle structuring 
phenomenon on film thickness, we carried out Monte Carlo simulations. These results 
are summarized below. 

Monte Carlo Simulation Results 

A detailed investigation of particle layering and in-layer structure formation in thin 
films composed of two parallel hard walls using both the hard sphere and Leonard-
Jones potentials by grand-canonical-ensemble Monte Carlo simulations was reported 
by us earlier (24). Typical density distributions of particles across a film thickness 
three times the particle diameter are shown in Figure 6, for the average particle 
concentration in the film ranging from 15Vol% to 35Vol%. The three peaks (at -1, 0, 
and +1) indicate that particles inside the film form three layers parallel to the film 
surfaces. 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



46 

Figure 5. Diffraction patterns from a macroscopic vertical foam film at a film 
thickness of two particle layers (yellow color) formed from a 44 v% latex suspension, 
with a particle diameter of 156nm. 

-1.2 -0.8 -0.4 0 0.4 0.8 1.2 

DISTANCE (Unit: Particle Diameter, a) 

Figure 6. Normal density distributions of particles across a film thickness three 
times the particle diameter calculated from the hard-sphere-hard-wall mode. Three 
peaks indicate the formation of three particle layers. The average particle volume 
fractions are 15, 25 and 35 v%. (Reproduced from reference 24. Copyright 1994 
American Chemical Society.) 
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Also , the figure shows that at a given film thickness, as the particle concentration inside 
the film increases, the particle-layering becomes more pronounced. 

The pressure exerted by the particles on the surfaces o f the film (i.e. the 
structural disjoining pressure) for the hard-sphere-hard-wall model at different bulk 
concentrations is shown in Figure 7. It can be seen that the structural disjoining 
pressure exerted by particles in a thin film oscillates around zero and that it can be 
positive or negative, depending on the thickness of the film. The period of the 
oscillation is the effective diameter of the particle. When film thickness is about an 
integer multiple o f the particle diameter, the disjoining pressure is positive and when 
the film thickness is around 1.5,2.5,3.5, the effective particle diameter, the disjoining 
pressure is negative. The states with negative particle disjoining pressure are 
intrinsically unstable from a thermodynamic point of view, thus film changes its 
thickness during a thinning process by stepwise transitions and stays at thicknesses with 
positive particle disjoining pressure. As seen in Figure 7, the amplitude of the 
oscillation of the of the particle disjoining pressure becomes weaker as the f i lm 
thickness increases, and beyond a certain film thickness, oscillation ceases. Therefore, 
a system of given particle concentrations has only a finite number of maxima in the 
particle disjoining pressure isotherm and one should expect to observe the same 
corresponding number of stepwise transitions during the actual film drainage 
experiments. 

In order to reveal the particle structure inside the layer parallel to the film 
surface, the radial distribution function (RDF) of the particles in a layer has been 
examined. Figure 8 shows a surface plot o f inlayer R D F versus inlayer distance and 
concentration. When the particle concentration is low, the particles inside a layer pack 
randomly and form a liquid-like 2D structure without order, that is, damped peaks near 
the integers, l o , 2o, 3o (in the unit of particle diameter). When the average effective 
concentration increases to somewhere between 40 and 45 V o l % , new peaks begin to 
appear in the inlayer R D F especially near r=/3 and r=/7, which indicates the 
formation of 2-D hexagonal structures inside the layer. This peak grows as the 
concentration increases, indicating a structural transition from a liquid-like inlayer 
structure to the colloid crystal-like inlayer structure. Both the hard-sphere-hard-wall 
and the Leonard-Jones models predict that the disorder-order transition for the surface 
layers for a film thickness of two particle diameters starts at about 40 to 4 5 V o l % 
particle concentration. 

The inlayer structure depends not only on the position of the layer in the film but 
also on the film thickness. Figure 9 is a plot o f the inlayer R D F of surface layers for 
different film thicknesses, 2o, 3o, 4o and 5o, at the same concentration o f 4 6 V o l % . 
The degree of ordered 2-D hexagonal structure can be detected by the height o f the 
peak near / 3 . It is clearly seen that the inlayer particles in thinner films o f thicknesses 
2o and 3o are better organized than those in films of thickness 4o and 5o. 

Figure 10 shows the inlayer RDFs for different layers in a film o f particle 
concentration of 46Vol%. One can see a peak near / 3 for the surface layer which 
indicates the formation of 2-D hexagonal packing. This peak becomes weaker in the 
next layer and disappears in the middle layer. The difference in the inlayer R D F s of 
different layers illustrates that there exists, in a single film, more ordered structure in 
the surface layer and disordered structure in the middle layer. The sequence o f the 
transitions in a thin film of fixed thickness with increasing particle concentration is as 
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Figure 7. Structural disjoining pressure versus film thickness. Three curves are 
results for three different bulk concentrations: 20, 30 and 40 v%. The values for 
disjoinging pressure are for a system with the particle of lOnm effective diameter, at 
a temperature of 300 K°. (Reproduced from reference 24. Copyright 1994 American 
Chemical Society.) 

Figure 8. Surface plot of inlayer RDF versus inlayer particle distance and concen
tration. At low concentrations, the particles inside a layer pack randomly and form 
a liquid-like 2D structure. At high concentration limit (> 43 v%), two new peaks 
near V 3 and V 7 can be seen, indicating the hexagonal packing. The film thickness 
is two particle diameters. (Reproduced from reference 24. Copyright 1994 American 
Chemical Society.) 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



49 

Q * 
DC 
K 

£ 3 

* 2 

H=2 H=4 

I H=3 H=5 

| [3 shell, hexagonal structure 

1 \ 
1 \ 

• 1 ' 

0 1 2 3 

DISTANCE (Unit: Particle Diameter, a) 

Figure 9. Inlayer radial distribution function for the surface layer of hard-sphere-
hard-wall films of the average particle concentration of 46 v%, but at different 
thicknesses. It shows that the thinner the film is, the better the order in the 2D 
structure. (Reproduced from reference 24. Copyright 1994 American Chemical So
ciety.) 
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Figure 10. Inlayer radial distribution function for different layers in hard-sphere-
hard-well film of thickness five particle diameters. The solid line is the RDF for the 
surface layer, the broken line for the layer next to it, and the dotted line for the 
layer in the middle. The average concentration is 46 v%. (Reproduced from reference 
24. Copyright 1994 American Chemical Society.) 
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follows: disorder -> layering - * inlayer ordering for surface layers -> inlayer ordering 
for middle layers -> bulk type ordering, i.e. Kirkwood-Alder type transition (25,26). 

Figure 11 is the inlayer R D F for a film of thickness of 1.7o and the particle 
concentration of 4 6 V o l % . Contrary to the inlayer R D F for free liquid films (Figure 8-
10), there is no V"3 peak in this case, but there is a peak instead at V 2 , indicating the 
existence of a 2-D square structure. 

Comparison of Numerical Results with Experiments 

We studied the structuring phenomenon inside thin films formed from surfactant 
micellar solutions or suspensions of Brownian particles such as polymeric latexes and 
silica hydrosols. We modeled the film by hard-sphere-hard-wall and Leonard-Jones 
systems. 

Experimentally, we observed that the number of film thickness transitions 
depends on the colloidal particle effective volume. At a high effective particle 
concentration, we observed more stepwise thickness transitions and consequently more 
particle layers inside the film were induced. Figure 12 shows the number of stepwise 
transitions, as a function of particle concentration, we observed compared to those 
predicted by the Monte Carlo simulations. One notices the good agreement between 
the numerical results and our experimental observations. 

Our experimental observations for stepwise transitions demonstrate the existence 
of long-range (non-DVLO) oscillatory structural forces which are induced by the 
confined boundaries of the film. At low particle concentrations, the oscillatory 
structural force leads to the depletion force which is known to destabilize various 
dispersions. At high particle concentrations, the long-range structural forces can 
improve dispersion stability (27). 

The numerical results predicted an inlayer 2-D hexagonal particle structure for 
a film of thickness of two particle diameters (Figures 8 and 9), and this is consistent 
with our transmitted light diffraction experiments using monodispersed, highly charged 
latex particles of 150 nm (Figure 5). 

We have also used the transmitted light multiple light scattering imaging 
technique to directly observe the disorder-ordered structural transition during film 
thinning and verified the predicted numerical results (77). 

Pieranski, et al. (28) observed square-type inlayer packing structure for the case 
of thin film confined by two solid walls where they could control the film thickness at 
an arbitrary value. Such a square type inlayer structure is predicted by our Monte Carlo 
simulations (Figure 11). However, it should be noted that for a liquid film with fluid 
surfaces, such a thickness is not favorable, and hence there is no peak at V 2 . 

More recently, Basheva, et al. (29) used interference methods to independently 
verify the presence of hexagonal packing structure inside the vertical liquid films 
containing latex particles. However, the effect of film thickness on the type of inlayer 
structure was not observed by these authors. 

Murray and Grier (20) observed that latex aqueous suspensions, at 
concentrations of a few percent and trapped between two solid surfaces, ordered 
themselves into colloid crystals (30). 

It is noteworthy that the direct force measurement experiments performed by 
Kekicheff, et al. (31) in micellar solutions and microemulsions confined between two 
mica 
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Figure 11. Inlayer radial distribution function for a film of thickness of 1.7 particle 
diameters at concentration of 46 v%. A film of such thickness can only be realized 
in a system with two solid walls; a peak near Vl is the indication of square type 
inlayer structure. (Reproduced from reference 24. Copyright 1994 American Chemi
cal Society.) 
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Figure 12. Number of film thickness transition steps versus particle concentration: 
comparison of theory and experiment. Experimental system consisted of film made 
of 10.6nm particle size. 
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sheets in a surface force apparatus have independently confirmed our experimental and 
theoretical results in thin films. 

More recently we have investigated the particle structural transition phenomenon 
in the liquid film-meniscus region, i.e. in a wedge film, using digital videomicrography 
and found the coexistence of hexagonal and cubic packing structures inside the film 
(32) . These experimental observations are being verified by us using the Monte Carlo 
simulations and the density functional methods. 

The effects of polydispersity in particle size on layering and structural transitions 
in a thin film have also been observed by us experimentally and verified theoretically 
(33) . It should be pointed out, however, in all the theoretical calculations carried out 
thus far we have used the hard-sphere-hard-wall and Leonard-Jones models. Our more 
recent theoretical work in progress takes into account the effects o f solvent and 
electrolytes. These results w i l l be reported at a later date. 

Acknowledgments 

This work is supported by the National Science Foundation and, in part, by the U . S . 
Department of Energy. The Monte Carlo calculations were performed by Dr. X . L . 
Chu. 

Literature Cited 

(1) Porter, A. Encyclopaedia Britannica. 1964, 21, 595. 
(2) Plateau, J. Statique Experimentale at Theorique des Liquides aux Seules Forces 

Moleculaires; Gauthier-Villars: Paris, 1873; pp 163. 
(3) Newton, Optiks; Smith & Walford: London, 1704. 
(4) Laplace, P. Mecanique celeste (Impr. Imperiale) Suppl to 10th book, 1806. 
(5) Johnnott, E.S. Philos. Mag. 1906, 70, 1339. 
(6) Perrin, J. Ann. Phys (Paris) 1918, 10, 160. 
(7) Bruil, H.G.; Lyklema, J. Nature 1971, 232, 19. 
(8) Friberg, S.; Linden, St.E.; Saito, H. Nature, 1979, 251, 494. 
(9) Wasan, D.T.; Nikolov, A.D.; Huang, D.D.; Edwards, D.A. ACS Symposium 

Series 373 Surfactant-Based Mobility Control Progress in Miscible-Food 
Enhanced Oil Recovery, Editor, D.H. Smith, A.C.S. Washington, D.C., 1988 
pp136-162. 

(10) Nikolov, A.D., Wasan, D.T., Kralchevsky, P.A. and Ivanov, I.B., in "Ordering 
and Organization in Ionic Solutions," Proceedings of Yamada Conference XIX, 
N. Ise and I. Sogami, Eds., World Scientific Publishing Co.: Singapore, 1988; 
pp302-314. 

(11) Nikolov, A.D.; Wasan, D.T. J. Colloid Interface Sci. 1989, 133, 1-12. 
(12) Nikolov, A.D.; Kralchevsky, P.A.; Ivanov, I.B.; Wasan, D.T. J. Colloid Interface 

Sci. 1989, 133, 13. 
(13) Nikolov, A.D.; Wasan, D.T.; Denkov, N.D.; Kralchevsky, P.A.; Ivanov, I.B. 

Prog. Colloid Polym. Sci. 1990, 82, 87-98. 
(14) Bergeron, V; Radke, C. Langmuir 1992, 8, 3020. 
(15) Langevin, D; Sonin, A. Advances in Colloid and Interface Science 1994, 51, 1. 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



53 

(16) Basheva E.; Nikolov, A.D.; Kralchevsky, P.; Ivanov, I.B.; Wasan, D.T. In 
Proceedings of 8th International Symposium on Surfactants in Solution, 
Gainesville, FL, U.S. 1991 Ed. by K. Mittal 1992. 

(17) Nikolov, A.D.; Wasan, D.T. Langmuir, 1992, 8, 2985-2994. 
(18) Wasan, D.T.; Nikolov, A.D. In Particulate Two-Phase Flow, M.C. Roco, Ed., 

NSF, Butterworth-Heinemann, 1993 pp325-354. 
(19) Lobo, L.; Wasan, D. Langmuir 1993, 9, 1668-1677. 
(20) Koczo, K; Nikolov, A.; Wasan, D.T.; Borwankar, R.; Gonsalves, A. J. Colloid 

and Interface Sci. 1996, 178, 694-702 . 
(21) Manev, E.D.; Sazdanova, S.V.; Wasan, D.T. J. Dispersion Sci. and Tech. 1984, 

5, 111. 
(22) Vasicek, A. Optics of Thin Films; North-Holland: Amsterdam; 1960. 
(23) Lyklema, I., Scholten, P.S. and Mysels, K. J. Phys. Chem. 1965, 69, 116. 
(24) Chu, X.; Nikolov, A; Wasan, D.T. Langmuir 1994, 10, 4403-4408 
(25) Kirkwood, J.G.; Maun, E.K.; Adler, B. J. Chem. Phys. 1950, 18, 1040. 
(26) Adler, B.J.; Wainwright, T.E. J. Chem. Phys. 1957, 27, 1208. 
(27) Xu,W.; Nikolov, A.D.; Wasan, D.T. AIChE Journal 1997, 43,12, 3215-3222. 
(28) Pieranski, P. Contemp Phys. 1983, 24, 25; Pieranski, P.; Strzelecki, L.; Pansu, B. 

American Physical Soc. 1983, 50, No. 12, 900. 
(29) Basheva, E.; Danov, K.; Kralchevsky, P. Langmuir 1997, 13, 4342. 
(30) Murray, C.; Grier,D. Amer. Sci. 1995, 8, 238. 
(31) Kekicheff, P.; Richetti, P. Progress in Colloid and Polymer Science 1992, 88, 8. 
(32) Wasan, D.T. Invited Lecture, 72nd Colloid and Surface Science Symposium, 

Pennsylvania State University, June 22, 1998. 
(33) Chu, X; Nikolov, A.; Wasan, D. Journal Chem. Phys. 1995, 103, 6653-6661. 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



Chapter 4 

Lamellar Droplet Capillary Condensed 
from a Bicontinuous Microemulsion 

L . Moreau-Biensan1, P. Barois1, and P. Richetti1,2 

1Centre de Recherche Paul Pascal, Avenue Schweitzer, 33600 Pessac, France 
2Complex Fluids Laboratory, CNRS/Rhodia UMR-166, Prospect Plains Road, 

Cranbury, N J 08512-7500 

Using a surface forces apparatus (SFA), we have measured the force 
profiles between two surfaces immersed in a microemulsion solution 
(μe) in the vicinity of the lamellar phase (L α) domain. We find attractive 
short range oscillatory profiles. A t the onset of the Lα/μe transition, the 
force range and the number of oscillations increase together. We 
ascribe these profiles to the condensation of a lamellar droplet from the 
confined μe phase. We propose a modeling force for the profiles 
consisting in two contributions. The first one proceeds from capillary 
condensation and yields an attraction varying linearly with the surface 
separation. The second contribution is elastic and specific to the 
lamellar order. The induced stack of layers experiences an elastic strain 
in the restricted spacing of the confinement. The oscillations in the 
force profiles originate from this elastic distortion. From the force 
profiles, we estimate the compressibility modulus of the induced phase 
and the interfacial tension between the Lα and μe phases. 

Capillary condensation is a current phenomenon, abundantly described in the 
literature. The condensation of a liquid from its vapor in a wetting capillary is a 
common occurrence (1-4). A related behavior is the phase separation of a single liquid 
from a mixture in a confined geometry (5). A similar phenomenon occurs with 
complex fluids as well , confining them may induce phase transition (6). A l l these 
phenomena belong at the same class referred to as surface-induced phase transition. 

The capillary condensation continues to be the focus of experimental and 
theoretical interest, especially for complex fluids like liquid crystals (7,8), polymer 
melts (9,10) or concentrated lyotropic solutions (11,12). Scattering experiments are 
techniques of choice to study this phenomenon developing either in a porous 

54 © 1999 American Chemical Society 
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medium (8) or thin film (7,13,14). A n alternative technique is the surface forces 
apparatus (75). In this device, the confinement geometry is well controlled and the 
thickness between the surfaces is tunable with molecular accuracy. 

Fisher and Israelachvili have first used a S F A to investigate a capillary 
condensation (16). They studied the condensation of a liquid droplet from a vapor 
phase. Later, Christenson and co-worker (4,17) resumed and expanded this kind of 
study with a S F A . The authors have tested the range of validity o f the Kelv in law and 
measured the capillary adhesion forces between surfaces bridged by a condensed 
droplet. However, it is only recently that an integral force profile specific to a capillary 
condensation has been obtained by Grassous et al. (18). Using a S F A with a different 
technology allows them to avoid the intrinsic mechanic instability occurring with 
classical devices when attractions between surfaces are relatively large. 

The condensation of a liquid droplet from mixture has also been observed with 
the S F A . The group of Canberra in Australia has intensively examined the nucleation 
of water droplets between the hydrophilic mica surfaces from organic liquids (5,19). In 
these experiments, the authors characterized the modification of force profiles induced 
in a dry non-polar liquid by a gradual introduction of water. 

More recently, phase transitions for confined complex fluids have also been 
considered with the S F A . Both first-order (11,12,20) and second-order phase 
transition (21) have been examined. Unti l now, the samples studied have always been 
lyotropic solutions and the induced phase was every time a L a phase, with a smectic 
order. In these systems, a capillary condensation has been trigged from isotropic 
membrane phases near a first order phase transition with the L a phase. Two phases of 
similar topology have been considered. Antelmi et al. (11) and Petrov et al. (12) have 
investigated the sponge phase, and more recently capillary condensation from a 
bicontinuous microemulsion phase has been tested by Petrov et al. (20). 

In the present paper, we report a capillary condensation of lamellar droplet 
from a bicontinuous microemulsion. The system investigated is different from that of 
Petrov et al (20). Our observations are overall in good agreement with their results. 
Our results are however more complete and lead to a different interpretation. A n 
attempt is also made to directly compare a modeling force and the experimental data. 

The article is organized as follows: the experimental observations are first 
examined in Section 2. Modeling of the force profiles is presented in Section 3. In 
Section 4, we analyze and discuss our results. A comparison between the prediction of 
the model and the experimental data is made. The compressibility modulus of the 
induced lamellar phase and its interfacial tension with the microemulsion are then 
estimated. Section 5 is devoted to concluding remarks. 

Experimental Results 

Surface Forces Apparatus. Using a Mark IV surface forces apparatus (22), we have 
examined a symmetrical microemulsion on approaching the lamellar phase. The 
device has been fully described elsewhere (75, 22). The instrument is capable of 
measuring the separation between two mica surfaces immersed in a solution with an 
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accuracy of about 0.3 nm and the force within a sensitivity of 10"7 N . Molecularly 
smooth sheets of freshly cleaved mica are glued onto cylindrical lenses having a radius 
R » 2 cm. In the device, the two lenses are mounted in a crossed configuration with 
their axis perpendicular. The temperature in the enclosure surrounding the S F A was 
controlled to ± 0.04 °C, but stability was better in the S F A due to its large mass and 
thermal inertia. Although the temperature between the mica surfaces was not probed 
during the experiments, previous tests have shown a constant offset of few tens of 
degrees compared to the outside temperature (7). Hereafter, the temperature difference 
between the outside and the bulk L a / | i e transition, AT=T-Tia, is chosen as the control 
parameter. Owing to inherent evaporation during the filling of the S F A and also during 
an experiment (usually an experiment lasts between one and two weeks) or because 
the temperature controller device was not systematically calibrated, the accuracy of AT 
is estimated to be about 0.2 °C. 

Lyotropic System. The lyotropic system was a solution of a nonionic surfactant 
(tetraethylene glycol decyl ether, C10E4), water and octane. The volumes of both 
solvents were kept equal while the surfactant weight fraction was fixed at 0.21. A 
phase diagram cut including this composition can be found in Reference 23 and is 
schematically reproduced in Figure 1. A narrow strip of microemulsion surrounds a 
lamellar phase domain both at high and low temperature. Only the upper 
microemulsion domain, corresponding to the temperature range from about 27 to 
29 °C has been investigated. Conductivity measurements reveal that the 
microemulsion at the studied composition is bicontinuous. A n obstruction factor close 
to 2/3 has been found over the entire temperature range. Above 29 °C a two-phase 
domain extends up to high temperatures, a water rich phase emerges from the 
microemulsion phase. 

The samples were prepared by weighing. The surfactant C10E4 (from Nikko , 
>99% pure) and the octane (from Aldrich, 99+% pure) have been used as received 
without further purification, while deionized water was passed through a M i l l i - Q water 
system (from Millipore). 

Force Profiles. Figure 2 shows the evolution of the force profiles recorded in the 
lamellar phase (Figure 2a) and in the symmetrical microemulsion (Figure 2b-e) as AT 
is increased over few degrees. The profiles display oscillations with quite constant 
period. Since one surface is suspended at the end of a cantilever spring of stiffness K, 
unstable regimes without recorded data appear when the force slope is greater than K. 
Under these conditions, the system jumps from unstable to next stable position, 
leaving unexplored and inaccessible regions. A n inward jump occurs from oscillation 
maxima upon approaching the surfaces, while an outward jump occurs from positions 
close to minima upon separation. The L a force profile, Figure 2a, is qualitatively 
different from the profiles. This is a long-range profile exhibiting a large number of 
oscillations. The oscillations have parabolic shape and they line up on a constant zero 
baseline. In contrast, the a* force profiles, Figure 2b-e, are short-range oscillatory 
profiles, the number of oscillations is limited and they are superimposed over an 
attractive background. Heating up the system has noticeable consequences on the | i e 
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Figure 1. Schematic representation of the CioE^octane/F^O phase diagram 
adapted from Reference 23. (Adapted with permission from reference 23. Copyright 
1992 American Physical Society.) 
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Figure 2. Force profiles upon increasing the temperature between two mica surfaces 
immersed in a solution of Ci 0 E 4 /octane/H 2 O in the vicinity of the bulk lamellar/ 
microemulsion transition, a) In the lamellar phase about 2 °C below the bulk transi
tion temperature. In the microemulsion phase about b) 0.4, c) 1.2, d) 1.4 and e) 1.8 
°C above the transition temperature. 
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force profile features. The number of oscillations then decreases, falling from a 
maximum of 9 very close to the lamellar domain, to 4 at the onset of the upper one-
phase microemulsion boundary. Similarly, the amplitude and the period of oscillations 
change as the temperature is increased. A t high temperature, Figure 2e, the amplitudes 
have so diminished that the oscillations are hardly detectable on the force profile. The 
oscillation period, which is fairly constant at every temperature, increases from about 
15 nm to more than 20 nm when AT increases from 0.4 to 1.8 °C. Note that the 
measured periods in the lamellar phase are slightly smaller. For the profile presented in 
Figure 2a, AT= -2 °C, a period of 14.2 ± 0.4 nm has been estimated. 

A difficulty occurs at high temperature, very close to the temperature of 
demixing for which a water rich phase separates (Figure 1). After having approached 
the surfaces sufficiently close one to the other, during the subsequent separation, we 
often observe the condensation of water droplet. This condensation is revealed by a 
distortion in interference fringes used to measure the separation between surfaces. 
These fringes also allow the measurement of the refractive index of confined material 
and then to identify it. A t large separations (>500nm), the droplet is gradually 
resolubilized after a few minutes. This random phenomenon has been observed only i f 
AT>\.5°C and when the surfaces have been previously approached towards 
separations shorter than about 20 nm. However its frequency increases significantly at 
the onset o f the transition temperature. Note that the force profile presented in 
Figure 2.e has not been measured under such conditions. The fringes did not exhibit 
any distinguishing distortion. 

Modeling 

Lamellar phase. When a lamellar phase sample is confined between two walls, the 
layers naturally tend to align parallel to the surfaces. Between two parallel plates, an 
homeotropic alignment may therefore be easily achieved. Between two curved 
surfaces, because the separation is now varying in the gap, an homeotropic alignment 
can be only completed i f structural defects develop. We can consider a sphere against a 
plate for the S F A , that equivalent to the crossed cylinders when their separation is 
small compared to the radii, d«R. Nallet and Prost (24) have shown that a L a sample 
confined between a sphere and a plate orients spontaneously in an homeotropic way by 
developing edge dislocation defects. The defects build up an array of concentric 
dislocation loops. The array is centered along the symmetry axis of the confinement. 
Note however that this kind of defect is thought more stable when the separation 
between the surfaces is small, less than a few microns. For thicker confinements, 
screw dislocation lines may develop as reported by Herke et al. (25). B y taking into 
account an array of dislocation loops, the interaction between the two surfaces can be 
calculated as discussed in Reference 26. The force between a sphere and a plate 
confining a perfectly aligned lamellar sample is the sum of two elastic contributions, 

FI2KR = \ B ( f i - m ^ +yfr-' (1) 
na0 M 
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B is the layer compressibility modulus of the smectic phase, d and n are the spacing 
and the number of lamellar layers at the center of the gap respectively, ao is the 
lamellar layer thickness at the equilibrium, y is the line tension density of dislocation, 
and r, is the radius of the dislocation loop of the array having N loops. Equation 1 
assumes that every defect is an elementary dislocation of Burgers vector 1, meaning 
that a defect loop is just a circular pore of radius rt in a lamella. Such an assumption 
has frequently been verified provided that the separation between the surfaces is 
smaller than a micron (24,26-28). 

Derjaguin-like term. The first term in Equation 1, which is a Derjaguin-like 
term (29), is the restoring elastic force of the part of sample confined at the center of 
the gap (26). When the separation between the sphere and the plate at the center of the 
confinement is not commensurate with an integral multiple o f smectic layer thickness, 
d^nao, the n central layers are elastically deformed, stretched or compressed 
according to the sign of the imposed strain (d-nao)/d. The second term arises from the 
elastic distortion undergone by the rest of the sample and reduces to a defect 
dependent contribution (26). 

Relaxation Mechanism. Actually n the number of layers at the center is 
dependent on the spacing d. Let us examine how the sample behaves at the center of 
the confinement when the separation d is changed. It is straightforward to show that at 
some separations, the elastic energies of n layers compressed and of «-l layers 
stretched are equal. Therefore, under compression, the confined system should expel a 
layer in order to relax the induced elastic stress. This may be accomplished by the 
nucleation of a new dislocation loop at the center of the confinement, becoming then 
the central loop of the concentric defect array. The structural defect is expected to be 
thermally activated. On the other hand, on separating, beyond some threshold 
separations, the system should introduce a new layer into the stack in order to release 
the stretching energy. This is achieved with the shrinkage of the central dislocation 
loop. The pore reduces gradually as the separation increases and eventually collapse at 
the threshold separation, bringing a new layer at the center of the confinement. In the 
framework of the dislocation loop array model, the separations at which the relaxation 
mechanism occurs can be calculated (26). Every time the applied strain is about a half 
layer, (d-nao) * ± ao/2, a layer is squeezed out or introduced at the center of the 
confinement according to the sign of the applied strain. The Derjaguin-like term of 
Equation 1 then leads to a series of parabolas. Every parabola corresponds to an 
integer of smectic layers at the center of the confinement. The parabolas are centered 
at separations matching exactly an integral multiple of lamellar layer thickness, 
dn = na0, and they intersect at separations at which the relaxation mechanism occurs, 

Sum term. A s discussed in Reference 26, on average, the right hand term of 
Equation 1 is almost constant over a separation range spanning from the contact to a 
few microns. The variation is expected to be lower than the sensitivity of the S F A with 
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common L a phases. Although this term predicts a non-zero background, slightly larger 
than the S F A sensitivity, a classical S F A does not allow its measurement. Indeed, the 
technique provides only relative force profiles with respect to the forces at large 
separations, the distance range over which the device is calibrated. Usually, far from 
the contact, the surfaces do not experience any interaction; an absolute force profile is 
then determined. However, no difference can be made when the force is not n i l , but 
weak and constant. 

In conclusion, the modeling force, Equation 1, practically reduces to the 
Derjaguin term. The series of parabolas lines up on a zero-background as displayed in 
Figure 3a. That is a long-range force profile, since the oscillation amplitudes decrease 
like dx. The oscillations have the same period. Between two successive minima, the 
separation is equal to ao, the lamellar layer thickness. 

Lamellar Droplet Capillary Condensed from the Microemulsion Phase. In order to 
account for the force profiles measured in the ^ phase, Figure 2b-e, let us assume that 
these profiles result from a capillary condensation of a lamellar droplet. This means 
that the lamellar/microemulsion phase transition occurs at a higher temperature in a 
confinement than in bulk. Below a threshold separation, the sample transits from the 
disordered state to the ordered one. Such a transition temperature shift is made 
possible thanks to an energy gain brought about by surfaces when the surfaces have 
greater affinity with the induced phase. 

Capillary Condensation. The hydrophilic mica surfaces are preferentially wet 
by water. Then they locally break the isotropic symmetry of the phase. Owing to the 
finite correlation length between membranes in this phase, a layering near the surfaces 
is expected, involving layers of surfactant and o i l , presumably no more than one or 
two. A n ordered fi lm of lamellar symmetry would then wet each surface although the 
sample is maintained in ^ phase. 

With such pre-wetting films, when the capillary condensation occurs, the 
system gains some energy by giving up the two interfaces (of whole area A) between 
the pre-ordered films and the disordered material, at the cost of ordering the interior of 
the droplet (of volume V) and of creating a new lateral interface (of area S) between 
the lamellar droplet and the microemulsion. With the S F A confinement geometry, the 
interfacial penalty can be neglected in good approximation (5,18,20). Indeed, the large 
radius of curvature of mica surfaces leads to condensed droplets o f larger area in 
contact with mica than of lateral area, A»S. Therefore a single balance between a 
favorable interfacial contribution, -/A, and an unfavorable volume contribution, juV, 
monitors the capillary condensation, / i s the interfacial tension between the bulk phase 
and the induced phase, and / / is the difference in chemical potential between these two 
phases. B y considering the S F A surface geometry, the capillary force exerted by a 
bridging droplet has been derived by different authors (5,18,20) and can be written to a 
good approximation as 
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d-2dx 

2Rk j 
FI2nR = -2y 1 - (2) 

d\ is the thickness of the pre-wetting films covering the surfaces, and R* which fixes 
the range of the linear attraction (Equation 2) is the so-called Ke lv in radius, Rk=y/ju-
When the condensed droplet is lamellar, the interfacial tension to consider in 
Equation 2 is the parallel component, yii. The related term arises from the cancellation 
of interfaces between the microemulsion and the lamellar pre-wetting films, which are 
supposed to be homeotropically aligned. 

Specific Lamellar Order. Once the condensation has been completed, the 
induced stack of lamellar layers undergoes an elastic strain imposed by the 
confinement of finite thickness, as discussed previously. Then, summing the capillary 
force (Equation 2) and the elastic Derjaguin-like term in Equation 1 gives a modeling 
force for the capillary condensation of a lamellar droplet. 

This force profile (Equation 3) is displayed in Figure 3b. It consists in a short-range 
oscillatory profile. The oscillations have a parabolic shape, with a period equal to the 
thickness of the induced lamellar layers, superimposed on a linear attractive 
background. 

Analysis and Discussion 

Lamellar Phase. In the literature, a few force profiles between surfaces confining a 
smectic phase (30) or a lamellar phase (26-28,31) have been reported. A s a rule, long-
range oscillatory profiles are measured. The oscillation period is directly related to the 
reticular distance of the smectic phase. These oscillations are often superimposed upon 
a non-zero background. Horn et al. found a repulsive long-range background (30) 
whereas medium-range attractive baselines are reported in two other studies (27,28). 
N o definitive interpretation about the non-zero background origin has been advanced 
up to now. 

Force Profile Analysis. N o such background is present in the lamellar force 
profile displays in Figure 2a. Within the accuracy of the device, the oscillations rest on 
a constant zero-force. According to the elastic model, Equation 1, the minimum 
position would scale like dn=nao+2d" while the maximum position varies like 
d\*Jn(n + \)a0+2d" .2d" is an offset in the extremum positions caused by the two 
layers covering the surfaces. Owing to specific interaction between surfaces and the 
monolayers of surfactant, the thickness of these adjacent layers does not necessary 
match the bulk layer thickness. The scaling laws are well verified giving a lamellar 

d-2dx 

2Rk , 

{d-na0)2 

F/27rR = -2y// 1 -
na0 

(3) 
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Figure 3. Modeling force profiles between a sphere and a plate confining a lamellar 
phase when an array of concentric elementary dislocation loops allows an homeo
tropic alignment, a) When the sample in the surrounding reservoir is lamellar and 
b) when the sample is non-lamellar and that a lamellar droplet is condensed between 
the surfaces. 
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layer thickness a0 = 14.2±0.4 nm and an extra thickness 2d" =2.2+0.5 nm. We then 
conclude that the measurements have been performed at (or nearly) thermodynamic 
equilibrium. The elastic stress has been released by the dislocation loop mechanism at 
the expected separations. This also supports the initial assumption that the Burgers 
vector o f defects is one, i.e. defects are pores or more precisely channels going through 
a layer of water or o i l . A s displayed in Figure 4a, the predicted parabolic shape of 
oscillations is in good agreement with the experimental data. In this figure, every 
oscillation has been fitted with the Derjaguin-like term of Equation 1, by substituting d 
by d - 2d". The compressibility modulus B is measured to be equal to 
3.5±0.5 10 4 Jm ' 3 . A s seen in Figure 4a, the first oscillation (d\=20.1 nm) is right 
shifted with respect to the modeling profile. This indicates that the thickness of the 
first layer is smaller than the equilibrium thickness (14.2 nm) and therefore that the 
thickness 2d" o f layers covering the surfaces is actually larger than 2.2 nm as obtained 
previously. 

In summary, the dislocation loop array model is sufficient to account for the 
whole force profile measured in the lamellar phase. Therefore, we conclude that the 
studied system naturally aligns its layers parallel to the mica surfaces, structural 
defects are nucleated or annihilated maintaining the constraint sample in 
thermodynamic equilibrium. Two characteristic parameters of the system have been 
determined from the fitting curves, namely the layer spacing and the layer 
compressibility modulus. 

Microemulsion Phase. The force profiles measured in the u« phase are now analyzed 
in terms of capillary condensation. From the measurements carried out in the L a phase, 
we know that S F A surfaces naturally orient the solvent layers parallel to the surfaces. 
They are ordering surfaces in regards to the lamellar order. The hydrophilic mica 
surfaces are actually wet by a water layer. In the phase, the preferred wetting by 
water is a priori preserved, leading to a local layering. The induced 1D order does not 
propagate far from the surfaces, even at the onset of the first order L a / ^ c transition, 
AT -> 0 + . On the other hand, the threshold separation at which a capillary 
condensation would occur should increase on approaching the bulk transition 
boundary since the free energy difference (ju) between the two phases is progressively 
reduced. The same trend is observed in the evolution of force profiles on approaching 
the L a / | i e transition. The interaction range increases significantly when AT is reduced. 
The number of oscillations increases from 4 to 9 over the temperature range scanned in 
the microemulsion. The trends predicted by the lamellar condensation model, Equation 
3, are also qualitatively recovered. Oscillations with constant period resting on a linear 
attractive background are the features of the ^ profiles displayed in Figure 2. A 
parabolic shape of oscillations is more difficult to figure out due to the weak 
magnitude of oscillations, excepted close to the bulk temperature transition. 

X-ray Scattering. As previously mentioned, the oscillation periods obtained 
from the force profiles increase progressively with the temperature. The periods have 
been measured as being the mean separation between two successive minima. We find 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

4

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



65 

i 

o 

1 
o 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0.3 
0.4 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0.3 

- O 
Lamellar phase 

AT = - 2.0 °C 

Microemulsion phase 

AT = 0.4 °C 

i i i i i i i i i i i i 

I J 1 I 1 T T T T 1 1 J T T 1 I T I 

Microemulsion phase 

AT = 1.2 °C 

C : 

50 100 
Distance (nm) 

Figure 4. Comparison between experimental force profiles (O) and the modeling 
forces below and above the bulk phase transition, a) In the lamellar phase, the line 
is the Derjaguin-like term of the modeling force (Equation 1) with aQ = 14.2 nm, 
2d" = 2.2 nm and B = 3.5 104 Jm \ In the micoemulsion phase, b) close to the 
transition. The line is the modeling force (Equation 3) with a{] = 15.5 nm, 2d" = 0 
nm, B = 2.0 104 J m \ 2y,,(l - 2dJ2Rk) = 1.710"5 Jm"2 and 2Rk - 2d, = 130 nm, 
c) farther from the transition. The parameters are aQ = 19.2 nm, 2d" = 0 nm, B = 
0.8 104 Jm \ 2y„(\ - 2dJ2Rk) = 1.510 5 Jm"2 and 2Rk - 2d, = 98 nm. 
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14.2±0.4, 15.5±0.5, and 19.2±0.5 nm for AT=-2.0, 0.4 and 1.2 °C respectively. In order 
to compare these values with the characteristic sizes of the system, X-ray diffraction 
spectra of the sample have been measured, Figure 5. The reticular distance ao of the L a 

phase has been found to slightly decrease as the temperature is raised, evolving from 
16.5 nm for AT=-2.0 °C to 15.0 nm for AT=-03 °C. These lamellar spacings are in 
good agreement with the oscillation periods of force profiles measured near the 
transition, both above and below it. On the other hand, in the symmetric 
microemulsion the mean separation between domains of the same solvent, D, has been 
measured to be constant whatever the temperature, D=21.1 nm. This value is now 
substantially larger from the oscillation periods of force profiles obtained in the same 
phase, especially close to the transition. The microemulsion spectra have been 
analyzed according to the phenomenological model proposed by Teubner and 
Strey (32). A noteworthy result is the discontinuity in the characteristic sizes at the 
bulk phase transition. The spectrum of Figure 5b illustrates this discontinuous change 
well. The spectrum corresponds at a two-phase sample in which the microemulsion 
coexists with the lamellar phase for AT= -0.1 °C. The narrow Bragg peak of the L a 

phase contrasts markedly with the wide correlation peak of the microemulsion. The 
two corresponding characteristic sizes, a0 and D, are sufficiently different to be 
separated. This abrupt change at the transition contrasts with the regular evolution of 
oscillation periods on the both sides of the bulk transition temperature. This continuity 
indicates that the oscillatory profiles measured in the ^ temperature range are related 
to a lamellar domain condensed from the sample. On the other hand, we do not have 
any interpretation to account for the increase in period above the transition while the 
opposite evolution is observed in bulk for the L a phase. However we note that the 
period gradually tends to the characteristic size of the microemulsion in bulk upon 
increasing the temperature. 

Refractive Index Profiles. In addition to the force profile determination, the 
S F A also allows measurement of the refractive index of a sample confined between 
the two mica surfaces. The result is reported in Figure 6a for the L a phase (AT=-2 °C). 
The data are analyzed in terms of three-layer film. Two external layers of water having 
the same thickness, c/w, sandwich an homeotropic lamellar film. The mean refractive 
index of a three-layer film (33) as a function of thickness and refractive index of each 
layer is given by 

: ^HjO^La (4) 

The best fit gives a lamellar refractive index rjux=\ .395 and a thickness d^= 4.2 nm for 
each water film covering the mica surfaces, Figure 6a. For purely technical reasons, 
measurements on both sides of separation about 200 nm are not reliable with the S F A 
and at separations lower than 15 nm the accuracy progressively worsens. From the new 
value of dv,, we can estimate the thickness of the first lamellar layer, d\-d^ «12.5 nm 
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Figure 5. X-ray spectra upon increasing the temperature from the lamellar to the 
microemulsion phase, a) In the lamellar phase with a sharp Bragg peak, c) in the 
microemulsion where a broad correlation peak emerges and b) in the coexisting 
two-phase domain where the Bragg and the correlation peak reveal distinct charac
teristic size for each phase.  S

ep
te

m
be

r 
7,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 2

0,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
73

6.
ch

00
4

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



68 

1.42 I I I I I I i—i—i—i—j—i—r I 1 1 1 1 I 

a : 
0 50 100 150 200 250 300 350 

1.4 

11.38 

•51-36 
• | l . 34 

.81.32 

* 1.3 

1.28 

.1 1 I I 1 1 , 1 , 1 1 I I , 1 I I , , 1 I 1 I 1 1 I 1 1 1 1 1 , 1 1 

_ t am 
i ' • ' ' i '_. 

. . . i J 

* 1 1 ^Bulk J 

Microemulsion phase 

L , , *TH°,- i t , b " 
i . . . , i , -

0 50 100 150 200 250 300 350 400 
Distance (nm) 

Figure 6. Refractive index profiles, a) For the lamellar phase. The experimental 
data (•) are fitted by a three-layer film model (Equation 4) with two outer water 
layers of thickness d w = 4.2 nm and a sandwiched lamellar film of refractive index 
equal to 1.395. b) For the microemulsion phase. At small separation the data (•) 
are still reasonably well fitted by the three-layer film model with the previoyus 
lamellar parameter values (full line) but not at larger separations where the measured 
values are now close to the ublk microemulsion refractive index (dotted line). 
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(<ao =14.2 nm). It appears that the layer thickness increase from the surfaces to the 
bulk, however the asymptotic value ao, is promptly reached as shown in Figure 4a. 

Equivalent measurements have been performed at a higher temperature 
AT=\A °C, in the |ic phase, Figure 6b. In this Figure, we have reported the fitting curve 
obtained with the lamellar data. The agreement is reasonable at short separations, d<\5 
nm, whereas the data are systematically smaller at large separations, d>30 nm. The 
refractive index of the microemulsion measured independently with a refractometer is 
also reported in Figure 6b (dotted line). The corresponding value agrees fairly with 
that in the confinement measured at large separations and deviates significantly at 
smaller separations. These results are again in agreement with a lamellar condensation 
from the |ie phase even i f no direct evidence of the transition is present in the refractive 
index profile of Figure 6b. 

Force Profile Analysis. Fits with the full modeling force (Equation 3) have 
been completed on the microemulsion profiles for which the oscillations are well 
marked, Figure 4b and 4c. The agreement is very reasonable, even i f the oscillation 
before the contact is never well adjusted. A s mentioned previously, the lamellar model 
does not take in account the variation of the period for the ultimate oscillations before 
the contact. A s illustrated by the diminution of oscillation amplitudes, the layer 
compressibility modulus is found to decrease as the temperature rises. B is found to be 
equal at 2.0 10 4 and 0.8 10 4 Jm" 3 for AT=0A and 1.2 °C respectively. This result is 
consistent with the simultaneous increase in oscillation period (15.5 and 19.2 nm) 
since the Helfrich interaction (34) between nonionic surfactant monolayers is supposed 
to stabilize the L a phase. Because we do not know the thickness d\ of the pre-wetting 
films, we can only estimate the order of magnitude of the interfacial tension ///. The 
magnitude of the attractive background seems quite constant whatever the 
temperature. The order of magnitude of the interfacial tension is of 10"5 Jm" 2. 
According to our knowledge, no measurement of parallel layer interfacial tension has 
been reported in the literature. Quillet et al have however studied the interfacial 
tension between a L a phase and an isotropic phase (35) (sponge phase). They have 
analyzed the equilibrium shape of lamellar droplets dispersed in the isotropic phase in 
the coexisting domain. They have shown that the perpendicular component is much 
weaker than the parallel one, y±<y// and they have estimated y± to be about 10' 7 Jm" 2. 
Our estimation of yn is consistent with these results. 

Previous Experimental Studies. Three other studies with a S F A examining 
the condensation of lamellar droplet from an isotropic phase (11,12,20) have been 
reported in the literature. In two of them, the authors have evidenced a lamellar 
capillary condensation from a sponge phase (11,12). In the last study, the sample was 
also a bicontinuous microemulsion (20). In the former studies, two distinct force 
regimes were determined. A t large separations, a weak oscillatory profile is ascribed to 
be due to the internal correlation of solvent micro-domains pre-ordered by the 
surfaces. A t shorter separation, a second regime occurs related to the capillary 
condensation. Highly repulsive barriers are measured. This kind of behavior is often 
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met with regular L a phases (57). Two explanations are then advanced to account for 
that; either the lamellar sample is poorly aligned between the surfaces with frozen 
textural defects or the activation barriers (26,36) to nucleate relaxing structural defects 
(as dislocation loops for instance) are much larger than many k^T. Out of equilibrium 
measurements are then performed with these systems, yielding irregular and stochastic 
force profiles, consisting of many repulsive barriers of random height. This behavior 
has been met with our three-compound system neither in the L a phase and nor in the u* 
phase. Moreover, unlike with the sponge phase, only one oscillatory regime is present 
in the microemulsion force profiles. A second regime at larger separations, with period 
related to the characteristic size of the bicontinuous phase has never been observed 
with the ^ phase. This result is consistent with the conclusion reported by Petrov et al 
with the other bicontinuous microemulsion system (20). Like us, the authors report 
only one oscillatory regime at short separations. However, their number of oscillations 
is very limited even close to the LJ ^ transition. Along a dilution line going towards 
the transition, this number seems frozen at three. With so few oscillations, a linear 
attractive background supporting them does not clearly emerge. A s claimed by the 
authors, their profiles are not characteristic of a lamellar condensation in a 
confinement. They may be rather interpreted as presmectic profiles (21,37). A s is quite 
usually, the surfaces may induce a local layering, a presmectic film consisting of no 
more than two layers for their system, whatever the distance to the transition since the 
transition is first order. A capillary condensation is never triggered off before the 
preordered films overlap at shorter separations, yielding then an oscillatory profile 
with a small fixed number of oscillations. 

Petrov et al have also found that by taking away the system from the bulk 
L a /Hc transition, the oscillation amplitudes gradually decrease and seem to vanish (20) 
at the onset of the demixing boundary where the water rich phase appears. A water 
droplet can be them trapped between the two surfaces near this second phase 
transition. However, in our case, this event occurs randomly only when the surfaces 
are separated apart after they have been first pushed together sufficiently close. Never 
the presence of a water droplet has been observed on approaching the surfaces. 
Therefore, we think that the attractive profile with no resolved oscillations (Figure 2e) 
is more likely reminiscent of the lamellar condensation rather that the condensation of 
water droplet. Indeed the range and the intensity of this attraction are similar to those 
of the oscillatory profile measured at a slightly lower temperature, see Figure 2d. 

Conclusion 

In this work, we have studied the force profiles on both sides of a 
lamellar/microemulsion phase transition. In the L a phase, we have measured long-
range oscillatory profiles. A n elastic model successfully accounts for the features of 
these profiles. Physical parameters are then extracted, as the compressibility modulus 
or the reticular distance. In the \\* phase, we have measured short-range oscillatory 
profiles. We conclude that the microemulsion profiles result from a capillary 
condensation of lamellar droplet between the surfaces. A modeling force consisting in 
two contributions has been developed. A capillary force yields a linear attraction on 
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which oscillations superimpose due to the elastic deformation of the induced layers. 
The quantitative agreement between the model and the data allow us to measure the 
evolution both of the compressibility modulus and the layer spacing of the condensed 
phase at different temperatures and to estimate the interfacial tension between the two 
phases. 
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Chapter 5 

Near Surface Small Angle Scattering as a Means 
of Probing the Effects of Fluid Flow on Surfactant 

Aggregates Near a Solid Surface 
Paul D . Butler 

NIST Center for Neutron Research, National Institute of Standards 
and Technology, Building 235, Room E-151, Gaithersburg, M D 20899 

A proximate wall imposes an anisotropic constraint on complex fluid systems. This 
constraint can lead to some interesting behavior in the liquid in the vicinity of the 
interface, particularly under flow. Flow near a surface is especially relevant to 
transport phenomena which are common in industrial applications and materials 
processing in general. Adsorbed layers have so far proven to be relatively 
impervious to flow. However, the near surface ordering of supramolecular 
aggregates can be dramatically influenced by the proximity of the surface, up to tens 
of microns from the wall . The recently developed near-surface S A N S technique 
which addresses this issue is reviewed along with some successful applications of the 
technique. 

