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effects modulate the thermal forces rather than the other 
way round.24 For amphiphiles in the "gel" phase, one 
would still expect there to be a protrusion force, includ- 
ing contributions from the mobile head-groups. 

In the light of the above, we can rationalize many hith- 
erto unexplained phenomena, including those listed ear- 
lier. Thus, we can understand why exponentially repul- 
sive forces between lecithin also occur in nonaqueous 
 solvent^'^*'^ and why-as we go from water to forma- 
mide to propanediol-the decay lengths progressively 
increase (from 0.17 to 0.26 nm) as the interfacial ten- 
sions de~rease. '~ Experimentally, one also finds that low 
decay lengths are enerally associated with high preex- 
ponential factors;'' this too is predicted by eq 9, which 
shows the opposite dependencies of X and C on a (at the 
same 79. 

Another issue that is immediately resolved concerns 
the large thickness fluctuations and apparent overlap of 
opposin head-groups even in fully hydrated sys- 
tems?'.' It  had previously been recognizedm*'-' that at  
sufficiently small separations the hydration interaction 
should become replaced by the steric repulsion of over- 
lapping head-groups; yet the measured forces never showed 
any break in the smoothly exponential line down to mean 
surface separations of 0.3-0.5 nm.2.3i6*7*29 With the present 
interpretation this paradox disappears: viz., the so- 
called steric force was always there right from the start. 
Note, too, the predicted steep upturn of the force at  very 
small D (Figure 2), as has also been ~bserved.~' 

It is likely that, in a first approximation, the protru- 
sion force is additive with other forces such as double- 

layer, van der Waals, undulation, hydration, and hydro- 
phobic forces. However, in some cases these forces may 
be coupled; e.g., the protrusion force may be supressed 
between charged surfaces, as is the undulation force.30 

Clearly, more rigorous experimental and theoretical anal- 
yses are needed than given here to explore the full nature 
and implications of this type of interaction. Thus, com- 
puter simulations should include any motional degrees 
of freedom of molecular groups a t  interfaces, head- 
group tilting, etc., while experiments should consider which 
surface-bound groups are mobile and which are immo- 
bile. 

Finally, on the conceptual level, our findings imply that 
more careful thought must be given before using terms 
such as "structured water", "hydration layer", "head- 
group hydration", "water binding", etc. For example, it 
is no longer obvious that the amount of water uptake 
per head-group during the swelling of a lamellar phase 
can be directly associated with the "structured water" or 
"hydration" of that group. 
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We study the solid-like shear response (the static friction) of liquid films of both compact and chain 
geometry, whose thickness approaches molecular dimensions. The nonpolar liquids were confined between 
parallel plates (step-free single crystals) of muscovite mica. The finite shear stress required to produce 
sliding increased with measurement time over intervals from minutes to hours, at temperatures above 
the bulk melting temperature or the bulk glass transition temperature. This loss of fluidity may reflect 
a vitrified state imposed by the liquid's confinement. 

Introduction 
The physical behavior of confined fluids can differ 

remarkably from that in the unconstrained bulk. This 
has implications in many areas, from biology to tribol- 
ogy. Much progress has been made in understanding static 
equilibrium, and it has become well-established that pack- 
ing requirements near a solid boundary impose order on 
the fluid near this solid boundary-the local density shows 
decaying oscillations normal to the surface with a period 
of about one particle diameter.' However, little is known 
about relaxation and diffusion within such interfacial 
regions. In earlier ~ t u d i e s , ~ - ~  we performed measure- 

ments to explore the dynamic shear response of nonpo- 
lar fluids confined as a sandwich between ultrasmooth 
parallel surfaces that were close together (a discrete num- 
ber of molecular layers) but not quite touching. Two vari- 
eties of mechanical response were found: liquid-like, but 
with a rate of viscous energy dissipation enhanced by 
orders of magnitude over that for the isotropic liquids, 
and solid-like, meaning that sliding did not occur unless 
a certain shear stress (or "yield stress") was attained. At  
a given film thickness, liquid-like behavior degraded into 
solid-like behavior with increasing net normal pressure. 
Such yield stress behavior is familiar but not under- 
stood. It is the well-known fact of life, static friction. 
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In this paper, we study the magnitude and evolution 
of the yield stress. We show, for what we believe to be 
the first time, that this stress is time-dependent, a result 
which has implications regarding the molecular origin of 
static friction in liquid films. We propose that this loss 
of fluidity may reflect a vitrified state imposed by the 
fluid's confinement, despite being found to occur at tem- 
peratures above the melting temperature T, or the glass 
transition temperature Tg. 