Many of the technological applications of viscoelastic surfactant solutions depend on their 
drag reducing and shear thinning properties. While such systems have been extensively 
studied for some time now (1-11) the focus has almost always been on the bulk solution, 
whereas these important phenomena clearly must be governed by the interactions at the 
interface between the fluid and the wall . It is well known for example that a shear field 
can impart enough energy to a surfactant solution for it to exhibit a phase change (12-16). 
Not so well appreciated is the fact that, particularly for non Newtonian fluids, the near 

surface structure may differ significantly from the bulk structure and that the system may 
in fact undergo a quasi phase separation due to the vastly different shear rates between the 
bulk and near surface regions. 

In order to probe these phenomena one needs a technique, or set of techniques, 
which can distinguish between interfacial and bulk effects. Reflectivity is one such 

U.S. government work. Published 1999 American Chemical Society 73 
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technique. However, it only gives information in the direction parallel to the interface 
normal. Recently developed non-contact atomic force microscopy ( A F M ) techniques 
(17-19) visualize structures in the plane perpendicular to the interface normal which are 
adsorbed onto the surface. Thus the combination of reflectivity and A F M shows promise 
for elucidating the morphologies of adsorbed layers (20,21). It is not clear however how 
to view these structures under flow or in viscoelastic solutions, as A F M is not capable of 
working in those environments at present. Viewing the structures in the near surface 
region (e.g. 10 to 50 microns from the surface) is more problematic. The near surface 
small angle neutron scattering ( N S S A N S ) technique recently developed at Oak Ridge 
(22,23), in combination with standard S A N S of bulk samples (24,25), addresses the 
problem of structures adjacent to the interface. 

The Near Surface SANS Technique 

In the near surface S A N S technique (22,26), the neutron beam is incident on a solid/liquid 
interface at an angle slightly above the critical angle for total external reflection, thus 
allowing a fraction of the beam to penetrate the solution and scatter from structures 
therein(Figure 1). N S S A N S relies on attenuation of the beam by the liquid sample, and 
on the very small incident angle, to limit the depth which is probed. The distance traveled 
by the neutron in the solution increases dramatically as the depth of the scattering event 
increases. For example, for a 0.3 ° incident angle on a quartz/D 2 0 interface (8C = 0.23 °), 
the angle of the incident beam in solution after correction for refraction is 0 .19° . For 
4.75 A neutrons, simple geometric arguments dictate that neutrons scattered at a Q of 
0.02 A"1, near the middle of the Q range studied, from scattering events at a depth of 
50 | im, must travel 1.9 cm in the D z O solution. Neutrons scattering from a depth of 
250 urn must travel 9.6 cm in solution, nearly the full length of the cell. The path length 
for 1/e attenuation at 4.75 A, as measured form the sample transmission (the total cross-
section for the solution p=0.86 cm"1), is only 1.2 cm (26). Thus contributions to the 
scattering from structures at a depth greater than 50 um are minimal. 

The cell, which is described in detail in reference (23) and represented 
schematically in Figure 2 consists of a 1 mm deep trough covered by a 1 inch thick slab 
of highly polished single crystal quartz. To ensure good laminar flow in the scattering 
region, the flowing fluid enters the trough through a series of small, evenly spaced holes 
from a large reservoir (10 m L to 15 mL), and exits through a large slit into another 
reservoir. The fluid is circulated and pumped with a gear pump. 

After the usual S A N S corrections for background and sensitivity, special 
corrections need to be applied due to the unique geometry of the cell. These corrections 
are detailed in ref (26). The corrections are for refraction, element of solid angle, 
reflections at the interfaces, effective scattering volume, and absolute intensity. The first 
term affects the Q values while the other corrections affect the pixel intensities. 

In order to obtain the correct Q value corresponding to each detector pixel, the 
apparent scattering angle (the angle between the undisturbed primary beam and a line 
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Figure 2. Schematic of the Poiseuille flow cell used in the N S S A N S experiments. 
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drawn from the sample to the detector pixel) must be corrected for refraction as does the 
apparent incident angle. This transform can be expressed in Q space as follows: 

Q ' = Q + n - Q n + ^ ( Q n - Q r / 2 ) 2 - ( Q c / 2 ) 2

+ ) / ( Q r / 2 ) 2 - ( Q c / 2 ) 2 

where Q' is the true, or in-solution, momentum transfer and Q is the apparent momentum 
transfer as reported by any standard S A N S reduction program. Q c is the critical Q (The 
Q below which there is total external reflection), Q r = -2k • n is the reflectivity Q, and n 
is a unit vector normal to the interface. This correction is Q y dependent with the 

strongest correction being at lower Q y (closer to the horizon). 

The refraction correction also affects the effective solid angle subtended by a 
given detector pixel, which in turn, affects the absolute cross-section value. However, the 
loss of intensity due to transmission effects from reflections at the interfaces nearly 
cancels the solid angle effect and neither of these corrections have been applied to date 
(see reference 26). 

The volume of sample contributing to the scattering at a given pixel, which affects 
the absolute cross section value, depends on both the incident angle, which is fixed, and 
the exit angle, which varies with Q y . Thus a larger sample volume contributes to the high 
Q y scattering than contributes to the low Q y scattering (close to the horizon). A secondary 
effect is that the higher Q y data probes somewhat deeper into the solution than the low Q y 

data. The effective sample volume (corrected for transmission) contributing to the 
scattering at a given Q y (or Qf) is given by: 

V e f f ( 0 f ) = V ( 0 f ) e « Q S> 2 

X(["S~"Q]LS) 

where V(6|) is the geometrically accessible volume and can be calculated as: 

V ( 0 f ) = - W L 2

s 

1 

tan(0i) tan (0 f )J 

with u the total cross section (and e"Md is the transmission through thickness d) and the Q 
subscripts refer to superstate quantities while S subscripts refer to solution quantities. 
W is the width of the neutron beam. Other quantities are defined in Figure 1. 

Finally, the correction for beam flux cannot be made with calibrated standards in 
the usual way due to the geometry of the setup. However, in this geometry the data 
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contain the specularly reflected beam. This is an irritation in terms of making sure to 
keep important features away from it, but it does provide the opportunity to normalize the 
data to incident flux assuming the reflectivity curve has been measured previously. B y 
reading off R(Q r ) from a reflectivity scan and taking into account the transmission 
through the solid superstrate and the effective beam area, one can calculate the incident 
beam flux. 

C T A Wormlike Micelles 

Cetyltrimethylammonium surfactants (CTA) with certain aromatic counterions form 
viscoelastic solutions at quite low concentrations (below a mass fraction of 1 %) (27). 3,5 
dichlorobenzoate (35ClBz) is one such counterion (28). Further, mixing C T A 3 5 C l B z and 
C T A B provides a way of studying mixed counterion systems (i.e. a single surfactant 
moiety with a mixture of bromide and chlorobenzoate counterions with no added 
electrolyte). Due to the much greater affinity of the chlorobenzoate over the bromide for 
the micellar surface, it is expected that the degree of counterion binding is decreased as 
the proportion of bromide counterion increases, with the effect that, at least at high 
chlorobenzoate content, the wormlike micelles are stiffened by the increase in bromide 
counterion (29). 

A system of 0.02 M o l / L surfactant, containing 0.7 mole fraction of C T A 3 5 C l B z 
and 0.3 mole fraction of C T A B , has been relatively extensively studied as it was the first 
system to show a very remarkable near surface ordering (22,24,25). Reflectivity 
measurements of this mixed counterion (MC) system shows that a relatively thin layer of 
surfactant of (25±5) A is absorbed onto the quartz surface and is apparently impervious 
to flow (24). The structure of this layer while originally analyzed as a homogenous 
monolayer or intercalated bilayer is now suspected to be a layer of wormlike micelles 
absorbed onto the surface (24,21). Unfortunately, A F M cannot be used to clarify the 
lateral structure of this fi lm due to the viscoelasticity of the solution. 

N S S A N S from this system at rest (22,24) gives rise to a rather diffuse featureless 
pattern without even any evidence of the isotropic interaction ring of scattering seen in 
the bulk. As soon as the system begins to flow however, a rather spectacular hexagonal 
pattern emerges indicating that even at relatively low average flow rates of several mm/s, 
the rods near the surface align themselves in the flow and arrange themselves such as to 
form a 'single crystal' undistorted hexagonal lattice oriented parallel to the adjacent 
surface (Figure 3). This lattice has the remarkable properties that the rods which sit at the 
lattice sites, separated by 45 nm from their nearest neighbors (or nine times their diameter 
of 5 nm), are presumably flowing past each other at many thousands of Angstroms per 
second (26). A more complete crystallographic analysis of the data (24) shows that the 
planes are separated by 39 nm with a peak A Q / Q = (29±5)% F W H M leading to a Ad/d 
of 27%. From the Debye-Waller factor, r z, the amount of latteral motion of the rods 
around their lattice position in the direction normal to the interface is found to be 
(5.9±0.5) nm while a much less well defined r x, the motion in the direction perpendicular 
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Figure 3. Corrected 2D data sets for the M C system (see text for details), a) shows 
the hexagonal pattern which forms under a flow rate of 9 mm/s. b) is a zero flow 
run (Reproduced with permission from reference 24. Copyright 1997 Royal Society 
of Chemistry.) 
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to the interface normal-flow direction plane is measured to be (6±2) nm. The average 
orientational order over the depth probed is (25±5)° F W H M and the mosaic width of the 
10 and 11 peaks are measured to be (7.5±2.5)°. 

N S S A N S only indicates the structure near the surface. In order to determine to 
what extent the hexagonal structure is a surface driven phenomenon, normal S A N S 
measurements from bulk samples in a Couette shear cell were also performed (24). These 
indicate in fact that the rods in the bulk only align with the flow and act as a 2D liquid in 
the plane perpendicular to the flow. The existence in the shear S A N S pattern of a second 
peak (Figure 4), consistent with a hexagonal lattice, is attributed to the near surface region 
of the sample. Thus it appears that the wall imposes more than a simple pinning 
constraint on the hexagonal ordering. Rather, it, and not the shear field, is solely 
responsible for driving the aligned rods into the hexagonal lattice. 

Finally, time resolved measurements of the onset and decay of orientation of both 
the bulk S A N S and the N S S A N S reveal completely different relaxation kinetics between 
the surface hexagonal phase and the bulk 2D liquid phase (25,29,30), with a time constant 
on the order of 1500 s for the bulk phase relaxation and only 0.7 s for the near surface 
phase relaxation. The difference is not so dramatic for the onset of alignment with the 
surface phase alignment taking place in a few seconds whereas the bulk phase alignment 
though not well determined, is likely on the order of a few minutes (29,30). 

Nonionic (and "Doped" Nonionic) Wormlike Micelles 

In the conclusion to reference 24, mention is made that a systematic study of different 
rodlike systems is necessary to get a handle on a theoretical framework for the 
interactions which lead to this remarkable behavior. In that vein, a study of a nonionic 
micelles of hexaethylene glycol hexadecyl ether ( C 1 6 E 6 ) doped with small amounts of 
sodium hexadecylsulfonate ( C 1 6 N a S 0 3 ) ionic surfactant to controllably vary the micellar 
surface charge has been undertaken (31). The variation in persistence length of these 
micelles as a function of ionic dopant concentration has been studied extensively by 
Schurtenberger and Jerke (32) and thus was thought to provide an ideal model system 
with which to begin. 

The original plan was to first find a point in phase space where the near surface 
shear induced isotropic-to-hexagonal phase transition is observed, and then to 
systematically change the persistence length and observe the effect on that transition. The 
system chosen was 0.03 M o l / L in C 1 6 E 6 . The mass of C 1 6 N a S 0 3 dopant used was 6% of 
the mass of the nonionic surfactant (henceforth referred to as 6%) at 35 °C. This system 
showed no near surface structure under shear. The amount of doping and the temperature 
were then varied with no success. Finally, small amounts of N a C l were added to the 
system in order to increase the overall contour length. 

What was discovered at 0.008 M o l / L N a C l (10% ionic and 26 °C) was not a 
hexagonal phase but a lamellar phase (see Figure 5). Furthermore, this phase does not 
disappear up to at least 0.1 M o l / L N a C l as one might expect just from electrostatic 
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Figure 4. A I D slice through the bulk Couette data set for the same system as in 
figure 3. The open circles are the data and the solid line represents the best fit to 
a hexagonal model. The undershoot at high Q indicates that the system is NOT 
hexagonal in the bulk and that the second peak most likely comes strictly from the 
near surface region. (Reproduced with permission from reference 24. Copyright 
1997 Royal Society of Chemistry.) 
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screening effects though there is evidence that the layers are undulating, thus smearing 
out the peaks into vertical streaks. There was also evidence for two distinct relaxations, 
one being very slow. Whether these extremely well ordered layers are due to a sheeting 
phenomenon or to a true micellar phase transition from rodlike to lamellar, is unclear. 
However, subsequent preliminary Couette experiments showed that the solution is in the 
isotropic micellar phase at rest and that in the bulk, the rods align only weakly with shear 
(see Figure 6). No alignment whatsoever is observed in the tangential mode, and no 
evidence for a lamellar structure was visible even at the highest shear rates available of 
roughly 8000 s"1. Thus the alignment observed in this experiment is strictly a near surface 
phenomenon and represents a totally new near surface effect on flowing wormlike 
micelles. 

Limitations and Potential 

This technique does have several limitations. First is the limited volume being sampled 
which means the signal must be quite strong. Practically this has meant it is limited to 
systems exhibiting Bragg scattering. Fortunately, the flat solid wall constraint seems to 
be conducive to the formation of very well ordered structures. Another limitation is the 
sample horizon effect which means that the symmetry around the Q y=0 line must be 
assumed. Worse, any inverse space structure near the Q y=0 line cannot be seen at all. 
Also , while it was possible to do a rocking curve on the hexagonal system and obtain the 
crystal mosaic, the rotation axes are limited by the geometry. For example it is not 
possible to get the mosaic of the lamellar phase since rotation about that axis would lose 
the signal either by going below the angle for total external reflection (no more beam in 
solution to do any scattering) or by raising the horizon over the Bragg peaks. 

Nonetheless this technique has already proved to be a valuable tool in discovering 
ordering induced by the solid liquid interface in two systems and should be applicable to 
many other complex fluid systems including polymer solutions. While there have been 
relatively few applications of the technique so far, the author is aware of at least one 
group attempting to apply the technique to ceramic systems. This technique would be 
useful in observing near surface ordering even in the absence of flow i f such ordering 
exists, or ordering in the presence of other applied fields such as magnetic or electric 
fields. Different surfaces can also be used to vary the contrast between the substrate and 
the solvent and they can be chemically modified to present different types of surfaces to 
the underlying solution. It is becoming clear that this relatively recent technique holds 
considerable promise for understanding the effects of surface proximity to ordering in 
solution under a variety of conditions. 
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Figure 6. Data from a standard Couette S A N S experiment on the same system 
as for figure 5 (13 mmol/L in NaCl at 26 °C). The nominal shear rate is 7780 s 1 . 
Some alignment of the rods is observed in the radial view, while the tangential view 
is essentially isotropic. The tangential view is the closest to the orientation observed 
in the N S S A N S geometry.  S
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Chapter 6 

Phase Diagram of Positively Charged Catanionic 
Surfactant Aggregates: The Myristic 

Acid-Cetyltrimethylammonium 
Hydroxide-Water System 

M. Dubois1, J.-C. Dedieu2, B. Demé3, Th. Gulik-Krzywicki2, 
and Th. Zemb1 

1Service de Chimie Moléculaire (CEA/Saclay), 
F91191 Gif sur Yvette Cedex, France 

2 C G M , CNRS, F91191 Gif sur Yvette Cedex, France 
3Institut Laue-Langevin, F38042 Grenoble Cedex, France 

Abstract: Mixing anionic surfactants with H+ counter-ions and 
surfactants with OH- counterions produces positively charged 
surfactant aggregates in strong electrostatic interactions. The phases 
found are a dilute phase of uncorrelated discs of finite size (U), a 
nematic phase (N+), a lamellar phase (Lβ+), and an isotropic phase of 
giant micelles. We show that the extension of the single phase 
regions in this pure catanionic surfactant system is critically 
dependent on the efficiency of the ion exchange and the amount of 
dissolved C O 2 in the sample. The ternary phase diagrams obtained 
when the cationic component is in excess and the samples open to 
the atmosphere are compared to the corresponding case under 
nitrogen. 

Our aim in this work was to produce surfactant aggregates with strong electrostatic 
interactions. Strong long range interactions of electrostatic origin are present if 
dissociated ionic species are reduced as much as possible in the solvent A good 
system to produce such aggregates is therefore provided by mixtures of cationic and 
anionic surfactants (catanionic surfactants) which generally have a cmc at least one 
order of magnitude lower than the cmc of anionic or cationic surfactants alone1. 

By mixing anionic and cationic surfactants, the reduction in area per headgroup due 
to ion pairing induces the formation of molecular bilayers which become the 
preferred microstructure at low concentration. Thus, vesicles may be the 
thermodynamically stable state in dilute solution. Indeed, Kaler and coworkers have 
shown that vesicles produced in catanionic surfactant systems are a 
thermodynamically stable state2. In the absence of electrostatic repulsion stabilizing 
the system, the catanionic bilayers spontaneously form closed vesicles' 

86 © 1999 American Chemical Society 
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Upon mixing, for example, the common sodium or chloride salts of an anionic and a 
cationic surfactant the resulting ionic strength due to the counter-ions is higher than 
0.1M, for a typical catanionic weight content of 5%,. Due to the high ionic strength 
between aggregates, electrostatic repulsions are screened. The osmotic pressure of 
these aggregates is lower than 100 Pa and thus difficult to measure. Hoffmann and 
coworkers have published pioneering studies of catanionic without excess salt 
having obtained strongly repulsive charged cylinders of limited length4. 

« Pure », i.e. salt-free, catanionic solutions in the absence of excess salt have a high 
osmotic pressure due to strong electrostatic interactions between adjacent bilayers 
These interactions vary as w"2, where w= D*- t is the thickness of the water layer, 
D* the periodicity and t the bilayer thickness, when the concentrations of ions 
present is reduced to the dissociation equilibrium of water , there is an increase by a 
factor of 10 to 100 in the repulsive pressures stabilizing the colloidal assembly. A 
catanionic solution of high stability induced by osmotic pressure would contain 
only the anionic and the cationic surfactant. We use the counter-ions H' and OH" to 
produce water molecules instead of excess salt. In the « pure » catanionic systems 
we describe here, the ionic strength remains lower than the millimolar range. 
Moreover, the phase diagram can be drawn as a triangle, with only two degrees of 
freedom. We use the weight fraction and the molar ratio as coordinates. 

M A T E R I A L S A N D M E T H O D S 

a) Sample preparation 
Pure catanionic solutions are obtained by mixing myristic acid (C^COOH) and the 
hydroxide ion-exchanged form of cetyltrimethylammonium hydroxyde 
(Cif,N(CH.0^OH"). Capillary electrophoresis analysis of the impurities ions present 
in the commercial form of the surfactant, have shown that in myristic acid, the ionic 
impurities are Sodium (0.1% molar fraction) and calcium (0.05% molar fraction). 
Obtaining pure carbonate-free hydroxide surfactant requires the use of a glove box 
under nitrogen to avoid contact with atmospheric carbon dioxide. An aqueous 
solution (0.1M) of the bromide form of the surfactant (Sigma) was mixed with 
Ag 2 0 powder. The precipitated silver bromide was then centrifuged (20000rpm). In 
the remaining solution, the only detectable impurity was bromide at a level less than 
0.1%. The ion exchange with hydroxide is higher than 99%. 

b) Wide angle and small-angle X-ray scattering 
Wide angle SAXS experiments were used to identify the state of the surfactant tail 
groups in the aggregated structures 5. The shape of the 001 peak, occurring at q 
close to 1.5 A"1, is determined using an image plate in the focal plane of a Guinier-
Mering camera, using copper Kot radiation, for a sample thickness of 1 mm and 
typical exposure time of 4 hours. 

c) Small angle neutron scattering was performed on installations D l l and D22 at 
ILL with velocity selectors such that A A A * 0.1. Data reduction to an absolute 
scale (cm"1) was done using standard ILL procedures. 
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d) Freeze fracture electron microscopy experiments were performed using a 
procedure described previously for the swollen lamellar or vesicle phase of other 
cationic double tail surfactant solutions6. 

R E S U L T S A N D D I S C U S S I O N 

Two quantities only control the composition of the quasi-ternary system. In the 
absence of excess counter-ions,. The location of a sample in the ternary phase 
triangle will be calculated using the total amount of dry surfactant, w (in weight%). 
and the molar fraction of cationic surfactant r: 

r = [C,,COOH]/([C1r,N(CH,):/OH]+[Ci,COOH]) 

Since myristic acid is insoluble in water, we have focused our attention on 
compositions where hydroxide is in excess (r<0.5, pH>7). The conductivity is 
dominated by the excess hydroxide counter-ions and the monomeric cationic 
surfactant, but both are at very low levels. Figure la shows the pH and conductivity 
of the samples with constant surfactant content (2%) and for different values of 
molar ratios r. When the sample is prepared via the standard ion exchange 
procedure, the lowest conductivity that can be obtained is close to 1 mS/cm. When 
bromide as well as carbonate anions are avoided, the conductivity is ten times lower 
and when r —> 0.5, this shows that the dominant residual ions are dissociated 
monomers at the cmc in the mixed system, of the order of 10-100 umol/1. The 
Debye length is thus larger than 30 nm and the aggregates are strongly coupled 
such that the interactions are not limited to the first neighbor. 

When r —> 0.5, the surface charge decreases. As will be shown later, hydrocarbon 
chains are in the solid state. This ensures that the area per headgroup is close to 
0.25 nm2, independent of the nature of the charge, i.e. I' ••= X = 0.25 ± 0.02 nrrf 
The structural charge, defined as the formal charge once all counter-ions are 
stripped off, in therefore one charge per headgroup. Assuming ideal mixing, the 
balanced structural charge of the bilayer formed is given in charge/nirf by: 
Z= r Z + (1-r) I" , where the area per molecule is expected to be reduced to 
0.25 nnr via ion pair formation when hydrocarbon chains are frozen. Hence, one 
can estimate the surface potential using the Grahame equation7 Without 
information about the eventual binding of counter-ions which should be negligible in 
the case of H or OH" species", we introduce the full surface charge int the Grahame 
equation. The case of residual parasitic ions is more delicate since couter-ions like 
bromide are bound and reduce surface charge, but we neglected this term. The 
result is shown in figure lb. If the osmotic pressure is evaluated assuming that a 
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Figure 1. (a) pH and electrical conductivity of a w = 2% solution of the catanionic 
system described here, as a function of r, the molar ratio of the carboxylic acid. 
Dots are for the ion exchanged hydroxide form; filled squares are results obtained 
in the absence of bromide and carbonate. pH remains close to 12 for r <0.45. 
(b) Estimated surface potential and osmotic pressure for the same samples. 
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lamellar phase is the microstructure9, an exceptionally large value of the order of 
500 Pa is obtained. 

Rigid platelet characterization: First, we consider the case of an optically 
isotropic dilute sample ( w =0.1%). Observed with the naked eye, the sample shows 
no evident turbidity compared with other catanionic solutions which have a bluish 
appearance due to the formation of spontaneous vesicles in these samples111. The 
sample turbidity is at least one order of magnitude less than for vesicles. Thus we 
could perform light scattering, experiments avoiding multiple scattering of 
concentrations less than 2.10"4 mg/ml and sample thicknesses of 8mm. However, an 
exceptionally intense neutron scattering signal has been measured in these samples 
Within the q-range at the lower end of SANS experiments, static light scattering 
(Rayleigh ratio) varies as q"2 in the angular range accessible. These observations 
have established that the shape of the aggregates are flat on any scale less than a 
micron, thus, the in-plane persistence length is in the order of one micron11. 

For the anionic and the cationic component, chain melting temperatures are above 
room temperature. We have investigated the state of the chains as a function of 
molar ratio r. At high excess of cationic surfactant, the chains melt at 50°C. From 
the shape of the wide angle X-ray scattering peak corresponding to the average 
interchain distance shown in figure lb 1 2 , we can see that the hydrocarbon chains are 
frozen at room temperature. The scattering observed at 50°C is similar to the one 
observed in the spontaneous vesiculation case described by Kaler, when the 
hydrocarbon chains are in the liquid state. Closer to equimolarity, chain melting is 
not obtained at 50°C. Ion pair formation induces two dimensional crystallization of 
the chains. In these dilute samples, the scattering of the frozen chains was extremely 
low and could only be detected using an image plate detector and a focusing SAXS 
camera. The scattering intensity at the maximum of the Bragg peak given by the 
hydrocarbon chains, given on absolute scale, is only ten times larger than the 
incoherent scattering due to water compressibility ( 1=0.016 cm"1) 

In-plane crystallization of the hydrocarbon chains is one of the reasons for the high 
rigidity of the platelets. SANS experiments have demonstrated that the bilayer 
thickness is close to 4nm, thus a two dimensional array of alternating charges 
stabilize the bilayer in a sandwich-like structure. This layered structure of nanodiscs 
is responsible for the exceptionally high stiffness of the catanionic nanodiscs. 

The stiffness of the discs has a counterpart in the concentrated regime, since a 
lamellar phase (positively charged bilayers with frozen chains: [L f 5] ) is obtained. A 
typical scattering pattern obtained for a sample to detector distance of 2.8 m L \ is 
shown in figure 3a. After radial averaging, four reflection orders for this swollen 
phase are observed, as shown in figure 3b. The peaks are extremely sharp, with a 
FWHM of Aq/ qH « 10 and spacings D* = 27r/qn much larger than bilayer 
thickness. These observations confirm the predominance of strong electrostatic 
repulsions, consistent with the calculation results shown in figure 2 . 
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The electron microscope pictures obtained after cryofracture confirm the 
existence of discs, as well as a swollen lamellar phase with rigid chains. Figure 4a 
shows the most common situation: a swollen lamellar phase at maximun swelling in 
coexistence with nanodiscs. The same sample, heated to 50°C. consist of nanodiscs 
alone, as show on figure 4b. Figure 4c shows a giant rigid disc of several 
micrometers in diameter formed in a dilute solution at low cationic surfactant 
excess. Figure 4d shows the shrinking of those discs when the cationic excess molar 
ratio is increased Figure 4e shows a pure swollen lamellar [Lf?.] Only micelles are 
obtained if the pure cationic component (Li) is present, as shown in figure 4f. 
Figure 4g shows the coexistence in terms of microphase separation between 
nematic and lamellar domains. Microphase separated nematic domains have 
anistoropic dimensions. The texture of this phase is similar to the one obtained in 
clay dispersions14. 

Disc size control: If the edges of the nanodiscs were not covered by surfactant, 
rigid nanodiscs of bilayers could form only at high energy cost, of the order of 
rc.y.t.D, where y is the oil-water surface tension and D the disc diameter1". Indeed, 
we observe by electron microscopy a systematic decrease in disc diameter with 
molar ratio r at constant concentration w. The rapid decrease in size of discs in the 
region where 0.45>w>0.35 is due to charge separation: part of the excess of the 
cationic surfactant forms the edges of the discs. Adding excess cationic surfactant 
produces edges more easily and reduces the equilibrium size of nanodiscs. The final 
size is a balance between the entropy of mixing and electrostatic coupling between 
discs. Excess charge favors small discs until an abrupt change towards wormlike 
micelles. The situation here is similar to the abrupt transformation of vesicles in 
micelles described for flexible bilayers in the presence of salt l f>. Thus, the molar 
ratio of the two components gives us a direct way to control the nanodisc diameter 

T E R N A R Y E Q U I L I B R I U M P H A S E D I A G R A M 

Considering the results obtained on more than 100 samples of different composition 
(w,r), we can locate the single phase regions in the water rich corner on the cationic 
side of the phase diagram (figure 5). Figure 5a shows the location of phases if 
sample preparation occurs in the absence of dissolved C 0 2 Figure 5b shows the 
results obtained without preventing the sample from coming into contact between 
the sample and the air in the laboratory. In the presence of C 0 2 , and at low cationic 
excess (r< 0.7), a diluted isotropic solution (U) to nematic, then to smectic [L(>,.] 
phase sequence is observed. The maximum concentration where unbound discs U 
are observed is w = 0.01. At r«0.5, the lamellar phase in equilibrium collapses 
corresponding to w> 60% (not shown on figure). When r decreases, the lamellar 
phase in equilibrium with uncorrelated platelets swells up to spacings D* of 80 nm 
(25 nm in the absence of C0 2). In the absence of dissolved carbonate, a nematic 
region is present and centered around w=10%, r= 0.4. At r< 0.35, the [L f ].] phase 
is in competition with giant micelles. Osmotic competition imposes a rapid shrinking 
of the maximum swelling of the lamellar phase. This effect has already been 
observed in other surfactant system in two phase regions, when a lamellar phase 
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A 
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Figure 2. Wide angle X-ray scattering signal obtained on a Guinier-Mering camera 
at 25°C and 50°C using image plates. Sample compositions: 2a: (w = 0.17, r = 0.30), 
2 b: (w = 0.17, r = 0.40). Broadening of the peak width demonstrates that the 
temperature of the transition from L / (frozen chains) to L„~ (liquid chains) depends 
on molar ratio r. 
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Figure 3. Small angle X-ray scattering spectra obtained for an phase: (a) raw 
data above chain melting temperature at T = 50°C with two reflections (b) data 
when chains are frozen, four orders are observed, after radial averaging, a periodicity 
D * of 20 nm is evidenced by the presence of four Bragg peaks, (sample composition: 
0 = 17%, r = 0.296 
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Figure 4. (a) image of an L / phase with large nanodiscs; sample composition 
w = 3%, r = 0.39; freeze fracture of a sample equilibrated at 20°C; the scale bar is 
250 nm. 

(b) nanodiscs alone; sample composition w = 3%, r = 0.39 (same composition than 
a); freeze fracture for a sample equilibrated at 50°C; the scale bar is 250 nm. 
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(c) typical giant stiff nanodiscs obtained at w = 0.17% and r = 0.454; the scale bar 
is 1 /xm. 

(d) large nanodiscs obtained for a sample composition w = 2.65%, r = 0.416; the 
scale bar is 500 nm. 
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(e) extremely swollen L / phase for w = 3.9% and r = 0.447; spacing is 80 nm; bar 
is 500 nm. 

(f) gian micelles obtained with the pure hydroxide surfactant (w = 2%, r = 0); bar 
is 250 nm. 
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(g) two inclusions of microphase separated nematic phase in a bulk lamellar phase; 
sample composition: r = 0.395, w = 0.925; bar is 1 /xm.  S
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competes with smaller aggregates17. At low content of myristic acid (r<0.1), only 
giant micelles are obtained. 

The charged L n" phase swells up to spacings of hundreds of Angstroms; even with 
frozen hydrocarbon chains. Its macroscopic appearance is a clear birefringent gel 
with surfactant in the range 1-10% mass content. For most phospolipids, including 
mixtures of charged and uncharged phospolipids, the swelling is limited to water 
thicknesses of only a few nanometers, ten times smaller than those reported here. 
Again, the only explanation is the complete absence of screening and ionic 
impurities such as carbonates. If the samples come into in contact with the 
atmosphere, the order in a sample is present between bilayers are the excess 
hydroxide counter-ions of the positively charged nanoplatelet surface. In the 
absence of salt, the addition of a strong hydration force and an electrostatic 
repulsion overcomes the dispersion effect at any distance. This unique feature of the 
catanionic bilayers appears only with hydroxide ions in excess since there is no ion-
interface dispersion force in the case of hydroxide ion x . 

Since the diameter of the nanodiscs versus excess molar ratio is known, it is 
possible to evaluate the concentration of the semi-dilute regime of these objects. 
Excluded volume of a platelet of diameter D is of the order of D'\ For a diameter of 
400 nm, the semi-dilute regime for rigid nanodiscs starts at volume fraction <|> *w -
2t / The thickness of the frozen chain hydrocarbon bilayer is 4 nm. For charged 
discs, an Onsager -type phase transition is expected to occur at a weight fraction 
around 1% l x . The presence of dissolved carbonate and residual bromide ions 
probably charges the faces of the nanodiscs, as well as introducing some screening 
of electrostatic interaction, thus masking the nematic region and the nematic-
isotropic coexistence. 

Comparison with other surfactant microstructures. Other surfactant 
microstructures having some structures similar to nanodiscs have been previously 
described. For instance, 
- finite sized needles of well defined persistence length19 obtained in a pure 
catanionic system or platelets obtained in the presence of excess salt20 

- mixing long and short chain zwiterrionic phospholipids produces uncharged discs 
which orient in magnetic field21. 
How do the nanodiscs described here differ from the range of microstructures seen 
for self-assembly of surfactants and lipids below the chain-melting transition? Solid 
colloidal particles are known to appear as fibers, helices or multilayered tubules 
made from flat sheets22. All these structures have a molecular length and a 
macroscopic size set by the low but finite curvature and produce myelinic figures in 
optical microscopy. To our knowledge, no microstructure of dispersed isolated flat 
discs with a thickness of nanometers and a diameter in the micron range has been 
reported. 

The origin of the stiffness for this molecularly flat object is the 2D crystallization of 
an equal amount of positive and negative charges on both sides of the bilayer. A 
hexagonal lattice is formed on each surface. Bending the nanodisc to form tubules 
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Figure 5. Partial ternary phase diagram; cationic half (right axis in total surfactant 
weight %, horizontal axis in molar ratio r) obtained in the absence of dissolved C 0 2 

(5a), and in contact with atmosphere (5b), showing the location of the micellar 
phase (Lj), the swollen lamellar phase ( I V ) , th enematic phase (N) and the unbound 
phase containing randomly oriented nanodiscs (U). 
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or fibers would require compression of the hexagonal lattice on one face and 
extension on the other. 

C O N C L U S I O N : P O S S I B L E U S E S O F N A N O D I S C S 

The main features of rigid nanodiscs are: 
A rigid outer layer of low charge and ion pairs forming the faces. 
The edge contains a larger quantity of the excess ion. 
The chains are frozen at room temperature. 
In-plane correlation length of discs can be as large as a micrometer. 

The nanodiscs form spontaneously upon mixing an anionic surfactant with H 
counter-ion and cationic surfactant with an OH" counter-ion. Provided that the ionic 
headgroup sizes and chain length are compatible, stiff discs of nanometric thickness 
and micron-size lateral extension are formed. The observation of still nanodiscs 
instead of closed vesicles in the diluted region of the phase diagram is due to chain 
crystallization. These discs are at thermodynamic equilibrium whose their size is 
controlled by the competition between mixing entropy and the coverage of the 
lateral faces. A similar competition between mixing entropy and bending energy in 
flexible bilayers has been shown to be the origin of the formation of spontaneous 
vesicles2'. 

Since the morphology obtained with catanionic mixtures is suitable for producing 
mesoporous materials or orienting solubilized molecules, the size, surface potential 
and electrokinetic properties of this new type of rigid colloidal particles may be 
considered for molecular templating. The colloidal properties should present some 
similarity with clay systems, such as flocculation via salt-induced tactoids 
The nematic phase of rigid nanodiscs includes an exceptionally high amount of 
water (up to 95%). This may be used to obtain anisotropic movement for non-polar 
molecules dissolved in the solvent, such as oligopeptides24. 

Finally, it is likely that this type of stiff catanionic platelet could be used as an easy-
to-remove template surface for inorganic polymerization of inorganic oxides: for 
example as flat or folded silica platelets of nanometric thickness, such as those 
produced using a surfactant aggregate as a template2'. 
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Chapter 7 

On the Microscopic Nature of Stick-Slip Behavior 
in Lubricating Films 

Peter Harrowell 

School of Chemistry, University of Sydney, Sydney, 
New South Wales 2006, Australia 

The experimental characterisations of the static and dynamic properties of thin liquid films 
between solid surfaces are reviewed, along with the theoretical models that have been 
proposed to account for their rich phenomenology. A critical discussion is presented of the 
degree to which the proposed models make connection with the experimental studies and the 
questions that remain to be resolved. 

I. Introduction 

The aim of this essay is to provide a critical review of the current models of stick-slip 
motion of solid surfaces separated by thin liquid films. The present interest in this 
phenomenon has been driven by extensions (1,2) of the surface force apparatus (SFA) 
which permit the study of boundary lubrication on microscopic scales. These 
remarkable experiments have, in turn, inspired a wealth of computer simulations and 
mathematical modelling. Among the intriguing structural and dynamics features of 
confined liquids, it is the appearance of film rigidity at temperatures well above the 
bulk freezing or vitrification points which has generated perhaps the greatest interest. 
The appearance of stick-slip dynamics in such films under shear provides valuable 
model systems to study this ubiquitous process without the irreversible surface wear 
typically accompanying stick-slip sliding between dry surfaces. This paper will 
examine the various physical models which have been invoked to account for the 
mechanical properties of the thin liquid films and their rheology in the hope of sorting 
out what connection these models make with the experimental studies, what issues can 
be regarded as resolved and what questions remain. 

II. The Experiments 

A. Liquid Layering. Most of the experiments described in this review will involve 
the behaviour of smooth solid surfaces moving laterally with respect to one another. It 
is useful to start, however, by considering the response of the intervening liquid to the 

104 © 1999 American Chemical Society 
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relative motion of the surfaces in the normal direction. The force between mica 
surfaces separated by a liquid of quasi-spherical non-polar molecules, such as 
octamethylcyclotetrasiloxane (OMCTS) (3,4), cyclohexane (5), tetrachloromethane, 
benzene and 2,2,4-trimethylpentane (6), is found to oscillate as a function of the 
separation once the surfaces are within roughly 5 molecular diameters of each other. 
The wavelength of the oscillation is constant, approximately equal to the molecular 
diameter, and the amplitude increases with decreasing distance. The oscillatory force is 
interpreted as a consequence of the layering of the liquid molecules against the mica 
surfaces. Rather than being continuously expelled from the intervening gap, the liquid 
tends to be squeezed out in quanta corresponding to single complete layers. This 
tendency increases with decreasing separation between the surfaces, a consequence of 
the increasing layered structure, which, in turn, gives rise to the observed growth in the 
amplitude of the normal force. The maxima in the normal force correspond to the 
build up of pressure sufficient to expel the next liquid layer. 

Impurities and surface roughness will disrupt this layering. Increasing the water 
content of an OMCTS film (7) decreased the number of force oscillations observed. 
The smoothness of mica surfaces can be modified with monolayer coatings. The effect 
of monolayers of hexadecyltrimethylammonium bromide (CTAB) and 
dioctadecyldimethylammonium bromide (DOAB) on the force profile of an OMCTS 
film has been reported (8). In the case of the high density DOAB coatings, force 
oscillations remained although with fewer oscillations. The more disordered and lower 
density CTAB system disrupted layering completely. 

The role of molecular configurations on layering have been explored in experiments 
on linear (9) and branched (10,11) isoparaffins. The linear isoparaffins have an 
oscillatory force profile similar to OMCTS, the wavelength of the oscillation being 
equal to the width of the carbon chain. This indicates that the chain molecules arrange 
themselves parallel to the boundaries when confined. The branched alkanes, in 
contrast, showed little to no oscillations. Squalene (18) exhibited a monotonic increase 
in the force from a separation of roughly 18 A. The shorter branched molecule 2-
methyloctane (10). 

The expulsion of the layer from the liquid film requires a time which will depend on 
the effective viscosity of the film and the nature of the flow process by which the layer 
is removed. Chan and Horn (12) have calculated the viscous force arising for a 
Newtonian liquid as the surfaces approach one another. The faster the surfaces are 
pushed together, the greater is the amplitude and range of this nonequilibrium force 
(13). Holding the mica surfaces at a fixed separation, the observed force arising from a 
film of polybutadiene was observed to relax towards the equilibrium value (14). These 
hydrodynamic effects, it should be noted, are observed over length scales on the order 
of 102 nm while the oscillatory forces typically occur over length scales less than 5 nm. 
The oscillatory forces, however, also appear to include nonequilibrium contributions. 
As evidence, Horn et al (13) observe that the measured depth of the force minimum in 
films of polydimethylsiloxane can be doubled by vibrating one of the surfaces as the 
separation is decreased. 
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B. Rigidity in Thin Films. Understanding the origin and characteristics of the rigid 
state of the confined film must underlie any analysis of stick-slip motion. The layering 
indicated by the oscillatory normal force profiles described above does not necessarily 
result in rigid response to a shear force. The onset of rigidity is distinct from layering 
and is associated, presumably, with structural correlations in the plane of the surface. 
No experiments to date have directly probed such structure within the lubricating films 
due to the small volumes concerned and the restricted accessibility to the confined 
film. 

Friction involves the transformation of mechanical energy into heat. A conceptually 
appealing aspect of the phenomenon of stick-slip motion is the physical resolution of 
this transformation process into two physically distinct steps. Mechanical energy is 
first converted into elastic energy during the "stick" phase as the surfaces and film are 
bought to their collective yield point. On yielding (the "slip") a fraction of this stored 
energy is democratically (and, hence, irreversibly) distributed among a spectrum of 
film and surface degrees of freedom. While the weight of experimental and theoretical 
studies have been directed at the nonequilibrium phenomenon, it could be argued that 
the heart of the stick-slip process lies with the ability of the thin films to accomplish 
the transient storage of elastic energy. The generality of this property is evident from 
the range of liquids that give rise to rigid films, a list that includes M g C I 2 solutions 
(15) and cyclohexane (16) as well as linear and branched polymers. It is thus the 
appearance, below a given film thickness, of film rigidity and its microscopic origins 
which poses the central problem. 

1. The Transition to Rigidity. The key control parameter for the transition 
between liquid and solid behaviour is film thickness. The transition to rigidity of 
O M C T S between clean mica surfaces provides an interesting case study. There are 
currently two different pictures of the onset of rigidity in films with decreasing surface 
separation. Granick and coworkers (17-19) have measured the elastic and viscous 
response of O M C T S films as a function of film thickness. At 27° C (19) they report a 
continuous increase of the longest relaxation time with decreasing thickness. (This 
time is the reciprocal of the crossover frequency at which viscous and elastic shear 
moduli equal one another.) At transitions from 7 —> 5, 4 —> 3 and 3 - » 2 layers 
thickness, the relaxation time increases by 0.5, 1.0 and 1.5 orders of magnitude, 
respectively. Similar behaviour is reported for O M C T S films between mica surfaces 
coated with monolayers of octadecyltriethoxysilane (OTE), suggesting that neither the 
periodic surface structure nor strong adsorption are necessary for film rigidity (11). 
The elastic modulus, measured at the crossover frequency, exhibits a roughly 
exponential decay with respect to film thickness. 

It has been concluded that the rigidity arises from the continuous slowing down of the 
confined liquid rather than from any abrupt structural transition as a function of layer 
thickness. A n analogy is drawn with a glass transition in which the usual roles of 
temperature or pressure are played here by the film thickness. It remains to be seen, 
however, whether this analogy reflects little more than superficial similarities. Demirel 
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and Granick (19) have examined frequency-thickness superposition of the viscoelastic 
response in O M C T S films (drawing on the analogy with the temperature-frequency 
superposition found in bulk glass formers). Unlike many bulk glass-formers, 
superposition was not observed using a thickness-dependent frequency scaling alone. 
Scaling of both frequency and response amplitude, however, did result in 
superposition of the spectra. The resulting master curves indicated two clusters of 
relaxation times separated by a constant distance on the reduced frequency scale. This 
differs from the case of a and P relaxation in bulk glasses whose separation increases 
with increasing pressure or decreasing temperature. As thorough as the evidence is for 
the continuous slowing down, there is also the problem of the abrupt jump seen in the 
time dependence of the transition into the rigid state following compression of the film 
(11). This effect points strongly to metastable states of some sort, entities that do not 
sit comfortably with continuous transitions. 

These results and conclusion have recently been called into question by Klein and 
Kumacheva (16,20,21). In ref. 16 evidence is presented of an abrupt increase, 7 orders 
of magnitude, in the effective viscosity in an O M C T S film when going from a 
thickness of 7 to 6 layers. Similar abrupt transitions are reported for toluene and 
cyclohexane. The authors conclude that a structural phase transition, akin to epitaxial 
crystallisation, is responsible. The difference between these results and the earlier ones 
is attributed to possible contamination of the earlier systems by trace impurities such 
as water. It is not clear, however, that the results of the two groups are so different. 
Unlike ref. 19, Klein and Kumacheva probe their films at a single frequency of about 
102 rad/s. At this frequency, the viscous/elastic force in O M C T S films measured by 
Demirel and Granick (19) seems to indicate an abrupt transition from liquid to solid 
behaviour at about 6 layers, in agreement with the observation in ref. 16. The point 
here is that as the probing frequency is increased, the transition to rigid response 
occurs more abruptly and at larger film thicknesses. With its roughly spherical shape, 
O M C T S represents one of the best candidates for crystallisation in the film and, hence, 
the experimental resolution of the manner in which rigidity appears in this system is of 
some significance. We shall return to consider the possibility of crystallisation in the 
confined film in the context of computer simulations. 

In the case of branched and linear polymers there appears to be a consensus that 
rigidity results from a continuous slowing down of relaxation as the film thickness 
decreases until, at the frequencies being probed, the film is capable of elastic response 
only. The absence of layering in these films for all but short linear chains essentially 
precludes any suggestion of crystallisation. Granick and coworkers (22-29) have 
measured the viscous and elastic linear response of a range of polymer films to small 
amplitude shear oscillations of the surfaces relative to one another. The properties of a 
polymer film (e.g. adhesion) can change significantly as a result of sliding and 
relaxation back to the static properties can be slow. For this reason, characterisation of 
the 'equilibrium' properties of the film requires the measurements involve the linear 
response. Characteristics of the sliding film, such as stick-slip behaviour, are examined 
in the section below on nonlinear behaviour. 
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The nature of the onset of rigidity of the polymer films can be summarised as follows 
(17,24,27). (i) The effective shear viscosity increases continuously with decreasing 
film thickness, starting from a thickness of roughly 7 times RG, the unperturbed radius 
of gyration, until the response becomes solid-like for films thinner than 4-5 Re- (ii) 
Due to slow drainage and structural relaxation, the thickness at which the onset of 
rigidity occurs depends on the rate at which the film is compressed, with rapid 
compression leading to rigidity at larger separations between the surfaces, (iii) In thick 
films, the shear loss modulus increases linearly with frequency. With decreasing film 
thickness, this loss modulus becomes steadily independent of frequency. The elastic 
shear modulus becomes larger than the loss shear modulus at a crossover frequency 
characteristic of internal relaxation in the film. This relaxation frequency decreases 
with decreasing thickness. The resulting shear moduli are rubber-like, with dynamics 
similar to that associated with entanglement even for molecules too short to exhibit 
entanglement in the bulk, (iv) For film widths < 4 R G , the shear moduli are 
independent of molecular weight. 

What is the origin of this thickness-dependent slowing down of the relaxation within 
polymer films? Simply referring to it as a "glass transition" is, at best, only descriptive 
and of little explanatory value. Is it just the result of strong adsorption of polymer onto 
the surface? Such interactions must be involved, of course, simply to permit the 
transfer of shear stress between the surfaces and the film. Rigid films, however, can be 
up to 6 R G thick and so some additional kinetic correlations are required. Various 
modifications of mica surfaces have been examined in order to determine the role of 
adsorption strength on film properties. Granick and coworkers (28,29) studied the 
behaviour of polyphenylmethylsiloxane (PPMS) films between mica surfaces (strongly 
adsorbing) and mica surfaces coated with OTE monolayers (weakly adsorbing). They 
reported similar slowing down of the viscoelastic response for the two surfaces and 
concluded that geometrical confinement, as opposed to surface adsorption, plays an 
important role in the film kinetics. Comparison of kinetic friction of a 
perfluropolyether (PFPE) film between surfaces of mica, zirconia and alumina show 
little difference in the absence of water (30). The role of surface adsorption on the 
character and thickness-dependence of film rigidity remains to be clearly established. 

The dependence of the film relaxation time on molecular weight M can potentially 
shed light on the kinds of cooperative processes involved the slow processes. Granick 
and Hu (27) have studied films of PPMS with chain lengths of 31 and 65 bonds. They 
found that the shear moduli in films of thickness = 4 R G were roughly independent of 
molecular weight. This implies that the relaxation frequencies, identified by the 
crossover of the loss and storage shear moduli, are equal for different length chains as 
long as the film thickness is scaled by the unperturbed R G . It is not obvious how to 
translate this result to the dependence of the relaxation time on M at a fixed film 
thickness. It has been proposed that the slow relaxation process involved chain 
adsorption and desorption. One study (31) has established that the polystyrene 
desorption rate at a single surface (oxidised silicon) varies as M 2 " \ a dependence 
interpreted as indicating entanglement. It has been suggested (17) that the slowing 
down with increasing confinement was the result of a loss of free volume. That this is 
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specifically an effect of the heterogeneous systems is supported with the observation 
that the effective viscosity in the film is very much greater than that of the bulk at the 
same pressure (32). This proposal has been expanded upon in recent discussions of the 
origin of this enhanced entanglement which include the additional configurational 
constraints arising from tethering of polymer chains to the surface (27) and the 
geometrical restrictions in going from 3D to 2D with decreasing thickness (33). In 
support of the entanglement picture, the rubber-like character of the frequency 
independent shear moduli in thin films have been cited (see, for example, ref.33). This 
interpretation should be qualified, however, by the fact that OMCTS films, for which 
entanglement is not an option, exhibit a similar plateau feature (11). 

2. Properties of the Rigid Film. Thin lubricating films represent an intriguing 
state: rigid at high temperatures under sufficient confinement, highly heterogeneous 
and anisotropic, and influenced by the external field of the confining surfaces. In this 
section we describe a number of film properties with the aim of building up a picture 
of the rigid film state. 

The thin film in its rigid state resembles a soft solid. This characterisation is based on 
the magnitudes of both the elastic shear modulus and the yield stress. The elastic 
modulus in rigid squalene films (25) was found to be 3 orders of magnitude smaller 
than that expected for a crystal or glass. The stored elastic energy at the yield point 
added up to only 0.1 k B T per molecule. As noted for the case of OMCTS (19), if one 
looks for a single degree of freedom associated with k B T of elastic energy, this 
collective coordinate will involve between 60 and 300 molecules. Already mentioned 
above, the appearance of rigidity is generally accompanied by the development of a 
frequency-independent plateau in the loss and storage shear moduli. These features 
have been described as rubber or gel-like. Typical strains of 0.1 are required to see the 
onset of nonlinear response, considerably larger than in the case of bulk solids (24). 
This, too, is reminiscent of rubber or gel-like response. Finally, the relationship 
between the normal compressibility and the storage shear modulus has been used to 
estimate Poisson's ratio | i . In rigid films of PPMS (24), p. = 1/2 corresponding to no 
volume change on shear distortion, another property associated with rubber-like 
behaviour (34). 

The frequency at which the storage and loss moduli are equal provides a relaxation 
time associated with linear response of a film (19) and so can be regarded as a property 
of the static film. Identifying the degrees of freedom associated with the slowest of 
these relaxation processes constitutes the central object of many of the models 
discussed in this review. The dependence of this time on film thickness has already 
been discussed above. Many of the features of the nonlinear response of thin films 
depend on the rate of relaxation of the perturbations to the resting state. These features 
include adhesion hysteresis, the recovery of the yield stress (or static friction) 
following the cessation of sliding, the time-dependence of the sliding friction 
following sudden changes in load or sliding velocity, and the existence of a critical 
sliding velocity, above which stick-slip response disappears. Each of these nonlinear 
phenomena is discussed below. The slowing down of relaxation with decreasing film 
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thickness unavoidably raises the question of whether a given film property can be 
regarded as an equilibrium property (i.e. its value largely independent of its history) or 
not. There is certainly clear evidence of nonequilibrium effects, e.g. the dependence of 
film thickness at the onset of rigidity on the rate of film compression and the presence 
of high frequency vibrations (35) and the increase observed in polymer film viscosity 
with increasing temperature (36). 

C. Nonlinear Response of the Rigid Film. 
1. An Overview. At strains of 0.1 or greater, a film cannot respond elastically. 

This yield point can be characterised by a yield stress ac or, in terms of the shear force, 
the static friction F s . The resulting relaxation of the strain can take place through 
processes ranging from creep flow to undamped motion of one surface past the other. 

The range of nonlinear response of the rigid films to a shear force is a complex one, 
sensitive to a considerable number of variables. The general features are as follows 
(35). To begin, it is useful to distinguish those liquids which exhibit layering (i.e. 
relatively small molecules of spherical or linear structure) from those which exhibit a 
monotonic normal force (branched molecules and polymers). The layered films exhibit 
1) a marked variation of properties with changing numbers of layers (a "quantisation 
of properties"), 2) a tendency to exhibit stick-slip dynamics at low sliding velocities, 3) 
abrupt increases in frictional force during sliding as a layer is expelled from the 
between the sliding surfaces and 4) a transition, with increasing sliding velocity, to a 
constant sliding friction without the stick-slip oscillations. The unlayered films display 
a different behaviour. On yielding, the frictional force typically drops smoothly to a 
constant sliding friction without the oscillatory stick-slip behaviour. The resulting peak 
in the shear force associated with the yield event is referred to as a stress overshoot. In 
the case of linear chain molecules, an initial liquid-like friction can develop the saw
tooth force oscillations associated with stick-slip behaviour during prolonged sliding. 
This appears to be the result of shear-induced alignment of the molecules at the surface 
as the stick-slip behaviour is accompanied by the appearance of oscillations in the 
normal force. These structures relaxed if the surfaces where moved apart. On stopping 
the sliding motion, the shear stress remains at its sliding value (unlike the case of a 
liquid where this shear stress decays). 

The relative alignment of the two mica surfaces can strongly influence the observed 
sliding behaviour. Yoshizawa and Israelachvili (37) have compared the time 
dependent frictional force for a 3 layer film of tetradecane at two different relative 
orientations of the mica surfaces, differing by a 10° twist. One configuration shows the 
sawtooth profile of stick-slip while the other shows no sign of stick, the sliding 
frictional force equal to the force minimum of the stick-slip. This is a remarkable 
result with important implications regarding the role of surface-surface registry in 
friction. It is also a little unnerving. It suggests that reproducibility of the sliding 
behaviour between mica requires that the relative orientation between the two surfaces 
also be reproduced. Gee et al (35) note that data can vary from run to run by up to 
50%, a variability attributed to different angles between mica sheets and differing 
sliding directions relative to these lattices. Experimental clarification of the role of 
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surface alignment relative to each other and to the direction of sliding would seem to 
be a prerequisite for any quantitative comparison of data between different 
experiments. 

2. Static Friction. The static friction F s is the maximum shear force that the 
film can sustain before sliding. It is related to the yield stress a c by a c = F s /A, where A 
is the area of contact. Its existence is a crucial aspect of friction, accounting for the 
grip of tires on roads and the mechanical integrity of woven fabrics. 

The yield stress increases with increasing pressure, even in the absence of discernible 
changes in the film thickness (17). For thin films, however, it should be noted that 
thickness changes of the order of 1-2 A, too small for earlier measurements to resolve, 
can correspond to significant changes in the film volume. Note that if the measurement 
of the pressure dependence was taken before equilibrating the films, the pressure 
dependence of the yield stress was found to be an order of magnitude smaller (17). The 
yield stress also increases with decreasing film thickness (35,38). The sensitivity of the 
static friction on film thickness can lead to a dramatic change in the sliding behaviour 
if a liquid layer is expelled during sliding. Transitions from smooth sliding to stick-slip 
behaviour have been observed during sliding in films of OMCTS (32,35,39), 
cyclohexane (35) and hexadecane (39). Limited data exists regarding the temperature 
dependence of the static friction in films. A 12 A film of hexadecane exhibits a 
transition temperature of around 25°C (7° above the bulk melting temperature) (39). 
Below this temperature, stick-slip behaviour is observed while at higher temperatures 
only smooth sliding is found. This temperature appears to be independent of load but 
does depend on film thickness and the relative orientation of the mica surfaces. 

The time dependence of the yield stress in a film following the cessation of sliding 
motion exhibits a striking functional form and range of time scales. With either 
tetradecane or of 2-methyloctadecane (MOD) (35), if the sliding is stopped for less 
than some internal relaxation time, no change is found in the frictional force on 
resuming the motion. If the stoppage is longer than this relaxation time, however, a 
single spike is observed before the constant sliding friction is recovered corresponding 
to a static friction. The time dependence of this spike amplitude is an interesting one. 
After this lagtime which increases with normal load and molecular size, the spike 
amplitude abruptly jumps to a value (a decreasing function of the sliding velocity prior 
to the stop) which, subsequently, continues to increase slowly. The value of the static 
force immediately following this rapid rise is a decreasing function of the sliding 
velocity prior to the stop (35). If the direction of the shear is reversed, the film 
response resembles that of a film in which shearing had just been initiated. In siloxane 
polymers (22), the time dependence of the increase in the yield stress has been fitted 
with two exponential functions with time constants of 70 min and 650 min. In 
contrast, the lag times observed in tetradecane and MOD (35) varied from 0.3 to 20 
sec, depending upon the load, while the abrupt increase in the static friction took place 
within a second. These dynamics suggest a cooperative process in which the return of 
rigidity is a self-accelerating process whose initiation takes up the lag time. The 
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kinetics of the slow approach to the final value of the yield stress is reminiscent of an 
aging or coarsening mechanism. 

The finite time required to re-establish the static friction suggests a stick-slip analogue 
to shear thinning in liquids in which the amplitude of the F s decreases with increasing 
sliding rate as the imposed rate of shear stress build up outstrips the kinetics governing 
the growth of yield stress. Yoshizawa and Israelachvili (39) have proposed such an 
explanation to account for the observed disappearance of stick-slip behaviour above a 
critical sliding velocity vc. Identifying the critical velocity with the equality of the 
stick-slip frequency and the frequency of static friction recovery 1/T, the following 
expression for v c was obtained, 

where K is the elastic modulus of the SFA. The transition from stick-slip to smooth 
sliding is found to vary between two extremes (43); (i) a continuous convergence of 
the values of F s and Fk , the minimum in the force oscillation and referred to as the 
kinetic friction, and (ii) an abrupt disappearance of the static friction at v c with little 
change to F k . In hexadecane films, the transition was similar to type (ii), with a critical 
velocity which decreased with load (39). The critical velocity is found to increase with 
load in the better layered OMCTS films (39). Given the same conditions (42), 
polymers generally have a lower critical velocity than quasi-spherical molecules. 

Recent experiments appear to contradict the earlier observation of a critical velocity 
and rheological transition. Kumacheva and Klein (20) have re-examined the velocity 
dependence of stick-slip in OMCTS and cyclohexane films and found no transition to 
smooth sliding, despite sliding velocities of up to 4000 nm/s. The authors suggest that 
one source of the difference between these and earlier measurement is the improved 
force resolution in the recent study. Given the importance placed on modelling the 
transition to smooth sliding (see the section on constitutive equations below), we need 
to understand the significance of these new results. 

The time dependence of force oscillations on sliding, including their disappearance at 
high velocity, cannot be regarded as arising from the film and its interactions with the 
surfaces alone. The macroscopic dynamics of the apparatus are intimately entangled 
with the microscopic processes of the film. This has been most elegantly demonstrated 
in experiments on sliding sheets of paper by Heslot et al (42) in which the space of 
apparatus variables (spring constant, slider mass and driver velocity) was carefully 
explored. While somewhat removed from the topic of this review, this work provides 
valuable insight into the general role of the apparatus parameters in stick-slip 
behaviour. The observation of the creep flow immediately preceding yield 
demonstrated the possibility of exploring the characteristic length and time scales 
involved in the yield event itself. In a preliminary application of these ideas to 
lubricating films, Berman et al (43) consider the role of system parameters in 
establishing the nature of the transition from stick-slip to smooth sliding with 
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increasing temperature. They also demonstrate the possibility of stick-slip behaviour 
for which the slip times are on the order of seconds. 

While the mechanism by which the film yields remains poorly understood, the stick-
slip is a macroscopic process and both the yielding and the stick processes must 
consist of some complex cascade of microscopic events. Evidence for this complexity 
is provided by the long-lived memory seen in friction fluctuations of a squalene film 
under an oscillatory shear force (19). These interesting observations have yet to be 
related to possible structural or thickness fluctuations in the sliding film. 

3. Kinetic Friction. The magnitude of the kinetic (or sliding) friction F k is, of 
course, the key issue in lubrication and a considerable amount of experimental effort 
has gone into characterising the F k for liquid films and polymer-coated surfaces (44). 

The kinetic friction is observed, in general, to be proportional to the applied load L, as 
is the case for dry friction. This linear relation F k = | iL (|i being the friction coefficient) 
is known as Amonton's Law. There are, however, a number of interesting classes of 
films for which the Amonton-like relation between load and friction breaks down. In 
well layered films consisting of small compact molecules such as cyclohexane, octane 
and OMCTS (35), the shear stress has been observed to increase in a series of well 
defined steps with increasing load, with the stress independent of load between the 
steps. This behaviour is clearly associated with "quantized" changes in film thickness. 

Polymer brushes attached to one or both of the mica surfaces provide a more important 
class for which load and friction appear to be, at least partially, decoupled. Klein and 
coworkers (44,45) have shown that the normal force on surfaces bearing polymer 
brushes can increase by 3 orders of magnitude with no increase in the kinetic friction. 
These results are of obvious significance in the context of lubrication. It has been 
proposed that steric repulsions between chains on opposite surfaces inhibit 
interdigitation, providing effectively a fluid-like interface over a range of loads. 
Similar results have been obtained by Dhinojwala et al (15). 

What correlation exists between the net normal force observed to act between the solid 
surfaces and the kinetic friction? Amonton's law represents an empirical correlation 
between the applied load and sliding friction. Do the normal attractive forces observed 
in thin films act on the kinetic friction as additional contributions to the load? Normal 
forces represent the accessible information concerning surface-surface and surface-
film interactions. Connecting these observables with the behaviour of the shearing film 
could represent a useful economy of information. 

The interaction between surfaces can be quantified in terms of the surface adhesion, 
the work required to completely separate two surfaces from some initial film 
thickness. This energy is associated with the free energy of the liquid-solid interface 
(46). No general correlation exists between surface adhesion and kinetic friction. This 
can be demonstrated with much the same examples used previously to show that film 
layering and film rigidity were not equivalent phenomena. The normal force 
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oscillations due to layering provide an effective attraction between surfaces and so 
contribute to the work required to separate them. 

The lack of correlation between adhesion and kinetic friction is underlined by the 
behaviour of surfactant-coated mica surfaces under different amounts of water vapour 
(47). The sliding friction of these systems is found to decrease dramatically with 
increasing humidity with little change in the surface adhesion. A clear correlation has 
been reported, however, between kinetic friction and adhesion hysteresis. This latter 
quantity is the difference in the adhesion energy measured during pulling surfaces 
apart and pushing them together. (The former measurement is typically the larger of 
the two.) Large adhesion hysteresis correlates positively with large kinetic friction. It is 
not clear how this correlation is to be interpreted. Certainly, one contribution to the 
adhesion hysteresis is the lateral flow of liquid into and out of the volume between the 
surfaces as there are pulled and pushed respectively. Increasing the kinetic friction wil l 
slow down such flow and, hence, increase the hysteresis in a straightforward manner. 
Hysteresis, however, can also involve contributions from other rearrangements with no 
simple connection to liquid flows. Klein and Luckham (48), for example, have 
demonstrated the existence of a nonstationary attractive interaction between surfaces 
separated by a polymer film. The attraction, attributed to the bridging of polymers 
between the surfaces, increases and then decreases over a time interval of hours. 
Establishing a connection between the kinetics of such molecular configurations and 
sliding friction would be an important result. Frequency dependent measurements of 
both the normal force and the kinetic friction could be valuable in sorting out the 
various contributions. 

III. The Models 

A . Overview. The origin of the rigidity of a confined film is the fundamental 
microscopic question. The answer is a prerequisite for any detailed understanding of 
the manner in which a film loses and regains this rigidity during stick-slip. While the 
kinetic features of stick-slip present all the problems in characterisation one would 
expect for phenomena which are heterogeneous, nonequilibrium and transient, a 
number of basic questions can be posed concerning the nature of the yield event, the 
slip stage and the recovery of adhesion in the 'stick' event, (i) The onset of slip motion 
is a macroscopic process requiring a yield mechanism that spans the contact area. 
What kinds of spatial and temporal correlations are involved? (ii) Following this 
yielding, the film must rapidly alter its behaviour from a solid to a sliding medium. 
What are the structural or configurational changes that account for this alteration? (iii) 
The sliding film quite abruptly regains a substantial portion of its initial rigidity. This 
rapid transition from sliding to lateral adhesion is perhaps the most intriguing aspect of 
the phenomenon. It must be associated with the relaxation of the degrees of freedom 
identified in question (ii). What governs the dynamics of this relaxation process and so 
determines the onset of the 'stick'? By what kinds of microscopic sequences does this 
adhesion takes place and how is it translated into the macroscopic arrest of the slider 
motion? We begin by looking at proposals for the origin of rigidity in a confined film. 
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B. On the Origins of Rigidity in a Thin Film. In order to transfer shear stress from 
solid to film, there must be some sort of surface structure capable of laterally 
restraining molecules in the surface layer of the film. This adhesion is sufficient in 
itself to account for the immobility of the liquid directly adjacent to the surfaces. Rigid 
response, however, is evident for surface separations equal to 7 molecular diameters. 
A number of explanations have been proposed. 

1. Crystallisation. Layering of a liquid adjacent to a hard flat wall is well 
established, both through oscillatory dependence of force vs plate separation as 
measured by the SFA, and through simulation and theory. As discussed above, 
however, layering cannot account for the observed rigidity to shear. A number of 
workers have proposed that the film rigidity is the result of crystallisation of the 
confined liquid. Crystallisation refers specifically to the appearance of in-plane 
periodic order in the layered liquid. In the case of crystalline solid surfaces, the film 
order will be either commensurate with the surface structure (ie. epitaxial 
crystallisation) or incommensurate. These transitions would be taking place at 
temperatures well above the bulk freezing temperature and so these models must 
reproduce such substantial freezing point elevation. The experimental evidence (49) on 
freezing in porous media (with pore sizes ~ 10~6 m compared with the surface 
separations of ~ 10"9 m) suggests that freezing point suppression is the more typical 
outcome of such confinement. 

In the absence of any clear experimental evidence for an abrupt transition in a static 
property of a confined liquid, the study of film crystallisation rests heavily on 
computer simulation studies of confined liquids set up so as to optimise crystal 
formation. The confining walls typically consist of the same crystallographic planes, 
aligned with one another and with lattice spacings commensurate with those of the 
crystalline film. (Relaxation of this last restriction has been considered, as discussed 
below.) While these conditions do not describe the general reality of the SFA, the 
model is of value in providing a film for which the fundamental origin of the rigidity is 
understood. 

The thermodynamics of the order-disorder transition of thin films of Lennard-Jones 
particles between 100 fee surfaces have been characterised under explicit constraints 
in an important series of simulation studies by Schoen, Diestler and coworkers (50-
56). Shear strains were imposed by translating one wall a fraction a of a lattice spacing 
with respect to the other. At a = 0.0 crystal films with odd numbers of layers are stable 
while for a = 0.5 even layered crystals are stable, a consequence of the ....ababab ... 
stacking of the 100 planes. At a load-dependent critical strain, intermediate between 
these two values, the shear stress drops abruptly from its maximum value and the film 
disorders. Under a constraint of fixed chemical potential, this disordering is 
accompanied by either a draining or inflow of one liquid layer. Metastable states, 
corresponding to different numbers of layers, exist with the free energy gap between 
them and the equilibrium state. This gap reaches a minimum as the strain a approaches 
the critical value. If the normal load is fixed, then the disorder transition also involves 
a continuous increase in the film thickness. The continuous character of the 
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disordering transition is not the only difference between the strain-induced transition 
and bulk melting. The strain-disordered film remains rigid, able to sustain a non-
negligible shear stress. Thermally-induced disordering, on the other hand, is 
accompanied by a discontinuous change in the film thickness and appears to be first 
order. 

To examine the sensitivity of these results to the ratio of surface and film lattice 
spacing, variations of the ratio have been examined (56). Expanding the surface lattice 
spacing by 6% with respect to that of the film was sufficient to destroy translational, 
but not orientational, order in the film and to substantially decrease the shear stress 
which the film could sustain. The relationship between the reduced order and the 
persistent rigidity in these disordered films is an interesting one, deserving of more 
study. It is possible that rigidity in real films may involve such states, any translational 
order disrupted by incommensurate interactions, relaxation in these ^disordered' films 
would be constrained by the imposed orientational order of the surfaces. (Such 
disrupted structures could incorporate a significant amount of inherent stress, a point 
of some interest with regards the microscopic mechanism of the yield process.) The 
significance of the imposed structure (as opposed to that arising from interactions 
between film particles) has been nicely underscored by the demonstration (56) that a 
monolayer of ideal gas can sustain a shear stress. It is useful to note here that the yield 
behaviour of such a film cannot be described as a phase transition. The implication of 
this result that rigidity involves the interaction between surfaces, with Npinned' film 
particles acting as intermediaries, wi l l be taken up below in considering bridging in 
polymer films. 

In an interesting development, it has demonstrated (57-61) that crystallisation alone 
does not necessarily imply an increase in friction. In simulations of adsorbed 
monolayers on a single solid surface, an ordered film with a structure incommensurate 
with that of the surface can slide with a smaller friction than even that of a disordered 
film. The reason is that the periodic driving force felt by the film due to the substrate 
over which it is being driven, does not couple with the modes of the incommensurate 
structure. Any change to this incommensurate order wi l l lead to an increase in friction; 
for the commensurate structure the driving oscillations come into resonance with the 
film, while disordering the film broadens the spectrum of modes, facilitating energy 
transfer from the sliding process. Persson (60) identifies the importance of even a 
small concentration of substrate imperfections or pinned particles in destroying this 
incommensurate structure. This two dimensional model also provides a useful 
'laboratory' for understanding the collective spatial character of the onset of sliding and 
the onset of sticking under an applied lateral force. A lattice model of this process 
indicates a complex avalanche of detachments (62). 

2. Slow Relaxation in Disordered Films. Granick and coworkers have argued 
that the observed increase in relaxation time in the confined liquids is sufficient to 
account for the onset of rigid behaviour. As the relaxation time exceeds the time scale 
of the applied shear stress, the liquid response becomes substantially elastic. Push this 
high frequency response into the nonlinear regime, argues Granick, and yield 
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behaviour results. In a sense, this model encompasses the previous crystallisation 
proposal as a special case, long range transverse ordering being just one mechanism by 
which the relaxation time within the film can be increased. In practice, however, these 
two pictures differ significantly. The experimental evidence presented above strongly 
supports the picture of a continuous approach to rigidity via decreasing film thickness, 
with an associated continuous increase in relaxation times. The possible exceptions are 
the compact molecules such as cyclohexane and OMCTS. 

Films consisting of hydrocarbon chains make up the most important class of systems 
with respect to lubrication. Simulations have been carried out for a number of linear 
polymers: a 5-mer(63), n-pentane (68), n-octane (64-67,70), n-decane (68) and n-
hexadecane (69). The results indicate that there is no 'universal' behaviour, details of 
thermodynamic state and solid-hydrocarbon interaction strength (65), in particular, 
appear to strongly influence whether or not lateral order is observed. The study on n-
hexadecane (69) observed a high degree of in-plane ordering, accompanied by layering 
amplitudes enhanced of those arising from the branched squalene molecule. 

The octane results embody this diversity of behaviour. Harris and coworkers 
(66,67,70) have carried out MD simulations of thin octane films between walls made 
up of static crystalline hydrocarbons (modelling surfactant-coated mica). The walls 
extend a finite length (2.5 nm) in one direction so that the film molecules can 
exchange with bulk liquid. A result of these calculations, carried out at 297K, is that, 
despite the strong layering observed in the segment density and the clear stretching of 
chains next to the surfaces, the layers remain liquid-like in terms of particle mobility. 
(It is also noted that while the layering in a branched octane film is reduced compared 
to the linear molecule, there is little difference in the amplitude of the force 
oscillations. This raises the possibility that the experimentally observed decrease of 
these oscillations for branched chains might be a nonequilibrium effect.) While finite 
size effects on structure have been checked for, it is possible that the molecular 
mobility is enhanced in these calculations due to the fact that many of the molecules 
straddle the confined and bulk liquid regions. 

Bitsanis and coworkers have examined thick (64) and thin (65) n-octane films using 
constant NVT MD simulations. In the thick films, layering associated with stretching 
of the chain (i.e. enhancement of trans configurations at the surface) is observed with 
no reports of inplane structure. The authors do note that including a realistic carbon-
carbon torsional potential (as opposed to assuming a freely rotating chain) is important 
to properly capturing the slowing down associated with segment adsorption on the 
surface. In the thin film simulations (75), the crystalline wall is replaced by smooth 
wall potential with no inplane variation. (The walls retain a normal layer structure.) 
Here, strong surface adsorption does involve domains of local alignment and periodic 
arrangement of the stretched alkane chains, similar to that observed in n-hexadecane 
(69). Significant slowing down of segment diffusion and torsional motion 
accompanies the appearance of this structure. One interesting conclusion is that 
epitaxial effects (i.e. the role of the inplane surface structure) are secondary, with 
respect to this ordering process, to the role of the surface-alkane interaction strength. 
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The difference between these results for thin films of n-octane and those of Harris and 
coworkers (67,70) who found no large drop in segment diffusion appears to be due to 
the stronger surface-alkane interaction employed in ref. 65. Smooth walls cannot, of 
course, transmit shear stress. The lateral structure required for this transverse coupling 
wi l l , as acknowledged in ref. 65, also perturb the stability of the film's inlayer order. In 
the n-hexadecane case (69), the surface structure acts to align domains. 

What might cause the substantial slowing down in the confined films? Certainly, if 
ordered domains can develop on the solid surface, they wi l l contribute to the 
increasing relaxation time. Other proposed mechanisms relate specifically to 
polymeric films and include (i) interdigitation and entanglement of tethered chains 
(27), (ii) entanglement arising from the confinement of chains into a quasi-2D space 
(33), and (iii) bridging between the two surfaces by individual chains. Of these three 
proposals, only the last one has been examined in any detail. 

If molecules can span the wall separation, with their ends adhering to opposite 
surfaces, the effective film rigidity would reflect the elasticity of individual molecules 
(up to stresses at which surface-molecule attachment breaks). While this effect relates 
chiefly to polymer films, it is worth noting that even spherical molecules wi l l bridge, 
i.e. interact with both surfaces simultaneously, in films thinner then 3-4 molecular 
diameters (56). While theoretical treatments of the statistics of bridging have been 
presented (73,74), it remains to be established in experiment and simulation the 
relative magnitudes of the inter- and intramolecular stress contributions through a thin 
polymer film. A treatment of bridging between sliding surfaces has been presented by 
Subbotin et al (75). In M D simulations of the pulling apart of a glassy film of short 
chain molecules, Baljon and Robbins (76) found that roughly a third of the adhesive 
energy was associated with molecular bridges. 

3. Interaction of Stick Boundary Conditions. The liquid adjacent to a surface 
can typically be treated as immobile (the stick boundary condition of hydrodynamics). 
While this section does not really examine an alternative proposal for thin film 
rigidity, it is useful to ask whether the thin film rigidity is specifically one of confined 
liquids or just the overlap of two pre-existing pinned boundary layers. At issue here is 
how thick are these rigid boundary layers at a single surface? Addressing this question 
experimentally poses something of conundrum. In order to directly probe the 
behaviour of liquid films adjacent to the surface with the S F A requires that the two 
surfaces be bought together, so demolishing the very information sought about the 
single surface. Chan and Horn (12) have provided one answer, demonstrating that by 
measuring the drainage kinetics of thick films (> 100 nm) and analysing the dynamics 
with linear hydrodynamics (and the surface potential), the thickness of the stationary 
layer at the surface could be estimated to within 0.2 nm. Applying this analysis to 
drainage data for O M C T S , tetradecane and hexadecane, it was concluded that roughly 
two molecular layers against the solid did not undergo shear 

A number of simulations have addressed the question of the microscopic nature of the 
shear flow boundary condition. Up to two liquid layers can be held immobile in M D 
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simulations of a Lennard-Jones liquid flowing through a cylindrical pore (77) for 
sufficiently strong surface-liquid attractions. Thompson and Robbins (78) have studied 
the velocity fields and liquid structure in simulations of a Lennard-Jones liquid 
flowing between two widely spaced planar crystal surfaces. They also observed that up 
to two liquid layers became locked to the surface, associating this with epitaxial 
crystallisation. These results suggest that in some cases, the rigidity observed in a 
confined film may essentially just correspond to the pre-existing locked boundary 
layers. 

The role of surface roughness plays a central role in the theory of dry friction. While 
lubricating films are supposed to reduce this effect by separating the surfaces, rough 
surfaces wi l l alter the hydrodynamic flow within the lubricating film. Daikhan and 
Urbakh (80) have examined the effective friction arising due to the perturbation of the 
linear hydrodynamics of shear flow between rough surfaces. Assuming random 
roughness with a root mean squared height of 1 nm, the contribution due to the 
perturbation in flow is of the order of 20% of the contribution from smooth surfaces. 
While this effect cannot account for the large increases in the effective viscosity of 
thin films under increasing confinement observed in the S F A experiments, it could 
become important at higher shear rates. 

C. On the Nature of Stick-Slip Motion. Once sufficient stress is applied to a rigid 
film so that one surface is displaced with respect to the other by a distance equal to the 
film thickness, the film or the adhesion between film and surface must yield. The 
subsequent dynamics of the walls depends on whether the frictional force acting on the 
shearing motion (the kinetic friction) is similar to the yield stress (the static friction) or 
considerably smaller. In the former case, plastic flow wi l l result. In the latter case, the 
combination of low friction and released elastic energy results in an abrupt transition 
to a high shear rate. As this energy is dissipated, the rigidity is recovered. The 
description of these macroscopic processes in terms of phenomenological equations 
and the explanation of the phenomenological coefficients in terms of molecular 
degrees of freedom constitute the two themes of friction modelling. 

1. Constitutive Equation for Friction. Stick-slip behaviour arises from a 
combination of macroscopic elements, a slider of mass M coupled elastically to a 
driver, and the interface between slider and the stationary surface. A general class of 
lubrication experiments can be modelled with the following equation of motion 
(43,81,82) for the slider displacement x, 

Mx = K(X -x) + F (2) 

K is the force constant of the elastic driver-slider coupling, X is the displacement of 
the driver and F is the friction force. As F provides the only source of dissipation in 
this equation, it wi l l include dissipative elements other than those at the interface (e.g. 
glue used to fix the mica to the S F A ) . In order for the slider to undergo stick-slip, the 
friction force must be capable of undergoing large changes during the time evolution 
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of the system. The various models for stick-slip can be organised in terms of the 
variable on which F depends. 

One of the earliest approaches (81) involves considering F = f(x). In these models, the 
changes in friction are associated with the varying surface topologies explored by the 
slider as it moves. This approach is reviewed in the following section. In an elegant 
and valuable analysis, Rabinowicz (82) has argued that the friction between two 
surfaces reflects the time dependence of the adhesion process. The yield force (static 
friction force) due to the adhesion contacts increases as a function of contact time T as 
~ log(x). To define contact time for moving surfaces, the contact regions must have a 
nonzero dimension; the characteristic length a surface must be moved to break 
adhesive attachments. Earthquake models have motivated more recent developments 
along these lines, stick-slip on the geological scale (85). Ruina (86) introduced an 
additional interfacial state variable with its own characteristic time scale. This model 
has been successfully applied by Heslot et al.(42) to their data for sliding of sheets of 
paper in which they find support for Rabinowicz's characteristic length. While 
developed for solid-on-solid friction, they appear to offer a valuable framework within 
which to analyse stick-slip in thin films. The rapid decrease in the amplitude of force 
oscillations above a critical velocity, for example, can be explained as the result of a 
shear rate in excess of the short-time yield stress recovery rate. Recently, Carlson and 
Batista (87) has presented model similar to Ruina's for thin film rheology where the 
internal parameter is associated with film order and its relaxation kinetics and the 
history dependence of the film can be included. 

A related class of models involves a velocity dependent friction force, F = f(v). The 
simplest of these consists of a static friction force F s when v = 0 and a smaller kinetic 
friction force F k for v > 0. While able to describe stick-slip, this model cannot account 
for the transition to steady sliding above a critical velocity. To model this critical 
velocity behaviour, it is sufficient that the kinetic friction F k increases with sliding 
velocity. Berman et al. (43) have analysed the case of F k °c v. Persson (71), taking into 
account the elastic deformation of the slider block itself, has arrived at a more complex 
form for F k . A valuable feature of these models is their power to separate in the data 
the apparatus response from that of the film. To go beyond these constitutive equations 
we must consider the dynamics associated with the microscopic origins of rigidity. 

2. Surface Topology. The qualitative similarity between stick-slip as seen in 
dry friction and that observed in thin lubricating films suggests that surface-surface 
interactions, mediated by the intervening film, may play a significant role in the 
rheology of the confined fluids. Coulomb (83) proposed the "cobblestone" model of 
solid friction in which the static friction was associated with the lateral force required 
to push apart two rough surfaces sufficiently to allow movement. This model, which 
has seen more recent refinements (84), provides an explicit mechanical coupling 
between transverse and normal motion (a key idea in understanding the slipping state) 
and a useful picture of energy dissipation as the surfaces collide in recovering their 
original normal separation (61). The model's shortcomings include the absence of all 
but one degree of freedom, the slider displacement, and the difficulty in extending the 
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picture to 2D surfaces except for the case of surfaces arranged to allow perfect 
registry. 

The ideal gas calculation of Schoen et al. (56), described above, is a simple example 
of mediated interaction between surfaces. An interesting dynamical example is the 
model of Rozman et al. (84) who consider a damped ID harmonic chain of particles 
between to corrugated walls sliding past one another. There is no direct interaction 
between the walls. The resulting dynamics is quite rich as a result of the excitation of 
the spring by the sliding periodic potential. The studies of sliding monolayer films (57-
59) take this idea considerably further, adding the 2D film and the anharmonic 
interactions. The number of degrees of freedom is so large, at this point, that the purely 
mechanical description used in topological models may no longer be appropriate. We 
shall return to these monolayer studies in the following section on phase transitions. 

3. Stick-Slip Motion as Sequential Phase Transitions. In this section we 
return to the epitaxial crystal film, to consider how such a film responds to applied 
stresses in excess of its yield stress. Again, the caveat here is that such ordering is 
unlikely to play any general role in thin film behaviour, depending, as it does, on 
optimal boundary conditions. The model remains, however, of considerable 
fundamental value as the film rigidity arises from rather simple and, hence, accessible 
structural correlations which can be monitored throughout the yielding and healing 
process. 

Schoen et al (51) proposed a quasi-static picture of the stick-slip processes. Arguing 
that the typical sliding velocity used in experiments is 10"9 A/ps and thus considerably 
slower than any relaxation process which can be observed during a typical MD 
simulation (of roughly 103 ps duration), they suggested that the film be treated as being 
at equilibrium at each value of the time dependent strain. The resulting stick-slip 
process can thus be described as the equilibrium strain-induced disordering and 
ordering process. The approach has considerable appeal. All the relevant properties 
such as yield stress and film viscosity can be evaluated as equilibrium quantities. The 
existence of the metastable states associated with the 'wrong' number of layers could 
account for the metastability observed in experiments. The question is whether the 
quasi-static assumption is appropriate. Such an approach cannot, for example, treat the 
reported variations of static friction with sliding velocity, i.e. the transition from stick-
slip to smooth sliding. It should be noted that this failure is essentially one of MD 
simulations themselves and the short time window they can provide. The time scale 
associated with recovery of the static friction is on the order of seconds for 2-
methyloctadecane (35), with the time scale for smaller molecules no more than an 
order of magnitude smaller. Such processes are simply inaccessible to simulation and 
the process may involve larger length scales than the simulated system provides. The 
question raised about the very existence of a critical sliding speed and the 
accompanying transition to smooth sliding (20) should also be kept in mind when 
using such phenomena to judge the applicability of the quasi-static assumption. 
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M D simulations (64,88) on a similar epitaxial system have been carried out to model 
the dynamic response of the film to a constant driver velocity. In light of the previous 
discussion, how can such calculations model processes that occur on such long time 
scales? There are, at least, two relevant times, the period of the force oscillation and 
the inherent relaxation time of the film. The choice of the spring constant and slider 
mass can be used to adjust the oscillation period and so it can be argued that the large 
difference between the frequencies of these oscillations in simulations and 
experiments corresponds to a trivial choice of time scale set by these 'equipment' 
settings. The relaxation time of the film, however, is not subject to such adjustment 
except in the ill-defined sense that the smaller contact areas in the simulation may 
involve faster relaxation processes. One is left to conclude that the relaxation process 
associated with the simulated stick-slip may have little connection with the much 
slower process observed in the macroscopic samples. 

While questioning (again) the connection of this model simulation with experiments, 
the dynamic calculations do provide some insight into how the crystalline film 
responds to these high shear rates. Thompson and Robbins (88) found in the constant 
particle number calculations that the slip interval was accompanied by a transient 
separation of the surfaces and a decrease in the in-plane order as measured by the in-
plane scattering function. (The magnitude of the slip distance must be the source of 
some concern in terms of finite size effects. The top surface slips a distance roughly 
twice the length of the simulation cell, hence running over the site of its original 
detachment before much in the way of relaxation can occur.) From these observations 
they concluded that the "origin of stick-slip motion is a thermodynamic instability of 
the sliding state below a critical force", i.e. a thermodynamic freezing transition. It was 
proposed that the yield force and stick force corresponded to spinodals of the crystal 
and liquid. In a later publication (61) this transition is differentiated from the 
thermodynamic transition described by Schoen et al. Instead, a parallel is drawn to the 
observation of shear melting in colloidal suspensions (89). This connection is tenuous. 
In colloids, shear melting refers to transition involving suspensions undergoing steady 
shear flow which retain much of their in-plane order until a critical strain rate is 
reached. Note that there is a clear separation in strain rate between the yield event that 
produced the shearing crystal and the disordering event. In the case of the thin films, 
disordering occurs simultaneously with the yield event itself, behaviour more akin to 
the mechanical disruption (i.e. fracture) of the ordered phase than a transition between 
well defined steady states. (It has been proposed that the term "melting" can be 
extended to cover brittle fracture (39). Only confusion can follow such a redefinition.) 

A Lindemann criterion for the yielding of the confined film has been suggested (79). 
Analogous to the phenomenological parameterisation of bulk melting, an instability is 
proposed when the mean squared particle displacement exceeds a critical value. It 
remains to be established whether such a criterion can provide a useful correlation of 
data. 

4. The Transition to Sliding in Amorphous Films. We arrive, finally, at the 
model that probably best describes most of the systems studied experimentally, the 
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yield/fracture of slowly relaxing liquid films. Modelling the rheology of these soft 
'rubbery' films, as characterised by Granick and coworkers, remains, however, an 
important open problem to which attention is now being turned (90). The 
phenomenological picture of Subbotin et al (75) based on bridging applies only to long 
chain polymers and does not include the inter-chain component of the shear stress. 
Modelling of the fracture of ductile materials is still in its infancy (91). Simulation 
studies of the response to sliding velocities by amorphous films consisting of small 
molecules could provide a more tractable testbench for ideas about creep and fracture 
in slow confined liquids. 

Simulations of the confined films of chain-like molecules (92,93) have demonstrated a 
power law shear thinning relation between the viscosity and shear rate similar to that 
observed experimentally (18). With the increasing 'stiffness' of the amorphous film, 
Thompson et al observe slipping at the surface-liquid interface. This is probably a 
quite general result for polymeric films. Once the chains can no longer shear past one 
another in the time set by the imposed sliding velocity, the sliding mechanism would 
be expected to change to either surface slip or chain breaking. 

IV. Conclusion. 

The S F A experiments have opened a door onto the rich and challenging 
phenomenology of liquids confined between solid surfaces. One of the key 
accomplishments of the past decade of experiments has been the characterisation of 
the mechanical properties of these liquid films. As the film thickness drops below ~ 5 
molecular diameters, the film resembles a gel mechanically, with low shear modulus 
and yield stress. Structurally these films are probably translationally disordered but 
with some long range orientational order, the latter reflecting the combined effect of 
the two unaligned crystal surfaces. With virtually nothing known about the thermal 
properties of these exotic new states, many new questions await experimental 
resolution. Likewise, simulation studies focused on the static properties of the 
confined films should be able to shed light on how these new properties arise from the 
'awkward' constraints under which the liquid finds itself. 

Of the nonlinear response of these films, and stick-slip motion in particular, the very 
complexity of the phenomena, along with the subtleties of the entanglement of 
apparatus and film response, make it difficult to assess the current position. This 
difficulty underlines the pressing need for useful theoretical models of the rheology of 
soft solids to provide some sort of framework on which to organise the experimental 
observations. While the strain-induced melting transitions of Schoen et al may provide 
a useful conceptual starting point, it is important to acknowledge the real novelty of 
the problems posed by these confined films. Ductile fracture (91), rheology of foams 
(90) and jamming models (94) offer promising insights. A recent experimental study 
of stick-slip friction in sheared granular layers (95) holds the exciting prospect of 
direct optical imaging of the mechanisms underlying this ubiquitous phenomenon. 
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in Thin Polymer Films 

John R. Dutcher1, Kari Dalnoki-Veress1, and James A. Forrest2 

1Department of Physics, University of Guelph, Guelph, 
Ontario N1G 2W1, Canada 

2Department of Physics, University of Sheffield, 
Sheffield S3 7RH, United Kingdom 

We have used three optical techniques, ellipsometry, Br i l louin light 
scattering and photon correlation spectroscopy, to study the glass 
transition in a variety of polymer thin film geometries. Following a 
description of the essential features of these techniques, we summa
rize the results of our recent glass transition measurements for thin 
polystyrene (PS) films. In particular, for very thin freely-standing 
PS films, we have measured Tg values and corresponding structural 
relaxations that occur at temperatures that are reduced from the 
bulk value of Tg by more than 70 K. 

There is tremendous interest in the physical properties of thin polymer films be
cause of their use in technological applications such as coatings, adhesion and 
tribology, as well as the implications of these studies on fundamental issues such 
as the confinement of polymer molecules and the interaction of polymer molecules 
with other materials. New techniques have been developed, and existing tech
niques have been adapted, to probe the properties of thin polymer films (1,2). A 
significant fraction of these techniques are optical in nature and involve analyz
ing the spectral content and polarization of light which has interacted with the 
sample. Optical methods have the considerable advantage that they are generally 
well-established and relatively inexpensive. In this chapter, we describe recent 
optical measurements of the glass transition temperature and the associated re
laxation dynamics in thin polymer films. 

As a collection of long-chain polymer molecules is cooled from the melt state 
through the glass transition temperature TG, there is a dramatic reduction in the 
mobility of the polymer molecules over length scales ranging from the size of an 
entire molecule to the length of the polymer segments. The corresponding large 
increase in viscosity is accompanied by a similarly large increase in the relaxation 
time of the so-called a-modes which are related to segmental mobility (3). If 
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the sample is cooled at a certain rate, at some temperature the time scale of the 
experiment becomes shorter than the time required for motion of the molecules, 
and the polymer melt is quenched into a disordered or glassy state. 

Because of the strong dependence of the kinetics on temperature, the TG value 
measured in a given experiment depends on the cooling (or heating) rate, as well 
as on the thermal history of the sample. Although the kinetic aspects of the 
glass transition are well-established, the issue of whether there is an underlying 
thermodynamic transition is sti l l controversial. For a recent review of these is
sues, see ref. (4)- Typically, the glass transition temperature TG is chosen as the 
temperature corresponding to a measured discontinuity in the thermal expansion. 

The possibility of observing finite size effects related to the glass transition 
was suggested by the postulation of a cooperatively rearranging region ( C R R ) 
(5). As a result, motion of a given segment within a polymer melt requires the 
cooperative motion of neighbouring segments. Experimental studies have provided 
some evidence for the existence of a C R R with dimensions of the order of 7 nm (6). 
Another length scale relevant to samples containing long-chain polymer molecules 
is the overall size of the molecules which can be characterized by the root-mean-
square end-to-end distance REE- B y spincoating solutions of polymer molecules 
dissolved in a solvent, it is straightforward to prepare films of polymer molecules 
in which the film thickness is comparable to, or less than, REE- This allows the 
possibility of probing finite size effects related to the confinement of the polymer 
molecules. For a recent summary of experimental and theoretical investigations 
of confinement effects on TG, see the introduction to ref. (7). 

There are two classes of optical experiments which have been developed to 
probe the glass transition in thin polymer films. The first class of experiment 
involves analyzing light which is specularly reflected from a homogeneous film 
supported on a substrate. A particularly important example of this technique is 
ellipsometry, in which the polarization of the specularly-reflected light is analyzed. 
Ellipsometry has been used to probe the temperature dependence of the thermal 
expansion of thin polymer films, and hence TG, both for single films and multilayer 
films. The second class of optical experiment involves detecting and analyzing 
the light which is diffusely scattered by time-dependent optical inhomogeneities, 
such as density and surface fluctuations, within the sample. Of these techniques, 
Bri l louin light scattering (BLS) and photon correlation spectroscopy (PCS) have 
been used to measure the glass transition and the associated relaxation dynamics, 
respectively. A schematic diagram of the different light scattering mechanisms is 
shown in Figure 1. 

Schematic diagrams of cross-sectional views of the three different film geome
tries used in this work are shown in Figure 2: a polymer film supported on a 
substrate with a free upper film surface (uncapped supported), a polymer film 
supported on a substrate with a thin solid capping layer on the upper film surface 
(capped supported), and an unsupported or freely-standing polymer film. Careful 
preparation of the films and control of their thermal history is crucial to ensure re
liable, reproducible measurements of the glass transition. Al though the complete 
details of the preparation of the films are provided in refs. (7 10), we summa-
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Figure 1: Schematic diagram of light scattering mechanisms. The incident 
light of wavevector ki can be scattered specularly (wavevector fcr), or diffusely 
(wavevector ka) by surface and density fluctuations. 

rize the important details here. Polystyrene (PS) molecules wi th a well-defined 
molecular weight, i.e. polydispersity index ~ 1.1, were dissolved in toluene with 
PS concentrations ranging from one to several percent. Freely-standing PS films 
were prepared by first spincoating the polymer solution onto clean glass slides. 
The films were then annealed at a temperature greater than the bulk value of TG 

for more than 12 h, and cooled at a well-defined, slow rate to room temperature. 
The PS films were then floated onto distilled water and transferred to a sample 
holder containing a small, 3 mm diameter hole, creating a freely-standing PS film. 
Uncapped and capped supported PS films were prepared either by spincoating 
the polymer solution directly onto a substrate, or by water-transfer of a PS film 
onto a substrate. Subsequent evaporation of a thin layer of S i O T onto the top 
PS film surface resulted in capped supported films. A l l supported films were an
nealed at a temperature greater than the bulk value of TG and cooled slowly to 
room temperature before glass transition measurements were performed to ensure 
a well-defined thermal history. 

Below we discuss the aspects of the experimental techniques of ellipsometry, 
B L S and P C S which are essential for our recent measurements of the glass transi
tion in thin polymer films. In addition, we present a summary of our experimental 
results. 

Specularly-Scattered Light 

Light incident on a material is scattered by inhomogeneities in the dielectric con
stant of the material. For the simple case of an optically-homogeneous, semi-
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a) . c) 

Figure 2: Schematic diagrams of cross-sections of different film geometries: 
(a) uncapped polymer film supported on substrate, (b) capped polymer film 
supported on substrate, and (c) freely-standing polymer film. 

infinite material, the inhomogeneity which gives rise to scattering is the interface 
between the material and the surrounding medium. If the interface is perfectly flat, 
the scattering of light simply leads to the well-known case of specular reflection 
from the interface, as well as transmission of light for an optically-transparent 
material. For a sample consisting of a homogeneous, optically-transparent film 
supported on an optically-absorbing substrate, there are two reflecting interfaces 
separated by the thickness of the film / i , and the electric fields due to multiple 
reflections from the two interfaces must be added to calculate the total reflected 
light intensity. 

Ellipsometry. One of the most useful specular light scattering techniques for 
the study of the glass transition in thin polymer films is ellipsometry. In gen
eral, the incident light has two polarization components: p-polarized (parallel to 
the plane of incidence defined by the incident light wavevector ki and the film 
normal, see Figure 1) and s-polarized (perpendicular to the plane of incidence). 
Bo th polarization components are reflected and transmitted according to the Fres-
nel relations (11). For light of arbitrary polarization incident on a film-covered 
substrate, there are reflection and transmission coefficients for light incident at 
both interfaces. The total electric field reflected from the film is given by a sum of 
all electric field contributions for each of the p- and s-polarized components (11). 
Since the reflection and transmission coefficients for the two polarizations at the 
two film interfaces are generally different, reflection of light from the film-covered 
surface generally changes the polarization state of the light. The ratio of the total 
reflection coefficients for p- and s-polarized light, rp/rS) can be written in terms 
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of two ellipsometric parameters A and ^ as (12) 

^ = t a n * - e * A (1) 
rs 

For the common case of an optically-transparent polymer film with an under
lying substrate for which the optical properties are known, it is relatively straight
forward to determine the two unknown quantities, the film thickness h and the 
refractive index n of the film, from the measured parameters A and \£. One typ
ically measures a series of films of the same material with different thicknesses h 
to obtain the best fit values of h and the best fit, common value of n. 

Measurement of film properties using ellipsometry is surprisingly sensitive, 
due in no small part to the high quality of optical devices which are available. 
Using light with a wavelength of ~ 500 nm, one can measure film thickness with 
a precision of ~ 0.1 nm. This high degree of precision is obtained because the 
ellipsometry measurement accounts for the relative phases of the electric fields for 
the reflected and transmitted light components. 

There are two commonly-used schemes for ellipsometric measurements, which 
differ in the manner in which the polarization of the reflected light is measured. 
Both schemes employ a light source with variable linear polarization, a compen
sator (such as a quarter-wave plate or a half-wave plate) placed between the light 
source and the sample, and a linear polarizer (analyzer A) placed between the 
sample and detector. The first technique is known as nulling ellipsometry, in 
which the compensator is a quarter-wave plate placed immediately after a linear 
polarizer P and before or after the sample. The polarization of the incident beam 
is varied until the reflected light before the analyzer A is linearly polarized, as 
detected by cross-polarizing the reflected light by rotating A to obtain a null (or 
zero transmission) at the detector. The values of the angles of the polarizer and 
analyzer with respect to the plane of incidence corresponding to the null are sim
ply related to A and [12). The second technique is referred to as modulated 
ellipsometry, and this can be further divided into cases in which the polarization 
is modulated by a rotation of one of the polarizing elements, and those of phase-
modulated ellipsometry in which the phase of the compensator is varied with time. 
In both of these cases the time-dependent intensity of the light signal transmitted 
through the optical system can be analyzed to give A and # (12). Most modern 
modulated ellipsometers are of the phase-modulated type for two reasons. First 
of all , the phase modulation may in general be done much more rapidly than 
physical rotation of an optical component (typical values of the modulation fre
quency are 50 kHz for phase modulation versus 100 Hz for rotation of a polarizer), 
which results in a much greater data acquisition rate. Secondly, phase-modulated 
devices are not susceptible to aliasing (12) caused by a rotating polarizer, and do 
not cause any sample vibrations. 

Ellipsometry was the first technique used to measure TG for thin polymer 
films (13), primarily because of its sensitivity and the ease of performing the 
measurements. As discussed in the introduction, TG can be identified as the tem
perature corresponding to a discontinuity in the thermal expansion, i.e. a "kink" 
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_ 26.5 

330 340 350 360 370 380 390 
Temperature (K) 

Figure 3. Ellipsometry polarizer angle versus temperature for an uncapped sup
ported PS film (Mw = 767 X 103 and h = 29 nm). The vertical arrow indicates the 
Tg values for the film. (Adapted with permission from reference 7. Copyright 1997 
American Physical Society.) 

in the thickness h versus temperature plot. In addition, the refractive index n, 
which also depends on the material density, is expected to exhibit a kink in its 
temperature dependence at T9. Since both A and depend on both h and n, one 
may simply look for a kink in the temperature dependence of A or ^ to obtain a 
reliable measure of Tg. Both nulling and modulated ellipsometers have been used 
to measure Tg for thin polymer films, for film thicknesses as small as 5 nm. Rep
resentative data obtained using a nulling ellipsometer for an uncapped supported 
polystyrene (PS) film (h = 29 nm) on silicon oxide (S iO x ) is shown in Figure 3. 
The dependence of the shift in Tg on polymer film thickness h as measured using 
ellipsometry is discussed below. Because ellipsometry is very sensitive to small 
changes in the properties of the film, it can also be used to measure Tg values for 
more complicated sample geometries, such as multilayer films (7). 

Diffusely-Scattered Light 

In the previous section we were concerned with smooth, optically-homogeneous 
materials, in which the optical inhomogeneities are due to the film interfaces. Of 
course in practice all materials have other inhomogeneities such as surface rough
ness or local variations in the dielectric constant of the medium (see Figure 1). 
Light scattered from these inhomogeneities wi l l lead to scattering in directions 
other than that of the specular reflection, i.e. diffusely-scattered light. These 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
00

8

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



133 

higher-order inhomogeneities can be divided into two types. The first (and typi
cally unimportant) type corresponds to static inhomogeneities, which may be due 
to, e.g., dust in the sample and static surface roughness. Important information 
can be obtained by analyzing the light scattered from time-dependent inhomo
geneities such as fluctuations in the dielectric constant which result from fluctu
ations in the mass density, and the dynamic rippling of the film surfaces. Both 
types of fluctuations are due to thermal noise. From an experimental perspective, 
these fluctuations can be further divided into propagating and non-propagating 
fluctuations. 

Brillouin Light Scattering. Density fluctuations which propagate throughout 
the film and surface fluctuations which propagate along the film surfaces can be v i 
sualized as sound waves or phonons with all possible frequencies and wave vectors. 
In the Bri l louin light scattering (BLS) experiment, laser light is focussed onto the 
film surface and a small fraction of the light scatters from the propagating fluctu
ations. The alternating compression and rarefaction of a longitudinal wave (or the 
longitudinal component of a wave with both transverse and longitudinal character) 
wil l scatter the incident light. Because the Bri l louin light scattering (BLS) exper
iment is a scattering experiment, with incident light with a well-defined frequency 
and wavevector, the light is scattered only from those components of the thermal 
noise which satisfy energy and momentum conservation, wi th the Doppler shift 
in the scattered light frequency equal to the phonon frequency. Typica l phonon 
frequencies are in the G H z (10 9 Hz) frequency range, i.e. only one part in 10 5 of 
the laser light frequency. To separate the small component of frequency-shifted 
scattered light from the large component of the unshifted scattered light, a very 
sensitive Fabry-Perot interferometer is used. Recent major advances in Fabry-
Perot instrumentation by Sandercock (14) have made it possible to detect B L S 
from very thin films and interfaces. 

For thin films, either supported on a substrate or freely-standing, the phonons 
which are probed in the B L S experiment are not the familiar longitudinal and 
transverse phonons characteristic of bulk materials. Instead, the boundary con
ditions at the film interfaces give rise to a series of film-guided modes which have 
both longitudinal and transverse character. The film-guided modes are dispersive, 
i.e. their velocities v vary as the product of the phonon wavevector component Q\\ 
parallel to the film surface and the film thickness h (15). The most spectacular 
success of B L S in probing the glass transition of thin polymer films has been its 
unique ability to measure Tg for thin freely-standing polymer films (7,8). For 
isotropic freely-standing films, the film-guided phonons are referred to as Lamb 
waves, and the dispersion relations are relatively simple to derive (15). The 
phonon modes can be classified according to the symmetry of the displacement 
vectors across the midplane of the film. The antisymmetric modes are denoted as 
A j , and the symmetric modes are denoted as Si, with the index i > 0. Dispersion 
curves, both calculated and measured, are shown in Figure 4 for freely-standing 
polystyrene films, with the lowest order modes labelled. The dispersion curves 
are uniquely determined by two physical quantities, the longitudinal phonon ve-
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Q„h 

Figure 4. Measured and calculated velocity dispersion curves for freely-standing 
PS films. Data were obtained for films with thicknesses ranging from h = 29 to 
190 nm. (Adapted with permission from reference 10. Copyright 1999 American 
Physical Society.) 

locity, VL and the transverse phonon velocity VT, both of which are given by an 
expression of the form Vi = \Jc~Jp, where c\ is the relevant elastic modulus, p is 
the mass density and i = L,T. In addition to the explicit dependence of V{ on p, 
the elastic moduli for fragile glass formers such as polymers may also be strong 
functions of the density (16). Therefore measurements of the film-guided phonon 
velocities using B L S allow a very sensitive, though indirect, probe of the mass 
density (10). 

In principle any of the film-guided modes may be used to probe the tempera
ture dependence of the mass density and thus measure Tg for thin polymer films, 
but there are a number of practical limitations. The biggest l imitation for very 
thin polymer films can be understood from the shape of the dispersion curves 
shown in Figure 4. For typical values of Q\\ = 2kiS'm0i « 10 7 m " 1 , corresponding 
to green light of wavevector k* incident at an angle of 0{ = 45°, Q\\h < 1 for 
h < 100 nm. For small Q\\h, all but two of the phonon mode velocities diverge. 
In addition, measurement of the A0 mode can be difficult since its velocity ap
proaches zero for small Q\\h such that the A0 mode merges with the large unshifted 
component of scattered light. The remaining mode, the SQ mode, proves to be 
very useful indeed. Its velocity approaches a constant, non-zero value, determined 
by VL and VT, as Q\\h approaches zero. As a result, the So mode velocity is in
sensitive to small changes in the film thickness that may result from directing the 
focussed incident laser beam onto different spots on the same film. It also means 
that the room-temperature value of the So mode velocity is essentially the same 
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for the entire film thickness range of interest (h < 100 nm). This insensitivity 
to the film thickness coupled to very high sensitivity to changes in the material 
properties makes the study of the SQ mode ideally suited to probing the small 
changes in mass density with temperature. B y measuring the S 0 phonon velocity 
or, equivalently, the frequency shift of light scattered from the So phonon, as a 
function of temperature we can identify Tg as the temperature corresponding to 
the "kink" in the So phonon frequency versus temperature plot (as in the ellip
sometry data shown in Figure 3). We have performed B L S measurements of Tg 

for freely-standing films with h as small as 29 nm. This lower l imit is related to 
the difficulty in preparing such thin, freely-standing films, and is not a l imitation 
of the B L S technique. Perhaps surprisingly, there is sufficient sensitivity in the 
B L S experiment to measure the acoustic phonons guided by polymer films with 
thicknesses much smaller than the acoustic phonon wavelength (A « 300 nm). 
This high sensitivity is due to the large amount of light scattering from dynamic 
surface roughness, relative to that from bulk density fluctuations. This so-called 
"surface ripple" scattering (14) is relatively insensitive to the film thickness for 
the So mode with Q\\h < 1. 

Using B L S , we have observed very large reductions in Tg wi th decreasing film 
thickness h for freely-standing PS films with h < REE (see Figure 5) (7). For 
high molecular weight Mw polymers, the Tg reductions for freely-standing PS films 
depend significantly on the Mw value of the polymer molecules. This behavior is 
qualitatively different from the lack of M^-dependence of the Tg reductions with 
decreasing film thickness observed for supported PS films (17). Quantitatively, the 
results obtained for freely-standing PS films are very different from those observed 
for supported PS films. In Figure 6 is shown data obtained for freely-standing, 
uncapped supported and capped supported PS films with Mw = 767 x 10 3. The 
reductions in Tg observed for freely-standing films are much larger than those 
observed for supported films, illustrating the large effect of the substrate on the 
measured Tg values. 

One possible explanation of the large Tg reductions observed for very thin, 
freely-standing PS films is a corresponding reduction in mass density of these films. 
However, precise measurements of the SQ mode frequency for freely-standing PS 
films in the glassy state have allowed us to infer that the mass density must be 
the same as in bulk to within ± 0 . 5 % for all films measured, wi th Tg values which 
differ by as much as 70 K (10). The results of simple calculations suggest that 
density decreases of ~ 2% are required to account for the largest Tg reductions 
observed. 

It is worth noting that B L S may also be used to measure Tg for films supported 
on substrates. Because the substrates must be optically absorbing, the use of a 
focussed laser beam causes heating of the polymer film. It requires a complicated 
procedure to determine the sample temperature precisely: performing B L S exper
iments using different laser powers, and extrapolation of the results to zero laser 
power. Measurements of Tg for supported polymer films can be performed much 
more easily and directly using ellipsometry. 
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20 40 60 80 100 120 180 200 

h(nm) 

Figure 5. TR versus room-temperature film thickness h for freely-standing PS films 
with Mw = 767 X 103 (open squares) and Mw = 2240 X 103 (solid circles). The 
vertical arrows indicate the REE values for the two Mw values. (Adapted with permis
sion from reference 7. Copyright 1997 American Physical Society.) 

Photon Correlation Spectroscopy. In addition to light scattering from prop
agating density fluctuations, as measured in the B L S experiment, light may be 
scattered by non-propagating fluctuations, which is the basis of the photon corre
lation spectroscopy (PCS) experiment (18). In principle, the two experiments are 
identical except for the techniques used to analyze the scattered light. In the B L S 
experiment, one measures the very small fraction of light which is Doppler-shifted 
because of scattering from propagating phonon modes in the material, whereas 
in the P C S experiment, one measures quasielastic scattering from time-dependent 
density fluctuations within the material. The fluctuations studied using P C S have 
frequencies which are typically < 10 8 Hz and are most effectively analyzed directly 
in the time domain. In the P C S experiments the time-dependent scattered light 
intensity I(t) is used to continuously calculate the intensity autocorrelation func
tion: 

gexp(t) = </(t)/(0))/</) 2. (2) 

Although the intensity autocorrelation function is measured in the P C S experi
ment, it is the autocorrelation function of the scattered electric field 

9l(t) = (Es(t)Es(0))/(Es)2 (3) 

which is proportional to the density autocorrelation and hence to the structural 
relaxation function of the material. If all of the light at the detector has scattered 
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200 

h (nm) 

Figure 6. Tg versus room-temperature film thickness h for PS films with Mw = 767 
X 103. The data for freely-standing, uncapped supported and capped supported 
films are represented by inverted triangles, circles and diamonds respectively. The 
dashed curves represent the spread and uncertainty of data for uncapped supported 
PS films on Si (77). (Adapted with permission from reference 7. Copyright 1997 
American Physical Society.) 

from dynamic inhomogeneities in the sample, the desired structural relaxation 
function may be obtained using the simple relation: gi(t) = [(geXp{t) ~ l)/0"]1 / 2> 

where a is an experimental parameter ideally close to 1. 
For very thin films, there is very little light scattered from the material, with 

most of the scattering apparently due to the presence of static inhomogeneities 
such as surface roughness (9). However, it is possible to measure structural re
laxation in very thin films by employing careful sample preparation techniques 
and diligent exclusion of extraneously scattered light. In particular, the technique 
has been used by one of us to measure structural relaxation in very thin freely-
standing PS films for which the Tg values had been measured previously using 
B L S (9). In this case the intensity at the detector contains only a small fraction 
of light that has scattered from density fluctuations within the material, and the 
structural relaxation function is proportional to [geXp{t) — 1]-

The motivation for performing P C S measurements of freely-standing PS films 
was two-fold. First of all , since the relationship between the Tg values and the 
structural relaxation is indirect, it is desirable to have a more direct probe of the 
relaxation processes. A comparison of the results obtained from the two measure
ments could help to resolve conflicting ideas which currently exist concerning the 
glass transition in thin polymer films. Secondly, since the Tg values for freely-
standing PS films are reduced dramatically from that in bulk, it is possible that 
the relaxation properties of freely-standing PS films are also substantially altered. 
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The P C S experiments on freely-standing PS films provided the first direct mea
surements of the relaxation function in polymer films with Tg values reduced from 
that in bulk. In Figure 7 are shown intensity autocorrelation functions measured 
for a freely-standing PS film with h — 22 nm. For the lowest measured tempera
ture of T = 291 K , there is only a very slight hint of relaxation within the time 
window of the experiment, and for the data collected at T = 297 K , the entire 
relaxation function is observed within the time window of the experiment. Since 
the glass transition, as defined by the near-discontinuity in the thermal expansion, 
occurs at approximately the temperature for which the average relaxation time 
(T) = 100 s, the P C S data allow us to state that Tg = 2 9 4 ± 3 K . This Tg value is in 
agreement with the value Tg = 287 ± 10 K obtained by extrapolating the Tg values 
determined using B L S to h = 22 nm. The relaxation functions measured using 
P C S were well-described by a stretched exponential function (j)(i) = exp(t/r)f3 

with a j3 value indistinguishable from that of bulk PS . 

Summary and Conclusions 

We have described the essential features of three optical techniques, ellipsometry, 
Br i l louin light scattering and photon correlation spectroscopy, that we have used 
to study the glass transition in a variety of polymer thin film geometries. In addi
tion, we have summarized the results of our recent glass transition measurements 
for thin polystyrene (PS) films. In particular, for very thin freely-standing PS 

10"3 10"2 10"1 10° 101 102 

Time (s) 
Figure 7. Intensity autocorrelation functions </>(f) = [g„P(0 - 1]/[#«A>(0) - 1] for 
a freely-standing PS film with h = 22 nm. The temperature values corresponding 
to each measurement are indicated in the figure. (Adapted with permission from 
reference 9. Copyright 1998 American Physical Society.) 
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films, we have measured Tg values and corresponding structural relaxations that 
occur at temperatures that are reduced from the bulk value of Tg by more than 
70 K . 
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Chapter 9 

Manipulating Copolymers with Confinement 
and Interfacial Interactions 

O. K. C . Tsui, L . Rockford, E . Huang, and T. P. Russell1 

Polymer Science and Engineering Department, University of Massachusetts, 
Amherst, MA 01003 

Fully utilizing the morphologies present in polymeric materials requires 
simple, robust methods for manipulating the spatial organization of the 
morphology over many length scales. In the absence of an external 
applied field, control over the morphology is achieved by tailoring the 
interfacial interactions and f i lm thickness. In thin f i lms, 
incommensurability between the natural polymer length scale and film 
thickness wi l l tend to disorder the polymer, resulting in a corresponding 
shift in the ordering transition temperature. The phase transition 
behavior of a symmetric diblock copolymer is used to demonstrate this 
point. In addition, two different cases are discussed which demonstrate 
the influence of interfacial interactions. In the first, the surface is 
laterally homogeneous but can be made effectively neutral which 
results in an orientation of the morphology normal to the surface. In 
the second, the surface is laterally heterogeneous where the chemical 
composition of the surface is altered in a periodic manner. The 
wavelength of the period is made comparable to the size of the polymer 
chain and, hence, manipulates the polymer on a molecular scale. 
Molecular recognition of the surface by the polymer is shown to yield 
control over the morphology both parallel and normal to the surface. 

The morphologies observed in polymeric materials span length scales from the 
nanoscopic to macroscopic. Taking advantage of naturally developing structures, 
however, requires the ability to manipulate their spatial orientation. Bates and 
coworkers (7) have described the use of shear to achieve this end and have shown that 
mechanical forces can be effectively coupled into the polymer, to produce wel l -
defined, highly oriented morphologies with very high persistence. In the case of thin 

1Corresponding author. 

140 © 1999 American Chemical Society 
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films, however, the use of mechanical force is difficult, i f not impossible, to utilize in 
any practical manner. Consequently, other routes are needed to manipulate the spatial 
arrangement of the polymer morphology. While electric fields have been shown to be 
ineffective in orienting bulk polymers (2,3), in thin films, very high field strengths 
can be achieved at low applied voltages (due to the small separation distance between 
the electrodes) to produce highly oriented morphologies (4). Magnetic fields, though 
not studied in detail, can also be used (5). However, practical use of magnetic fields 
for controlling polymer morphology may be limited due to the cost of the magnets 
which produce sufficiently high fields, and the need to have non-magnetic processing 
equipment. A n attractive, alternative route is to tailor both the film thickness and the 
interfacial interactions, such that the polymer morphology wi l l spontaneously orient 
in a predetermined manner without the need of any applied, external field. Here, 
diblock copolymers of poly(styrene), PS, and poly(methyl methacrylate), P M M A , 
denoted P ( S - 6 - M M A ) , and of PS and poly(n-butyl methacrylate), P n B M A , denoted 
P ( S - 6 - n B M A ) , are used as simple model systems to demonstrate the idea and its 
feasibility. 

Diblock copolymers, in the bulk, can microphase separate into morphologies 
ranging from spherical to cylindrical to lamellar having a characteristic period, L 0 , on 
the tens of nanometer size scale (6). In the particular case of a symmetric, diblock 
copolymer, the copolymer microphase separates into a lamellar microdomain 
morphology. Local ly , the lamellar microdomains are parallel to one another, as 
shown schematically in Figure l a . However, the local orientation is only confined to 
single grains which are randomly oriented in the sample forming an isotropic 
structure globally. Adjacent to an interface, the preferential interactions of one of the 
blocks wi l l force an orientation of the lamellar microdomains parallel to the interface 
(7-JO). This orientation w i l l persist into the bulk o f the sample for some 
characteristic distance, whereupon, defects wi l l cause a loss of a preferred orientation. 
If a thin film is prepared where there is a strong segregation of the blocks to both 
interfaces, as shown in Figure lb , a global orientation of the block copolymer 
morphology parallel to the surface occurs (11-13). If the initial film thickness, /, is not 
commensurate with L 0 , (nL0 for the case where the same component preferentially 
segregates to both interfaces or (n+l/2)L0 when one block segregates to one interface 
and the other block to the other interface), the diblock copolymer is frustrated as is 
evident from the observed difference between the measured period and the bulk value 
LQ for P ( S - 6 - M M A ) lamellae confined between two solid interfaces (75). For this 
system, when nL0< t <(n +1/2) L 0 , the period of the copolymer is expanded in 
comparison to the bulk period, i.e. the individual copolymer chains stretch at the 
interface between the microdomains, but when (n +1/2)L0< t <nLQ the period is 
compressed in comparison to the bulk. In all cases, however, the strong interfacial 
interactions force the morphology to be parallel to the surface. The amount of 
compression or expansion depends upon the degree of incommensurability or 
frustration. If one of the surfaces is free, as in the case of a thin film on a solid 
substrate, this frustration is relieved by the formation of a terraced surface topography 
with a step height of L 0 , commonly referred to as i s land ' and 'hole' formation. 
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Figure 1. Schematic diagrams of the lamellar microdomains of a block copolymer 
in: a) the bulk, b) between two surfaces with preferential segregation by one of the 
components, c) at a neutral surface, d) between a neutral surface and the air surface, 
e) between two neutral surfaces, and f) between a heterogeneous and neutral surface. 
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While the thickness of the film can be used as a constraint on the system, it is 
evident that without modifying the interfacial interactions, controlling the orientation 
of the morphology in polymers is not possible (16-19). If the interfacial interactions 
can be tuned, such that interactions at one interface are balanced, as shown in Figure 
l c or Id, the lamellae adjacent to the neutral interface w i l l orient normal to the 
interface (20). As one proceeds away from the interface into the bulk of the film, the 
orientation of the lamellae normal to the surface is lost and a random orientation is 
found (Figure lc ) . For a thin film i f there is a preferential interaction of one of the 
blocks at the other interface, as for example at the polymer/air interface where the 
lower surface energy component wi l l segregate to the surface, then the lamellae wi l l 
bend over to accommodate this constraint and orient parallel to the surface as shown 
schematically in Figure Id (21). If interactions are balanced at both interfaces, then 
the lamellar microdomains wi l l orient normal to each interface, and i f the sample is 
not too thick, the preferential orientation of the lamellar microdomains normal to the 
interfaces wi l l persist through the entire sample, as indicated schematically in Figure 
1 e. In each of these cases, the orientation of the lamellar grains in the plane of the 
interface is random. To gain further control over the orientation of the lamellar 
microdomains, a directionality must be placed in the interactions at the interface. 
One extreme case of this is shown in Figure 1 f where a copolymer is placed in contact 
with a striped surface where the interactions along one stripe are favorable to one 
block and the interactions along the second stripe are favorable to the second block. 
Provided the stripe widths are comparable to the size of the individual blocks, a 
recognition of the substrate patterning occurs; the lamellar microdomains order 
normal to the substrate and are aligned by the striped surface (23-25). 

Three different examples wi l l be given where constraints are used to manipulate 
the morphology and thermodynamics of diblock copolymers. In the first the film 
thickness w i l l be used to alter the phase behavior of a P(S-fc-nBMA) symmetric 
diblock copolymer. By controlling the film thickness, the temperature at which P(S-
6 - n B M A ) undergoes a transition from the disordered to ordered state can be changed. 
In the second, an asymmetric diblock copolymer of P ( S - 6 - M M A ) , comprised of 
P M M A cylinders in a PS matrix, is placed in contact with a substrate where the 
interfacial interactions have been balanced forcing the cylinders to orient normal to 
the film surface. Finally, a symmetric P ( S - 6 - M M A ) diblock copolymer is placed in 
contact with a surface where the favorable interactions between the PS and P M M A 
blocks are periodically varied over a distances comparable to the size of the 
individual blocks. The recognition of the substrate patterning by the copolymer is 
shown to produce an ordered array of lamellar microdomains normal to the surface. 

Confinement Effects on Ordering 

The order parameter for a diblock copolymer in the disordered state is by definition 
zero everywhere in the sample, with the equilibrium composition at any point in the 
sample equal to the average composition of the copolymer. Concentration 
fluctuations wi l l occur though, due to the connectivity of the two blocks, which are 
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oscillatory in nature with a period given by the molecular weight of the copolymer, 
i.e. the size of the copolymer chain. The fluctuations are exponentially damped with 
a decay length, £ , that depends upon the difference between the measurement 
temperature and the ordering transition temperature (26). At an interface, however, 
the preferential interactions of one of the components wi l l pin a particular fluctuation 
at the plane of the interface. The composition profile normal to the interface can then 
be described by an exponentially damped cosine function with a period given by the 
size of the copolymer chain and a decay length identical to the bulk, mean field value 
at the same temperature (27). It is this pinning of a composition fluctuation at an 
interface that gives rise to surface-induced ordering in a disordered copolymer. 

Interesting questions regarding the order-disorder transition arise when one 
reduces the sample thickness to a value comparable to Menelle et. al. (28) studied 
the temperature and thickness dependence of the ordering of symmetric diblock 
copolymer thin films of P(S-fc-d-MMA) using neutron reflectivity. As the temperature 
o f the disordered copolymer f i lm was decreased, £, was found to increase 
corresponding to an increase in the distance over which the decaying oscillatory 
concentration profile propagated away from the surface. For a film of thickness /, the 
decay length diverged at a temperature 7^, that was substantially different from the 
ordering transition temperature in the bulk T0DTB. It is interesting to note that the 
phase transition temperature T^, defined in Reference 28 for the thin film corresponds 
to an order to disorder transition temperature in the mean field sense. The results of 
this study showed that concentration fluctuations pinned at the interface may induce 
full ordering in a block copolymer thin film well above the ordering transition 
temperature in the bulk. 

Unexpectedly, however, effects on the ordering transition associated with the 
frustration of the copolymer were not observed. In general, the film thickness wi l l not 
be commensurate with the natural microdomain period, and concentration 
fluctuations propagating from either surface wi l l destructively interfere in the center 
of the fi lm. This induced disorder suppressing oscillations should cause the ordering 
transition temperature to decrease, i f disordering occurs on heating, or increase, i f the 
disordering occurs upon cooling. This should produce systematic variations in the 
ordering transition temperature that are superposed on the effect associated with finite 
sample size. 

Neutron reflectivity measurements were performed on thin films of P(d-S-6-
n B M A ) ( M w = 8.5x104) to investigate such an effect. The film thickness was varied in 
steps of ~ 5 nm to capture any systematic changes in the ordering transition 
temperature as a function of film thickness. Solutions of the copolymer in toluene (3 -
6%) were spin-coated onto polished silicon wafers (5 cm in diameter and 5 mm thick) 
at various spin-coating speeds to produce films with thicknesses from 228 nm to 280 
nm. Independent S A N S measurements on the same material in the bulk showed that 
the natural lamellar period, L0 is 28.5 nm and the lower critical ordering transition 
temperature is 155°C. Neutron reflectivity profiles were measured for each sample at 
temperatures from 128°C to 160°C at ~ 3°C intervals. After each temperature change 
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there was a 10 minute waiting period to allow the sample to equilibrate. A series of 
neutron reflectivity profiles o f the 2806 A thick sample taken at different 
temperatures within this temperature range are shown in Figure 2. The scattering 
vector, Q, spans from 0.02 to 0.03 A"1 (Q = An IX s i n 0 , where A is the neutron 
wavelength and 6 the incidence angle) and contains the first order Bragg peak 
corresponding to lamellar ordering of the copolymers. As shown in the figure, the 
peak intensity is pronounced at high temperatures but diminishes as the temperature is 
decreased, indicative of a lower order to disorder phase transition. It is noteworthy 
that the positions of the first and second order Bragg peaks observed at Q ~ 0.025 and 
0.045 A"1 (not shown) agree with S A N S results of L0 (29). Shown in Figure 3 is a plot 
of the intensity of the first order Bragg peak as a function of temperature for the 
different thicknesses shown. Consistent with the data of Figure 2, the intensity of the 
Bragg peak undergoes an abrupt reduction in intensity as the temperature is decreased 
from 160°C to 128°C for all samples. The lower order to disorder transition 
temperature TL0DTt for a film with thickness / is taken as the inflection point o f these 
curves. For all the samples studied, TL0DTt is below the value for the bulk in 
agreement with the results of Menelle et. al on P(S-6 -d -MMA) copolymer thin films. 
In addition, the majority of the films have a transition temperature of 144 ± 2°C. This 
shift of 11°C from the bulk value is also consistent with previous results for films 
with similar reduced thicknesses. A more interesting finding, however, is the 
noticeably higher value of the transition temperature for the 261.2 nm film and the 
239 nm thick film (reduced thickness of t/L0 = 9.16 and 8.37, respectively). These 
results show that two different effects are coming into play. First, there is the finite 
size effect that causes a reduction in the lower order to disorder transition temperature 
and, second, there is the frustration effect that causes a change in the absolute position 
of the transition temperature. Consequently, the film thickness has provided a novel 
means by which the thermodynamics of the ordering transition can be varied 
systematically. 

Laterally Homogeneous Surfaces 

To address the role of the interfacial interactions on the orientation of a block 
copolymer, a series of end-functionalized random copolymers, T E M P O - P ( S - r -
M M A ) - O H , was synthesized via a T E M P O living free radical route (30,31). The 
random copolymers were end grafted to silicon substrates by reacting the hydroxy 
termini with the native oxide leaving a random copolymer brush layer of ~ 5 nm (32). 
This provided a means in which the surface affinity for PS and P M M A can be 
precisely tuned. For surface anchored random copolymers having a styrene fraction 
of 0.60, the affinities for PS and P M M A at the random copolymer brush surface are 
equal, i.e. the interfacial energies between PS and P M M A and the random copolymer 
are equivalent, and the surface is non-preferential or effectively neutral. 

To remove the preferential interactions at the polymer/air interface, neutral 
random copolymer brushes were placed at the surface. This was accomplished by 
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1 -

0.020 0.022 0.024 0.026 0.028 0.030 

a (A-1) 
Figure 2. Log of the neutron reflectivity profiles for a symmetric, diblock copolymer 
film of P(d-S-fc-nBMA) (r = 2806 A ) at temperatures from 128°C to 157.5°C; and 
for scattering vectors Q between 0.02 A " 1 and 0.03 A " 1 where the first order Bragg 
peak lies. The temperatures at which individual curve have been taken are (from 
top to bottom): 157.5, 154.4, 151.2, 148.2, 145.3, 142.3, 139.5, 136.5, 133.1 and 130.5 
and 128.1°C. 

u i i i i - i 

130 140 150 160 170 

Temperature (°C) 

Figure 3. The intensity of the first order Bragg reflection as a function of tempera
ture for P(d-S-6-nBMA) films of different thickness. The thickness of the films are 
indicated for each temperature run. The ordering transition temperature is taken 
as the temperature of the inflection point in the data. 
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applying a thin layer, ~ 5.5 nm, of neutral random copolymer that had been modified 
with a surface active group, onto the diblock copolymer film prior to annealing. The 
surface active random copolymer was spin coated directly on the diblock copolymer 
film from an acetic acid solution. This procedure did not disturb the underlying film 
as the diblock copolymer was found to be insoluble in acetic acid. The sample was 
annealed at 170°C and the resultant structure was found to consist o f lamellae 
oriented perpendicular to the film interfaces throughout the entire film. However, 
some parallel lamellae were still observed in the interior of the film due, most likely, 
to the lack of registry between the perpendicular lamellae emanating from the two 
neutral interfaces. 

The behavior of asymmetric, P(d-S-6-MMA) diblock copolymer thin films which 
order into hexagonally packed cylindrical lattices with a period of 44 nm, were also 
examined on substrates treated with the neutral random copolymer. The neutral 
surfaces were shown to have a dramatic effect on the orientation of the cylindrical 
morphology. For a film having a thickness of 43.5 nm, perpendicular cylinders were 
observed throughout the entire f i lm thickness. Phase contrast atomic force 
microscopy performed in tapping mode revealed the surface structure shown in 
Figure 4. Here, a well ordered hexagonally packed array of cylinders normal to the 
surface of the film is observed. 

The difference in behavior between the cylindrical and lamellar structures near 
the polymer/air interfaces may be explained in the following manner. The total 
surface energy of a thin film having a morphology with a perpendicular orientation, 
Y1, is the sum of the interfacial energy of each component multiplied by the fraction 
of surface area that each component covers (y 1 = r y s + [7-*]YMMA , where x is the areal 
fraction of PS at the polymer/air interface and y s and YVIMA are the surface energies of 
PS and P M M A , respectively). The surface energy of the parallel orientation, is 
simply the surface energy of PS which is the lower surface energy component. If the 
surface energy difference between the perpendicular and parallel orientations, yL- j//, 
is larger than the energy to form a mixed structure per unit area, i.e. to form internal 
defects at the interface between perpendicular and parallel orientations o f the 
morphology, then the PS block wi l l wet the surface and the mixed morphology wi l l 
persist as is the case for the symmetric diblock copolymer (Figure Id). However, for 
an asymmetric diblock copolymer having a minority of the higher surface energy 
component, the total surface energy of a film having a perpendicular morphology 
would be less than that of the symmetric case. If the surface energy difference 
between the perpendicular and parallel orientations in the asymmetric system is less 
than the energy penalty to form a mixed morphology per unit area, the fi lm w i l l 
consist of a perpendicular morphology as the formation of defects at the interface 
between perpendicular and parallel orientations o f the morphology w i l l be 
unfavorable. 

This appears to be the case for the asymmetric diblock copolymer mentioned 
above, as the films having a minority fraction of the high surface energy component, 
i.e. P M M A , exhibits perpendicular cylinders at the surface and is more pronounced 
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Figure 4. A F M micrograph of an asymmetric diblock copolymer of P (S -b -MMA) 
containing cylinders of P M M A in a PS matrix. The phase contrast image, taken in 
the tapping mode, shows an ordered array of P M M A cylinders at the copolymer/ 
air interface (scale bar is 0.5 /Am). 
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for thinner films. Thus, the formation of a morphology with mixed orientations of 
cylinders is more easily formed for thicker films as these films are more capable of 
forming internal defects between parallel and perpendicular orientations of the 
morphology. This is in keeping with mean field theoretical arguments (18,19) and 
simulations (16). 

Laterally Heterogeneous Surfaces 

A particularly attractive route in gaining control o f the orientation o f the 
morphologies with respect to a surface is by producing a surface with a laterally 
periodic affinity for one or both of the components. Such a surface would force an 
orientation of a microphase separated morphology normal to the surface by pinning 
fluctuations in two dimensions at the interface. However, it is imperative that the 
length scale of the periodicity on the surface be of molecular dimension. 

Nanoscopically grooved surfaces can be prepared from miscut Si[ 113] single 
crystal wafers through resistive annealing, where they are heated by passing a current 
directly through the Si wafer (33). The period and amplitude of the grooves on the 
surface are controlled by the misorientation angle of the surface and the annealing 
conditions. Typically, the lateral period of grooves is tens of nanometers in size with 
an amplitude or height of about a nanometer. Consequently, the groove amplitude is 
small in comparison to the size of a polymer coil and can be considered topologically 
flat. Chemical heterogeneity of the surfaces is achieved by glancing angle metal 
evaporation where chromium is first evaporated onto the surface, followed by A u 
(34). This produces a shadowing of the surface features and results in a surface that is 
comprised of alternating stripes of S i 0 2 that interacts favorably with P M M A and A u 
to which PS preferentially segregates. 

Shown in Figure 5 is the A F M phase contrast image o f a P ( S - 6 - M M A ) 
symmetric, diblock copolymer ( M w = 1.13xl0 5 with M w /M n =1 .10) film that has been 
solution cast onto a surface with alternating stripes of A u and S i 0 2 . A portion of the 
copolymer film was stripped away to reveal the underlying structure of the substrate. 
The bright stripes on the substrate are gold. As can be seen there is nearly a perfect 
registry between the stripes on the substrate and the PS and P M M A microdomains of 
the copolymer. Consequently, the results in Figure 5 show that it is possible to 
control the ordering of the copolymer microdomains normal to the interface. Using 
such means, one should be able to achieve orientation of the copolymer in all 
directions. 

Conclusions 

The three different studies presented here represent three different means by which 
the structure and morphology of polymeric materials can be controlled and 
manipulated in thin films. While these experiments have focused on the particular 
case of diblock copolymers and specific chemical interactions, the extension of these 
ideas to other systems is straightforward. In the case of polymer mixtures similar 
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Figure 5. A F M micrograph of a P(S-fc-MMA) symmetric, diblock copolymer on 
a striped A u / S i 0 2 substrate. A portion of the P(S-ft-MMA) film was removed to 
show the patterning of the substrate. The registry between the surface pattern and 
the copolymer microdomains is evident. Film thickness is 25 nm (scale bar is 0.5 /xm). 
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types of chemical interactions can be used. The challenge here, however, is to force 
the phase separation of the mixtures onto a size scale not typically seen in the bulk. 
Rather than chemical interactions, hydrophobic/hydrophil ic interactions or 
polar/nonpolar interactions could be manipulated in a similar manner. A n important 
point to be kept in mind is that no external forces were used in any of the studies 
discussed and the polymers self-assembled into the structures shown simply by 
heating to a temperature where the polymer is mobile (i.e. above the glass transition 
temperature or the melting temperature) or by solution casting which provides 
sufficient time for the copolymer to order in the solvent where the polymer chains are 
relatively mobile. It is by the use of these natural forces that simple, robust methods 
can be developed for the generation of nanoscopic structures from polymer materials. 
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Chapter 10 

NMR Solvent Relaxation Studies on Concentrated 
Particulate Dispersions 

Terence Cosgrove, Kevin S. Jack, Nicholas Green, Timothy M . Obey, 
and Matthew Wood 

Department of Physical Chemistry, School of Chemistry, University of Bristol, 
Cantock's Close, Bristol BS8 1TS, United Kingdom 

The technique of 1H NMR solvent relaxation has been used to probe 
the effect of the adsorption of polymers at particle/water interfaces. 
On inorganic oxide surfaces the pure water relaxation was strongly 
enhanced but on a latex surface, the effect was much weaker due to its 
more hydrophobic character. The effect of polymer adsorption on all 
the oxide materials studied increased the specific relaxation weight of 
water: the effect for poly(vinyl pyrrolidone) (PVP) adsorption on 
silica was much stronger than for poly(ethylene oxide) (PEO) and in a 
competitive adsorption study the P V P was found to displace the PEO. 
On a clay surface, a strong molecular weight effect was found on the 
bound solvent probability (p). Similar data for a series of P E O 
samples with a similar molecular weight but different end groups and 
for a cyclic polymer also showed very different effects. The results are 
discussed in terms of different surface conformations. The NMR 
method is shown to be a very simple tool to measure competitive 
adsorption. 

The adsorption of polymers at interfaces has been discussed widely in the literature 
and a recent text by Fleer et al. (1) gives a comprehensive, critical review of the 
subject. Polymers are used widely in colloidal systems for stability enhancement and 
for flocculation. Many examples of which can be found in reference 1. In many 
practical systems both inorganic and polymeric particles are used and the relative 
propensity for adsorption in these systems is of current interest. 

In this paper we examine four aspects of polymer adsorption onto inorganic 
particles, namely the dependence of adsorption on molecular weight, molecular 
structure and the nature of end groups, and the displacement of adsorbed polymers by 
polymers of a differing chemical structure. Several different colloidal particles are 
used and their relative hydrophilicity is examined by N M R . Moreover, the N M R 

© 1999 American Chemical Society 153 
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solvent relaxation method is shown to give valuable in-situ data in these systems up 
to relatively high particle volume fractions. 

N M R solvent exchange theory makes use of the difference in mobility of the 
solvent in the bulk solution and the solvent at the interface, to observe (indirectly) the 
adsorption of polymers at interfaces. For the systems of interest here, where the 
correlation time for solvent motion (T c ) is small compared with the nuclear resonance 
frequency (coo), the spin-spin relaxation time (T 2 ) of the solvent molecules wi l l 
decrease i f the solvent becomes less mobile, for instance i f it becomes associated 
with a surface (2). Woessner (3) has shown that the effect of a particle surface on the 
motions of the solvent occurs over a short spatial range. For example, the range of 
the surface effect of clay on the rotation of a water molecule is a molecular layer or 
two. 

The N M R relaxation of water in silica was shown experimentally in the 1950s to 
depend on the rate of exchange between water associated with the surface of the 
silica particles and water in the bulk (4). For a system in fast exchange the relaxation 
can be described by a single averaged relaxation time, which is related to the 
relaxation time of the water bound to the surface (T2b) and the longer relaxation time 
of free (or bulk) water (T2f). In the fast exchange limit R 2 , the single relaxation rate 
measured for the system (R 2 =l /T 2 ) , is given by (5): 

R 2 = R f ( l - p ) + R b p [1] 

where p is the time-averaged probability of finding a randomly chosen solvent 
molecule in the vicinity of the surface, i.e. in the "bound" environment. This 
quantity (p) is referred to as the "bound fraction probability", and is related to both 
the fraction of water that is present at the interface and the fraction of time it spends 
in this environment. 

A useful way of presenting solvent relaxation data for complex systems is to 
consider the specific relaxation rate ( R 2 s p ) , which is defined as: 

R2sp = R 2 / R 2 0 - l [2] 

where R 2 ° is the relaxation rate of a suitable reference sample, e.g. the pure solvent. 
A n important point to realise is that relaxation rates are additive; it is, therefore, 
possible to normalise the specific relaxation rate with respect to any reference 
system. For instance, when observing the effect of adsorbed polymer on particulate 
systems, it is often most convenient to normalise the relaxation rate with respect to 
the bare particle dispersion. Moreover, this normalisation of the relaxation rate 
removes the effects of many instrument-dependent variables from R 2 s p . 

For dilute systems, it can be assumed that the relaxation rate of the free solvent 
(R2f) is independent of the concentration of the dispersion. Substitution of Equation 1 
into Equation 2 and setting R 2 ° = R 2 f gives: 

R2sp = p(R2b/R2°-l) [3] 
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A s the bound fraction probability (p) is proportional to the surface area of the particle 
available for adsorption, a plot of R2Sp as a function of surface area (or concentration) 
of particles, is expected to be linear i f the fast exchange model is valid. Indeed, the 
fast exchange model has been shown to be applicable to a number of systems 
including sodium hectorite/water (3) and polymer/silica/water (1,5,6). Additionally, 
the specific solvent relaxation rates measured for silica particles of differing 
diameters have be shown to be constant for a given total surface area of silica, 
irrespective of the absolute size of the particles (7,8), as predicted by Equation 3. 

By measuring the relaxation time for particle/solvent dispersion as a function of 
particle concentration it is possible to determine the relaxation time of the bound 
solvent (T2b) by extrapolation from a plot of T 2 versus [H20]/[particle]. Using this 
value and the relaxation time for pure water as T 2 f the value of p, the bound fraction 
probability, can be obtained from the equation below: 

p = ( R 2 - R f ) / ( R b - R f ) [4] 

The adsorption of a polymer at a homogeneous solid-liquid interface can have two 
possible effects on the ordering and mobility of the solvent at the interface. Firstly, 
the polymer can displace solvent from the surface upon adsorption, which wi l l give 
rise to a decrease in the bound fraction probability. Alternatively, as the polymer 
adsorbs it may bring water associated with it into the vicinity of the surface, 
effectively increasing the number of the water molecules near the surface. This effect 
would lead to an increase in the bound fraction probability. These two effects may 
happen simultaneously and the net effect wi l l be seen in the observed relaxation rate 
and p. 

Experimental Techniques 

The N M R experiments were performed on a J E O L FX200 N M R spectrometer 
controlled by a SMIS (Surrey Medical Imaging Systems, U K ) console, operating at a 
! H frequency of 200 M H z . The measurements of spin-spin relaxation times were 
made using the Carr-Purcell-Meiboom-Gill ( C P M G ) (9,10) sequence with a time of 
0.5 ms between the 90° and 180° pulses. For each relaxation decay between 4096 
and 8192 data points were collected by extracting the intensity of every alternate 
echo, i.e. a dwell time of 1 ms between points. The spin-spin relaxation time was 
extracted from the measured decays by a non-linear least-squares analysis. Signal 
averaging (typically 8 -16 scans) and receiver phase cycling were employed to reduce 
errors due to random noise and possible D C offsets. 

Materials 

Polymers. The poly(ethylene oxide) (PEO) used here had a molecular weight of 
50,100 ( M w / M n < 1.1) and was supplied by Polymer Laboratories (UK) . Polyvinyl 
pyrrolidone) (PVP) was obtained from B D H chemicals ( U K ) and had a molecular 
weight of 44,000. 
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The poly(ethylene glycol) (PEG) samples used in this study were obtained from 
Polymer Laboratories, U K . A range of number-average molecular weights ( M n = 
194, 600, 4100, 10000 and 23000) were studied and all had M w / M n better than 1.07. 
The methoxy-terminated P E G (mPEG), (Shearwater Polymers, Huntsville, A L ) , had 
the chemical formula CH 30(CH2CH 20)227H and M n = 10,000. The cyclic P E G 
(cPEG) also had M n = 10,000 and was synthesised by Professor Col in Booth 
(University of Manchester, U K ) . 

Particles. Polystyrene latex particles were prepared at Bristol University by 
surfactant-free polymerisation of styrene using ammonium persulphate as the initiator 
(11). For the investigations of water onto bare particles, colloidal silica was prepared 
by the base hydrolysis of tetraethyl silicate in ethanol and water (12). Silica particles 
(Ludox HS40) used for the competitive adsorption study were obtained from DuPont 
Chemicals (Willmington, DE) . Alumina particles (Wesolock) were obtained from 
Wesbond Corp. (Willmington, DE) . A l l of these particles were dialysed against 
distilled water to remove impurities. 

Montmorillonite is a naturally occurring swelling clay with the chemical formula 
(Na + o .74 .nH 2 0) ( A l ^ M g ' W e ^ c M o ) (S r 7 . 76Al 3 +

0 . 24) (OH) 4 O 2 0 . A high quality 
bentonite (Swy-1, Crook County, Wyoming) was used as a source of 
montmorillonite. This was purified by forming a suspension in water and removing 
and rejecting particles greater than 2 | im diameter by sedimentation. Samples for the 
N M R studies were made at a range of clay concentrations up to 1% (w/w) solids. At 
these concentrations the samples are dispersions of discrete clay platelets. 

Laponite R D (Laporte, U K ) is a synthetic, hectorite clay that forms clear, 
aqueous dispersions, below 2% (w/w) solids. The chemical formula of Laponite R D 
is ( N a +

0 4 6 n H 2 0 ) ( M g 2 + 5 . 4 6 L i + o 4 6 ) ( S i 4 +

8 ) (OH) 4 O 2o. The laponite investigated here 
was used as supplied by the manufacturers, in its predominantly sodium-exchanged 
form. 

N M R samples. For each of the separate N M R investigations presented, a constant 
batch of distilled water (Mi l l i -Q) was used throughout, as variation in oxygen content 
of the water can significantly alter the absolute value of the relaxation times. 
Additionally, all of the montmorillonite samples containing P E G had a polymer 
concentration of 0.125%(w/w), which corresponds to the plateau on the adsorption 
isotherm (13). 

The Adsorption of Water onto Particles Surfaces 

To demonstrate the sensitivity and simplicity of using solvent relaxation time 
measurements to probe the surface properties of particles, the measurements have 
been carried out on a series of particles of varying hydrophobicity. In Figure 1 
specific relaxation rates (R2sp) for three colloidal surfaces, polystyrene latex (PSL), 
silica and alumina, in water are presented as a function of the surface area. In this 
figure R2sP has been normalised by the relaxation rate of pure water and the surface 
area has been calculated from the average particle size (determined by transmission 
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Figure 1. Specific relaxation rates measured for particles of polystyrene latex ( • ) , 
silica ( • ) and alumina (A) in water, as a function of the relative surface area of 
the partic.e 
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electron microscopy) and the solids content. As discussed above, the linear 
relationship observed for each of the colloidal systems is indicative of the validity of 
the fast exchange model for these systems. More importantly, it can be seen from 
Figure 1 that the slope of R 2 s p as a function of the surface area is small for P S L and 
increases for the silica and alumina systems. By comparison with Equation 3 this 
increase in slope must be due to either an increase in the amount of adsorbed water 
per unit surface area, and/or a restriction of the mobility of the adsorbed water (i.e. an 
increase in the value of R 2 b ) . If we consider this affinity of the surface of the particle 
towards water, determined from the N M R measurements, to be a measure of the 
hydrophobic nature of the particle surface, then the observed trend in the slopes 
implies that the hydrophobicity of the particles decreases as; P S L > silica > alumina. 
The underlying reasons for this change in hydrophobicity may be due to differences 
in the surface charge density, the chemical structure and/or the porosity of the 
surface. 

In the case of the R 2 s p measurements of alumina, however, it must also be noted 
that it is possible that paramagnetic Fe impurities may be present at the surface of the 
alumina particle. These impurities can provide an alternative relaxation pathway for 
the bound water molecules, thereby increasing the value of R 2 b and hence the slope of 
R2sP- Nonetheless, these results clearly demonstrate the sensitivity of solvent 
relaxation measurements to the nature of the particle surface, i.e. the hydrophobic 
nature and surface chemistry. 

The Competitive Adsorption of Polymers onto Silica Particles 

In this section the adsorption of poly(ethylene oxide) (PEO) and polyvinyl 
pyrrolidone) (PVP) onto dispersions of silica has been investigated indirectly through 
measurements of solvent relaxation times. Figure 2 shows the R 2 s p of these 
silica/polymer/water systems as a function of the concentration of polymer added, for 
a constant silica/water composition (5% w/w). Note that R 2 s p for these systems has 
been normalised by the relaxation rate of the pure silica dispersion, hence, R 2 s p is by 
definition zero for the system containing no polymer. Moreover, measurements of 
the relaxation rates for the polymers dissolved in pure water showed only a negligible 
enhancement in rate upon addition of polymer over the concentration range shown in 
Figure 2. The changes in R 2 s p observed upon addition of polymer to the silica 
dispersions can, therefore, be interpreted directly in terms of the effect of polymer 
adsorption onto the particles; free polymer in solution wi l l not contribute to the 
measured R 2 s p . 

The enhancement of R 2 s p observed upon addition of both P E O and P V P is 
typical of the relaxation behaviour previously observed for the adsorption of 
polymers onto silica particles (1,6-8). The silica particles used in this work, 
however, show a lower affinity for P E O chains than those used in the previous 
publications. This lower affinity is due to a combination of effects, i.e. differences in 
the silica particles and the lower molecular weight of P E O used, and wi l l not affect 
the interpretation of results presented here. This enhancement of R 2 s p can be due to 
either an increase in the time-averaged fraction (p) of water bound at the interface, 
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1.0 

Initial Concentration of Polymer (ppm) 

Figure 2. Specific relaxation rates for P E O [•] and P V P [•] adsorbed on silica 
as a function of the initial concentration of polymer added to the solution. 
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and/or a decrease in the mobility of the water trapped at the interface (i.e. an increase 
in R.2b). Although the exact mechanism for the enhancement in R.2Sp cannot be 
determined from these results, the fact that an enhancement of R.2Sp is observed 
suggests that the polymer-coated particle has a greater affinity toward water than the 
bare silica particle. Furthermore van der Beek et al. (5) have shown that R2 S p is 
sensitive to the number of polymer segments directly bound to the particle surface 
and is not affected by the presence extended conformations (i.e. loops or tails) of the 
polymer chains. The second trend shown in Figure 2 is the substantial increase in the 
enhancement of R2 S p observed upon addition of P V P , compared with that of PEO. 
Such a result is probably because the P V P chains are more hydrophilic than P E O ; 
either they are better at trapping water molecules at the surface of the particle and/or 
water is bound more strongly at the interface. Finally, it is also worth noting that 
these measurements of R2 S p as a function of polymer concentration provide a very 
simple means for determining the adsorption isotherm for the process. Indeed, it can 
be seen that P V P has begun to reach maximum adsorption at a concentration of ca. 
8000 - 9000 ppm, whereas, for P E O the maximum adsorption is only obtained at a 
concentration of > 10000 ppm. The greater adsorption of P V P is thought to be a 
consequence of the stronger affinity of the carbonyl groups of P V P to the surface 
hydroxyl groups of silica, compared with the ether oxygen of PEO. However, it can 
not be determined from Figure 2 what fraction of polymer added, is adsorbed to the 
particle and what fraction remains in solution. 

The displacement of one polymer (PEO) by another polymer of a similar 
molecular weight (PVP) can be seen in the solvent relaxation data presented in 
Figure 3. In this experiment, P V P was added to a silica dispersion of fixed 
concentration (5%) onto which 10000 ppm of P E O had previously been adsorbed and 
allowed to equilibrate. R2 S p was then measured (normalised by R2 of the 5% silica 
solution) and plotted as a function of the concentration of P V P added. From Figure 3 
it can be seen that R 2 s p increases rapidly from the value initially measured for pure 
sil ica-PEO (ca. 0.2) and appears to reach a plateau at a value close to that of the 
maximum value measured for si l ica-PVP (0.8, see Figure 2). These results imply 
that the P V P chains are displacing P E O chains at the surface of the silica particles, 
and are preferentially adsorbed to the particle. Moreover, the solvent relaxation time 
measurements allow us to characterise the isotherm for the displacement process. 

It can also be seen from Figure 3 that the value of R2 S p measured for silica-PEO 
containing 10000 ppm of P V P is slightly smaller than that measured for an 
equivalent concentration of P V P on pure silica. This implies that the polymer-
particle interface in the s i l ica-PEO-PVP system contains less adsorbed P V P than that 
for the si l ica-PVP system, most likely due to a coexistence of P V P and a small 
fraction of P E O chains at the surface of the particle. Although care was taken to 
ensure that the exchange of P V P and P E O had reached a measurable equilibrium 
before the relaxation time measurements were carried out, it is possible that the 
displacement of these residual P E O chains may be slow, and that the maximum 
adsorption of P V P would be reached after an extended period of time. 
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Maximum adsorption of PVP 

0.2 ^ 
Maximum adsorption of PEO 

2000 4000 6000 8000 

Concentration of PVP Added (ppm) 

10000 

Figure 3. Competitive adsorption of P V P and P E O adsorbed on silica. A show 
the change in R2sp upon addition of P V P to silica particles with P E O previously 
adsorbed onto its surface. The horizontal lines correspond to the maximum specific 
relaxation rate enhancement for each the two polymers at initial polymer concentra
tions of 10000 ppm. 
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Polymer Adsorption onto Clay; Molecular Weight and End-Group Effects 

The effects of adsorption of poly(ethylene glycol) (PEG) onto the surface of 
montmorillonite clay on both the bound fraction probability (p) and the relaxation 
time of bound water (T2b) have been used to probe the nature of the polymer/clay 
interface. For each of the clay/polymer systems studied T 2b was determined by 
extrapolation of a plot of T 2 versus [H 2 0]/[Clay]. Two examples of the 
determination of T 2 b are shown in Figure 4. From the values of T 2b thus determined 
and by assuming that the relaxation rate of the free water (T2f) is equal to that 
measured for pure water, p can be calculated from Equation 4. Montmorillonite is a 
naturally occurring clay and it is known to contain some iron impurities. The effect 
of the iron is to facilitate faster relaxation of bound water, via nuclear-spin/electron-
spin interactions (14), giving the system a relatively short T 2b of 1.9 ms (see Figure 
4). Most importantly, the iron in the montmorillonite is fixed within the internal clay 
structure, giving a constant paramagnetic effect for the surface water and no 
appreciable effect on T 2f. The presence of this iron wi l l , therefore, not alter the 
calculated values of p, as the influence of the iron wi l l be accounted for in the 
normalisation factor in the denominator of Equation 4. In fact, the presence of this 
paramagnetic impurity is advantageous as it increases the sensitivity of the solvent 
relaxation measurements to surface effects. 

The effect o f the adsorption of P E G on montmorillonite is shown in Figures 5 
and 6. There are three striking trends in this data. First, upon adsorption of any of 
the molecular weights of P E G , p decreases relative to that of the bare clay. The 
second trend shown in Figure 5 is that as the molecular weight of the adsorbing P E G 
increases, so does p. Finally, T 2b for the low molecular weight P E G is considerably 
shorter than for the bare montmorillonite, as seen in figure 6, and as the molecular 
weight of P E G increases, T 2b tends towards the value of bare montmorillonite. 

For the bare montmorillonite it is reasonable to assume that the surface can be 
thought of as hydrophobic with hydrophilic sites (15). These sites wi l l correspond to 
the exchange cations associated with the surface of the clay. When a low molecular 
weight P E G adsorbs it w i l l adopt a relatively flat conformation, as predicted by the 
Scheutjens-Fleer model (1), and wi l l effectively displace the water associated with 
the hydrophilic surface sites. Water w i l l also be brought down to the surface with the 
polymer but the net effect wi l l be a displacement of water. The low value of T 2b for 
the low molecular weight P E G , as seen in Figure 6, implies that the water associated 
with the adsorbing polymer is either more tightly bound to the surface or that it is less 
mobile than water directly associated with the hydrophilic surface sites. 

In the case of a high molecular weight P E G the polymer adsorbs in greater 
amounts and w i l l consequently have to adopt a more extended conformation. This 
conformation should result in a less efficient displacement of water from the surface, 
and as the polymer is still bringing water to the surface the bound solvent probability 
wi l l increase relative to that of the adsorbed low molecular weight P E G . A s the 
molecular weight increases the value of T 2b also increases (see Figure 6). This 
implies that the water associated with the polymer is becoming more mobile as the 
thickness of the adsorbed layer increases. 
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o 4 - 1 1 1 1 1 1 1 1 

0 50 100 150 200 250 300 350 400 450 

[H 2OJ / [Montmorillonite SWy-1] 

Figure 4. The determination of T 2 b by extrapolation of the measured T 2 data as a 
function of the solids contents. Bare montmorillonite Swy-1 ( • ) and montmorillonite 
Swy-1 + P E G (Mn = 10000) (O) are shown as examples. 

Concentration of Montmorillonite SWy-1 (*/• w/w) 

Figure 5. The effect of P E G adsorption on the bound fraction probability (p) of 
water adsorbed onto Montmorillonite: Bare clay ( • ) , + P E G 194 ( • ) , + P E G 600 
(V), + P E G 4.1K ( • ) , and +PEG23K (O). 
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102 103 104 

Molecular Weight of PEO (mol g"1) 

Figure 6. Effect of P E G molecular weight on T 2 b of water adsorbed onto Montmo
rillonite Swy-1. The symbols are the same as those used to represent the different 
molecular weight P E G in Figure 5. 
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In Figure 7, the adsorption of three different PEGs onto montmorillonite is 
presented. A l l of these PEGs have a similar molecular weight ( M n = 10,000), but two 
are linear polymers with differing end groups (i.e., di-hydroxy and mono-methoxy) 
and the third is a cyclic polymer. For each of the polymers p has been calculated and 
is plotted as a function of the concentration of clay, at a constant polymer 
concentration of 1.25 % (w/w). A s was also observed in Figure 5, the addition of 
P E G to montmorillonite leads to a reduction in p, that is the adsorption of polymer to 
the surface of the clay excludes water from the interface. Moreover, it can be seen 
that a greater reduction in p results from the adsorption of the cyclic P E G (cPEG) 
compared to the methoxy-terminated P E G (mPEG), which in turn shows a greater 
reduction than the OH-terminated P E G (PEG). By comparing Figures 5 and 7 it can 
also be seen that effect of adsorbing the c P E G is similar to that observed for a linear 
P E G of M n =194. Computer modelling, of the adsorption of different P E G chains 
onto these clay surfaces, using Scheutjens-Fleer's self-consistent field (SCF) theory, 
has predicted that the conformation adopted by the P E G becomes flatter as M n 

decreases, or as the end groups of the polymer chains become more hydrophobic in 
nature (e.g. in moving from P E G to m P E G to cPEG) (16). This is because the more 
hydrophobic end groups wi l l have a greater affinity for the particle surface, c.f. the 
aqueous media, and this wi l l have the effect of restricting the conformational 
freedom of the polymer chains at the interface. Additionally the radius of gyration of 
c P E G wi l l be much smaller than that of the linear PEGs. The decrease in p observed 
in moving from P E G to m P E G to c P E G is, therefore, believed to arise from the 
flatter, denser, conformation adopted by the polymer at the interface, which leads to a 
greater displacement of water bound at the interface. 

Phase Transitions in Clay Dispersions 

In Figure 8 measurements of R2 S p for water/laponite solutions as a function of the 
particle concentrations are shown. It can be seen that R2 S p is initially a linear function 
of the particle concentration, in agreement with the fast exchange model (see 
Equation 3). However, as the concentration of the dispersions is increased, a 
deviation from the expected linear behaviour is observed at ca. 2%. This change in 
gradient corresponds to the region of a sol-gel transition. Below 2% laponite the 
samples are in the ' so l ' regime and the linear dependence of R2 S p on the particle 
concentration implies that the water is in fast exchange between the bound and free 
states. However, at concentrations above 2% laponite, the measured R2 S p is smaller 
than expected. From Equations 1 and 2 we can see that the observed decrease in R 2 s p 

could result from a number of sources: 

1. A decrease in R2b 
2. A decrease in R2f 
3. A decrease in the bound fraction probability per unit surface area, i.e. a decrease 

in p for a given total surface area of the particle. 
4. That the fast exchange model (Equation 1) is no longer valid. 
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0.20 

0.4 0.8 

Concentration of Montmorillonite SWy-1 (*/• w/w) 

1.2 

Figure 7. The effect of the end-group structure of P E G adsorbed onto Montmoril
lonite Swy-1 on the bound fraction probability of water. The polymers P E G (O), 
m P E G ( • ) and cyclic P E G (V) , are all of M n = 10000. 

4 6 8 

Concentration of Laponite (*/• w/w) 

Figure 8. Specific relaxation rate of water adsorbed onto Laponite as a function 
of the concentration of clay, showing the change in gradient at ca. 2% of Laponite. 
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Explanations 1 and 2 are both thought to be extremely unlikely, as they imply that the 
mobility of water (either bound or free) increases as the solutions becomes 'gel ' like. 
Both of explanations 3 and 4, however, are considered to be plausible. It is highly 
likely that the increase in order of the clay platelets exhibited in the 'gel ' would lead 
to exclusion of water from the surface of the particles, effectively reducing the value 
of p. The apparent linear behaviour of R2 S p in the 'gel ' region, albeit with a decreased 
slope compared to the ' so l ' , supports the hypothesis that the fast exchange model 
remains valid in this region. However, it can not be ruled out that the two-site fast-
exchange model is no longer valid in the gel. That is, it is possible that a third 
solvent environment exists, and that the most restricted environment cannot be 
observed in the relaxation decay curves because the relaxation times are too short to 
be measured by high-resolution N M R , or that the rate of exchange between the 
environments is no longer fast on the N M R timescale. Most importantly, this system 
demonstrates the sensitivity of the solution N M R technique to changes in the 
structure of the dispersions. 

Conclusions 

The versatility of solvent relaxation measurements for probing the interfacial effects 
in particulate dispersions has been demonstrated for a number of particle/water and 
particle/polymer/water systems. The key advantages of these measurements are their 
sensitivity to the nature of the polymer surface and their relative simplicity to obtain. 

From studies of dispersions of inorganic particles in water it was found that the 
measurements of the specific relaxation rates can provide valuable information about 
the relative hydrophobic nature of the particles and changes in the state of dispersion. 
Although, care must be taken when interpreting relaxation measurements from 
systems in which paramagnetic impurities may be present. 

The relative affinities of P E O and P V P chains of a similar molecular weight to a 
silica surface were studied by N M R . It was found that the latter polymer showed a 
much stronger affinity, most likely due to the greater hydrogen-bonding strength of 
carbonyl groups of P V P compared with the ether oxygens of P E O . Furthermore, the 
displacement of P E O chains adsorbed to the surface of silica particles by the chains 
of P V P could be characterised by the N M R method. 

The effect of the adsorption of P E G chains (of various molecular weight and end-
group functionality) on the fraction of water constrained at a clay/water interface, and 
the relative mobility of this constrained water was investigated. It was found that the 
fraction of bound water decreased as the molecular weight of the P E G decreased, or 
as the polymer chains became more hydrophobic in nature. These observations could 
be correlated with the flatter, denser, conformations adopted by the P E G at the 
surface, as predicted by theoretical treatments. 
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Chapter 11 

Confinement of Polysoaps in Nonionic Surfactant 
Lyotropic Bilayers 

Y. Yang1, R. Prud'homme1, P. Richetti2, and C. M. Marques2 

1Department of Chemical Engineering, Princeton University, 
Princeton, NJ 08544 

2Rhodia/CNRS Complex Fluids Laboratory, Prospect Plains Road, 
Cranbury, NJ 08512-7500 

We study the confinement of hydrophobically modified polyacrylate 
(HMPA) in lamellar (Lα) and sponge (L3) phases of a ternary lyotropic 
system, comprising n-dodecyl pentaethylene glycol monoether 
(C12EO5), hexanol and brine. The unmodified polymer cannot be 
inserted into the membrane solution, but the confinement of HMPA can 
be achieved with a sufficient amount of hydrophobe substitution. The 
resulting stapled polymer structure induces pronounced changes in the 
phase behavior of the surfactant solution as well as in the membrane 
properties. Neutron scattering and visual observation were used to 
obtain phase diagrams and information on membrane properties. We 
found that the confinement of HMPA 1) induces two new phases: a 
vesicle-like phase and two coexisting Lα phases, 2) reduces the 
monophasic Lα area, and 3) increases the rigidity of the bilayers. The 
effects of the hydrophobe substitution level and polymer concentration 
are systematically explored. 

Adding polymer into a membrane solution results in changes of both the properties of 
individual membrane and the inter-membrane interactions. For instance, the smectic 
compression modulus, B , or the average spacing distance, d, are functions of the 
membrane flexibility, that can be changed by the presence of the polymers. 
Accordingly, new phase regions may appear in the phase diagram. Industrially, 
polymer-membrane complexes are of importance in the formulation of liquid 
detergents and cosmetics. In the biological realm, the walls of liposomes and cells are 
built from phospholipid bilayers that anchor a variety of macromolecular species. 
Understanding the structure/property relationships for polymer/membrane systems 
would be a step towards the of polymer architectures to create or enhance a desired 
phase structure, rheologcal property, or vesicle stability. 

© 1999 American Chemical Society 169 
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Ionic or nonionic membranes have different interactions with polymers. For 
example, an ionic lamellar phase can confine a non-charged polymer with the radius of 
gyration several times larger than the interlayer spacing [1]. In contrast, polymers 
create phase separation in nonionic surfactant mesophases [2-6]. Miscibi l i ty between 
dissolved polymers and non-ionic surfactant mesophases can, nevertheless, be 
achieved by grafting hydrophobic side groups onto the backbone: the hydrophobic side 
chains anchor the polymer to the lyotropic membrane [2-7]. The variation of the 
bending modulus, K , the Gaussian bending modulus, K ~ , and the compression 
modulus, B , upon adding polymers has been theoretically and experimentally studied 
[8-13]. Polymer induced excess membrane rigidity from an anchoring polymer system 
was recently reported by our group [14]. 

This paper focuses on the lamellar L a phase consisting of one-dimensional stacks 
of surfactant bilayers separated by a solvent. The sponge phase L 3 , a bicontinuous 
isotropic phase of multiconnected membranes [15] is also studied. We systematically 
investigate the effect of hydrophobe substitution level and polymer concentration on 
the phase behavior and on the membrane properties of the surfactant membrane 
solutions. The variation of the elastic constant, K , and compression modulus, B , of the 
membranes as a function of added polymer concentration is determined by small angle 
neutron and x-ray scattering. 

Experiments 

Hydrophobically modified poly(sodium acrylate) with 0 to 3 mol% aliphatic chains 
containing 14 hydrocarbon units is made by grafting alkylamine in the presence of 
dicyclohexadicarbonimide onto a precursor polymer (polyacrylic acid) using a protocol 
developed by Illiopoulos [16]. The hydrophobic side chains are randomly distributed 
along the polymer backbone [17]. The molecular weight of the precursor polymers is 
250,000, corresponding to 3400 repeat units. The surfactant membrane solution 
consists of pentaethylene glycol dodecyl ether (C12EO5), hexanol and brine, which was 
chosen because previous studies have determined the phase behavior of the neat 
system without polymer [18-19]. The molar ratio of hexanol to C 1 2 E O 5 is kept constant 
(1.43 ± 0 . 0 2 ) . 

The study of phase diagrams was conducted in a thermal bath with samples 
contained in Parafilm® sealed vials. Phases were determined by visual inspection 
under a crossed polarizer. The lamellar phase is identified by its optical anisotropy: it 
is birefringent in transmitted light under crossed polarizer. The L3 phase is optically 
clear and isotropic. The two coexistent lamellar phases, L a l / L a 2 create a turbid mixture 
under a natural light and shows an interface between two birefringent phases after 
centrifugation. For samples close to the phase boundary, centrifugation and optical 
microscopy were used to determine the phase behavior of the solution. 

Small angle neutron scattering experiments were performed at the Laboratory 
Leon Brillouin (Orphee reactor, Central d'etude de Saclay, France) on the neutron 
lines P A C E and P A X E . The non-polarized neutron wavelengths were selected at 5, 8 
and 12 A (AX/X=about 3 %) while the two dimensional detector was kept at distances 
1, 3.2 and 4 meters from samples. The wave vector range varied from 6xl0" 3 to 
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3.5X10"1 A" 1 . Samples were held in 1 or 2 mm quartz cells. Relative scale spectra are 
obtained with respect with H2O. 

Results and Discussion 

Phase Behavior. The phase diagram of the reference solution, C 1 2 E O 5 / C60H/brine 
(0.1 M NaCl) over the temperature ranges from 5 °C to 60 °C is shown in Figure 1. 
Membrane volume fraction <|> is defined as the ratio of the volume of surfactant plus 
alcohol to total volume of the solution. A broad monophasic L a domain exists at room 
temperature for a membrane volume fraction of 6.2 % or higher, corresponding to a 
maximum interlamellar distance of order of 400 A. The L3 phase starts at a membrane 
volume fraction of 5.9 %. The system phase separates into a lamellar phase and an 
isotropic phase when the membrane volume fraction is lower than 5.9 %. Compared to 
the phase diagram of the binary system, C12EO5/H2O [15], all phase transition 
temperatures are shifted to lower values by roughly 50 °C. 

A minimum amount of hydrophobic side chains is required to confine the 
polysoap in the membrane solution (Fig.2). Polymer is not soluble in the membrane 
mesophases when the hydrophobe substitution level is equal to or less than a 0.22 
mol% at fixed polymer backbone molecular weight of 300,000. Consequently, a phase 
separation leads to a surfactant-rich membrane phase and a polymer-rich isotropic 
phase, even for very dilute membrane solutions. Polymer confinement in the 
membrane solution is not favored since the polymer loses conformational entropy. In 
contrast, when the hydrophobe level is higher than 0.7 mol %, the polysoap can be 
solubilized both in the lamellar phase L a and the sponge phase L 3 . The critical 
hydrophobe substitution level is between 0.22 and 0.7 mol %. For the HM-polymer 
system hydrophobic interaction energy balances the reduction of entropy due to 
confinement. The hydrophobic side chains along the polymer backbone aggregate with 
hydrophobic species in aqueous, e.g., mixed micelles formed by hydrophobic side 
chains with surfactants [20-24]. The exchange energy for a C H 2 from a hydrocarbon 
environment to an aqueous environment is 1.8 K B T [25]. The hydrophobic side chains 
of the polymers anchor into the bilayers, forming polymer-coated membranes. Intra- or 
inter-polymer aggregation among hydrophobic groups is also possible in the solution. 
At this time we can not estimate the fraction of hydrophobes associated with the 
membrane relative to the hydrophobes associating in solution. 

With the polymer inclusion, two new phases are observed (Fig. 3). They are 
two coexisting lamellar phases L a l / L a 2 at high membrane concentration, and L a ' phase 
at low membrane concentrations adjacent to the lamellar domain. The L a ' solution is 
optically isotropic. Unlike lamellar phase, L a ' solution is not birefringent at rest, 
however, it exhibits birefringence under shear. The border between L a and L a ' is 
determined by this difference in birefringence behavior. The L a ' solution has a higher 
viscosity than that of lamellar solution, especially for the solution close to the phase 
transition. A maximum turbidity exists during dilution, but no phase separation is 
observed under a microscope or after centrifugation. The flow birefringence gradually 
disappears upon to further dilution after the maximum turbidity is reached. The 
behavior of L a ' phase is similar to that of a vesicle phase reported by several groups 
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45 

0 0.1 0.2 0.3 0.4 0.5 
Membrane volume fraction <|> [%] 

Figure 1. Phase diagram of reference system ( C 1 2 E 0 5 / C 6 O H / b r i n e ) . 

0.5 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 

35 Q r i i i i i i i i i i i i i i i i i • i i . • • • i , , • . 

0 0.5 1 1.5 2 2.5 3 3.5 

Hydrophobe substitution level H L [mol%] 

Figure 2. Hydrophobe substitution level effect on monophasic L a solution at fixed 
polymer concentration C p = 0.2 wt%, temperature T = 25 °C. The dish line is low 
L a boundary for reference solution. 
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
Membrane volume fraction $ [%] 

Figure 3. Phase diagram of H M P A doped membrane solution. Polymer concentra
tion C p = 2 wt%, substitution level H ! = 3 mol%. 
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[26-29]. The transition between L a and L a ' is also studied using SANS [30]. The 
results show that the L a ' phase is a membrane phase that is different from the lamellar 
phase. The difference may be related to a curvature change, for example vesicles 
formed from the membrane solution. Further study is required to fully characterize the 
L a ' phase. The L a l / L a 2 solution is cloudy or turbid and separates into two macroscopic 
phases after centrifuged for an hour. Under neutron scattering, the LJ La2 solution 
shows two Bragg peaks reflecting two interlamellar distances. 

The polymer concentration and hydrophobe substitution level determines the 
monophasic lamellar boundary (Fig.4). The area of the monophasic lamellar regime is 
reduced with polymer concentration at all substitution levels as has been reported by 
others [9,31]. The calculated phase diagrams for Helfrich-stabilized lamellar phases 
show that the two phases region increases with increasing bending modulus, K . As we 
will see below, this prediction is consistent with our experimental results that show an 
increase in K with polymer concentration. Higher polymer concentrations are accepted 
by the lamellar phase at lower hydrophobe levels (Fig.4). With HMPA-3 (3 mol % 
substituted polysoap), phase separation occurs when the polymer concentration is 
higher than 4.5 wt%. The limits of miscibility are shifted to concentrations of polymer 
of 6.5 wt% and 10.5 wt% for 2 mol% and 1 mol% substituted polymer (HMPA-2 and 
HMPA-1), respectively. 

Membrane Properties. The effect of polymer on the elastic properties of the 
membranes is studied using scattering techniques. The scattering intensity from a 
lamellar phase produces a power law singularity of the Bragg peak, I(q) °c |q-qo|~HT\ 
where the exponent r\ is defined in terms of the smectic elastic constants by Caille et al 
[32]: 

Sn^KB 
Where K is the smectic curvature modulus which is the ratio of membrane elastic 
constant, K , to period spacing, d, (i.e. K=K /d) , reflecting the rigidity of single bilayer; 
B is the layer compression modulus related to the bilayer/bilayer interactions. Figure 
5 is a neutron scattering spectrum for HMPA-3 coated membranes with different 
polymer concentration at a fixed membrane volume fraction (c|>=20 %). The 
normalized Bragg peaks of the lamellar solution become narrower with growing 
polymer concentration (Fig. 5). This implies that the product KB increases with 
polymer addition. Also the diffuse scattering at small angles is reduced with polymer 
concentration. This indicates that the strength of the inter-membrane interactions 
increases with polymer concentration since the scattering intensity at low angle is 
inversely proportion to B . 

The variation of the elastic constant with polymer concentration is calculated 
using a theory relating the excess area of the membrane to its rigidity [33]. In a perfect 
one-dimensional stack of membranes, a simple dilution law, d=5/<|>, is followed. 
However, the fluctuating-membrane systems investigated in this study generate the 
excess area in a lamellar phase, arising from undulations. The projected area is smaller 
than that estimated by a one-dimensional model. Therefore, the interlamellar distance, 
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Figure 4. Polymer structure and concentration effect on the phase behavior of 
polymer doped membrane solutions. (Temperature = 25 °C). 
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Figure 5. Normalized neutron scattering data of membrane solutions with different 
polymer concentration. Polymer concentration is indicated in the figure, membrane 
volume fraction <f> = 20%, hydrophobe substitution level Hi = 3 mol%. (Reproduced 
with permission from reference 14. Copyright 1998 American Physical Society.) 
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d, which also depends on the membrane bending modulus K , is given by the following 
relationship with 8 and (J) [33]: 

where b is a microscopic cutoff length. Based on this equation, variation of bending 
modulus can be monitored by simply measuring the interlamellar distance if 
membrane thickness is known. The value of 8 is extracted from the high-q region of 
the neutron scattering spectra (Figure 6). From the peak position given by sin 2(q8/2), a 
membrane thickness 8=24 ± 2 A is obtained. Membrane thickness is the same in the L a 

and L3 phases with different polymer concentrations, as shown in Figure 6. The 
variation of interlamellar distance, d, may also arise from the defect in lamellar 
structure [34]. However, the model developed by Nallet et al [35] for lamellar phase, 
Kq)~q 2P(q)S(q), is in good agreement with the experimental data [30]. It indicates that 
the effect of defects on variation of interlamellar spacing is not a dominant factor for 
this system. Hence the membrane elastic constant K can be considered the only factor 
determining the interlamellar distance, since the membrane volume fraction is kept 
constant (<J)=20 %). We show in Fig. 7, the relative elastic constant K(/Ko as a function 
of polymer concentration, where Ko is the elastic constant of the reference system. The 
relative elastic constant increases linearly with polymer concentration at low 
concentrations, then, appears to level off at a polymer concentrations above 2 wt%. 
The elastic constant almost doubles when polymer concentration increases form 0 to 4 
wt%. 

Both the elastic constant, K , and the smectic compression modulus, B , 
increase with polymer concentration (Figs. 5 and 7). This indicates that the polymer 
contributes to both inter- and intra-membrane. A large B means a stiffening of the 
interlayer interaction potential. For a potential which is solely due to the steric Helfrich 
undulation interactions, the smectic modulus decreases with membrane stiffness 
B ~ 1 / K . However, we find that K increases with polymer concentration as does B 
(Fig. 7). We conclude that the embedding of polymer in our system not only modifies 
the elastic properties of the membranes but also contributes to the inter-membrane 
potential. 

In this study, we have demonstrated that polymer structure, polymer concentration and 
membrane volume fraction are determinate factors governing the phase behavior and 
bilayer membrane properties of the surfactant/polymer mixture. When the size of the 
polymer is of same order of the bilayer spacing, the presence of a critical hydrophobe 
substitution along the polyacrylate-based backbone is necessary to insert the polymer 
into bilayer stack. The hydrophobic anchoring groups associate with the lyotropic 
bilayer, therefore allowing for confinement. The anchoring polymer induces two new 
phases, a vesicle-like phase and two coexisting lamellar phases L a l / L a 2 . Moreover, the 
presence of the polymer increases the bending elastic modulus, K , and compression 
modulus, B . 

Summary 

 S
ep

te
m

be
r 

8,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

1

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



1.2 

177 

q ( n m 1 ) 

Figure 6. Large-q behavior of q4I(q) in arbitrary units, showing one oscillation 
from which we extract the bilayer thickness S = 2.4 ± 0.2 nm. The fitting line is 
the function s i n 2 ( q £ / 2 ) . (Reproduced with permission from reference 14. Copyright 
1998 American Physical Society.) 

-1 0 1 2 3 4 5 
Polymer concentration C p [wt%] 

Figure 7. Polymer concentration effect on the membrane elastic constant. Mem
brane volume fraction <f> = 20%, hydrophobe substitution level H , = 3 mol%. 
(Reproduced with permission from reference 14. Copyright 1998 American Physi
cal Society.) 
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Chapter 12 

Biomimetic Surface Engineering: Synthesis 
and Surface-Induced Assembly of Novel 

Oligosaccharide Surfactant Polymers 
Yongxing Qiu1,3, Nolan B. Holland2, Mark Ruegsegger1, 

and Roger E. Marchant1,2 

Departments of 1Biomedical Engineering and 2Macromolecular Science, 
Case Western Reserve University, Cleveland, OH 44106 

Physical adsorption and surface induced assembly of oligosaccharide 
surfactant polymers on graphite creates a biomimetic, glycocalyx-like 
surface, which is effective in suppressing protein adsorption and 
provides a potential solution to clinical problems (e.g. thrombosis) 
with polymer implants. The novel surfactant polymers consist of a 
flexible poly(vinyl amine) backbone with two types of side chains: 
hydrophilic oligosaccharide and hydrophobic alkanoyl. The surface 
induced assembly is driven by hydrophobic interaction and epitaxial 
adsorption of alkanoyl side chains. This gives rise to hexagonal 
ordering of adsorbing polymers, in which assembly propagates 
laterally, with preferential adsorption at the edge of previously 
adsorbed polymer. This yields a highly ordered monolayer of polymer 
backbone and alkanoyl side chains assembled on the surface, while 
solvated oligosaccharide chains protrude into the aqueous phase, 
creating a glycocalyx-l ike oligosaccharide coating. A range of 
biomimetic surfaces may be engineered by extending the same 
approach to include different oligosaccharides and other hydrophobic 
surfaces. 

One of the well-known clinical problems for blood-contacting biomaterial devices 
and implants is surface-induced thrombosis (1). The first step in surface-induced 
thrombosis is the spontaneous and non-specific adsorption of plasma proteins, 
followed by adhesive interactions of adsorbed protein with blood components (e.g. 
the adhesion and activation of platelets), and finally the formation of thrombus. 
Accordingly, tremendous effort has been devoted to minimizing the initial non
specific protein adsorption, by surface modification of the biomaterials (2). 

A n ideal surface modification should be an optimal combination of two basic 
elements: an effective surface modifying substance and a simple yet well defined 

'Current address: CIBA Vision, 11460 Johns Creek Parkway, Duluth, OA 30097. 
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surface modification method. Among the variety of modifying substances explored 
so far, poly(ethylene glycol) (PEG) has been the most widely used, due to its ability 
to suppress protein adsorption by entropic repulsion (3). We have approached the 
problem of inhibiting protein adsorption from the perspective of how the body 
controls adhesive and non-adhesive interactions. The external region of a cell 
membrane, known as the glycocalyx, is dominated by glycosylated molecules (4). 
Cel l and molecular interactions are strongly influenced by pendant oligosaccharides 
that are clustered on many plasma proteins and cell surface glyco-molecules of a 
cell's glycocalyx. The densely-packed, highly hydrated oligosaccharides provide a 
physical basis for maximizing entropic repulsion and preventing undesirable 
molecular and cellular adhesions. However, it still facilitates desirable adhesive 
interactions and biological specificity achieved through specific interactions. A 
biomimetic, glycocalyx-like surface modification provides a potential solution to the 
clinical problems related to non-specific protein adsorption, such as surface-induced 
thrombosis. 

Existing surface modification methods are far from ideal in achieving a we l l -
defined modified surface for practical biomaterial devices. Typical biomaterials are 
hydrophobic, with no labile functional groups available for direct chemical 
modification (5). Functionalization of biomaterials by wet chemistry (6), oxidation 
(7) or radio frequency plasma treatments (8) and subsequent derivatization are 
traditional methods to modify polymer surfaces. However, because of several steps 
involved in the chemical reactions, it is inherently difficult to achieve well-defined 
and reproducible modified surfaces. Self-assembled monolayers (SAMs) (9) derived 
from organotrichlorosilanes on silica and organosulfur compounds on gold represent 
well-defined model surfaces to study protein-surface interactions, but are unlikely to 
find application on practical polymer biomaterials that normally cannot meet the 
requirements needed in the formation of S A M s . 

In following the biological perspective of the glycocalyx and pursuing a simple 
yet well-defined practical modification method, we have explored physical 
adsorption/surface-induced assembly of oligosaccharide surfactants onto 
hydrophobic biomaterials in an attempt to mimic the non-adhesive properties of a 
glycocalyx (10). That is, using the hydrophobic interaction between surfactant and 
solid surface to create a new biomimetic oligosaccharide-rich interface capable of 
minimizing protein adsorption. In our initial work, we reported on the synthesis and 
surface active properties of structurally well-defined linear oligosaccharide 
surfactants with different molecular geometries: A B diblock and A B A bolaform-type 
surfactants, where " A " represents the sugar head group and " B " represents the 
hydrophobic alkyl tail, and different hydrophobic and hydrophilic chain lengths (11). 
Our reports on novel oligosaccharide surfactants laid emphasis on manipulating 
surfactant structure to achieve desired interfacial behavior (10, 11). 

In this report, biomimetic surface engineering using novel oligosaccharide 
surfactant polymers is demonstrated. W e describe here the synthesis, 
characterization, surface activity at air/water interface, surface-induced assembly at 
solid surface/water interface, and protein resistance of a novel series of well-defined, 
comb-like, surfactant polymers. The surfactant polymers have a low molecular 
weight p o l y v i n y l amine) ( P V A m ) backbone with two types of side chains: 
hydrophilic dextran and hydrophobic alkanoyl (hexanoyl or lauroyl). Selective 
attachment of dextran is accomplished by reacting amine groups with dextran 
lactone, while alkanoyl groups are attached using N-alkanoyloxy succinimide, the N -
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hydroxy succinimide active ester o f alkanoic acid. The alkanoyl side chains serve as 
physical binding ligands to a hydrophobic substrate, and oligosaccharide side chains 
protrude into the aqueous environment to provide a glycocalyx-like interface. The 
macromolecular design of surfactant polymers presented here provide a glycocalyx-
like surface when adsorbed under aqueous conditions on a hydrophobic highly-
oriented pyrolytic graphite (HOPG) surface. The glycocalyx-like surfaces exhibit 
excellent resistance against non-specific protein adsorption. The synthetic and 
biomimetic approach described in this chapter offers numerous possibilities for 
quantitative manipulation of composition and molecular architecture for achieving 
desired interfacial properties and ultimately to structures that may realistically mimic 
a glycocalyx. 

Synthesis and characterization of comb-like dextran surfactant polymers. 

The surfactant polymers, poly(N-vinyl dextran aldonamide-co-N-vinyl alkanamide) 
( P N V D A - c o - P N V A , or P V A m / D e x - A l k ) are synthesized from well-defined 
p o l y v i n y l amine) by attaching oligosaccharides of dextran and alkanoyl (hexanoyl 
or lauroyl) chains simultaneously and selectively to reactive amine sites, as 
previously reported (12). Low molecular weight p o l y v i n y l amine) (Mn -6000) was 
prepared from the hydrolysis of poly(N-vinylformamide) (12). Dextran lactone with 
9 a (1—»6) glucose residues ( M w = 1600, polydispersity = 1.16) was prepared 
according to the method reported previously (11a). N-Alkanoyloxy (N-hexanoyloxy 
or N-lauroyloxy) succinimide was prepared from alkanoic acid (hexanoic acid or 
lauric acid) and N-hydroxysuccinimide in the presence of dicyclohexylcarbodiimide 
(DCCI) . Selective attachment of dextran is accomplished by reacting amine groups 
with dextran lactone, while alkanoyl groups are attached using N-alkanoyloxy 
succinimide, as shown in the synthetic scheme along with a molecular model for the 
surfactant polymer in Figure 1. The aminolysis of dextran lactone is selective, and 
thus protection of dextran hydroxyl groups is not necessary (11a). Surfactant 
polymers were purified by extensive dialysis against water to remove residual 
unreacted dextran lactone, using Spectra/Pro 3 regenerated cellulose membrane with 
a 3500 molecular weight cutoff. Then the surfactant polymers were characterized by 
Fourier transform infrared (FTIR) and J H - N M R spectroscopies and elemental 
analysis to confirm purity and structure (12). The molar feed ratios of dextran lactone 
to N-alkanoyloxy succinimide was varied to produce different ratios of hydrophilic 
dextran to hydrophobic alkanoyl side chains on the polymer backbone. In this 
manner, five surfactant polymers were prepared with different side chain ratios of 
dextran to hexanoyl (PVAm/Dex-Hex 1:1, 1:4 and 1:5) and dextran to lauroyl 
( P V A m / D e x - L a u 1:0.6, 1:1.5). A l l of the five surfactant polymers are soluble in 
D M F and D M S O . PVAm/Dex-Hex 1:1, PVAm/Dex-Hex 1:4 and P V A m / D e x - L a u 
1:0.6 are soluble in water at room temperature, while P V A m / D e x - H e x 1:5 and 
P V A m / D e x - L a u 1:1.5 are not readily soluble in water but a low level of solubility 
(~1 mg/ml) can be achieved by vigorous sonication. 

Surface active properties at air/water interface. 

The surface activity of the comb-like surfactant polymers in solution at an air/water 
interface was demonstrated by water surface tension measurement. Surface tensions 
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Figure 1. Synthetic route to comb-like surfactants vy simultaneously and selectively 
attaching oligosaccharides of dextran and alkanoyl (hexanoyl or lauroyl) chains to 
reactive amine sites of poly (vinyl amine). The molecular model shows a portion 
of a P V Am/Dex-Hex 1:5 surfactant polymer. 
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of aqueous surfactant solutions were measured at 25°C and ambient pressure, using a 
Du Nouy ring tensiometer. The tensiometer was calibrated with Mil l ipore ultrapure 

water (18.2 M Q - c m resistivity) before use. The platinum ring was cleaned by 
flaming, while the glassware was cleaned with a NaOH/2-propanol basic solution 
and rinsed with tap water and ultrapure water. A concentrated surfactant solution (up 
to 5 wt%) was freshly prepared as a starting solution and then diluted to the desired 
concentration for each measurement. After the solution was equilibriated for 5 min., 
surface tension was measured three times at each concentration. 

Surface tension plotted against the logarithm of surfactant concentration is shown 
in Figure 2 for P V A m / D e x and the P V A m / D e x - H e x surfactant polymers. As 
expected, P V A m / D e x , a homopolymer composed of P V A m with pendant dextran 
molecules only, showed virtually no surface activity, as indicated by the small 
decrease (~2 mN/m) in water surface tension with increasing surfactant 
concentration (Figure 2a). In contrast, the surfactant polymers PVAm/Dex-Hex (1:1) 
and PVAm/Dex-Hex (1:4) exhibit significant surface active behavior, as indicated by 
the substantial decrease in surface tension with increasing surfactant concentration 
(Figures 2b, 2c). The lowest surface tension is about 41 mN/m, a decrease of 31 
mN/m compared with pure water. In both cases, no critical micelle phenomenon was 
observed within the measured concentration range. 

Both surfactants gave similar curves for surface tension versus concentration. 
Since P V A m / D e x - H e x (1:1) and PVAm/Dex-Hex (1:4) exhibit similar effects on 
water surface tension reduction, we may assume that packing of hexanoyl groups at 
the air/water interface, which is responsible for reducing the surface tension, is 
similar in both cases. The results suggests the surfactants have considerable 
conformational freedom in order to facilitate comparable hexanoyl packing at the 
air/water interface. Thus, to achieve further reductions in surface tension suggests 
increasing the length of the alkanoyl ligand in the molecular design, rather than 
further increasing the density of hexanoyl ligand groups. This is a useful finding, 
because it should also permit increased oligosaccharide to alkanoyl ratios in the 
polymer surfactants, an important consideration for maximizing oligosaccharide 
density while maintaining surface activity. 

Surface induced assembly of oligosaccharide surfactant polymers on H O P G . 

The observed surface active properties of the surfactants at the air/water interface 
may lead to similar properties at a solid/water interface. To test this hypothesis, in 
situ adsorption of surfactant polymers on highly oriented pyrolytic graphite (HOPG) 
was studied. 

The surface induced assembly of surfactant polymers was demonstrated in real 
time using atomic force microscopy ( A F M ) . In situ adsorption of surfactant 
polymers on H O P G under aqueous medium was imaged using a Nanoscope III 
Multimode atomic force microscope equipped with a glass fluid cell attachment and 
silicon nitride (Si3N4) cantilevers with integrated S13N4 tips (Digital Instruments, 
Santa Barbara, C A ) . H O P G cleaves across a single atomic plane, and is therefore 
extremely smooth, except for occasional step edges. This allowed topographical 
features of adsorbed surfactant molecules to be easily distinguished from the 
underlying H O P G surface. A F M images were collected at ambient temperature in 
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% PVAm/Dex-Hex 1:4 

1 1 1 —i 
- 1 0 1 2 

Log [C] (mg/mL) 

Figure 2. Plots of surface tension versus logarithm of the concentration of aqueous 
P V Am-Dex and P V Am/Dex-Hex surfactant polymer solutions. 
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tapping mode. A freshly cleaved H O P G substrate was first imaged in water as a 
reference before the addition of surfactant solution in each experiment. Surfactant 
solution (0.5 mg/mL) was then flowed into the fluid cell without withdrawing the 
A F M probe, so that the same surface region of H O P G , before and after adsorption of 
surfactant molecules, could be imaged. Imaging of adsorbed surfactant polymer 
began after the microscope had equilibrated with the new solution (about 10 
minutes) and was carried out in the presence of the surfactant polymer solution. 

The time-dependent adsorption of the surfactant polymer with a ratio of 1:5 
dextran to hexanoyl groups (PVAm/Dex-Hex 1:5) is shown in Figure 3. Initially, the 
surfactant polymer adsorbed on H O P G as strands, as shown in an image obtained 
after about 25 minutes (Figure 3a) . As adsorption time progressed, the strands 
broaden (Figure 3b, c) and by about 7 hours (Figure 3d) most of the surface is 
covered. Residual surface roughness disappears by 20 hours leaving a complete and 
compact monolayer. The thickness of the adsorbed surfactant polymer increases 
slightly with increasing surface coverage up to a maximum of 7 - 12 A . This 
indicates a single monolayer on the surface, consistent with our estimate for the 
dextran side chain diameter of - 9 A , obtained from surface tension data of N -
dodecyl dextran aldonamide ( l i b ) , and -2.5 A for the polymer backbone. Evidence 
that the adsorption is stable was obtained from observing no discernible change in 
the monolayer after keeping pure water over the adsorbed surfactant for 1-2 hours 
and scanning with high A F M imaging forces. 

The ordering of adsorbing surfactant polymer on H O P G was unexpected. 
Polymers with relatively short chain branches do not tend to crystallize, because 
branches prevent close intermolecular alignment of the polymer backbone. On the 
H O P G , however, we observe an ordered adsorption pattern in which adsorbed 
polymer strands align themselves in three symmetric directions 60 degree out of each 
other (Figure 3c), as verified by the hexagonal angular dependence pattern in the 2-
dimensional Fourier transform of the image (Figure 4). The underlying H O P G has a 
hexagonal atomic lattice structure. This result suggested an epitaxial adsorption of 
surfactant polymer P V A m / D e x - H e x 1:5 on H O P G . B y comparing images of the 
H O P G lattice with that of surfactant polymer on H O P G , it was verified that the 
strands align perpendicular to the substrate atoms. Surfactant polymer ordering on 
H O P G propagates laterally, with preferential adsorption at the edge of previously 
adsorbed polymer. 

A mechanism of epitaxial adsorption of surfactant polymer on H O P G is 
proposed. Driven by a large enthalpic force, alkanoyl side chains adsorb in registry 
with the graphite atoms, which constrains the polymer backbone to the surface and 
orients dextran side chains away from the substrate into the aqueous solution. The 
large enthalpic driving force (6.28 kJ/mol per methylene group) (13a) for epitaxial 
ordering of hydrocarbons is supported by numerous reported examples (13-15), 
including paraffin chain alignment on graphite (13) and epitaxial crystallization of 
linear polyethylene (14). The relatively high density of randomly spaced 
hydrocarbon side chains requires the polymer backbone to extend to allow each 
hexanoyl to be in registry. The entropy lost in extending the polymer chain is offset 
by the enthalpic energy gained from epitaxial adsorption. Hexanoyl side chains can 
align to three symmetric directions on the graphite lattice, leading to the alignment of 
the polymer backbone in three directions as observed by A F M (Figure 3c, 5a). The 
growth direction of adsorbing surfactant polymer is perpendicular to the backbone, 
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Figure 3. A F M images of P V Am/Dex-Hex 1:5 surfactant polymer adsorbed on 
the H O P G . The images show the progression of adsorption from: a, —25 minutes; 
b, —1 hour; c, —5.5 hours; and d, —7.5 hours; as imaged in 0.5 mg/mL aqueous 
polymer solution. 
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Figure 4. A 2-D fourier transform of an A F M image in Fig. 3c showing epitaxial 
adsorption of surfactant polymer P V Am/Dex-Hex 1:5 on H O P G , as evidenced by 
the hexagonal pattern. 

Figure 5. A F M topographic images of surfactant polymers with different 
hydrophobic/hydrophilic ratio adsorbed on the H O P G . a. Ordered structure of P V 
Am/Dex-Hex 1:5; b. Molecular aggregates of P V Am/Dex-Hex 1:1. 
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with preferential adsorption along the edge of the previously adsorbed polymer 
molecules. In this way, the surface is fully covered after certain adsorption time and 
modified into a biomimetic, glycocalyx-like surface. 

Epitaxial adsorption patterns were observed for the three surfactant polymers 
(PVAm/Dex-Hex 1:5 and 1:4 and P V A m / D e x - L a u 1:1.5) that contain a relatively 
high hydrophobic alkanoyl chain concentration (>15 methylene units per dextran) 
(Figure 5a). The surfactant polymers with a relatively low alkanoyl concentration 
(PVAm/Dex-Hex 1:1 and P V A m / D e x - L a u 1:0.6, <8 methylene units per dextran) 
adsorbed to the H O P G surface as molecular aggregates (Figure 5b), but not in an 
ordered pattern. In this case, alkanoyl chains may bind in registry to achieve energy 
minimization but are too far apart to induce the polymer backbone to extend. 

The total enthalpic energy gain of adsorption is dependent on the relative total 
number of methylenes in alkanoyl side chains. Therefore, surfactant polymers with 
the longer lauroyl side chains have the advantage of needing fewer binders (-1.5 
lauroyl) per dextran, compared to hexanoyl (-4), to induce epitaxial ordering. To 
achieve ordering, enthalpic energy gained from epitaxial adsorption of alkanoyl side 
chains offsets the entropy loss in extending the polymer backbone and forcing 
dextran side chains into close proximity. Steric repulsion between dextrans may 
result in a "brush-like" conformation, although there is little comparison with the 
extended conformations exhibited by surface-anchored synthetic random coi l 
polymers interacting with good solvents (16). Dextran has a stable helical structure 
that is unlikely to be perturbed by nearest neighbor effects. 

Protein resistance of the biomimetic, glycocalyx-like surface. 

A design feature of the biomimetic surface is to use the protruding dextran 
oligosaccharides to mimic the non-adhesive properties of a glycocalyx. The steric 
barrier provided by the highly hydrated dextrans is designed to suppress non-specific 
adsorption of plasma proteins (17), while the high energy of desorption and low 
water solubility of the adsorbed surfactant polymer is designed to minimize possible 
displacement or exchange reactions with highly surface-active plasma proteins. This 
biomimetic concept was tested by studying the protein resistance of surfactant 
polymer modified H O P G . 

Freshly cleaved H O P G was modified with PVAm/Dex-Hex surfactant polymers 
in a 24 hour adsorption from aqueous solution, then air dried overnight. Protein 
adsorption on surfactant polymer modified H O P G and H O P G control were studied 
using a parallel plate laminar flow cell. The flow cell insert was designed in such a 
way that the vertical position of sample could be adjusted to level the sample surface 
with the flow track. A 50% solution of fresh human platelet poor plasma in 
phosphate buffered saline (pH 7.4) anticoagulated with sodium citrate, was adsorbed 
on H O P G samples under static conditions for 30 minutes at 37°C . This provided a 
rigorous in vitro test, since the solution contained all plasma proteins in blood at a 
concentration that was sufficient to cover a surface with proteins every second of 
exposure. The protein solution was replaced by PBS and the samples were rinsed 
under a controlled shear stress of 100 m N / m 2 for 5 minutes to remove the loosely-
attached proteins from the sample surface. The sample was exposed to air after 
replacing PBS slowly with 100 ml of water and air dried overnight in a Class-100 
clean hood. In order to minimize the interference of residual water molecules, the 
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sample was further vacuum dried (60 millitorr) at room temperature using a liquid 
nitrogen sorption pump. Then the sample was immediately analyzed by A T R 
(attenuated total reflectance)-FTIR using a B I O - R A D FTS 575C IR spectrometer, 
with a U M A 500 microscope accessory and a M C T detector. IR spectra (4000 - 700 
c m - 1 ) were collected by co-adding 100 scans with a resolution of 8 cm~l using 
germanium as the internal reflective element. Nine spectra from different areas of 
each sample were collected. 

Protein adsorption was quantified from the relative IR absorbance intensity of the 
characteristic protein Amide I (1650 c m - 1 ) and Amide II (1550 c m - 1 ) bands. H O P G 
has a characteristic sharp negative absorption peak at 1590 c m - 1 due to "in-plane" 
vibration mode of hexagonal atomic lattice of graphite (18). To reveal the protein 
adsorbate (Fig. 6), spectra were normalized to this sharp negative peak (1590 c m - 1 ) , 
followed by digital subtraction of water vapor and the graphite substrate. On bare 
H O P G , the Amide I and II bands are attributed entirely to adsorbed proteins, whereas 
on modified H O P G amide bonds in both the surfactant polymer and adsorbed 
proteins contribute to the absorbance. Amide I and II protein bands are very strong 
on bare H O P G and almost negligible on the biomimetic surfactant modified H O P G . 
B y subtracting the contribution from the surfactant polymer, the absorbance due to 
adsorbed protein is isolated and determined (Table 1). We estimate that plasma 
protein adsorption is suppressed by at least 90% on the P V A m / D e x - H e x 1:5 
modified surface, 85% on the PVAm/Dex-Hex 1:4 modified surface and 70% on the 
PVAm/Dex-Hex 1:1 modified surface (Table 1), compared with the bare H O P G . The 
small difference in three surfactant polymer modified surface may be attributed to 
their different degree of adsorption ordering. 

Table 1: The relative average absorbance values of amide I and amide II bands and 
percentile reduction in protein adsorption for surfactant polymer modified H O P G . 

Sample Relative absorbance % Reduction in Protein adsorption Sample 
Amide I Amide II Calculated from Calculated from 

Amide I Amide II 
H O P G 1.838 0.773 / / 
PVAm/Dex-Hex 1:5 
modified H O P G 

0.166 0.086 91.0 91.4 

PVAm/Dex-Hex 1:4 
modified H O P G 

0.254 0.109 86.2 85.9 

PVAm/Dex-Hex 1:1 
modified H O P G 

0.544 0.217 70.4 71.9 

Conclusion. 

A novel series of nonionic oligosaccharide surfactant polymers with well-defined 
structure and adjustable hydrophilic/hydrophobic balance were synthesized by 
incorporating dextran oligosaccharide molecules and hydrophobic hexanoyl groups 
simultaneously into p o l y v i n y l amine). The surfactants demonstrate surface activity 
at an air/water interface, as determined by water surface tension measurements, and 
surface-induced assembly at HOPG/water interface, as visualized directly by A F M . 
Physical adsorption and surface induced assembly of oligosaccharide surfactant 
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1 1 r A V n 1 1 1 
1800 1600 1800 1600 1400 

Wavenumbers (cm"1) 

Figure 6. A T R - F T I R spectra, a: H O P G ; b: Surfactant polymer coated H O P G ; c: 
Surfactant polymer obtained by subtracting a from b; d: Protein adsorbed on H O P G 
after subtracting the contribution of H O P G ; e: Protein adsorbed on surfactant 
polymer coated H O P G after subtracting the contribution of H O P G and surfac
tant polymer. 
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polymers on H O P G creates a biomimetic, glycocalyx-like surface. The glycocalyx-
like modification of H O P G demonstrates effective suppression of non-specific 
protein adsorption, although testing under in vivo conditions is needed to confirm the 
utility of this approach on implantable devices. The synthetic and biomimetic 
approach offers numerous possibilities for manipulating the surfactant polymer 
design, ligand composition, and hydrophilic/hydrophobic ratios, to accommodate a 
wide range of potential applications that require surface modification with we l l -
defined molecular structures. It should also be possible to develop biomimetic 
designs that adhesive, rather than non-adhesive biological interactions are desired, 
such as by incorporating the anticoagulant pentasaccharide sequence of heparin, 
specific cell adhesion receptors (selectins) or adhesive peptides. 
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Chapter 13 

Single-Molecule Hydrodynamics 
of Tethered and Released DNA Molecules 

R. G. Larson1, T. T. Perkins2, D. E. Smith3, and S. Chu3 

1Department of Chemical Engineering, University of Michigan, 
Ann Arbor, MI 48109-2136 

2Princeton Materials Institute, Princeton University, Bowen Hall, 
70 Prospect Avenue, Princeton, NJ 08540 

3Department of Physics, Stanford University, Stanford, CA 94305 

Recent advances in molecular manipulation and imaging methods, 
combined with advances in computational speed, now make it 
possible to compare directly the predictions of detailed 
micromechanical models of polymers in flow fields with 
experimental images of long DNA molecules, thereby establishing 
the accuracy of the models. The examples reviewed here are that 
of a single DNA molecule tethered to a sphere confined by a laser
-optical trap, and a freely suspended DNA molecule convected and 
stretched by an extensional flow field. The first example permits 
validation of the drag model for DNA, while the second considers 
transient unraveling processes. Excellent agreement is found 
between experiments and computer simulations based on the 
micromechanical model. With the model and simulation method 
validated, the source of heterogeneity in stretching behavior of 
DNA at high flowrates can be traced to Brownian-induced 
variations in molecular conformation at the start of flow. 

The behavior of long polymer molecules in flow fields that can deform the polymer 
has long been a subject of great scientific and practical importance (7). The simplest 
such problems involve dilute concentrations, and hence non-interacting polymers. 
Even for this "simple" case, conventional experimental and theoretical methods have 
not provided an adequate description of molecular deformation. Experiments have 
been limited to the measurement of macroscopic quantities such as stress or 
birefringence, which are averages over many molecules and provide too coarse-grained 
a description to answer some of the most basic questions about polymer 
conformations under flow, such as whether or not the polymer molecules become 
fully extended (2,3). Conventional polymer theory suffers from an analogous 
limitation; it too is restricted to macroscopically averaged quantities, which are 

196 © 1999 American Chemical Society 
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possible, but the most accurate of these, molecular dynamics, can't cope with the 
large length scales and long time scales inherent in the dynamics of long polymer 
molecules. The most rigorous of these, atomistic molecular dynamics, is almost 
certainly accurate enough to describe polymer molecules under flow in enough detail 
to be accurate, but is far too slow to be a feasible method. The least rigorous model, a 
pre-averaged dumbbell, is too crude to be accurate (4). 

Recent developments, however, have changed this outlook entirely. Steven Chu and 
his group at Stanford University have developed single-molecule experimental 
methods by which the conformation of single, long, D N A molecules can be imaged 
with fluorescent microscopy under well defined flow conditions (5,6). A t the same 
time, over the last few years, computational resources have become fast enough and 
abundant enough to permit Monte Carlo and Brownian dynamics simulations of 
relatively large ensembles of model polymers that are sufficiently refined to capture 
detailed molecular configurations, such as random coils, "folded" and "kinked" states, 
etc (7,8). Thus, comparisons between theory and experiment can now be made 
literally on a molecule by molecule basis. Excellent agreement has been recently 
reported between extensional-flow experiments on lambda phage D N A by Smith et 
al. and corresponding multi-bead Monte Carlo and Brownian dynamics simulations 
of Larson et al. (7,9), with zero adjustable parameters 

Micromechanical Model of DNA The micromechanical model used for the 
D N A molecule is based on the "worm-like chain," which is equivalent to a rod with a 
uniform bending stiffness. If a long portion of the worm-like chain of length L s is 
subjected to a tension F tending to straighten it out, then the average end-to-end 
distance of separation between the two ends of the portion is given approximately 
by the Marko-Siggia expression (W): 

F A/kT = 0.25(1 - x /L s )" 2 - 0.25 + x / L s (1) 

where X is the "persistence length" of the molecule and is a measure of its stiffness. 
This expression is valid when the length of the piece of D N A L s is much greater than 
the persistence length X. In a flow field, the tension F on each pie e o f the chain 
tends to cause it to curl up so that it is unextended. However, the drag force acting 
along the D N A molecule tends to stretch it out. We can represent this drag force by 
a series of drag-producing "beads" placed uniformly along the backbone of the D N A 
molecule; see Figure 1. The more beads we use, the more nearly continuous is the 
distribution of drag force along the chain. However, we do not want to use too many 
beads, because i f N is the number of beads, the distance along the backbone between 
adjacent beads decreases with the number of beads as L s = L/(N-1), where L is the 
total contour length of the D N A molecule. A s N becomes larger, L s becomes smaller; 
yet L s must remain much larger than X for equation 1 to apply. Since the persistence 
length of stained D N A is around 0.066 microns, we find that N = 20 gives accurate 
results for D N A molecules with L = 20 microns or more, i f the persistence length X 
is adjusted upward slightly to account for deviations to equation 1 produced by the 
introduction of beads. 
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Figure 1. Illustration of bead-spring chain. Each bead provides frictional drag, 
while the springs each satisfy Equation 1. 
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The drag coefficient for each bead is set by two criteria. The drag on a freely 
suspended D N A molecule must match the value established by measurements of the 
center-of-mass diffusivity of a freely suspended D N A molecule (77). A second 
criterion is that the drag on a fully stretched D N A molecule must be equivalent to 
that on a long, thin, filament (9). Using these two criteria, the drag coefficients o f the 
beads can be obtained, as well as the degree of hydrodynamic coupling among the 
beads produced by the influence one bead has on the drag exerted on the other beads. 
We have found that for lambda phage D N A represented by 20 beads, the drag 
coefficient on all beads can be taken to be almost equal to each other and 
hydrodynamic coupling among them is small, practically negligible (9). For longer 
D N A molecules, the hydrodynamic coupling is not insignificant but can be 
represented accurately by the hydrodynamic model (9). 

Tethered DNA Molecules. To test this model o f D N A , we compared its 
predictions against measurements of Perkins et al. (J) for fluorescently stained D N A 
tethered at one end to a small, 1 micron polystyrene sphere, held in place by a laser-
optical trap; see Figure 2. A simple uniform flow was then imposed, which stretched 
out the D N A molecule. With the microscope objective, highly magnified images of 
the D N A molecule were acquired. From these images, the intensity of light emitted 
by the stained D N A could be measured as a function of position downstream of the 
tethering point. Figure 3 shows the measured mass distribution as a function of 
position downstream of the tethering point, for various imposed velocities. Note that 
the mass density is highest at the downstream end of the D N A molecule. The lines 
in Figure 3 are the predictions of the computer simulation using the beads-and-
springs model. The predicted mass distribution is in good agreement with the 
measured one, showing that the micromechanical model of D N A is accurate. 

Released DNA Molecules. In a second set of experiments, extensional flow was 
imposed on freely suspended D N A molecules in a crossed-slot device, which has 
two opposing inlet channels and two opposing outlet channels, as shown in Figure 4 
(6, 12). The flowrate in each channel is identical. A t the center o f this device there is 
then a stagnation region where the local velocity is small, but where the gradient of 
velocity is large, leading to molecular stretching along the outflow axis. The gradient 
of velocity along the outflow axis, 3v x/dx is defined as e, the extension rate. The 
velocity gradient along the inflow axes, 3v y/dy, is equal to -e, because of fluid volume 
conservation. Because dv z/3z = 0, this is a planar extensional flow. In this flow, the 
molecules are observed to stretch out via various different modes; in some cases the 
molecule takes on a "dumbbell" configuration in which a taut central portion connects 
two coiled up balls o f D N A at either end; see Figure 5. In other cases, the molecule 
becomes "folded" as depicted in Figure 6. (In the images in Figures 5 and 6, the 
outflow axis of the planar extensional flow is vertical.) Other configurations include 
the "half dumbbell" with a ball of D N A at only one end, the "kinked" configuration 
with a ball in the center, and a "coiled" configuration, in which the molecule hardly 
stretches at all (<5). These configurations are also observed in Brownian dynamics 
simulations, using the D N A micromechanical model described above (7). Figures 5 
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* > 
polystyrene bead 

Figure 2. Configuration of tethered D N A molecule used by Perkins et al. (5). A 
focused beam of laser light traps a small bead to which a D N A molecule is attached 
by one end. Translation of the cell in which the D N A and bread are immersed 
produces a uniform flow, stretching the D N A . 
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Figure 3. Distribution of D N A mass (symbols) as a function of position downstream 
of the tether point for D N A contour with length of 67 microns for the velocities 
indicated. The lines are predictions of the bead-spring model with 80 beads, using 
bead drag coefficients computed a priori, as discussed in the text. The bead-spring 
chain was simulated using Monte Carlo sampling (Reproduced with permission 
from reference 9. Copyright 1997 American Physical Society.) 
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folded 

Figure 4. Illustration of crossed-slot device used to generate a planar extensional 
flow near the stagnation point at the center of the device in the experiments of 
Perkins et al. (6) and Smith and Chu (12). Molecular configurations during stretching 
were video recorded and categorized. 
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Figure 5. Comparison of a time sequence of experimental images of D N A in an 
extensional flow with the simulated images from bead-spring Brownian dynamics 
simulations. The outflow axis of the extensional flow is vertical. The spacing between 
images corresponds to around 0.1 Hencky strain units. In this case, the D N A unrav
eled via a "dumbbell" conformation. (Reproduced with permission from reference 
7. Copyright 1999.) 
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Figure 6. As in Figure 5, except in this case the unraveling occurs via a "folded" 
intermediate state. (Reproduced with permission from reference 7. Copyright 1999.) 
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and 6 show that configurations seen in the simulations closely match the 
experimental ones. 

There is also a close quantitative agreement between experiment and simulations. 
Figure 7, for example, plots the percentages of chains that become folded during 
extensional flow as a function of the Deborah number De for a large ensemble (100 or 
more) o f lambda phage D N A molecules, whose contour length (maximum stretch) L 
is 21 microns, and whose persistence length _Ais around 0.066 microns. Comparisons 
are made at Deborah numbers De =xe ranging from unity to 55. Here T is the time 
constant governing the relaxation of the molecular stretch in the absence of flow. It is 
obtained in both experiments and simulations by fitting the square o f the stretch 
averaged over many molecules to an exponential decay function, as described in 
Perkins et al. (6) and Larson (7). Two criteria for a "folded" conformation are used in 
both experiment and simulation. In the "2/5 criterion," the location of the fold along 
the chain contour is such that at least 2/5 of the chain is taken up in the two halves of 
the fold (72). More precisely, i f the distance from the fold to the nearest free end of 
the chain is defined as a, and the distance from the fold to the point on the chain 
farthest removed (upstream or downstream) from the fold is b, then the 2/5 criterion 
implies that 2a/(a+b) > 2/5. A n analogous definition applies for the 2/3 criterion. In 
both experiments and simulations, these criteria are considered satisfied i f they are 
satisfied at any time after a Hencky strain of 2.3 has been applied to the chain to give 
it a chance to begin deforming. Note that the percentages of "folded" chains according 
to these criteria predicted by simulation are within experimental error of the 
measured values. The simulated conformations agree with the experimental ones in 
many other respects as well (7). For example, the predicted time-dependence of the 
molecular stretch (i.e., distance from the upstream-most to the downstream-most 
part of the molecule), averaged over an ensemble of chains, is in good agreement with 
the corresponding measured average stretch. Since the simulations in Figure 7 and 
elsewhere (7) were performed using the known properties o f D N A molecules, the 
good agreement is without adjustable parameters. 

Analysis of Unraveling Mechanisms The success of the simulations gives us 
confidence that they reflect the true behavior of polymer molecules under flow, and 
prompts us to use the simulation method to begin answering some long-standing 
basic questions about polymer deformation. One question that can immediately be 
answered is the source of the enormous heterogeneity observed in the stretching 
behavior of identical D N A molecules under identical flow conditions. Not only do 
molecules in extensional flow unravel via completely different mechanisms, such as 
folded, vs. dumbbell, etc., but the rates of unfolding vary enormously from one 
molecule to the next (6,12). Using the simulations, the influence of the molecular 
starting configuration can be explored systematically and separated from the role of 
Brownian fluctuations that occur during flow. This can be done by running identical 
starting configurations repeatedly, each time using a different sequence of pseudo
random numbers to generate Brownian fluctuations. B y comparing differences in 
unraveling behavior observed under these conditions with differences produced by 
using different random starting configurations subjected to identical Brownian forces 
during flow, the relative influence of these two sources of heterogeneity can be 
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Figure 7. Percentage of folded chains during planar extensional flow as a function 
of Deborah number. The symbols are the D N A data of Smith and Chu (72). The 
dashed lines are a guide to the eye through the data. The solid lines are the predictions 
of Brownian dynamics simulations with N = 20 beads; at each Deborah number 
an average is taken over 101 Brownian dynamics runs. 

 S
ep

te
m

be
r 

8,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

3

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



207 

assessed (7, 12). The results o f this investigation show that under strong stretching 
conditions, the starting configuration by and large determines the mode of unraveling 
selected by the molecule. Folded states, in particular, are generated by "hairpin" 
starting configurations in which both ends of the molecule are closer to each other 
than either end is to the center of the molecule. When the hairpin is oriented such 
that the two ends of the molecule move in one direction in the flow and the center 
moves the other direction, as illustrated in the hairpin configuration in F ig . 4, a folded 
conformation is produced. 
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Chapter 14 

Unfolding Forces of Titin and Fibronectin 
Directly Measured by Single Molecule 

Force Spectroscopy 
Matthias Rief and Hermann E . Gaub 

Lehrstuhl für Angewandte Physik, Ludwig-Maximilians Universität 
München, Amalienstrasse 54, 80799 München, Germany 

A F M based Single Molecule Force Spectroscopy provides a new tool 
for probing the mechanical properties of single molecules. In this 
chapter we show that the unfolding forces of single protein domains can 
be directly measured. Unfolding forces give new insight into protein 
stability which cannot be deduced from thermodynamic measurements. 
A comparison of the unfolding forces measured in Ig domains in the 
muscle protein titin to those measured in Fibronectin Type III domains 
reveals an extraordinarily high stability of titin domains. 

With the advent of piconewton instrumentation mechanical experiments with single 
molecules have become possible. Force induced conformational transitions in D N A 
(7,2) as well as in polysaccharides (3,4) have been revealed, unbinding forces of 
receptor ligand complexes (5,6) and the unfolding forces of proteins (7-70) have been 
measured. These experiments have given insight into the forces stabilizing the 
complicated structure of biomolecules. From conventional calorimetric measurements 
only information about the energies involved in processes like receptor-ligand binding 
or protein folding can be obtained. Force, however, is a new structural parameter 
especially for proteins that are designed to exert or resist forces, like eg. muscle 
proteins. In this chapter we present a comparison of unfolding forces between 
immunoglobulin domains (Ig domains) of the muscle protein titin and type III domains 
of the protein fibronectin (Fn3 domains). The aim of this comparison is to elucidate 
whether titin which is constantly subject to stretching forces during muscle action 
exhibits a higher mechanical stability than the structurally similar cell adhesion protein 
fibronectin. From thermal denaturation experiments such a conclusion is not possible. 
In these studies both the Fn3 domains of fibronectin and the Ig domains of titin show 
similar melting temperatures (77,72). 

Tit in . 

The giant muscle protein titin (also known as connectin) (13) is a modular protein 
mainly consisting of more than 200 structurally similar Ig and Fn3 domains (see 
F i g . l a ) ) . A single titin molecule spans the whole range between the M-line and the 
Z-disc (>lum) in striated muscle (14). In the A-band titin is firmly attached to the thick 
filaments whereas in the I-band part, titin acts as a reversible spring when the 
sarcomere is passively stretched (reviewed in (13)). The molecular mechanism of this 

208 © 1999 American Chemical Society 
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Figure 1. a) Schematics of the arrangement of domains in the I-band part of 
human cardiac titin. b) Arrangement of domains in bovine Fibronectin. 

Figure 2. Schematics of a force spectrometer. 
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elasticity has been elucidated in several recent studies. Even the unfolding of Ig 
domains has been suggested as a source of elasticity (75). In this study measurements 
of the unfolding forces of a recombinant construct comprising 8 Ig domains (127-134) 
from the I band are shown (cf.(7) and see F i g . 1 a), black box). In order to improve 
anchoring to the gold surface two carboxyterminal cysteines were appended to the 
construct. Each of the 8 Ig domains comprises 89 aminoacids which fold into a 
compact p-barrel structure. The construct was generously provided by Dr. Mathias 
Gautel ( E M B L Heidleberg, Germany). 

Fibronectin. 

Fibronectins are high molecular weight glycoproteins found in many extracellular 
matrices and in blood plasma (76). They promote cell adhesion and affect cell 
morphology, migration and differentiation and cytoskeletal organization. Each 
fibronectin molecule is made up of a series of repeating units, the main part of which 
consists of 15-17 Fn3 repeats (see F i g . 1 b)). In constrast to Fibronectin type III 
domains, the type I and type II domains are multiply disulfide bonded. On average each 
of the Fn3 repeats comprises 93.5 aminoacids folding into a p-barrel structure. In this 
study bovine plasma fibronectin (Calbiochem, Germany) was used. 

Experimental. 

The Force Spectrometer. A n instrument capable of measuring the mechanical 
properties of single molecules must combine high force resolution (~ 1 pN) with high 
spatial resolution (-1 A ) . The Atomic Force Microscope ( A F M ) fulfills these two 
prerequisites in an ideal way: commercially available A F M force sensors have low 
spring constants (-10 mN/m) and very sharp tips (apex curvature -20 nm) allowing to 
address single biological macromolecules. 

A schematics of the custom built force spectrometer used in this study is given in 
Fig . 2. The spectrometer is based on A F M technology, however, it is optimized for z-
resolution. x-y translation occurs manually. The instrument works like a clamp 
consisting of two massive aluminum bars that are forced together with a strong 
cantilever spring and opened with a stack piezo with built in strain gauge. Sample and 
cantilever are mounted on the opposing blocks of the clamp. The deflection sensing 
optics is mounted on the upper block and moved together with the cantilever. To avoid 
pointing instabilities creating force artefacts, the light is coupled into the optics via a 
monomode fiber. Tip and sample can be monitored through a microscope objective 
with a C C D camera. The cantilever holder is made of plexiglass. The liquid drop is kept 
between holder and sample by surface tension without an additional O-ring. Actuation 
and data acquisition is performed with 16 bit resolution. Typically 4096 datapoints are 
taken per scan at 140 kHz. The desired pulling rate was achieved by oversampling. 

Sample Preparation. Proteins were allowed to adsorb onto a freshly evaporated 
gold surface from a 50 pi drop of a 50 ug/ml solution in P B S (phosphate buffered 
saline, p H 7.4, 150 m M NaCl) . After the incubation process (10 minutes) the sample 
was rinsed with P B S . Force measurements were carried out in P B S as well. 

Force Measurements. Spring constants were determined for each cantilever by 
measuring the amplitude of its thermal noise (17,18). A l l force curves for which pulling 
speeds are not explicitly given, were recorded at a piezo extension velocity of 
0.5 um/s. 

F i g . 2 shows a force spectroscopic experiment performed on a recombinant 
construct of a modular protein. For simplicity a construct comprising only 4 Ig domains 
is sketched. The construct is anchored to the gold surface via two carboxy terminal 

 S
ep

te
m

be
r 

8,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

4

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



2 1 1 

cysteines. The A F M tip is carefully brought into contact with the protein coated surface 
and the proteins are picked up by the tip via adsorption. It has been shown in various 
studies that adsorption can lead to very high connecting forces (> 700 pN) (3,4,7). 
The pickup can occur at any domain along the construct. Subsequently, the mechanical 
stability of the domains spanning the gap between tip and gold surface can be probed. 
Sequential unfolding of the domains results in a sawtooth pattern as is depicted in 
Fig . 3. In a previous study (7) it could be shown that the slope leading up to each peak 
is mainly determined by the elasticity of the already unfolded polypeptide. At the peak 
force the weakest of the folded domains in the chain unfolds in an all or none event 
adding an additional stretch of unravelled polypeptide to the chain. Hence, the absolute 
value of the peak force marks the unfolding force of a domain and the spacing to the 
following peak reflects the gain in length during a transition from the folded 
configuration to the fully unravelled polypeptide strand and can be correlated to the 
number of aminoacids folded in this domain. 

Worm Like Chain (WLC) Fits. In order to model the force vs. extension 
characteristics of the unfolded polypeptide the interpolation formula introduced in (79) 
was used: 

F(x) = ^ _ 
( 

Ml-VL) 

1 x 
- + — 
4 L 

(1) 

J 

The persistence length p describes the polymer stiffness, ke is Boltzmann's 
constant, L the contour length and T the temperature. Fig . 3 shows a release trace of a 
previously unfolded stretch of the TenFn construct. The two black lines are W L C force 
vs. extension curves with two different persistence lengths and contour lengths. The 
solid line uses a persistence length of p=0.4 nm as in (7). This value describes the 
elasticity of the unfolded polypeptide strand best in a force range of 50-200 p N . 
Nevertheless, there are deviations, especially in the low force regime. This reflects the 
problems in describing by a single parameter p the complicated elasticity of a real 
polymer which is dominated by entropic as well as enthalpic contributions due to bond 
angle deformations. For the purpose of the current study where a model is needed to 
obtain values for changes in contour length and correlate these to the number of 
aminoacids in a domain the WHLC model with a persistence length of 0.4 nm is 
satisfying. 

Unfolding Forces in Titin and Fibronectin. 

The unfolding traces of the titin Ig construct exhibit a clear sawtooth pattern as can be 
seen from Fig . 4 a). Each of the sawteeth reflects the unfolding of an Ig domain. Peak 
forces rise from 190-250 p N . The forces are not identical because the individual 
domains in the construct are not identical either. In fact, measurements on the 
thermodynamic stability resulted in folding free energies that differed by up to a factor 
of three among the titin Ig domains (72). The last peak in the unfolding pattern which is 
distinctly higher than all the preceeding peaks does not reflect the unfolding of a domain 
but just shows the detachment of the protein from the A F M tip. Using Eq . (1) the left 
hand slopes of the unfolding pattern could be fitted (black solid lines in F i g . 4). The 
change in contour length AL=28.2 nm from one peak to the next correlates well with 
the gain in length expected if the 89 aminoacids folded in a domain are completely 
elongated after the unfolding process. The maximum force exerted on a single titin 
molecule at physiological conditions has been estimated to be 20-30 p N . Consequently 
domain unfolding should not take place during normal muscle action. It has been 
shown, however, that the unfolding force of domains also depends on the rate at which 
the force is applied (7). Thus if a constant force of around 20 p N is applied to a titin 
molecule domain unfolding wi l l occur after several minutes. At the typical time scale of 
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Figure 3. Schematics of a force spectroscopic experiment performed on a 
recombinant construct comprising 4 Ig domains in series. 

400 

300 

200 

100 

100 150 

Extension [nm] 

AL=30 nm 

100 200 300 

Extension [nm] 

400 500 

Figure 4. a) Force vs. extension curve reflecting the unfolding of 6 Ig 
domains of the muscle protein titin. The superimposed black lines are W L C 
fits according to Eq . (1). b) Force vs. extension curves taken on native 
Fibronectin. 
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muscle cycles (-seconds) which is comparable to the time of the pulling cycle in F i g . 4 
unfolding is not to be expected. 

The unfolding of 10 Fibronectin Fn3 domains is shown in F i g . 4 b). A similar 
sawtooth pattern as with the titin construct can be observed. Again the last high peak 
reflects the detachment of the molecule from the A F M tip. Nevertheless, there are 
distinct differences from the titin trace. The most obvious difference are the much lower 
unfolding forces. Once again due to the variation in stability of the individual Fn3 
domains peak forces rising from 60-130 p N can be observed. This is 2 to 3 times 
lower than the forces in the titin construct. As already pointed out in the introductory 
paragraph this difference in stability cannot be deduced from thermal denaturation 
experiments (11,12). 

Another, more sublte, difference shows up in the spacing of the peaks. The W L C -
fits according to Eq. (1) yield an average peak spacing of AL=30 nm. This is due to 
the slightly higher number of aminoacids (93.5 on average) folded in the Fn3 domains. 
This demonstrates the high spatial resolution of our technique. 

The difference in forces between titin Ig and Fibronectin Fn3 domains supports the 
conclusion that titin, which has to keep its structural integrity during muscle action, is 
especially designed to resist mechanical unfolding. For Fibronectin, although a cell 
adhesion protein, the physiologically relevant forces are much lower. 

Single molecule force spectroscopy has proven to provide new information about 
protein stability that has not been accessible before. Generally, as more and more data 
on different kinds of protein domains wi l l be available, a collection of characteristic 
molecular "fingerprints" with well defined unfolding forces and peak spacing similar to 
the traces in F ig . 4 a) and Fig . 4 b) may even allow for simple structural predictions 
of proteins. 
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Chapter 15 

Study of the Fusion Process between Solid
-and Soft-Supported Phospholipid Bilayers 

with the Surface Forces Apparatus 
Markus Seitz, Chad K. Park, Joyce Y. Wong1, and Jacob N. Israelachvili 

Department of Chemical Engineering, University of California, 
Santa Barbara, CA 93106 

Introduction. 

L i p i d vesicles and planar bilayers have been used extensively to model l iving cells 
in the biophysical study of molecular mechanisms and fundamental interaction 
forces. In this context, the investigation of adhesion and fusion of vesicles with each 
other as wel l as with planar biomembranes (1,2) is of particular interest. For 
structural investigations, biomembranes generally have to be 'held in place', such as 
by transfer onto solid substrates (3-5). Various preparation techniques have been 
suggested for mono- and multilayer systems, such as the Langmuir-Blodgett 
technique (4) as wel l as self assembly processes on planar surfaces (3,6,7) or on 
small glass beads (8). 

Several methods have been developed that allow the measurement of interaction 
profiles with a resolution on the sub-nanometer scale (9). One of them is the osmotic 
pressure (or osmotic stress) technique (10), by which the first quantitative data for 
the short-range repulsive interaction of l ipid bilayers in aqueous solution could be 
obtained (11,12). However, it is restricted to the repulsive contributions of the inter
action profile. Another important method by which mechanical properties as well as 
the adhesion of vesicles in contact can be investigated is the "pipette aspiration tech
nique" (13-15). In recent years, reflection microscopy techniques have been deve
loped to monitor the distance between bilayer vesicles and modified surfaces which 
could also used to investigate interaction forces between bilayers and different types 
of substrates (16-18). 

The complete force-distance profile including adhesive interactions can be 
directly measured with the surface forces apparatus (SFA, 19,20), by which most 
fundamental interactions between surfaces in aqueous as wel l as non-aqueous 
solvents have been identified and quantified such as van der Waals, electrostatic as 
well as repulsive hydration forces or attractive hydrophobic interactions (19,21-26). 
In a unique way, the S F A also allows the observation of the membrane fusion pro
cess directly (in 'real time') with a resolution on the molecular level, at least in one 
dimension. In this contribution we wi l l give a brief summary of earlier fundamental 
results of bilayer fusion studies employing the S F A technique as wel l as a brief 
overview of the most recent developments in this area. 

1Current address: Department of Biomedical Engineering, Boston University, Boston, MA 02215. 
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Study of Normal Interbilayer Forces with the Surface Forces Apparatus. 

The S F A used in the surface forces measurements has been described extensively 
(23,27,28). Briefly, the distance of two cylindrically curved, molecularly smooth 
mica surfaces, of radii R i and R2, is visualized using the optical interference 
technique described previously (26,29). Fringes of equal chromatic order ( F E C O ) 
are produced when white light is passed through the apposing sample surfaces, and 
reflect the shape of the surface contact region. Thus, the distance of the two mica 
surfaces from a separation of several micrometers (Figure L A ) to close contact 
(Figure l . B ) of the surfaces can be followed to within 1-2 A, while at the same time 
the topography of the contact region can be imaged. One of the surfaces is mounted 
on a spring with spring constant K . From the measured deflection A D of the spring, 
the force F between the surfaces can be determined. The corresponding energy per 
unit area E between two flat surfaces is simply related to the force between the 
curved surfaces by the so-called Derjaguin approximation, E = F/27CR, where R is 
the geometric mean radius R = (Ri-R2)" 2 (21). For repulsive forces, the surfaces are 
simply pushed together and the spring deflection A D is measured optically, from 
which the force is obtained as F = K A D . In the case of attractive forces, the system 
becomes unstable i f the gradient of the force 3F/3D exceeds the spring constant K , 
and the surfaces jump to the next stable point of the interaction profile (30). Under 
very large compressive forces the two initially curved surfaces flatten elastically as 
the glue supporting the mica sheets becomes compressed. This deformation can be 
directly observed from the shapes of the fringes which represents a cross section of 
the contact zone. When one observes flattening, the Derjaguin approximation no 
longer applies. Instead of the energy per surface area, one can now determine the 
mean pressure from P m e a n = F / A . However, the maximum pressure occurs at the 
center of the contact area for repulsive interactions. If the surfaces deform elastically 
and do not mutually adhere, the "Hertz theory" (31,32) predicts that P = 0 at the 
edges and that it rises to a maximum at the center, where P m a x =1.5 Pmean- The 
elastic deformation of adhering surfaces is more complicated, and the resulting stress 
in the system is generally highest at the edges of the contact region (32,33). 

When two l ip id bilayer membranes have come into close, flattened contact, 
there is still one layer of hydration water separating the l ipid head groups (Figure 
L C ) . A s a certain energy barrier is overcome (e.g. by applying a certain pressure), 
either the center or the outer edge, i.e. the regions of the highest effective pressure, 
of the ellipsoidal contact spot can "break" through, which can be followed by the 
F E C O technique. These regions then slowly spread out towards the side or towards 
the center of the contact until, eventually, the whole interference pattern is shifted by 
the same amount to smaller wavelengths, i.e. smaller distances (26). On a molecular 
level, this relates to the hydration water layer as well as the two outer membrane 
leaflets being squeezed out (Figure l .D) . 

Thus, the total change in the mica-mica separation distance during the break
through corresponds to the removal of one full bilayer including one layer of hydra
tion water after which one bilayer membrane still remains in the contact region 
(22,24,26). These observations have been related to a so-called "hemifusion" (Figure 
1 .E) which is assumed to be an intermediate step in the process of full vesicle fusion 
(Figure l . F , 1,34). 

Forces and Fusion between Solid-Supported Phospholipid Bilayers. 
To date, almost all S F A measurements on interacting l ipid bilayer membranes have 
made use of solid (muscovite) mica substrates. This material provides an atomically 
flat surface so that the upper (distal) layer of the substrate-supported membrane can 
exist in an almost undisturbed fluid state, and the adhesion and fusion of model 
membranes could be followed directly with these systems (22-24). In general, it was 
found that adhesion between two bilayers can be progressively increased by up to 
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SFA IMAGES VESICLES 

B "Contact" 

D Breakthrough 

Figure 1. Schematic representation of hemifusion and fusion between bilayer mem
branes: Two mica-supported membranes in the S F A (left) represent the contact 
region during approach, contact and fusion of two free lipid vesicles (right). 
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two orders of magnitude i f they are stressed to expose more hydrophobic groups. 
The most important force leading to direct (hemi-)fusion is the hydrophobic attrac
tion acting between the (exposed) hydrophobic interiors of the solid-supported 
bilayers (in most cases, the inner layer which is in contact with the mica support 
consists of a crystalline dipalmitoylphosphatidylethanlolamine monolayer, D P P E ) . 
However, the occurrence of fusion is not simply related to the strength of the 
attractive interbilayer forces but also to the internal bilayer stresses (intrabilayer 
forces). Fusion can be triggered spontaneously between two repelling bilayers when 
they are sti l l at a finite distance from each other without their having to first 
overcome the short-range repulsive forces, e.g. the steric hydration barrier. Loca 
l ized molecular rearrangements allow this to happen by a process of local ly 
bypassing these forces via a simple breakthrough mechanism. Hereby, fusion starts 
locally at the weakest point or most highly stressed point of two apposing bilayers 
(26). Wi th 'fully developed' bilayers no fusion is observed up to applied pressures 
of 150 atm. Fusion takes place between 'depleted bilayers' , that is, when the 
solution is diluted below the C M C . Depletion also changes the force law between 
bilayers (26,34). In addition, hemifusion could be in systems with packing defects, 
e.g. after cooling below the fluid-gel phase transition temperature, or for natural 
l ip id mixtures such as "eggPC" (22). Nevertheless, high pressures of up to P = 50 -
100 atm were needed to achieve hemifusion (22,26). 

The second stage of the process depicted in Figure l . F , from hemifusion to full 
(or complete) fusion, involves the total removal of the central bilayer. This would be 
characterized in S F A measurements by a second critical breakthrough step. O n 
mica-supported systems it could be only observed so far between hydrophilic 
monolayers in humid air or in water-wet organic solvents, when the monolayer 
binding to the mica surfaces becomes weak (34,35). 

The hydrophobic interaction between the inner layers of apposing l ip id 
membranes could also be established as the ultimate driving force during the 
calcium-induced bilayer fusion of mixed bilayers systems. Dimyristoyl-phos-
phatidylcholine/dimyristoyl-phosphatidylglycerol ( D M P C / D M P G ) or dilauroyl-
phosphatidylcholine/dilauroyl-phosphatidylglycerol ( D L P C / D L P G ) , i.e. mixtures of 
zwitterionic P C and anionic P G lipids were investigated (25). It was found that the 
critical role of calcium is in the induction of phase-separated domains of different 
lateral stresses followed by 'contraction' of the calcium/PG-rich domains and 
'expansion' of the PC-r ich domains, with subsequent attraction and fusion of appo
sed layers. This model was confirmed by the finding that pure P G (or PC) bilayers 
do not fuse in the presence of calcium as the entire l ipid layers become uniformly 
stressed upon calcium binding and no additional area is exposed to the aqueous 
phase. 

In continuation of this earlier work, recently, the hemifusion of zwitterionic b i 
layers on solid mica substrates was further studied (Park, C . K . ; Israelachvili, J. N . , 
to be published). The following parameters were found to have an effect on the fu
sion event: deposition density, the l ipid shape, and the phase state of the lipids with
in the supported membrane. 

When lipids are deposited at sufficiently low densities, there is not enough 
coverage of the innermost D P P E layer. The exposure of these hydrophobic regions 
results in a larger adhesion than is accountable by van der Waals forces alone and 
frequently leads to hemifusion. Another way of reducing coverage can be accomp
lished with conically-shaped lipids. These are molecules where the headgroup area is 
smaller than that of the side groups. When such a l ipid, Dilinoleoyl-phosphatidyl-
ethanolamine, D L i n P E , was deposited at reasonable coverages, an increased 
adhesion and propensity for fusion was observed. This may be due to the outermost 
layers' inefficient packing which exposes its own tail groups to the aqueous environ
ment. Finally, by depositing near a liquid-expanded (LE) to liquid-condensed (LC) 
phase transition we again see a large increase adhesion and frequent fusion events. 
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In this case, it is believed that the solid-like nature of the substrate induces the outer 
lipids to pack in a more solid fashion. In doing so, the L E - L C phase boundaries may 
provide defects which facilitate hemifusion. 

To determine the effect of lateral phase separation on the adhesion and fusion of 
D L P E bilayers was investigated (Park, C . K . ; Israelachvili, J. N . , to be published). 
Deposition densities corresponding to fluid phases and solid phases (42 and 55 A 2 

per molecule respectively) gave rise to stable systems. Forces measured here were 
comparable to that expected from D L V O theory. Further, the F E C O fringes did not 
show any deformations indicating hemifusion. If the l ipid was deposited at very low 
densities, the resulting hemifusion was attributed to insufficient coverage of the pro
ximal D P P E layer. This effect was slightly larger for the inverted phase forming 
l ipid D L i n P E . When the deposition of the D L P E was done at temperatures near the 
fluidlike-solidlike phase transition, the layers were highly susceptible to hemifusion. 
Interestingly, fluorescence microscopy on this system showed the presence of do
mains. It is likely that the domains observed are providing defects or exposed edges 
which lowers the hemifusion energetic barrier. Essentially these effects are methods 
of (slightly) exposing the proximal D P P E layer to the bulk water. The resulting 
hemifusion is thought to be driven by strong attraction these hydrophobic groups 
have for each other. 

Soft-supported bilayers for the investigation of normal interaction forces. 
In recent years, the S F A was also used for the investigation of the interactions in 
more complex biological assemblies, such as the ligand-receptor system biotin-
streptavidin (36-39). Whereas in most of the cases discussed so far, the fluidity of 
the outer l ipid layer was sufficient for the study of the interaction between simple as 
well as functionalized l ipid membranes, the direct contact between the proximal l i 
pid monolayer with the substrate poses a serious constraint in many desired systems. 

The restriction of membrane mobility by the supporting mica substrate provides 
a significant difference compared to studies on bilayer vesicles or liquid-crystalline 
multilamellar l ipid structures. Bilayer systems which are allowed to fluctuate freely 
around an average distance exhibit repulsive undulation forces. This effect could not 
be studied with the S F A technique so far. Although in general there is good agree
ment in the measured forces between lecithin bilayers using the S F A and the osmo
tic pressure technique, the interaction forces measured by the latter are usually of 
longer range (40,41). Wi th respect to probing the fusion process of supported 
biomembranes, the major drawback resulting from the direct proximity of the solid 
substrate is the change in the viscoelastic properties of the overall bilayer which are 
important in governing the initial breakthrough. Also , full fusion is hindered by the 
substrate which does not allow the study of all aspects of the fusion process. For the 
investigation of such dynamic processes involving membrane deformations and 
rearrangements of lipids or membrane-incorporated proteins within l ip id bilayers, 
the realization of substrate-supported, but fluid model membranes is desired. One 
promising approach is the use of a water-swellable cationic polyelectrolyte, bran
ched polyethyleneimine (PEI), which electrostatically binds onto the negatively 
charged surface of the mica substrate (Figure 2 .A). This polymer gel can act as a 
deformable and mobile substrate and can build up an aqueous compartment between 
the membrane and the mica substrate. Recently, such "soft-supported membranes" 
have been used for the investigation of biomembrane structure and function (42). It 
is feasible that alternating polyelectrolyte multilayers can be formed stepwise by the 
use of a polyanion "counterlayer" which would allow control of the thickness of the 
polymeric cushion between the membrane and the solid support (43-45). Apart from 
their use in the study of fundamental principles governing biomembrane inter
actions, technical and medical interest arises from their potential use in biosensor 
systems (5,42,46). 
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Figure 2. Polymer-supported bilayers; A . physisorbed lipid membrane on support
ing water swollen polyelectrolyte; B . partial covalent attachment of lower (proximal) 
lipid monolayer to the supporting polymer as indicated by the arrow. 
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The chemical nature of the supporting polyethyleneimine layer also allows for 
the binding of the l ipid headgroups onto the gel support by electrostatic interactions 
or v ia the formation of chemical bonds between amino reactive membrane inserting 
lipids ("tethered supported membranes", Figure 2.B). The covalent fixation can pro
vide an additional stabilization factor which aids in slowing down the membrane de
sorption from the polymeric substrate. In recent years, this approach has been 
discussed frequently in the literature as a concept of modelling the effect of the cyto-
skeleton in living cells (42,47-53). 

Formation of soft-supported D M P C bilayers on mica. 

Physisorbed Bilayers. The most straightforward method to build up a soft-suppor
ted, physisorbed D M P C bilayer membrane on polyethyleneimine would be the un
rolling of small unilamellar l ipid vesicles onto the polyelectrolyte layer, which was 
shown to result in polymer-supported bilayers for negatively charged l ipid vesicles 
on negatively charged polymer surfaces in the presence of C a 2 + ions (45). However, 
S F A measurements on zwitterionic vesicles adsorbed onto cationic polyethylene
imine indicated a rather undefined multilayer structure which was confirmed in 
neutron scattering investigations on quartz supports (Majewski, J.; et al. Biophys. J., 
in press). 

A stepwise preparation was thus chosen for this particular system, in which the 
inner, polymer-supported D M P C monolayer was transferred onto the mica substrate 
by the Langmuir-Blodgett method from a subphase containing the polyelectrolyte. 
A s reported in the literature for the formation of other bilayer systems supported on 
solid substrates (6,7,48,54), the second layer was created by spreading unilamellar 
vesicles onto these preformed polymer-supported monolayers (Wong, J. Y . ; et al. 
Biophys. J., submitted). This approach provides two advantages: first, the sample 
preparation can easily be done within the S F A on preinstalled surfaces. Second, this 
method would allow the incorporation of membrane proteins directly from proteo-
liposomes. Structural investigations by neutron scattering confirmed the successful 
formation of the desired structures (the detailed results w i l l be published elsewhere). 
The preservation of lateral l ipid mobility within the fluid membrane was studied by 
fluorescence microscopy in similar fashion as it w i l l be discussed below in the 
context of partially attached membranes. 

Covalently attached membranes. Most recently, reactive membrane-inserting 
amphiphiles have been used for the formation of tethered l ipid bilayers on glass 
substrates (55). Adopting this approach for the purpose of studying membrane inter
actions employing the S F A technique, a new isothiocyanate-functionalized l ip id 
D M P C - N C S was synthesized from dimyristoylphosphatidylethanolamine ( D M P E ) 
and carbon disulfide. Its reactive isothiocyanate head group can selectively react 
with amino groups to form a N-N'-disubstituted thiourea structure in the presence of 
water which allows the partial attachment of an interfacial reactive l ipid monolayer 
to the amino functions of branched polyethyleneimine (PEI) dissolved in the water 
subphase (compare Figure 3). The details of the lipid synthesis, as well as the mono
layer characterization at the air-water interface have been described recently (Seitz, 
M . ; et al. Thin Solid Films, in press). 

The covalent fixation of the l ipid monolayer onto the polymeric substrate was 
shown by IR measurements. Also , their increased stability against water could be 
observed in studies of the contact angle of a water droplet in contact with the 
monolayer surface. The results are summarized in Table I. 

It can be seen that the observed contact angles of water droplets on pure D M P C 
monolayers as well as on mixed monolayers of D M P C containing approximately 
10 mol% D M P E - N C S on polyethyleneimine were rather low. The advancing angle 
for the mixture was 0 A = 43° and the receding angle was 0 R < 15°. Moreover, the 
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Figure 3. Formation of tethered D M P C monolayer and bilayers partially attached 
to supporting polyethylenimine (PEI). Bilayers are formed by adsorption of small 
unilamellar vesicles on the monolayers. 
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static contact angle of a water drop left on the monolayer decreased with time in 
both cases, starting at a value of approximately 20°, until within a few minutes the 
water spread on the surface and wetted the support such that the contact angle was 
no longer measurable ( 0 « 0). Obviously, as long as the monolayers consist mainly 
of physisorbed D M P C they are not stable against water and are being "washed o f f 
the substrate or rearrange, presumably into bilayer patches. In contrast, the mono
layers of pure reactive l ipid on PEI/mica was much more hydrophobic and stable 
with their quality depending on the transfer conditions: the measured dynamic 
values on a monolayer transferred at room temperature from the liquid-expanded 
("fluid") state were 0 A = 79° and 0 R = 16°. Despite this rather high hysteresis, the 
static contact angle of initially 64° dropped to only 47° after one hour. Whi le these 
observations point to an increased stability of the PEI-supported monolayers at 
higher covalent binding densities of the l ip id headgroups, the high hysteresis 
observed between the advancing and receding angles points to a rather heteroge
neous surface structure. The quality of the layers can be improved when the films 
are transferred in a more condensed state in which the monolayer exists at lower 
temperature (note that isotherm measurements on the reactive l ipid D M P E - N C S on 
pure water as well as on polyethyleneimine subphase have been described recently, 
Seitz, M . ; et al. Thin Solid Films, in press). 

Table I: Contact angle measurements on PEI-supported monolayers 
Lipids Transfer 

Conditions 
OA OR ®stat. Quality and 

Stability 

D M P C 21°C, 30 mN/m, 
"f luid" phase 

31° <5° 17° (->0°) not stable 
against water 

D M P E - N C S / 
D M P C 
= 10:1 

21°C, 35 mN/m, 
"fluid" phase 

43° <15° 20° (-> 0°) not stable 
against water 

D M P E - N C S 21°C, 35 mN/m, 
"fluid" phase 

79° 16° 64° (-> 47°) more hydrophobic 
and more stable 
under water, 
heterogeneous 
surface 

13°C, 40 mN/m, 
"solid" phase 

92° 52° 73° (stable) further 
improvement 
of monolayer 
quality 

However, at the same time as the stability of polymer-supported monolayers 
increases when a higher amount of the l ipid head groups is attached to the polymer 
substrate, the lateral l ipid mobility within the monolayers is slowed down signifi
cantly. Fluctuations along the surface normal should still be allowed in such tethered 
systems, and although this provides interesting perspectives with respect to studying 
the coupling of viscoelastic properties of the underlying polymer layer with the 
bound l ipid layer, a complete fixation of the bilayer is not desired for S F A studies of 
membrane fusion processes. Thus, in the following a tethered supported membrane 
with only partial fixation of the proximal l ipid layer w i l l be discussed. 
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In a similar way as physisorbed membranes, tethered supported bilayers can be 
formed, e.g., by adsorption of D M P C vesicles onto polymer-supported mixed mono
layers of D M P C and the synthetic reactive l ip id D M P E - N C S (Figure 3). This 
process was followed by fluorescence microscopy. Figure 4 .A shows a mixed l ipid 
monolayer of D M P C containing 10 mol% D M P E - N C S and 0.5 mol% T R - D H P E 
(Texas Red-labelled Dihexadecanoylphosphatidylethanolamine) on polyethylene-
imine/mica in air which was prepared by L B transfer as described above. 

Note that two octagonal spots of the homogeneous fluorescing monolayer were 
bleached with the fluorescent light beam of the microscope, neither of which 
changed its shape during an hour after exposure of the sample proving that the 
fluorescent-labelled l ipid is rather immobile within the polymer-supported mono
layer in air. 

After the addition of a D M P C vesicle solution at 28 °C, the fluorescent-dye 
stayed on the substrate and the fluorescence of the sample remained homogenous. 
Moreover, the fluorescence of the sample recovered with time as T R - D H P E , now 
laterally mobile, diffused into a previously bleached spot. Figures 4.B and 4.C show 
the micrographs taken of the same spot 10 seconds and 10 minutes, respectively, 
after the initial bleaching with the fluorescent beam. Note that the radius of the 
darker region decreased with time as a result of the diffusion of the fluorescent l ipid. 
After one hour, the dark spot had almost completely disappeared. Note that these 
observations are only qualitatively comparable with F R A P experiments (fluore
scence recovery after photobleaching, 56,57). However, the observed time-depen
dent fluorescence recovery agrees well with an increased fluidity of the soft-suppor
ted bilayers in aqueous solution as compared to the soft-supported monolayer system 
in air. A s expected, literature reported F R A P measurements for similar tethered 
bilayer systems show a lowered diffusion constant D = 1.5 ju,m2-s_1 of the dye-
labelled l ipid, while within a polymer-supported D M P C bilayer D = 3 urn^s - 1 (49). 

A n additional observation that is in agreement with the aforementioned contact 
angle measurements should be mentioned. After the addition of a pure water droplet 
to a PEI-supported monolayer of the lipid mixture fluorescence recovery is observed 
around the wetted region, but where the monolayer is still exposed to air. This points 
to a swelling of the underlying polymer gel which induces lateral l ipid mobility in 
the supported monolayer. However, once the droplet covers the monolayer a 
rearrangement in the monolayer takes place resulting in domain formation on the 
support as wel l as the detection of a strong fluorescence signal from the water 
surface. Considering the homogeneous fluorescence in the monolayer systems 
exposed to a D M P C vesicle solution directly, it appears that a second l ipid layer is 
adsorbed on top of the transferred monolayer on initial contact with the solution 
which yields a stable, tethered supported bilayer as depicted in Figure 2.B. 

It appears that the successful formation of bilayer membranes on polymer 
supports by the described vesicle adsorption technique depends both on the quality 
as wel l as on the l ipid mobility in the preformed polymer-supported monolayers, 
while the long-term stability is improved by the attachment to the membrane sup
port. Whereas a polymer-supported monolayer can be created from a pure layer of 
reactive l ipid on polyethyleneimine which is perfectly stable in water, the bilayer 
formation by vesicle adsorption is highly critical for these fully attached systems. A 
high extent of covalent binding between lipid headgroups and polymer support does 
no longer allow for lateral mobility within the proximal l ipid layer which in most 
cases would be crucial for the system in order to reorganize into a perfectly packed 
bilayer during the vesicle adsorption process. 

Normal interaction forces of soft-supported D M P C bilayers. 
The phase transition temperature between gel and liquid crystalline phase of T c = 
24 °C for D M P C bilayers allows to study the effect of membrane fluidity in S F A 
measurements close to room temperature. The temperature dependence of the inter-
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Figure 4. Fluorescence micrographs of a mixed monolayer ( D M P C / D M P E N C S , 
9.6:1 containing 0.5 mol% T R - D H P E on PEI/mica; A . in air; B . mono-layer in D M P C 
vesicle solution, 10 seconds after bleaching; C. same spot, 10 minutes after bleaching. 
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action profile of two PEI-supported, pure D M P C membranes is shown in Figure 5. 
Whi le the details of these experiments have been discussed in a recent publication 
(Wong, J. Y . ; et al. Biophys. J., submitted), a qualitative summary of the force-
distance profile at short distances shown in Figure 5 and its implications with respect 
to the fusion process of biological membranes wi l l be given here. 

Above the chain melting temperature of the l ipid membrane, at 28 °C, a hemi
fusion of the apposing bilayers can be observed discontinuity in the force profile 
from 10.5 to 5.5 nm at F / R « 20 m N / m corresponding to pressures (Pmean = 
7-10 atm) which are considerably smaller than for bilayers directly supported on 
mica (see above). The fluidity of the polymer supported bilayers is also indicated by 
their recovery after a previous hemifusion event. It was seen that after appropriate 
healing times (< 1-2 hrs) an essentially identical force profile was obtained in 
subsequent measurements on the same contact spot. Also , a complete fusion of two 
l ipid membranes in the liquid crystalline state can now be observed with the S F A as 
a second discontinuous decrease of the mica-mica separation by A D =3.5 nm at 
higher pressures (Figure 5). In contrast, this could not be observed with the S F A for 
l ip id bilayers deposited directly onto mica where a full removal of both l ipid layers 
would result in a direct mica-mica contact (22,24,26). Once fully fused and 
completely removed from the polymer substrate, even the fluid PEI-supported 
D M P C bilayers do not recover within the time of the experiment (16 hours after 
fusion). A t lower temperatures, when the D M P C bilayers are in the gel state, very 
high pressures are needed for hemifusion. In measurements at 21 °C, hemifusion 
was observed at very high F / R values corresponding to pressures above P m ean ~ 
50 atm (Figure 5). In addition, the healing process after hemifusion was very slow, 
and a second step corresponding to a full fusion of the two apposing membranes 
could not be achieved under pressures up to 150 atm (within observation times of up 
to two hours). 

The temperature dependence of the systems dimensions can be extracted from 
the interaction profile between PEI-supported D M P C bilayers at short distances 
(Figure 5). They correlate well with reported X-ray diffraction data on multilamellar 
D M P C aggregates in an excess of water; e.g. the observed shift of the steric barrier 
("hard wall" ) by 1.4 nm below the phase transition temperature can be explained 
by these literature reported numbers (20 °C, Pp'-phase, bilayer thickness: ds = 
4.45 nm, thickness of hydration water layer: d w = 2.04 nm; 37 °C, L a -phase , a© = 
3.55 nm, d w = 2.45 nm (58); thickness of hard wall , Dhw = 2dfi + d w ) . 

Conclusions and implications: factors governing the fusion of lipid bilayer 
membranes. 
The fusion barrier of two apposing bilayers (i.e. the pressure and energy required for 
their hemifusion) is directly related to the measured, temperature-dependent interbi-
layer forces during the breakthrough process. In comparison with the results 
obtained for solid-supported l ip id bilayers on mica, the observations on soft-
supported membranes clearly reflect the influence of the underlying substrate. 
Bilayers supported on mica alone are restricted in the mobility of their proximal, 
solid-like D P P E layer which is in direct contact with the solid substrate. This 
restricted mobility of the lower layer can result in packing stresses and hole 
formation in the distal D M P C layers when undergoing phase transitions, since the 
solid and laterally immobile D P P E layers do not accommodate for changes in the 
mean molecular area of the outer l ipid layer. In contrast, polymer supported D M P C 
membranes can stay intact while undergoing the phase change from the fluid L a to 
the Pp' gel phase. Thus, the data obtained on soft-supported systems more closely 
relate to the properties of the whole bilayer membrane, whereas measurements on 
solid-supported bilayers merely probe effects related to structural changes of the 
outer membrane leaflets. 
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Figure 5. Force distance profile measured during compression of two physisorbed 
PEI-supported D M P C bilayers in the liquid crystalline state (at 28 °C, full symbols) 
and in the gel phase (at 21 °C, open symbols; adapted from Wong, J. Y . ; et al. 
Biophys. / . , submitted). 
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It is interesting to compare the S F A results on soft-supported bilayers with 
fusion studies on spherical bilayer vesicles. A s mentioned above, the fusion barrier, 
i.e. the pressure required to achieve hemifusion of two apposing membranes in the 
S F A , drastically increases in the gel state. When comparing to unilamellar vesicles 
of small size (R < 50 nm), this observation seems to contradict findings on free 
unilamellar vesicles in solution for which fusion of the bilayer membranes was 
found to be favored below the fluid-gel transition, T m (27). However, this difference 
can be explained considering that compared to nearly planar bilayers these small, 
curved vesicles in the gel state are highly stressed which they can overcome by 
fusion to larger vesicles (7,2,27). This is supported by the finding that phospha
tidylcholine vesicles in contact that have a larger radius of curvature (R ~ 2 mm) 
show a similar trend as the nearly planar bilayer systems (R ~ 1 cm) investigated in 
S F A studies, as they also fuse more easily with increasing temperature (59,60). 

The same general driving force has been discussed both for the hemifusion of 
solid-supported bilayer membranes in the S F A (24,26) as well as for free vesicles in 
solution (60). In the first case, it has been argued that the exposure of hydrophobic 
chains on thinning of the outer membrane layer (which itself can be caused in diffe
rent ways as described above) has been argued to give rise to an attraction between 
the inner D P P E layers of the two membranes which ultimately results in the removal 
of the two outer l ipid layers. In the latter case, it was assumed that by increasing the 
fluidity of the membrane, the freedom of motion of the hydrocarbon chains of l ip id 
molecules can be increased so as to allow the hydrocarbon chains to be exposed at 
the membrane surface. In both scenarios, the actual fusion process would be 
governed by an attractive, hydrophobic interaction. 

However, in addition to this general hydrophobic driving force several other 
factors can play a crucial role in the fusion of l ipid bilayer membranes, and their 
relative influence on the process can strongly depend on the particular system under 
investigation. As discussed before, for solid-supported l ipid bilayers, most of these 
additional factors such as packing defects and phase separation are related to the 
properties of the outer l ip id monolayer which can be considerably different than 
those of the supporting D P P E layer. In soft-supported bilayers as well as large uni
lamellar vesicles, the fusion of planar bilayers in contact is facilitated with increa
sing fluidity of the entire membrane. The additional influence of bilayer curvature is 
seen in small vesicles for which the fusion of is promoted by their high curvature. 
Also , it is important to consider how the bilayers are brought into contact. Thus, in 
studies on free vesicles in solution their enhanced aggregation below T m contributes 
to the overall number of fusion events (27). 

Summary. 
Phospholipid bilayers supported by a polymer cushion which can swell and act as a 
deformable and mobile substrate can preserve their membrane fluidity since their 
direct interaction with the solid substrate is prevented. For S F A measurements it is 
convenient to use branched polyethyleneimine as a water-swellable polymeric subs
trate, as it can be easily adsorbed electrostatically onto atomically flat mica substra
tes. A l ipid bilayer can be formed by adsorption of small unilamellar vesicles onto 
polymer-supported monolayers which can be partially covalently attached to the 
polymer layer using reactive lipids that insert into the membrane in order to provide 
additional stability to the system. In comparison to l ipid bilayer systems deposited 
on mica directly, the interaction profile - particularly the hemifusion - of two 
polymer-supported membranes is less affected by the proximity of the supporting 
substrate and thus more closely resembles the properties of free bilayer vesicles. 
This also allows the observation of a complete fusion of two apposing l ip id 
membranes with the S F A . 

Many molecular processes on the outer membrane surface or within the outer 
membrane layers can be conveniently studied employing solid-supported bilayers, 
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such as phase separation, phase changes in the l ipid layer, or ligand-receptor-inter-
actions, and the influence of adsorbed polymers on the force profile between 
biomembranes. In addition to this broad variety of effects that can be investigated 
and understood with the S F A to date, the described soft-supported bilayers open up 
new possibilities. They w i l l allow to further study dynamic interactions of more 
complex, and biologically more relevant model membranes, such as their adhesion 
and fusion under controllable and near in-vivo conditions. 
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Chapter 16 

Protein Transport, Aggregation, and Deposition 
in Membrane Pores 

R. Chan and V. Chen 

UNESCO Centre for Membrane Science and Technology, School of Chemical 
Engineering and Industrial Chemistry, University of New South Wales, 

Sydney, New South Wales 2052, Australia 

Protein deposition on membrane surfaces and in pores can be probed 
using constant flux filtration experiments and electron microscopy. 
Protein precipitation near membrane pores are the result of pre
-existing aggregates, shear enhanced multilayer protein adsorption, 
and aggregate formation and growth. To determine what 
hydrodynamic conditions and solution conditions are required to 
create protein aggregates in situ, fluxes were incrementally raised 
until a critical threshold was reached and membrane permeability 
suddenly decreased. Addition of electrolytes was also used to change 
the protein interactions. Filtration below the critical threshold allows 
only low amount of protein adsorption to be maintained. Above this 
threshold, multilayer protein growth is rapid and sufficient to reduce 
the pore size ten fold. Protein aggregates do not appear to occur until 
after the rapid rise in transmembrane pressure is observed, and the 
effect of added electrolyte did not appear until a time period for 
protein rearrangement during filtration. 

Membrane ultrafiltration and microfiltration form important separation processes for 
the separation and purfication of proteins and other small colloids. Although 
membrane filtration has been addressed in the literature for more than 25 years, only 
recently have the dynamics of protein transport, aggregation, and deposition near the 
membrane surface and pores have been accessible using new experimental 
techniques. During filtration through a partially retentive membrane, high 
concentrations of protein may be confined on the membrane surface and a fraction of 
the solutes which reaches the surface wi l l undergo both diffusive and convective 
transport through tortuous pore structures. If adsorption reaches a significant level to 
prevent solute passage through the membrane yet pass solvent easily, a rapid build 
up of solute at the membrane surface wi l l occur and fouling wi l l take place. The 

© 1999 American Chemical Society 231 
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conditions leading to the onset of protein adsorption due to concentration 
polarization, aggregation, and deposition on the surface and within the membrane is 
not well understood. Furthermore, many previous studies have ignored partially 
permeable membranes to simplify analysis of the solute transport mechanisms to and 
from the membrane surface. However, controlling protein transport through 
ultrafiltration or microfiltration membranes allows optimal protein fractionation to 
be undertaken. In addition, controlling protein aggregation and deposition allows the 
maximum flux to be achieved without pore plugging and fouling. 

While there has been extensive studies on diffusive transport of protein through 
membrane pores as well as passive protein adsorption, protein transport through U F 
and M F membranes is less well understood. Confinement of a high solute 
concentration to the membrane wall , high local shear, and hindered passage through 
the membrane structure imposes limitations on solute passage even when the solute 
is much smaller than the pore size. Thus three potential mechanisms controlling 
protein transport and deposition in membrane pores should be considered: (a) 
protein adsorption, (b) protein aggregation (pre-existing and formed in situ in 
membrane pores), and (c) concentration polarization. The dynamics and control of 
these mechanisms are discussed. 

The consequence of the local shear field and small pores is possible denaturation 
of the protein as they pass through the membrane. This denaturation increases the 
aggregation of the native protein, possibly to sizes large enough to plug the pores. 
There have been many studies on possible shear denaturation in processing of 
biological material, especially enzymes, with regards to pumping and exposure to the 
air-water interface. Charm and Wong showed that when the product of the shear 
force and time exceeds 50 Pa s, measurable effect on the activity of enzymes are 
observed (7). On the other hand, Dunnill and co-workers reported no observable loss 
in enzymatic activity in their investigations (2). In membrane filtration units, 
proteins can be exposed to high shear forces (and concentrations) near pore walls for 
short periods as well as at low shear for long residence times due to pumping and 
recirculation. Convective deposition of protein aggregates generated by shear forces 
due to pumping was more extensively studied by Chandavarkar in the context of 
crossflow microfiltration (3). Using quasi-elastic light scattering and electrophoretic 
analysis, he showed that protein aggregates consisting of less than 1 % of the total 
protein were detectable on the membrane surface and contributed significantly to 
pore occlusion. While protein aggregation due to bulk shear may be significant, the 
forces through small membrane pores are much higher but are of short duration. 
Several studies have considered the potential for these shear forces to contribute to 
protein aggregation and fouling in membrane pores. 

Truskey et al. first investigated the possibility that membrane filtration may 
affect the protein conformation using low pressures and no stirring in a dead end cell 
(4). They did not find any significant protein conformation changes using circular 
dichroism (CD). Subsequently, Franken et al. investigated fouling of track etched 
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membranes with bovine serum albumin (BSA) (5). B S A is a prolate ellipsoid with 
approximate dimensions of 10 x 2.7 x 2.7 nm. B S A samples were examined by C D 
and Fourier Transformed Infrared (FTIR) after they have undergone shear, heating, 
and passage through a microfiltration membrane, and the secondary structures were 
compared. Using B S A prepared by the manufacturer using heat shock fractionation, 
rejection was observed with 0.2 um track etched polycarbonate membranes despite 
the high pore to protein size ratio. Rejection also increased with stirring rate and 
higher transmembrane pressures. These results indicated that proteins were able to 
effectively plug the pore structure, and that aggregation near the pore entrance was a 
possible mechanism. Franken et al. also observed that rejection did not occur when 
B S A prepared by Cohn cold ethanol fractionation was used in identical experiments. 
The FTIR and C D spectra of the B S A before and after filtration only showed small 
differences compared to the moderate changes shown by prolonged heating (2 hours 
at 70°C) and large changes due to high temperatures (5 min. at 100°C). This was not 
unexpected since B S A is considered a relatively rigid or "hard" globular protein, and 
the population of shear-denatured protein may be small compared to the bulk 
solution. 

Thus evidence pointed to some population of protein aggregates formed by both 
shear forces experienced during stirring, by shear experienced through the membrane 
pores, and by prior history. The effect is particularly magnified by low porosity 
(9.4%) track etched membranes. The average shear forces through the 0.2 um track 
etched membrane at 0.6 bar is calculated to be approximately 460 Pa but the 
residence time in the pores is less than 0.001 s. In the terminology of Charm and 
Wong, the shear-time product would be 0.22 Pa s, considerably less than the 50 Pa s 
they predicted to denature enzymes. This does not account for the possibility of high 
local shear gradient near the walls to cause protein denaturation. 

Hodgson compared multiple filtration of B S A solution through highly porous 
alumina "Anopore" membranes (with 0.02 and 0.2 um poresize) (6). Hodgson 
investigated both the possibility of pre-existing protein aggregates and those formed 
by confinement under shear in membrane pores (6). These membranes have the 
advantage of the high porosity and uniform capillary pores. Particle sizing of the 
raw protein solution and protein recovered from the surface of the 0.02 um 
membranes were compared in the 200 - 2000 nm range. The aggregates on the 
surface of the membranes contained a larger proportion of large aggregates than in 
the raw solution. He found that the reduction of flux and the changes in protein 
transmission followed neither a simple internal deposition nor an external cake 
deposition mechanism. Instead he proposed that the following stages of fouling 
occurred. First, a rapid monolayer adsorption in the pores occurs, with some pre
existing aggregate being deposited from bulk solution. Second, a more substantial 
aggregate layer formed due to aggregate growth through protein deposition on their 
surface. Eventually, the growth of the aggregates forms an even cake or "sheet-like" 
layer which parallels the onset of rejection (6). 
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Bowen and Gan observed, that unlike normal passive protein adsorption, 
filtration of dilute B S A proteins in Anopore membranes indicated a continuous 
protein deposition with a maximum layer thickness of 55 nm on the walls of the 0.2 
um diameter walls (7). This is in contrast with monolayer passive adsorption of 5 -
10 nm observed in the absence of filtration. Thus shear and confinement in 
membrane pores thus result in both multilayer protein adsorption as well as 
aggregate initiation or growth. Kel ly et al. confirmed that the different types of 
commercially available B S A showed that the rate of flux decline was most rapid for 
proteins prepared by the heat shock fractionation and those designated fatty acid free 
(8). Prefiltration of their protein solutions slowed the flux decline but did not 
prevent continuous flux decline. Kel ly et al added iodoacetic acid which caps the 
free sulfhydryl group on each B S A molecule in an attempt to limit further 
aggregation of the protein solution during filtration (9). Their results showed that 
capping of sulfhydryl group followed by prefiltration to remove the existing 
aggregates resulted in a solution which exhibited very low flux decline. These 
results support the preliminary evidence by Franken et al. and Hodgson that both 
pre-existing aggregates and aggregate formation play a role in the dramatic flux 
decline observed in protein filtration (5,6). 

Attempts to directly observe the protein deposits on membrane surfaces have 
been conducted using field emission electron microscopy. Small volumes of protein 
solutions were filtered at various constant pressures, and the initial protein deposits 
were observed. K i m et al. showed that both pressure and membrane morphology 
resulted in more evident protein aggregate formation on the surface of the membrane 
(10). Formation of smooth cake like layers were observed at lower pressure while an 
increase of from 100 to 200 kPa induced protein aggregates to appear on top of 100 
kD molecular weight cut off polysulfone membranes (77). Changes in p H and 
stirring did not appear to significantly affect the appearance of the initial protein 
deposit. While the appearance of protein aggregates is important in explaining the 
apparent rejection of solutes many times smaller than the pore size, the onset of both 
the irreversible flux decline and rejection was identified as a function of achieving 
some critical condition near the membrane pore walls. 

More recently, additional techniques have been used to probe the critical 
conditions to initiate irreversible multilayer protein deposition. Anecdotal evidence 
had often suggested that moderate flux during initial startup of membrane filtration 
and operation can reduce the severity of fouling. Turker et al. and others controlled 
the permeate flow rather than use a fixed transmembrane pressure to control 
deposition to the surface (12-14). Thus much more consistent hydrodynamic 
conditions can be applied during the filtration process whereas constant pressure 
filtration resulted in a continuing decreasing convective force on the different layers 
of deposition. 

Since the deposition of the particles depend on the balance between convective 
drag and axial convection, the concept of "critical flux" has been used to describe the 
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hydrodynamic conditions to achieve little or no deposition of colloidal particles on 
the membrane surface. A demonstration of this concept was shown by Field et al. 
with dodecane emulsion and yeast particles (13,14). Field et al. were able to maintain 
filtration without flux decline and showed that once a threshold flux was exceeded, 
deposition rapidly took place (13,14). Using a series of increasing flux steps, 
Madaeni showed that there was a sharp transition between "nonfouling" or 
"subcritical" flux and a rapidly fouling regime, even a complex fluid such as 
activated sludge (75). For smaller particles, Chen et al showed that the transition 
from concentration polarization to irreversible cake deposition can be detected by the 
same means using 12 nm silica particles (76). A t a fixed, constant flux, the 
transmembrane pressure is constant when only concentration polarization is present 
as it is established rapidly; however, at the fouling threshold, a rapidly increasing 
transmembrane pressure occurs. Reversibility of this deposition depends on the how 
much excess pressure is applied. 

Rather than a "critical flux", Aimar and co-workers have considered the 
conditions for irreversible deposition to occur when both the colloidal interactions 
between particles as well as the convective forces bringing the particles into contact 
reaches some threshold level (77). This threshold depends on particle size, 
concentration, and interaction parameters between the colloidal particles such as Van 
der Waals forces and electrostatic repulsion. The regimes favorable for particle 
deposition were mapped out by Aimar and co-workers based on the hydrodynamic 
factors (crossflow and flux) and the potential barrier V B which represent the colloidal 
interactions, using a factor W D = 1 + (V B /5) as a criterion for determining i f a 
particle w i l l be retained on a membrane surface (7 7). High W D values indicate low 
or negligible depositions and the crossover between nonfouling and fouling regimes 
is delineated by where the Sh ~ Pe, ie mass is dominated by convection and not by 
colloidal interaction V B . 

The Sherwood number is defined as a function of both the Peclet number and 
the potential barrier V B , 

Sh = 
(Wn-\)e-',e+^r(\-e-p<) 

Pe 

Adsorption is considered as a third region for the case of low Pe number and Sh 
~ Pe. In the case of B S A , Aimar and co-workers predicted a potential barrier V B of 
1 x 10"4 m for at a 0.001 M ionic strength and -6.8 net charge. Depending on the 
size and the strength of the colloidal interactions, it is likely that the concepts of 
"critical flux" and "critical concentration" are both relevant, but the dominance of 
one factor over another may occur at very high fluxes or very high charge 
interactions. 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

6

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



236 

To determine the onset of both flux decline and reduction in transmission for 
B S A , the "stepping" experiments were used for various track etched and 
polyvinyliene difluoride microfiltration membranes which show partial rejection of 
B S A (18). For 0.2 um poresize track etched membranes, the "incipient fouling" 
region was approximately in the 150 L/m 2 h range for 0.4 wt% B S A at p H 7.5. For 
the module that is used in our laboratory with B S A , Table I shows the values of 
Peclet number for 150 L / m 2 h,using the estimates from Bacchin et al. as V B (17J8). 
The mass transfer coefficient k = D/6 was determined by the best fit of the film 
model from the filtration data. 

Table I. 

Flux (L/m 2h) Pe w D 
Sh Sh/Pe 

150 8.89 22.3 8.66 0.97 

For the Peclet and Sherwood number evaluated under those conditions, the 
stability factor for deposition W D lies on the transitional area, near the region where 
Aimar and co-workers define as being favorable for deposition. However, there is 
no explicit provision for the removal of solute from the interface through a partial 
permeable membrane. 

In addition to looking at the apparent "critical flux", we have used the calculated 
wall concentrations of B S A where the beginning of the irreversible deposition appear 
to occur, what we call the "incipient fouling regime". These threshold 
concentrations appear to be quite low (below 5wt%) (18). This concentration is not 
sufficient to "gel" or precipitate or flocculate. Thus shear-enhanced adsorption must 
also play a role in accelerating irreversible deposition at such low concentrations. 

In this work, the evidence of protein deposition in the pores of microfiltration 
membranes, specifically the possible aggregation of protein deposits and the effect of 
electrolytes on the incipient fouling regime are examined. B y applying constant flux 
below, above, and near the "critical flux" threshold, we can determine the conditions 
where monolayer protein adsorption undergoes a transition to multilayer adsorption, 
reflected by a rapid increase in resistance. Electron microscopy of the membrane 
surface was undertaken to determine whether significant protein aggregation is 
evident near the critical flux. 

The effect of added electrolyte is also examined to determine how the critical 
flux is affected. Although the electrostatic repulsion wi l l be dampened by the added 
electrolyte, the effect of added electrolyte wi l l also affect the solubilization as well as 
the rejection of the protein. In constant pressure experiments, early studies by Suki 
et al. (79) showed that added electrolytes decreased flux at pH's away from the 
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isoelectric point and increased them near the isoelectric point. A number of 
subsequent studies have supported these observations. However, these effects would 
likely be dominated by cake formation on the membrane surface while our 
experiments are probing their effects upon the onset of multilayer deposition. If the 
potential barrier is decreased, the onset of the fouling threshold should be reflected 
by a shift of the inflection point of the AP versus flux graph to lower fluxes. We also 
examine whether or not the kinetics of protein adsorption and multilayer deposition 
becomes important near the fouling threshold. 

Experimental Methods 

Poretic polycarbonate track etched membranes with 0.2 um pore size were used in 
the experiments. The bovine serum albumin (Fraction V ) was obtained from 
Calbiochem Australia and made up into 0.1 wt% solution with M i l l i - Q treated water. 
The p H of the feed solution was adjusted using N a O H and HC1. The membranes 
were presoaked in 0.1 wt% B S A solution for 1 hour before filtration experiments 
were carried out. Concentration was measured for rejection experiments using 
absorbance at 280 nm via a Cary I spectrophotometer by Varian. The electron 
micrographs were taken using a Hitachi S900 field emission scanning electron 
microscope. 

The crossflow module provided a channel 2 mm high, 25 mm wide and 210 mm 
long. The effective area of the membrane was 24.5 cm 2 . A peristaltic pump (Master 
Flex Model 7529-00) was used to supply the operating pressure and feed circulation. 
Pressure transducers were used to monitor the permeate pressure as well as the inlet 
pressure in the membrane module. A small peristaltic pump (Masterflex by Cole 
Palmer) was used to control the permeate flux. The permeate flow was measured by 
an electronic balance, and the both the pressures and permeate flow were monitored 
automatically by a computer. A crossflow velocity of 0.69 m/s was maintained 
during the experiments. 

For "stepping experiments", flux was increased in increments and held for 15 
minutes. During that time, the transmembrane pressure remained fairly constant i f 
below the fouling threshold or increased rapidly above the fouling threshold. A 
range of pH's were used to vary the potential barrier and electrolyte concentrations 
were also varied. In a number of experiments, only one applied flux was used and 
the transmembrane pressure was observed to see i f there was a time lag due to 
exposure of the surface before deposition begins to occur. 

Results 

The first experiments attempted to change the potential barrier for deposition by 
using increasing amounts of added N a C l for p H 3, 4.8 (taken to be the isoelectric 
point of B S A ) , and 9. In Figure 1, the electrolyte concentration was increased from 
no added N a C l to 0.15 M added N a C l . Unexpectedly, there was little change in the 
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140 

Flux (L/rn h) 

Figure la. Effect of added electrolyte on transmembrane pressure versus flux 
measurements at pH 9. 
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Figure lb. Effect of added electrolyte on transmembrane pressure versus flux 
measurements at pH 3. 
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fouling thresholds. In addition, the rejection of the protein did not change 
significantly initially when the transmembrane pressure just began to increase but 
only started to increase after the transmembrane pressure exceeded 100 kPa. A t p H 
3 and p H 4.8, the rejection remained approximately 10% with and without the 
addition of electrolyte. For p H 9, the rejection was decreased substantially by the 
addition of 0.15 M N a C l . To confirm whether the flux increments used in the 
experiments did not induce an experimental artifact, constant flux experiments were 
carried out above and below the critical flux without "stepping". These provided 
some interesting results in and of themselves. 

Below the critical flux, the negligible fouling can be maintained as evidenced by 
the constant transmembrane pressure in Figure 2. However, at p H 3 when significant 
0.15 M N a C l is present, the transmembrane pressure begins to increase after one 
hour, indicating that possible conformation changes of the protein on the surface 
allows higher fouling to take place (Figure 3). In order to determine whether this is 
due to shear denaturation from pumping, the solution was pumped around the system 
for one hour before the experiment begun. The results were the same as before, 
fouling only appeared after the filtration had occurred for an hour. This indicates 
that the fouling was only initiated by the filtration process. 

Electron micrographs of the membrane below, near, and just above the critical 
flux were taken at p H 9 (Figure 4). Even after 30 minutes at 300 L/m 2 h, well above 
the critical flux, the surface is still relatively clear after they were removed from the 
membrane module and air-dried. This is also consistent with the rejection data 
which shows little increase from the initial 10% until the membrane has been held 
for a time above incipient fouling region. The rapidity of the change in rejection is 
likely to increase with increasing concentrations of B S A . Earlier experiments with 
0.4 wt% B S A showed a much faster increase in rejection after the critical flux has 
been exceeded. Wel l above the critical flux for pH 4.8, the multilayer protein 
deposition and aggregates are clearly evident (Figure 5). Deposition inside the pores 
appears to occur as well . The presence of electrolytes did not significantly change 
the appearance of the deposit in this case (Figure 6). 

Discussion 

By holding the flux below a threshold value, protein deposition in the form of 
aggregates and thick layers can be avoided. Near the critical flux, some increase in 
transmembrane pressure is evident; however, no significant aggregates are 
immediately detected. Thus it is hypothesized that the multilayer deposition is 
occurring in the pores and on the surface but may be still not totally irreversible. 
Previous experiments which increased the flux over the incipient fouling region for 
short periods and then decreasing them again, show partial dissipation of the 
resistance. More prolonged filtration substantially above the critical flux shows both 
aggregates and thick protein layer formation. 
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Figure 2. Transmembrane pressure and flux versus time during filtration at constant 
flux at p H 3 (no added NaCl) . 

30 45 60 75 90 105 120 

Time (min) 

Figure 3. Transmembrane pressure versus time during filtration at 60 L/m 2 h, con
stant flux at p H 3 with 0.15 M NaCl . In one case, the protein solution was filtered 
after being pre-soaked for 1 hour while in the other case the protein solution was 
circulated for 1 hour in the system prior to the beginning of filtration. 
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Figure 4. Electron micrograph of 0.2 fim track etched membrane after 30 minutes 
of filtration at p H 9 at 300 L /m 2 h which is above the critical flux. The distance 
between the white dots is equivalent to 186 nm. 
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Figure 5. Electron micrograph of 0.2 /xm track etched membrane after filtration 
at 200 L /m 2 h for 1 hour at p H 4.8 with no added salt. The distance between the 
white dots is equivalent to 186 nm. 
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Figure 6. Electron micrograph of 0.2 /xm track etched membrane after filtration 
at 200 L /m 2 h for 1 hour at p H 4.8 in the presence of 0.1 M NaCl . The distance 
between the white dots is equivalent to 186 nm. 
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The addition of electrolyte did not produce a dramatic change in the threshold 
levels for fouling. Theoretically, the potential barrier should decrease due to the 
dampening of the repulsive interactions, resulting in a shift to lower fluxes and 
Peclet number for the fouling region. There may be two reasons. First, the 
"stepping" type experiments slowly increased the flux gradually and the high shear 
encountered in the initial phase of constant pressure experiments is not present. This 
may slow the formation of protein-protein linkages and aggregate formation affected 
by the increased electrolyte concentration. The results at constant flux with 0.15 M 
N a C l shows that there is a time lag for the onset of rapid deposition when salt was 
added. Thus the flux increments needed to be taken over longer periods of time to 
accurately determine the true fouling threshold. Palecek and Zydney observed the 
addition of electrolytes reduces the electro-osmotic counterflow attributed to the 
highly charged, protein coated walls on the membranes (20). Measuring saline flux 
through protein deposits, they observed a net increase in flux was observed at first 
but then eventually, the flux dropped below those with lower levels of electrolyte. 
This was attributed by them to slow rearrangement within the protein deposit to 
accommodate the higher salt concentrations. In our experiments, these 
rearrangements seem to encourage further deposition of proteins to occur from the 
bulk solution. The slow kinetics of this multilayer adsorption is pointed out in the 
early work by Suki et al. (19). 

When the electrolyte concentration was increased, the flux-transmembrane 
pressure relationship during the "stepping" experiments may be attributed to two 
factors. First, the protein aggregation was sufficiently slow that there was not 
sufficient time to form and to deposit during the incremental flux step. Since no 
substantial cake has yet been built up in the incipient fouling regime (as shown by 
the electron micrographs and rejection data), cake permeability does not dominate 
the resistance. When the same experiments were done at a constant pressure of 50 
kPa, the steady state flux of the solution with added electrolytes were lower than 
those with no added electrolyte. Secondly, the initial rejection with 0.15 M N a C l was 
lower than that with no added electrolyte when mutual electrostatic repulsion exists. 
In the presence of added electrolyte, the electrostatic repulsion is reduced not just 
between solute molecules but also between the membrane walls and proteins. For 
pH 9, the wall concentration at the same fluxes would be much higher initially when 
no added N a C l was present, and the critical wall concentration was encountered at a 
lower flux. Thus when there is effectively no cake deposition present, the build up 
of the wall concentration appears to dominate the fouling threshold. Thus despite the 
smaller potential barrier, the lower rejection can allow an equivalent of an increased 
mass transfer or enhanced particle removal from the membrane surface. Over time 
however, the effect of electrolyte does enhance protein adsorption, and the transition 
to multilayer deposition is observed by the increase in transmembrane pressure after 
1 hour. 
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Conclusion 

By varying the electrolyte concentration and using constant flux experiments, the 
progression of fouling steps can be better delineated. At low fluxes, monolayer type 
adsorption is likely. A t the incipient fouling region, determined by the pH and 
solution concentrations, the increase in resistance is due to the beginning of 
multilayer adsorption within the pores which are not yet irreversible. The narrowing 
of the pores probably induces more protein deposition, capture of pre-existing 
aggregates, and growth of protein aggregates on the membrane surface. This 
culminates into a thick surface layer. B y using constant flux experiments, we can 
slow down the deposition sufficiently to capture the different phases of fouling. By 
adding electrolyte, the rejection is decreased but the potential barrier for adsorption 
is decreased. When the kinetics of the latter catches up, fouling can occur even at 
relatively low fluxes (60 L / m 2 h). A t higher protein concentrations, the protein 
adsorption process is accelerated and the "stepping experiments" wi l l not be affected 
as much by the adsorption/aggregation kinetics. 
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Chapter 17 

Improved Photochemical Selectivity of Vitamin D 3 

Isomers via Confinement in Novel Sol-Gel 
Derived Alumina 

Forrest S. Schultz1 and Marc A. Anderson2 

1Department of Chemistry, University of Wisconsin at Stout, 
Menomonie, WI 54751 

2Water Chemistry Program, University of Wisconsin at Madison, 
Madison, WI 53706 

It has been demonstrated that porous SGD (sol-gel derived)-alumina 
can function as an effective microorganized medium in which to 
perform size or shape selective organic transformations. For the 
photolysis of 7-dehydrocholesterol encapsulated within SGD alumina, 
it was found that the adsorption characteristics of 
7-dehydrocholesterol and the pore size of the SGD-alumina greatly 
influenced the photoproduct distribution. An increase in the ratio of 
previtamin D3 to tachysterol3 was obtained on photolysis of 
7-dehydrocholesterol adsorbed within SGD-alumina with a pore size 
of <37 Å and activated at 300 ° C . This result is attributed to a 
confinement effect that inhibits the cis-trans isomerization of 
previtamin D3 to tachysterol3. 

Significant efforts have been made by many researchers to develop microorganized 
media to effect the chemical selectivity of a wide variety of chemical reactions. As a 
result of this research chemical selectivity has been achieved by confining a reactive 
species within an organized structure which is capable of limiting the conformational 
flexibility of reactants or transition states leading to different products. Studies of 
several systems of microorganized media have produced encouraging results, and in 
many instances it has been demonstrated that the chemoselectivity, regioselectivity 
and/or stereoselectivity of chemical reactions can be enhanced (1). 

Unfortunately many of these systems suffer from shortcomings which limit 
their ultimate practicality. Our current studies have focused on sol-gel derived 
alumina (SGD-alumina) as a practical supramolecular host. Thermal stability, 
chemical stability, mechanical stability, optical transparency, narrow pore size 
distribution ranging from 3-100 A (2), controllable pore size and ease of thin film and 
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monolith preparation are all characteristics of SGD-alumina which distinguish it from 
other microorganized media systems which, quite often, lack one or more of these 
desirable features. 

In recent years, the synthesis and characterization procedures for SGD-
alumina materials have been fairly well established. This work has examined the 
various aspects of hydrolysis, gel formation, and sintering conditions for the 
preparation of supported and unsupported alumina materials with controlled pore 
sizes and pore size distributions (3-5). Although, the results of this work have 
established many intricacies of SGD-alumina processing, these studies have focused 
on the application of SGD-alumina for separations and catalysis. Earlier publications 
have presented the photochemistry and photophysics of adsorbed organic species on 
alumina and silica; however, the alumina and silica used in these studies are nonporous 
materials in which any effects are attributed to surface adsorption, rather than 
confinement within pores (6). 

The research presented in this chapter demonstrates the ability of SGD-
alumina to function as an effective a microorganized medium. This research also 
clearly demonstrates that the selectivity achieved in the photochemical production of 
vitamin D3 can be greatly altered with the incorporation of a microorganized medium 
such as SGD-alumina. 

Preparation and Characterization of SGD-Alumina 

Steps in the Sol-Gel Preparation of Porous Alumina. The preparation of SGD-
alumina begins with the controlled hydrolysis of aluminum tri-sec-butoxide (see 
Figure 1). The temperature, pH, ratio of water to metal alkoxide, presence of a 
secondary solvent, nature of the alkyl substituents on the metal alkoxide, and reaction 
kinetics are all important factors that collectively control the size distribution of the 
particles formed during hydrolysis. Subsequent peptization involves the addition of 
an acid to charge stabilize the particles against aggregation processes, thereby forming 
a stable colloidal suspension (sol). 

Figure 1. Steps in the preparation of SGD-alumina. 
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The pH and the nature of the acid are critical concerns in the peptization step. When 
the solvent of a sol is allowed to evaporate, the particles begin to aggregate until a wet 
gel is formed. A rigid xerogel is formed when the solvent has completely evaporated. 
Heating of an amorphous xerogel promotes crystallization and sintering of the 
particles by diffusion (7). The resulting porous ceramic can be described as a random 
close-packed arrangement of crystalline particles. The characteristics of the pores are 
directly dependent on the size, shape, and packing arrangement of the particles. With 
sol-gel methodology, it is possible in many instances to tailor the processing method 
to obtain particles of desirable size, shape and packing to produce porous ceramic 
materials with unique porosity properties. 

Characterization of the Particles and Pores of SGD-Alumina. The particle size 
distribution of the boemite (y-AlOOH) sol was determined by dynamic light 
scattering to be composed of particles with diameters in the range of 5-8 nm. Atomic 
force microscopy (AFM) imaging of the surface of a SGD-alumina plate which has 
been sintered at 400°C is shown in Figure 2. From these images it can be seen that 
the particles are flat and oblong in shape, with dimensions of 6 x 10 nm across the 
face of the particle and a thickness of ca. 2 nm. 

Figure 2. A F M image of SGD-alumina surface sintered at 400°C. 

The specific surface areas, as determined by nitrogen adsorption/desorption, 
for SGD-alumina sintered at 400, 700 and 950°C were 251, 175 and 87 m2/g, 
respectively. The porosities for SGD-alumina sintered at 400, 700 and 950°C were 
47.7, 47.7, 41.5%, respectively. The pore sizes were calculated from Brunauer, 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

7

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



250 

Emmett, and Teller (BET) desorption data utilizing the Kelvin equation. These 
results reveal the relation between sintering temperature and pore size. Figure 3 
presents the pore size distribution obtained from the Kelvin equation for SGD-
alumina sintered at 400, 700 and 950°C in which the corresponding average pore 
diameters are 36,44, and 69 A, respectively. The pore size distributions were 
obtained with the method of Barrett, Joyner, and Halenda (BJH) by utilizing the 
desorption data of the isotherm (8). 

400 °C 

I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 
20 40 60 80 100 

Pore Diameter (A) 

Figure 3. Pore size distribution for SGD-alumina sintered at 400, 700 and 
950°C based on the Kelvin equation and the method of BJH. 

An important consideration with the pore widths determined for the SGD-alumina is 
the validity of the Kelvin equation. Error analyses have been published which 
demonstrate that the calculated pore size distribution is strongly dependent on the 
pore size (°) . It is highly probable that pores widths of 36 A may be inflated by more 
than 50%. Based on the approximate dimensions of the plate-like particles as 
determined by A F M of 6 x 10 x 2 nm, a slit-like pore width of ca. 20 A would be 
expected. The calculated average pore width for the 700 °C sintered SGD-alumina of 
44 A also falls in the region of uncertainty for the Kelvin equation. Although the 
uncertainty in this value is not as great as that for the 400 °C sintered SGD-alumina, 
the average pore width for the 700 °C sintered SGD-alumina would also be expected 
to be less than 44 A. 

Optical Characteristics of SGD-Alumina. Figure 4 shows the transmittance UV-
Vis spectra for SGD-alumina sintered at 400°, 700° and 950 °C. From this figure, it 
can be seen that as the pore size increases with increased sintering temperatures, the 
low wavelength cut-off exhibits a shift to longer wavelengths. This resulting shift is 
attributed to increased Rayleigh Scattering from the larger pores and particles within 
the SGD-alumina structure. Figure 4 also presents the excellent optical properties of 
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SGD-alumina. The large window of transparency for SGD-alumina allows for a 
variety of photochemical reactions. 

100 n 

200 300 400 500 600 700 800 
Wavelength (nm) 

Figure 4. Optical transmission of SGD-alumina plates 0.5 mm thickness 
sintered at: (a) 400 °C, (b)700 °C and (c) 950 °C. 

Photochemical Production of Vitamin D 3 within SGD-Alumina 

Figure 5 shows the series of isomerizations that occur during the production of 
vitamin D 3 . The formation of vitamin D3 begins with a photochemically allowed 
conrotatory electrocyclic ring opening of 7-dehydrocholesterol yielding previtamin 
D 3 . Previtamin D 3 is then susceptible to conrotatory electrocyclic ring closure to 7-
dehydrocholesterol, conrotatory electrocyclic ring closure to lumisterol3 or cis-trans 
isomerization to tachystero^. Vitamin D3 is produced from previtamin D3 via a 
thermally allowed [1,7] sigmatropic hydrogen-shift. On photolysis of 7-
dehydrocholesterol, a quasi-photostationary equilibrium is established between 7-
dehydrocholesterol (7D), previtamin D 3 (P3), tachysterol3 (T 3), and lumisterol3 (L 3). 
Earlier studies have reported the major product on photolysis of 7-
dehydrocholesterol in organic solvents to be tachystero^. The isolated yield of 
vitamin D 3 from 7-dehydrocholesterol is typically in the range of 10-20% with nearly 
100% of the by-product consisting of tachystero^ (10). 

Adsorption of 7-Dehydrocholesterol in SGD-Alumina. For the incorporation 7-
dehydrocholesterol, SGD-alumina plates (thickness of 0.5 mm) were placed in a 
solution containing 7-dehydrocholesterol dissolved in one of several organic solvents. 
In those experiments in which the plates were activated at 300 °C for 3 hr, the plates 
were added directly from a heated furnace to the solution. Activation of the SGD-
alumina involves removal of surface adsorbed water at elevated temperatures in an 
atmosphere of air to generate a partially dehydroxylated surface in which Lewis acidic 
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aluminum sites are exposed. After adsorption equilibrium was reached, the plates 
were removed from the solution, rinsed with fresh solvent, and evacuated for 4 hours 
at 1 torr. 

Figure 5. Photochemical and thermal isomerizations of vitamin D 3 related 
molecules. 

Table 1 presents the maximum equilibrium adsorption concentrations for adsorption 
of 7-dehydrocholesterol within SGD-alumina of different sintering temperatures and 
activation conditions. The time required to reach these concentration was 4 hours. 
Based on the surface area of the SGD-alumina and the molecular dimensions of 7-
dehydrocholesterol, these adsorption concentrations represent nearly complete 
occupation of the available surface area. 
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Table 1. Final adsorption concentrations of 7-dehydrocholesterol adsorbed in 
activated and non-activated SGD-alumina sintered at 400, 700, and 950°C. 

g 7-D/ g SGD-alumina 

Sintering Temperature No Activation Activated at 300°C 

400 °C 0.11 0.12 

700 °C 0.14 0.15 

950 °C 0.08 0.08 

Adsorption Characterization of 7-Dehydrocholesterol with Diffuse 
Reflectance Infrared. Figure 6 shows the diffuse-reflectance IR spectra of 7-
dehydrocholesterol in the region of 2000-4000 cm-i. Spectrum (a) results from 7-
dehydrocholesterol which has been encapsulated within non-activated SGD-alumina 
by adsorption from chloroform. The OH stretching frequency occurs at 3471 cm-i. 
Spectrum (b) results from a mixture of powdered SGD-alumina which has not been 
activated and powdered 7-dehydrocholesterol. The OH stretching frequency occurs 
at 3495 cm-i. As a comparison spectrum, spectrum (c) is a diffuse reflectance 
measurement of a KBr pellet of 7-dehydrocholesterol. The OH stretching frequency 
for this spectrum remains at 3495 cm-i. Spectrum (d) results from 7-
dehydrocholesterol which has been encapsulated from solution into activated SGD-
alumina. The OH stretching band has essentially been eliminated. This IR data 
indicates the hydrogen-bonding of the 3-hydroxy 1 group to the surface of non-
activated SGD-alumina and the chemisorption of the 3-hydroxyl to the surface 
ofactivated SGD-alumina (see Figure 8). 

Electronic Interactions of 7-Dehydrocholesterol with Surface of SGD-
Alumina as Probed with UV-Vis Spectroscopy. It has been reported in many 
instances that the photochemical reactivity of organic molecules adsorbed on alumina 
or silica surfaces is affected by electronic interactions with the oxide surface (6). 
Figure 7 shows the U V absorption spectra for 7-dehydrocholesterol dissolved in 
various organic solvents and encapsulated within activated SGD-alumina. The 
absorbance maxima are at 262, 272, 282 and 294 nm for all of the systems. The UV-
Vis spectra shown in Figure 4 indicate that electronic interactions between the diene 
moiety of 7-dehydrocholesterol and the surface of the SGD-alumina are not apparent. 

Photolysis of 7-Dehydrocholesterol Within SGD-Alumina. For the photolysis 
experiments, SGD-alumina plates containing the adsorbed 7-dehydrocholesterol were 
placed along the inside of an immersion well photochemical apparatus (Ace Glass, 
Inc.) which utilizes an Hanovia 400W medium-pressure mercury lamp. A Vycor 
filter was used to isolate wavelengths greater than 240 nm. The product compositions 
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I 1 1 1 1 I 1 

4000 3500 
- i—|—i— i— i— i—|—i— i—r 

3000 2500 
wavelength (cm") 

2000 

Figure 6. Diffuse-reflectance IR spectra of: (a) 7D adsorbed on non-activated 
SGD-alumina, (b) 7D mixed with non-activated SGD-alumina, (c) 7D KBr 
pellet, (d) 7D adsorbed on SGD-alumina activated at 300°C. 

i i i i i | i i t i i i r r i | i i i i i r i i i | i i i i i 

250 300 350 
Wavelength (nm) 

Figure 7. UV-Vis spectra of 7-dehydrocholesterol in various media: (a) ethanol, 
(b) diethyl ether, (c) hexane and (d) activated SGD-alumina. 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ch
01

7

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



255 

were determined by HPLC of the desorbed products obtained from soxhelet 
extraction of the photolyzed SGD-alumina plates. Percent recovery of reaction 
products was typically 99%. 

The effect of confinement by the SGD-alumina pore structure is determined 
by the ratio of previtamin D3 to tachysterol3 in relation to the ratio obtained from the 
photolysis of 7-dehydrocholesterol in a hexane solution. Table 2 summarizes the 
percent composition of the photostationary-state obtained for the photolysis of 7-
dehydrocholesterol encapsulated in SGD-alumina of different pore dimensions, 
loading percentage and activation condition. 

Table 2. Percent compositions resulting from the photolysis of 
7-dehydrocholesterol encapsulated in SGD-alumina of different pore dimensions 
and activation conditions. 

Percent Composition 

Activation % loading 7D 7D P3 T 3 L3 P3 

hexane - - 6 52 35 7 1.5 

400 °C ambient 9.4 95 2.6 1.9 0.2 1.4 

400 °C ambient 3.5 63 20 15 2 1.4 

400 °C 300°C 8.9 96 3.4 0.3 0.2 11 

400 °C 300°C 1.3 11 62 24 2.2 2.5 

700 °C ambient 11 85 7.5 4.9 0.9 1.5 

700 °C ambient 3.7 69 18 12 2.2 1.5 

700 °C 300°C 1.4 57 26 15 4.2 1.7 

700 °C 300°C 6.2 70 18 11 1.1 1.6 

700 °C 300°C 12 95 3 1.3 0.3 2.3 

950 °C 300°C 0.7 40 36 20 4.3 1.8 

950 °C 300°C 6.9 84 10 5.0 0.8 2.0 

950 °C ambient 6.9 76 15 7.8 1.2 1.9 

950 °C ambient 1.9 34 38 23 4.9 1.7 

From the results presented in Table 2, it can be seen that the ratio of previtamin D3 to 
tachysterol3 is the greatest for SGD-alumina sintered at 400 °C and activated at 
300 °C. Since SGD-alumina sintered at 400 °C contains the smallest pores, this result 
demonstrates the effect that pore size has on the product distribution. 
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Adsorption Geometry of Transition-State. The relation between molecular 
dimensions obtained from MM2 (77) for 7-dehydrocholesterol, the surface area of the 
SGD-alumina, and the adsorption concentration indicates that the adsorption 
geometry for 7-dehydrocholesterol is quite different in the SGD-alumina materials 
sintered at different temperatures. 

The final adsorption values for 7-dehydrocholesterol indicate that adsorption 
is not directly related to the specific surface area of the SGD-alumina sample (see 
Table 1). It is believed that this type of adsorption would arise if the pore 
dimensions in the 400°C sample are too small to provide access for 7-
dehydrocholesterol. It is also possible that the adsorption of 7-dehydrocholesterol in 
small pores occupies a greater amount of surface area than adsorption in larger pores. 
In the case of smaller or narrower pores, the adsorption of 7-dehydrocholesterol may 
be envisioned to occur in such a manner in which the cholesterol ring structure is 
essentially parallel to the surface of the plate-like particle (see Figure 8). In the case 
of larger, or wider, pores, the surface adsorption of 7-dehydrocholesterol may occur 
in a manner in which the cholesterol ring structure is perpendicular to the surface of 
the plate-like particle (see Figure 9). 

Figure 8. Steric interactions arising from transition-state 
conformation required for cis-trans isomerization of previtamin D 3 

to tachysterol3 in activated SGD-alumina sintered at 400 °C. 

It is believed that the confinement effect on the product distribution from the 
photolysis of 7-dehydrocholesterol is not solely a result of adsorption or 
chemisorption of 7-dehydrocholesterol to the SGD-alumina surface. In the case of 
activated SGD-alumina sintered at 400°C, it is believed that the pore dimensions are 
small enough to inhibit the cis-trans isomerization of previtamin D 3 which is chemi-
adsorbed to the SGD-alumina surface (Figure 8). Rotation about the C6-C7 bond can 
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be accomplished by rotation of the A-ring or the C/D ring system or by a combination 
of rotation of these two ring systems. The anchoring of the A-ring by chemisorption 
at the 3-hydroxyl of 7-dehydrocholesterol to the surface of the SGD-alumina, as 
shown by IR analysis, requires rotation about the C6-C7 bond to be performed by 
the much larger C/D-ring system of the cholesterol molecule. In the case of 7-
dehydrocholesterol which is hydrogen-bonded to the surface of the non-activated 
SGD-alumina sintered at 400 °C, the surface adsorption is not strong enough to 
prevent rotation about the C6-C7 bond by the smaller A-ring system of previtamin 
D 3 . From these results it can be concluded that the pore dimensions of the 400°C 
sample are not small enough to inhibit the rotation of the A-ring system. For the 
700°C and 950°C SGD-alumina, the pore dimensions of these materials are not 
capable of imposing sufficient confinement on previtamin D3 to prevent the cis-trans 
isomerization to tachystero^. For the 400 and 700°C SGD-alumina which was not 
activated prior to adsorption, the P3/T3 ratio was essentially unchanged from that 
obtained with the solution photochemistry. The increase in the ratio with the non-
activated 950°C SGD-alumina is attributed to excitation at longer wavelengths which 
greatly favors the formation of previtamin D 3 . As shown above, the larger pore 
950°C SGD-alumina exhibits a lower wavelength cut-off ca. 300nm. 

Figure 9. Steric interactions arising between co-adsorbed molecules in 
SGD-alumina sintered at 700 and 950 °C at the transition-state 
required for cis-trans isomerization of previtamin D 3 to tachysterol3. 

At higher loading levels it is believed that 7-dehydrocholesterol adsorbs to the 
surface of activated SGD-alumina in a Langmuir-Blodgett manner. This arrangement 
at high loading levels provides sufficient confinement to inhibit the cis-trans 
isomerization to tachystero^ (Figure 9). The source of confinement results from the 
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close proximity of surface adsorbed molecules. The chemisorption through the 3-
hydroxy group is important since it provides a source of restriction which does not 
exist in the non-activated systems or the solid-state crystal system. At lower loading 
levels sufficient distance exists between the adsorbed molecules to allow the cis-trans 
isomerization to tachysterol. 

Solid-State Photolysis of 7-Dehydrocholesterol. Several studies have 
demonstrated that the solid-state photochemistry of organic crystals can have a 
substantial effect on product distributions when compared to the corresponding 
results of solution photochemistry (72). Since the photolysis of 7-
dehydrocholesterol is performed in the absence of solvent, the solid-state 
photoreactivity of 7-dehydrocholesterol was examined. Films of 7-
dehydrocholesterol were prepared by dip-coating a glass tube in a concentrated 
solution of 7-dehydrocholesterol dissolved in chloroform. The glass tubes were then 
photolyzed in the same manner as the SGD-alumina containing 7-dehydrocholesterol. 
The product compositions are shown in Table 3. 

Although the results of the photolysis of 7-dehydrocholesterol in the solid-
state indicate that different mechanistic concerns may effect the product distribution, 
it can be concluded that the observed selectivity with the SGD-alumina system is not 
a consequence of solid-state or condensed phase photochemistry. The SGD-alumina 
must then provide additional conformational flexibility control on 7-
dehydrocholesterol and the isomers derived from it. 

Table 3. Percent composition of solid-state photolysis of 7-dehydrocholesterol 
film. 

Percent Composition 

Photolysis Medium 7D P 3 T 3 L 3 
P 3 / T 3 

hexane 6 52 35 7 1.5 

7D thin film 64 17 17 2.4 1.0 

Conclusions. This research has presented the ability of SGD-alumina to function as 
a microorganized medium to alter the observed selectivity for the photolysis of 
7-dehydrocholesterol. The pore size of SGD-alumina and adsorption concentration 
of 7-dehydrocholesterol are the two major factors which determine the selectivity. 
The research also indicates that adsorption of an isolated molecule of 7-
dehydrocholesterol via the 3-hydroxy 1 group does not greatly effect the 
photochemical product distribution. For adsorption to effect the product 
distribution, a high loading level of 7-dehydrocholesterol is necessary which then 
introduces a further degree of confinement. It is recognized that the conversion rates 
are lower than those observed in organic solvent. However, the lower conversion rate 
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is a result of confinement in which other decay processes are in effect other than the 
ring-opening of 7-dehydrocholesterol. Current studies in our laboratories are 
examining the effect of confinement on conversion rates and the optimization of this 
conversion rate. 
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Figure 3. Interference strips in a vertical macroscopic stratifying film formed from 
a 20 v% silica suspension with a particle diameter of 19nm. Each color strips repre
sents a different number of particle layers inside the thinning film. (Reproduced 
from reference 17. Copyright 1992 American Chemical Society.) 
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Figure 4. Interference stripes in a vertical macroscopic stratifying film formed from 
a 44 v% latex suspension with a particle diameter of 156nm. Each color stripe 
represents a different number of particle layers inside the thinning film. 
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copy; Titin 
Fi lm thickness 

control parameter for transition be
tween liquid and solid, 106-109 

estimation from intensity of photocur
rent, 41, 43 

number of transition steps versus parti
cle concentration, 50, 51/ 

varying to capture changes in ordering 
transition, 144-145 

Flow calorimetry, surfactant adsorption, 
5-6 

Flow fields 
behavior of long polymer molecules, 

196-197 
See also D N A molecules 

Fluorescence microscopy, adsorption of 
lipid vesicles onto polymer-supported 
mixed monolayers, 224 

Fluorescence probe studies 
highly concentrated micelle solutions, 

11 
investigating structure of adsorbed sur

factant films, 12 
ionic surfactants, 11-12 
key assumptions, 10-11 
micelle classes, 10 

pioneering studies of nonionic surfac
tant adsorbed films, 11 

static emission method, 10 
surface aggregates, 9-12 
time-resolved quenching experiment, 

10 
Fluorescence quenching, adsorbed non

ionic surfactants on silica, 9t 
Force profile analysis 

difficulty at high temperatures, 59 
evolution in lamellar phase and sym

metrical microemulsion phase, 58/ 
experimental, 56, 59 
lamellar phase, 62, 64 
microemulsion phase, 69 

Fouling 
capturing different phases, 245 
determining true fouling threshold, 

239, 244 
incipient fouling regime, 236 
initiation by filtration process, 239 
proposed stages, 233 
See also Proteins 

Friction 
changes with varying surface topology, 

120 
cobblestone model of solid friction, 

120-121 
constitutive equation, 119-120 
kinetic, 113-114 
static in rigid films, 111-113 
transformation of mechanical energy 

into heat, 106 
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G 

Glass transition in thin polymer films 
Brillouin light scattering, 133-136 
diffusely scattered light, 132-138 
ellipsometry, 130-132 
ellipsometry polarizer angle versus tem

perature for uncapped supported 
polystyrene (PS) film, 132/ 

intensity autocorrelation functions for 
freely standing PS film, 138/ 

measured and calculated velocity dis
persion curves for freely standing PS 
films, 134 

optical experiments probing glass transi
tion (Tg), 128 

photon correlation spectroscopy, 
136-138 

schematic diagram of light-scattering 
mechanisms, 129/ 

schematic diagrams of cross-sections of 
different film geometries, 130/ 

specularly scattered light, 129-132 
T g versus room temperature film thick

ness for PS films, 137/ 
T g versus room temperature film thick

ness for freely standing PS films, 136/ 
Glycocalyx-like surface 

pursuing simple, well-defined practical 
modification method, 181 

using protruding dextran oligosaccha
rides mimicking nonadhesive proper
ties of glycocalyx, 189-190 

See also Oligosaccharide surfactant 
polymers 

Graphite 
surfactants on, 15-16 
See also Oligosaccharide surfactant 

polymers 

H 

Hemimicelles, hydrophobic aggregates on 
surface, 3 

Hertz theory, study of normal interbi-
layer forces, 216 

Hexagonal packing, interference methods 
inside vertical liquid films containing la
tex particles, 50 

Hierarchy of confinement 
shear or elongational flow field, 3 
starting point for building up, 3 

Highly oriented pyrolytic graphite 
( H O P G ) . See Oligosaccharide surfac
tant polymers 

Hydrocarbon chains, lubrication, 117 
Hydrodynamics of single molecule. See 

D N A molecules 
Hydrophilic surfaces 

ionic surfactants, 14-15 
neutron reflectometry, 7 
nonionic and zwitterionic surfactants, 

15 
Hydrophobic surfaces 

cleavage plane of MoS 2 , 16 
surfactants on anisotropic, 15-16 
surfactants on isotropic, 16-17 

Hydrophobically modified poly(sodium 
acrylate) ( H M P A ) 
phase diagram of HMPA-doped mem

brane solution, 171, 173/ 174 
preparation, 170 
See also Lyotropic system, ternary 

Inlayer radial distribution function, sur
face layers of different film thickness, 
47, 49/ 50 

Interaction forces. See Phospholipid bi
layers 

Interfaces, area measurement, 4-5 
Interfacial aggregation 

first A F M study, 15 
shape changes and kinetics, 17 

Interfacial interactions 
role in block copolymer on laterally 

heterogeneous surfaces, 149, 150/ 
role of orientation of block copolymer 

on laterally homogeneous surfaces, 
145, 147-149 

See also Diblock copolymers 
Interfacial micelles, evidence for, 5 
Ionic surfactants 

fluorescence probe studies, 11-12 
oppositely charged hydrophilic sur

faces, 14-15 

K 

Kinetic friction 
correlation to net normal force, 113 
interaction between surfaces in terms 

of surface adhesion, 113-114 
lack of correlation between adhesion 

and, 114 
proportional to applied load, 113 
rigid films, 113-114 

Kinetics, interfacial aggregates, 17 
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L 

Lamellar droplet capillary from micro
emulsion phase 
capillary condensation, 61-62 
capillary force by bridging droplet, 

61-62 
modeling, 61-62 
modeling force for capillary condensa

tion of lamellar droplet, 62 
modeling force profiles between sphere 

and plate-confining lamellar phase, 
63/ 

specific lamellar order, 62 
Lamellar-microemulsion phase transition 

force profiles on both sides, 70-71 
See also Capillary condensation; Lamel

lar phase; Microemulsion phase 
Lamellar phase 

analysis, 62, 64 
coexisting lamellar phases in polymer-

doped membrane solutions, 171, 
173/ 174 

Derjaguin-like term, 60 
dislocation loop array model, 59-61, 64 
force profile analysis, 62, 64 
modeling, 59-61 
previous experimental studies, 69-70 
refractive index profiles, 68/ 
relaxation mechanism, 60 
sum term, 60-61 
See also Lyotropic system, ternary 

Laponite 
phase transitions in clay dispersions, 

165, 167 
specific relaxation rate of water ad

sorbed onto laponite as function of 
clay concentration, 166/ 

synthetic, hectorite clay, 156 
See also N M R solvent relaxation 

studies 
Light diffraction method, in-layer particle 

structuring, 45 
Light interference phenomenon, thinning 

soap film, 40 
Lipid bilayers 

methods measuring interaction profiles 
on subnanometer scale, 215 

modeling living cells in biophysical 
study of mechanisms and interaction 
forces, 215 

See also Phospholipid bilayers 
Liquid layering 

behavior of smooth solid surfaces mov
ing laterally, 104-105 

expulsion of layer from liquid film, 105 
impurities and surface roughness, 105 

Lubricating films. See Stick-slip behavior, 
microscopic nature 

Lyotropic phases against free interface 
binding of hexagonal phase to surface 

and surface relaxation, 34-37 
image plate of diffraction pattern from 

H r phase of C i 2 E 5 in water, 35/ 
position-sensitive detector spectra of 

peak from H 2 phase of C i 2 E 5 in wa
ter, 36/ 37/ 

sketch of scattering geometry in 
X T E R D experiment, 34/ 

surface-induced shift of hexagonal-to-
isotropic phase transition, 37-38 

X-ray total-external-reflection diffrac
tion ( X T E R D ) , 34 

Lyotropic phases against solid surfaces 
neutron reflectivity at interface of sili

con wafer with hydrophobic coating, 
32/ 

surface effects accompanying L,\- to-PL 
transition, 31-33 

surface effects accompanying L Q - t o - L a + 

transition, 29-31 
technique of neutron reflectivity, 28-29 
transverse rocking scan of H ! phase, 

33/ 
transverse rocking scans of two lamel

lar states, 30, 31/ 
typical neutron reflectivity experiment, 

29/ 
typical set of specular neutron reflecti

vity spectra, 31/ 
Lyotropic system 

phase diagram, 57/ 
solution of tetraethylene glycol decyl 

ether (Ci 0 E 4 ) , water, and octane, 56 
See also Capillary condensation 

Lyotropic system, ternary 
coexisting lamellar phases with poly

mer inclusion, 171, 174 
extracting value of S from high-q re

gion of neutron scattering spectra, 
177/ 

factors governing phase behavior and 
bilayer membrane properties, 176 

hydrophobe substitution level effect on 
monophasic L a solution at fixed poly
mer concentration, 172/ 

hydrophobically modified poly(sodium 
acrylate) ( H M P A ) preparation, 170 

membrane properties, 174, 176 
minimum hydrophobic side chains to 
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confine polysoap in membrane solu
tion, 171 

normalized neutron scattering data of 
membrane solutions with different 
polymer concentrations, 175/ 

phase diagram determination, 170 
phase diagram of HMPA-doped mem

brane solution, 173/ 
phase diagram of reference system 

( C 1 2 E 0 5 / C 6 O H / b r i n e ) , 172/ 
polymer structure and concentration ef

fect on phase behavior of polymer-
doped membrane solutions, 174, 175/ 

relative elastic constant as function of 
polymer concentration, 177/ 

small-angle neutron scattering experi
ments, 170-171 

variation of elastic constant with poly
mer concentration, 174, 176 

M 

Membrane properties 
confinement of polymers, 174, 176 
See also Lyotropic system, ternary 

Membrane ultrafiltration and microfil
tration 
separation and purification of proteins, 

231 
See also Proteins 

Mica 
forces and fusion between solid-sup

ported phospholipid bilayers, 216, 
218-219 

ionic surfactants on, 14-15 
water-swellable cationic polyelectrolyte 

binding to negatively charged sur
face, 219, 220/ 

See also Phospholipid bilayers 
Micelles, worm-like 

cetyltrimethylammonium surfactants 
( C T A ) , 77-79 

nonionic and doped nonionic, 79, 82 
See also Near-surface small-angle neu

tron scattering (NSSANS) 
Microemulsion phase 

analysis, 64, 66-70 
force profile analysis, 69 
previous experimental studies, 69-70 
refractive index profiles, 66, 68/ 69 
X-ray scattering, 64, 66 
X-ray spectra increasing temperature 

from lamellar to microemulsion 
phase, 67/ 

Microinterferometric technique 
film-thinning interferogram, 44/ 
particle layering inside films, 43 

Mixed counterion system 
near-surface small-angle neutron scat

tering (NSSANS), 77, 78/ 
shear S A N S pattern, 79, 80/ 

Models 
lamellar droplet capillary condensed 

from microemulsion phase, 61-62 
lamellar phase, 59-61 
nature of stick-slip motion, 119-123 
origins of rigidity in thin film, 115-119 
quasistatic assumption, 121-122 
questions concerning yield event, slip 

stage, and adhesion recovery, 114 
transition to sliding in amorphous 

films, 122-123 
See also Stick-slip behavior, micro

scopic nature 
Monte Carlo simulation, investigating de

pendence of in-layer particle structur
ing phenomenon on film thickness, 45, 
47, 50 

Montmorillonite 
determination of T 2 b by extrapolation 

of measured T 2 data as function of 
solids content, 163/ 

effect of end-group structure of 
poly(ethylene glycol) (PEG) ad
sorbed onto montmorillonite on 
bound fraction probability of water, 
166/ 

effect of P E G adsorption on bound 
fraction probability of water ad
sorbed onto montmorillonite, 163/ 

effect of P E G molecular weight on T 2 b 

of water adsorbed onto montmoril
lonite, 164/ 

polymer adsorption onto clay, 162-165 
sample particles, 156 
See also N M R solvent relaxation 

studies 
Morphology. See Polymer morphology 
Myristic acid-cetyltrimethylammonium 

hydroxide-water system. See Catanion
ic surfactant aggregates 

N 

Nanodiscs, rigid 
electron microscopy after cryofracture, 

91, 94/ 95/ 96/ 97/ 
main features, 100 
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possible uses, 100 
rigid platelet characterization, 90 
size control, 91 
See also Catanionic surfactant aggre

gates 
Near-surface small-angle neutron scatter

ing (NSSANS) 
cetyltrimethylammonium surfactants 

( C T A ) worm-like micelles, 77-79 
corrected 2D data sets for mixed coun

terion (MC) system, 77, 78/ 
correction for beam flux, 76-77 
corrections for unique geometry of cell, 

74, 76 
effective sample volume, 76 
limitations and potential, 82 
nonionic and doped nonionic worm

like micelles, 79, 82 
N S S A N S from C 1 6 E 6 nonionic surfac

tant with 10% ionic, 79, 81 / 82 
refraction correction, 76 
schematic of optics, 75/ 
schematic of Poiseuille flow cell, 75/ 
slice (ID) through bulk Couette data 

set for M C system, 79, 80/ 
standard Couette S A N S experiment of 

Q 6 E 6 nonionic surfactant with 10% 
ionic, 82, 83/ 

technique, 74, 76-77 
Neutron reflectivity 

log of neutron reflectivity profiles for 
symmetric, diblock copolymer film, 
144-145, 146/ 

lyotropic phases against solid surfaces, 
28-33 

surface effects accompanying L r t o - H i 
transition, 31-33 

surface effects accompanying L a - t o - L a + 

transition, 29-31 
technique, 28-29 
thin films of diblock copolymers, 

144-145 
Neutron reflectometry 

best fit parameters, St 
data for tetradecyltrimethylammonium 

( T T A B ) bromide adsorbed onto sap
phire crystal, 8/ 

investigating adsorbed surfactant layers 
at interfaces, 6 

treating adsorbed layer as laterally un
structured film, 7-9 

N M R solvent relaxation studies 
adsorption of water onto particle sur

faces, 156-158 

aspects of polymer adsorption onto in
organic particles, 153-154 

competitive adsorption of polymers 
onto silica particles, 158-160 

competitive adsorption of p o l y v i n y l 
pyrrolidone) (PVP) and p o l y e t h y l 
ene oxide) (PEO) adsorbed on silica, 
161/ 

determination of T 2 b by extrapolation 
of measured T 2 data as function of 
solids content, 163/ 

effect of adsorption of poly(ethylene 
glycol) (PEG) on montmorillonite, 
162, 163/ 164/ 

effect of end-group structure of P E G 
adsorbed onto montmorillonite on 
bound fraction probability of water, 
165, 166/ 

effect of P E G adsorption on bound 
fraction probability of water ad
sorbed onto montmorillonite, 163/ 

effect of P E G molecular weight on T 2 b 

of water adsorbed onto montmoril
lonite, 164/ 

experimental particles, 156 
experimental polymers, 155-156 
experimental techniques, 155 
N M R relaxation of water in silica, 154 
N M R samples, 156 
N M R solvent exchange theory, 154 
phase transitions in clay dispersions, 

165, 167 
polymer adsorption onto clay, molecu

lar weight and end-group effects, 
162-165 

polystyrene latex particle preparation, 
156 

R2sP (specific relaxation rates) for poly
styrene latex, silica, and alumina in 
water, 157/ 

R 2 s p for water-laponite solutions as 
function of particle concentrations, 
166/ 

R 2 s p of silica-polymer-water systems as 
function of polymer concentration, 
159/ 

sources for observed R 2 s p decreases, 
165, 167 

versatility for probing interfacial effects 
in particulate dispersions, 167 

Nonionic surfactant adsorbed films, fluo
rescence probe studies, 11 

Nonionic surfactants 
hydrophilic surfaces, 15 
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lyotropic phases against free interface, 
34-38 

lyotropic phases against solid surfaces, 
28-33 

surface aggregation of amphiphiles 
from dilute solutions, 25-28 

tetraethylene glycol decyl ether (C 1 0 E 4 ) , 
56 

Nonionic worm-like micelles 
doped, 79, 82 
near-surface small-angle neutron scat

tering (NSSANS) of doped sample, 
81/ 

standard Couette S A N S experiment of 
doped sample, 83/ 

Nucleation sites, widely spaced alkyl 
groups, 5 

Octane 
diversity of behavior, 117 
thick and thin films, 117-118 

Oligo-oxyethylene mono-/i-alkyl ether 
( C m E n ) family 
model amphiphiles, 24-25 
phase diagram, 25/ 

Oligosaccharide surfactant polymers 
absorbance of amide I and II bands 

and absorbance due to adsorbed pro
tein, 190f 

A F M topographic images of polymers 
with different hydrophobic-
hydrophilic ratio adsorbed on highly 
oriented pyrolytic graphite ( H O P G ) , 
188/ 

characterization methods, 182 
comb-like polymers of p o l y v i n y l 

amine) ( P V A m ) backbone with hy
drophilic dextran and/or hydropho
bic alkanoyl side chains, 181-182 

enthalpic energy gain of adsorption, 
189 

epitaxial adsorption pattern varying 
with alkanoyl concentration, 189 

existing surface modification methods 
for practical biomaterial devices, 181 

hexagonal angular dependence pattern 
in 2-D Fourier transform of image, 
186, 188/ 

H O P G modification with surfactant 
polymer, 189-190 

ideal surface modification, 180-181 
mechanism of epitaxial adsorption of 

surfactant polymer on H O P G , 186, 
189 

plots of surface tension versus loga
rithm of concentration of aqueous 
surfactant polymer solutions, 185/ 

protein adsorption by A T R - F T I R spec
tra, 190, 191/ 

protein-resistance of biomimetic, glyco
calyx-like surface, 189-190 

surface-active properties at air-water 
interface, 182, 184 

surface-induced assembly on H O P G , 
184, 186-189 

synthesis and characterization of comb
like dextran surfactant polymers, 182 

synthetic scheme for comb-like surfac
tants and molecular model for surfac
tant polymer, 183/ 

time-dependent adsorption of polymer 
with 1:5 ratio dextran to hexanoyl 
groups, 186, 187/ 

Optical characteristics, sol-gel-derived 
alumina, 250-251 

Optical probes. See Glass transition in 
thin polymer films 

Optical reflectometry, thick films, 6 
Order-disorder transition, diblock copoly

mers, 144 
Ordering, confinement effects, 143-145 
Oscillatory structural forces, low- and 

high-particle concentrations, 50 
Osmotic pressure (stress) technique 

measuring interaction profiles on subna-
nometer scale, 215 

See also Phospholipid bilayers 

P 

Particle layering 
experimental set-up, 42/ 
microinterferometric technique, 43 

Particle self-layering phenomenon, study
ing vertical macroscopic film thinning 
behavior, 43, 45 

Particle size 
distribution in sol-gel-derived alumina, 

249-250 
effects of polydispersity on layering 

and structural transitions in thin film, 
52 

Particulate dispersions. See N M R solvent 
relaxation studies 

Peclet number, 235 
Phase diagrams 

amphiphiles, 25/ 
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lyotropic system, 57/ 
ternary equilibrium in catanionic surfac

tant aggregates, 91, 98-100 
See also Lyotropic system, ternary 

Phospholipid bilayers 
adsorption of dimyristoyl phosphatidyl

choline ( D M P C ) vesicles onto poly
mer-supported mixed monolayers of 
D M P C and synthetic reactive lipid, 
224 

contact angle measurements on poly
ethyleneimine (PEI)-supported 
monolayers, 223f 

convenience of branched PEI as water-
swellable polymeric substrate, 228 

covalently attached membranes, 
221-224 

factors governing fusion of lipid bilayer 
membranes, 226, 228 

fluorescence micrographs of mixed 
monolayer ( D M P C / D M P E - N C S ) , 
225/ 

forces and fusion between solid-sup
ported, 216, 218-219 

formation of soft-supported D M P C bi
layers on mica, 221-228 

formation of tethered D M P C mono
layer and bilayers partially attached 
to supporting PEI , 222/ 

hydrophobic attraction between hy
drophobic interiors of solid-sup
ported bilayers, 218 

hydrophobic interaction between inner 
layers of opposing lipid membranes, 
218 

mixed bilayer systems, 218 
modeling living cells in biophysical 

study of mechanisms and interaction 
forces, 215 

normal interaction forces of soft-sup
ported D M P C bilayers, 224, 226 

physisorbed bilayers, 221 
polymer-supported bilayers, 220/ 
schematic of hemifusion and fusion be

tween bilayer membranes, 217/ 
soft-supported bilayers for investigating 

normal interaction forces, 219-221 
study of normal interbilayer forces 

with surface force apparatus (SFA) , 
216 

temperature dependence of interaction 
profile of two PEI-supported pure 
D M P C membranes, 227/ 

Photon correlation spectroscopy (PCS) 
intensity autocorrelation function, 136 

intensity autocorrelation functions for 
freely standing PS film, 138/ 

measuring glass transition and associ
ated relaxation dynamics, 128 

motivation for performing measure
ments of freely standing polystyrene 
(PS) films, 137-138 

scattering light by nonpropagating fluc
tuations, 136-138 

versus Brillouin light scattering (BLS) , 
136 

See also Glass transition in thin poly
mer films 

Pipette aspiration technique 
measuring interaction profiles on sub-

nanometer scale, 215 
See also Phosphoslipid bilayers 

Polydispersity, particle size, effects on lay
ering and structural transitions in thin 
film, 52 

Polyethylene glycol) (PEG) 
adsorption onto clay, 162-165 
effect of adsorption on montmorillon

ite, 162 
effect of end-group structure of P E G 

adsorbed onto montmorillonite, 165, 
166/ 

effect of P E G adsorption on bound 
fraction probability of water ad
sorbed onto montmorillonite, 163/ 

effect of P E G molecular weight on T 2 b 

of water adsorbed onto montmoril
lonite, 164/ 

materials, 156 
See also N M R solvent relaxation 

studies 
Polyethylene oxide) (PEO) 

adsorption of PEO-based surfactants 
on silica, 15 

competitive adsorption of P V P and 
P E O adsorbed on silica, 161/ 

competitive adsorption onto silica parti
cles, 158-160 

materials, 155 
specific relaxation rates for P E O and 

P V P adsorbed on silica, 159/ 
See also N M R solvent relaxation studies 

Polyethyleneimine (PEI) 
contact angle measurements on PEI -

supported monolayers, 223r 
covalently attached membranes, 

221-224 
force-distance profile during compres

sion of physisorbed PEI-supported 
D M P C bilayers, 226, 227/ 
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polymer-supported bilayers, 220/ 
water-swellable cationic polyelectro

lyte, 219 
See also Phospholipid bilayers 

Polymer films 
dependence of film relaxation time on 

molecular weight, 108-109 
nature of onset of rigidity, 108 
techniques probing properties, 127-128 
thickness-dependent slowing down of 

relaxation, 108 
See also Glass transition in thin poly

mer films 
Polymer morphology 

confinement effects on ordering, 
143-145 

film thickness constraint to system, 143 
needing routes to manipulate spatial ar

rangement, 141 
schematic of lamellar microdomains of 

block copolymer, 142/ 
See also Diblock copolymers 

Polymeric materials, morphologies span
ning nanoscopic to macroscopic, 
140-141 

Polymers 
behavior of long molecules in flow 

fields, 196-197 
interactions with ionic or nonionic 

membrane, 170 
interactions with surfactants, 2 
See also D N A molecules 

Poly (methyl methacrylate) ( P M M A ) . See 
Diblock copolymers 

Poly(oxyethylene) dodecyl ethers, ellip
sometry and fluorescence quenching, 9t 

Poly(oxyethylene) octyl phenyl ethers, 
ellipsometry and fluorescence quench
ing, 9t 

Polypeptides. See Fibronectin; Single-mol
ecule force spectroscopy; Titin 

Poly (sodium acrylate). See Hydropho-
bically modified poly(sodium acrylate) 
( H M P A ) 

Polystyrene (PS) 
adsorption of water onto particle sur

faces, 156-158 
latex particle preparation, 156 
specific relaxation rates for PS latex, sil

ica, and alumina in water, 157/ 
See also Diblock copolymers; Glass 

transition in thin polymer films; 
N M R solvent relaxation studies 

Polyvinyl pyrrolidone) (PVP) 
competitive adsorption of P V P and 

poly(ethylene oxide) (PEO) ad
sorbed on silica, 161/ 

competitive adsorption onto silica parti
cles, 158-160 

materials, 155 
specific relaxation rates for P E O and 

P V P adsorbed on silica, 159/ 
See also N M R solvent relaxation studies 

Pore, confinement expression, 3 
Pore size distribution, sol-gel-derived alu

mina, 249-250 
Position-sensitive detector (PSD), X-ray 

total-external-reflection diffraction 
( X T E R D ) , 35-36 

Pressure, structural disjoining, particles 
on surface of film for hard-sphere-
hard-wall model, 47, 48/ 

Proteins 
adsorption, 235 
attempting to change potential barrier 

for deposition, 237, 239 
concept of critical flux, 234-235 
conditions for irreversible deposition, 

235 
determining onset of flux decline and 

transmission reduction for bovine se
rum albumin (BSA) , 236 

determining true fouling threshold, 
239, 244 

dynamics of transport, aggregation, and 
deposition near membrane surface 
and pores, 231-232 

effect of added electrolyte on trans
membrane pressure versus flux at 
p H 3 and p H 9, 238/ 

electron micrograph of membrane 
above critical flux, 241/ 

electron micrograph of membrane after 
filtration with added NaCl , 243/ 

electron micrograph of membrane after 
filtration with no added NaCl , 242/ 

electron micrographs of membrane be
low, near, and above critical flux, 
239 

examining effect of added electrolyte, 
236-237 

experimental methods, 237 
flux experiments, 239 
flux-transmembrane pressure relation

ship during "stepping" experiments, 
244 

fouling of track-etched membranes 
with B S A , 232-233 

observing deposits by field emission 
electron microscopy, 234 
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possibility of filtration affecting confor
mation, 232 

possible denaturation by local shear 
field and small pores, 232 

potential mechanisms controlling trans
port and deposition in membrane 
pores, 232 

probing critical conditions to initiate ir
reversible multilayer protein deposi
tion, 234 

process scheme for biocatalyst prepara
tion by cell entrapment in epoxy 
beads, 238/ 

Sherwood and Peclet numbers, 235, 
236; 

stepping experiments, 237 
transmembrane pressure and flux ver

sus time during filtration at constant 
flux at p H 3, 239, 240/ 

transmembrane pressure versus time 
during filtration at p H 3 with added 
NaCl , 239, 240/ 

See also Bovine serum albumin (BSA) ; 
Fibronectin; Single-molecule force 
spectroscopy; Titin 

Q 

Quartz, ionic surfactants on, 14 

Radial distribution function, particle 
structure inside layer parallel to film 
surface, 47, 50 

Reflectance techniques 
ellipsometry, 9 
investigating thin adsorbed films, 6-7 
maximum achievable wave vector, 7 
neutron reflectometry, 7-9 
optical reflectometry, 6 
X-ray reflectometry, 6-7 

Reflected light microinterferometric 
method, measuring total film thickness 
and amplitude of transition, 45 

Refractive index profiles 
lamellar phase, 68/ 
microemulsion phase, 66, 68/ 69 

Relaxation mechanism, lamellar phase, 
60 

Released D N A molecules. See D N A mol
ecules 

Rigid films 
constitutive equation for friction, 

119-120 

crystallization, 115-116 
finite time to re-establish static friction, 

112 
interaction of stick boundary condi

tions, 118-119 
kinetic friction, 113-114 
nature of stick-slip motion, 119-123 
nonlinear response, 110-114 
nonlinear response to shear force, 110 
origins of rigidity in thin film, 115-119 
properties, 109-110 
quasistatic assumption, 121-122 
slow relaxation in disordered films, 

116-118 
static friction, 111-113 
stick-slip motion as sequential phase 

transitions, 121-122 
time dependence of force oscillations 

on sliding, 112-113 
time dependence of yield stress, 

111-112 
transition to sliding in amorphous 

films, 122-123 
yield stress increasing with increasing 

pressure, 111 

Shape changes, interfacial aggregates, 17 
Shear flow field, hierarchy of confine

ment, 3 
Sherwood number, 235 
Silica 

ionic surfactants on, 14 
specific relaxation rates for PS latex, sil

ica, and alumina in water, 157/ 
See also N M R solvent relaxation 

studies 
Single-molecule force spectroscopy 

arrangement of domains in bovine 
fibronectin, 209/ 

arrangement of domains in I-band part 
of human cardiac titin, 209/ 

experimental, 210 
fibronectins, 210 
force measurement method, 210-211 
force versus extension curve for native 

fibronectin, 212/ 
force versus extension curve reflecting 

unfolding of titin, 212/ 
giant muscle protein titin, 208, 210 
modeling force versus extension charac

teristics of unfolded polypeptide, 211 
sample preparation, 210 

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
0,

 1
99

9 
| d

oi
: 1

0.
10

21
/b

k-
19

99
-0

73
6.

ix
00

2

In Supramolecular Structure in Confined Geometries; Manne, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



276 

sawtooth pattern of sequential un
folding of domains, 212/ 

schematics of force spectrometer, 209/ 
unfolding forces in titin and fibronec

tin, 211, 213 
worm-like chain ( W L C ) fits, 211, 212/ 

Single molecules. See D N A molecules 
Slit, confinement expression, 3 
Small-angle neutron scattering (SANS). 

See Near-surface small-angle neutron 
scattering (NSSANS) 

Small-angle X-ray scattering 
catanionic surfactant spectra above and 

below chain melting temperature, 90, 
93/ 

method, 87 
Soap film, thinning, light interference phe

nomenon, 40 
Sol-gel-derived (SGD) alumina 

A F M image for surface sintered at 
400°C, 249/ 

characterization of particles and pores, 
249-250 

optical characteristics, 250-251 
optical transmission for 0.5-mm plates 

sintered at 400, 700, and 950°C, 251/ 
photochemical production of vitamin 

D 3 , 251-258 
pore size distribution for sintering at 

400, 700, and 950°C, 250/ 
potential selectivity for chemical reac

tions, 247-248 
preparation and characterization, 

248-251 
steps in sol-gel preparation of porous 

alumina, 248-249 
See also 7-Dehydrocholesterol; Vitamin 

D 3 

Solute, adsorption at interface, 2 
Solution depletion methods, adsorption 

isotherms, 4-5 
Solvent relaxation studies. See N M R sol

vent relaxation studies 
Spherical micelles, image, 13/ 
Static emission method, aggregation num

ber, 10 
Stick-slip behavior, microscopic nature 

characterizing mechanical properties of 
liquid films, 123 

constitutive equation for friction, 
119-120 

crystallization, 115-116 
interaction of stick boundary condi

tions, 118-119 
kinetic friction, 113-114 

liquid layering experiments, 104-105 
models, 114-123 
nature of stick-slip motion, 119-123 
nonlinear response of rigid film, 

110-114 
origins of rigidity in thin film, 115-119 
properties of rigid film, 109-110 
rigidity in thin films, 106-110 
slow relaxation in disordered films, 

116-118 
static friction, 111-113 
stick-slip motion as sequential phase 

transitions, 121-122 
surface topology, 120-121 
transition to rigidity, 106-109 
transition to sliding in amorphous 

films, 122-123 
Structural disjoining pressure, particles 

on surface of film for hard-sphere-
hard-wall model, 47, 48/ 

Structural transitions. See Colloidal sus
pensions in confined films 

Supramolecular structures 
adsorption isotherms, 4-5 
atomic force microscopy ( A F M ) , 12-18 
calorimetry, 5-6 
fluorescence probe studies, 9-12 
interactions between surfactants and 

polymers, 2 
reflectance techniques, 6-9 
surface force measurements, 18-20 

Surface aggregation, amphiphiles from di
lute solutions, 25-28 

Surface force apparatus (SFA) 
force profiles in lamellar and symmetri

cal microemulsion, 56, 58/ 59 
investigating capillary condensation, 

55 
investigations in surfactant solutions, 

19 
phase transitions for confined complex 

fluids, 55 
study of boundary lubrication on micro

scopic scales, 104 
study of normal interbilayer forces, 

216, 217/ 
symmetrical microemulsion ap

proaching lamellar phase, 55-56 
See also Capillary condensation; Phos

pholipid bilayers 
Surface force measurements 

colloid probe technique, 19 
drawbacks, 18 
investigations in surfactant solutions, 

19 
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theoretical comparisons with models, 
19-20 

Surface freezing, 24 
Surface melting, 24 
Surface topology 

changes in friction with varying, 120 
cobblestone model of solid friction, 

120-121 
Surfactant adsorption 

adsorbed micelles versus classical bi
layer, 3/ 

calorimetry probing energetics, 5-6 
final equilibrium structure, 6 
mechanisms and structure, 6 

Surfactant aggregates 
caution interpreting atomic force mi

croscopy ( A F M ) images, 18 
See also Near-surface small-angle neu

tron scattering (NSSANS) 
Surfactant microstructures, comparison to 

catanionic surfactant nanodiscs, 98, 100 
Surfactant polymers. See Oligosaccharide 

surfactant polymers 
Surfactants 

anisotropic hydrophobic surfaces, 
15-16 

evidence for self-assembly, 3 
interaction with polymers, 2 
isotropic hydrophobic surfaces, 16-17 

T 

Tethered D N A molecules. See D N A mol
ecules 

Tetradecyltrimethylammonium ( T T A B ) 
bromide 
adsorption isotherm, onto A 1 2 0 3 , 4/ 
neutron reflectometry data, 8/ 

Tetraethylene glycol decyl ether (Ci0E4) 
lyotropic system, 56 
See also Capillary condensation 

Thin films 
branched and linear polymers, 107 
crystallization, 115-116 
frequency-thickness superposition of 

viscoelastic response, 107 
origins of rigidity, 115-119 
rigidity, 106-110 
rigid state resembling soft solid, 109 
thermodynamics of order-disorder tran

sition, 115-116 
transition to rigidity, 106-109 

Time-resolved fluorescence, aggregation 
number, 10 

Titin 
arrangement of domains in I-band part 

of human cardiac titin, 209/ 
force versus extension curve reflecting 

unfolding of 6 Ig domains, 212/ 
giant muscle protein, 208, 210 
unfolding forces, 211, 213 
See also Fibronectin; Single-molecule 

force spectroscopy 

U 

Ultraviolet-visible spectroscopy, elec
tronic interactions of 7-dehydrocholest
erol with surface of sol-gel-derived alu
mina, 253, 254/ 

Viscoelastic surfactant solutions 
distinguishing between interfacial and 

bulk effects, 73-74 
See also Near-surface small-angle neu

tron scattering (NSSANS) 
Vitamin D 3 

adsorption characteristics of 7-dehydro
cholesterol with diffuse reflectance in
frared spectroscopy, 253 

adsorption geometry of transition state, 
256-258 

adsorption of 7-dehydrocholesterol in 
sol-gel-derived (SGD) alumina, 
251-253 

diffuse reflectance IR spectra of 7-dehy
drocholesterol, 254/ 

electronic interactions of 7-dehydro
cholesterol with surface of S G D alu
mina as probed with UV-vis spectros
copy, 253 

final adsorption concentrations of 7-de
hydrocholesterol in activated and 
nonactivated S G D alumina, 253f 

percent composition of solid-state pho
tolysis of 7-dehydrocholesterol film, 
258f 

percent compositions resulting from 
photolysis of 7-dehydrocholesterol, 
255r 

photochemical and thermal isomeriza-
tions of related molecules, 252/ 

photochemical production within S G D 
alumina, 251-258 

photolysis of 7-dehydrocholesterol 
within S G D alumina, 253, 255 
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preparation and characterization of 
S G D alumina, 248-251 

solid-state photolysis of 7-dehydro
cholesterol, 258 

steric interactions between co-adsorbed 
molecules in S G D alumina required 
for cis-trans isomerization of previta
min D 3 to tachysterol3, 257/ 

steric interactions for cis-trans isomer
ization of previtamin D 3 to tachy
stero^, 256/ 

UV-vis spectra of 7-dehydrocholesterol 
in various media, 254/ 

See also 7-Dehydrocholesterol; Sol-gel-
derived (SGD) alumina 

W 

Water 
adsorption onto particles surfaces, 

156-158 
displacement by polymers on montmo

rillonite clay, 162, 165 
effect of end-group structure of 

poly(ethylene glycol) (PEG) ad
sorbed onto montmorillonite on 
bound fraction probability of water, 
166/ 

effect of P E G adsorption on bound 
fraction probability of water ad
sorbed onto montmorillonite, 163/ 

effect of P E G molecular weight on T 2 b 

of water adsorbed onto montmoril
lonite, 164/ 

phase transitions in clay dispersions, 
165, 167 

specific relaxation rate of water ad
sorbed onto laponite as function of 
clay concentration, 166/ 

specific relaxation rates for polystyrene 
latex, silica, and alumina in water, 
157/ 

See also N M R solvent relaxation 
studies 

Wide-angle X-ray scattering 
catanionic surfactant systems at 25°C 

and 50°C, 90, 92/ 
method, 87 

Worm-like micelles 
cetyltrimethylammonium surfactants 

(CTAs) , 77-79 
nonionic and doped nonionic, 79, 82 
See also Near-surface small-angle neu

tron scattering (NSSANS) 

X 

X-ray reflectometry, air-liquid films, 6-7 
X-ray scattering, microemulsion phase, 

64, 66 
X-ray total-external-reflection diffraction 

( X T E R D ) 
hexagonal diffraction patterns, 35/ 
lyotropic phases, 34 
sketch of scattering geometry, 34/ 

Z 

Zwitterionic surfactants, hydrophilic sur
faces, 15 
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