Experimental Section 
The experimental apparatus and procedure closely resemble 

that described previo~sly?.~ Purified and dried fluids were con- 
fined between atomically smooth, step-free single crystals of 
muscovite mica.2 Changes in surface separation (fl-2 A) were 
measured by optical interferometry between the back sides of 
the mica sheets, just as in the usual force balance experiment. 
Shear forces were applied, and the resulting motion was detected 
by using piezoelectric b i m o r p h ~ . ~ * ~  

The usual force balance experiment involves mica sheets that 
are curved everywhere. However, as the cylinders separated 
by a liquid droplet are pressed together, the li uid in the final 

experiments, a soft glue (sym-diphenylcarbazide) underneath 
the mica sheets deformed instead. This resulted in a region of 
constant thickness between the mica sheets, the thickness of 
the liquid between the mica sheets adjusting to the external 
normal pressure. The zone of contact is this situation is circu- 
lar to the extent that the radii of curvature of the crossed cyl- 
inders are the same near the point of contact. In the experi- 
ments reported below, pains were taken to ensure circular con- 
tact area. The contact diameter was measured (A5 pm) by viewing 
the flattened interference fringes in two orthogonal directions 
through an optical microscope. Typically, the contact diame- 
ter was on the order of 100 pm. We discuss below the empiri- 
cal evidence that parallel plate geometry was achieved. 

External forces in the normal direction were applied, just as 
in conventional surface forces instruments, by deflection of a 
double cantilever spring to the tip of which the bottom surface 
was mounted. The spring constant of the double cantilever spring 
was approximately 700 N m-'. The normal pressures reported 
here were calculated as the normal load (W) divided by the 
measured area (A )  of contact: P = W/A.  In fact, it should be 
recognized that there is a distribution of pressure within the 
contact circle, as discussed in standard textbooks. It is well- 
known that if adhesive forces are small compared to external 
forces, the classical equations for Hertzian (nonadhesive) con- 
tact apply. The pressure is then zero at  the circle periphery 
and is ( 3 / 2 ) P  at the centers 

The enclosed apparatus was purged with dry nitrogen, and a 
beaker of phosphorous pentoxide was kept inside to scavenge 
rogue moisture. To check the absence of surface contamina- 
tion, the sheets were brought together at  a slow rate in N, atmo- 
sphere to verify the expected jump into contact resulting from 
attractive van der Waals forces. In the event this attraction 
was not observed, the experiment was aborted. A droplet of 
liquid (freshly distilled, stored over type 4A molecular sieves, 
and filtered through a 0.5-pm FTFE filter immediately before 
use9) was placed between the surfaces. The presence of oscil- 
latory structural forces as a function of separation, character- 
istic of dry liquids at  <I00 A separation, was also verified rou- 
tinely except for the siloxane polymer samples, which were so 

few molecular layers resists being squeezed out.'- 9 In the present 
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Figure 1. Oscilloscope trace of the drive and response volt- 
ages used to determine yield stress, as described in text. The 
drive is proportional to shear force, and the response is propor- 
tional to resulting velocity. Spikes in the response curve cor- 
respond to macroscopic slip between the solid surfaces. Data 
are for hexadecane: thickness 8 A and net normal pressure 3.0 
MPa. 

viscous that reliable static measurements are not feasible.'O The 
temperature was 23 f 1 "C. 

The experiment was performed under conditions designed 
to minimize surface contamination (mica was cleaved in a lam- 
inar flow cabinet, experiments were performed in a sealed enclo- 
sure containing phosphorous pentoxide and dry nitrogen). Sur- 
face separations refer to the zero which was measured in dry 
nitrogen atmosphere; we note that others"'."*'* define zero 
slightly differently, as the closest approach of two sheets of mica 
in the presence of water, a convention which gives a zero 4-8 A 
less than that used here (J. N. Israelachvili, private communi- 
cation). This admitted uncertainty regarding the zero, which 
we discuss elsewhere,13 of course does not affect the relative 
distances reported below. To anticipate later discussion, we 
note that although the film thickness was constant during these 
experiments within the experimental resolution (*1-2 A), strictly 
speaking the experiments were conducted at fixed net external 
normal pressure and not at fixed film thickness. 

The lateral distances traversed in this oscillatory experi- 
ment were a small fraction, always less than 1%, of the diam- 
eter of the contact. Therefore, the region of flattened contact 
was essentially fixed, the rheology of the glue beneath the flat- 
tened mica sheets made a negligible contribution to these mea- 
surements, as will be reported in detail elsewhere. 

Results 
Figure 1 shows an example of the raw shear data. Every 

nonpolar liquid we studied responded in a qualitatively 
similar fashion; this example is for hexadecane, as described 
in the figure caption. The oscillatory forcedistance pro- 
file of hexadecane is known." Traces from an oscillo- 
scope are shown. The triangular wave form, which shows 
a voltage proportional to the driving shear force, rose and 
fell linearly with time. T h e  second wave form shows a 
voltage proportional to the resulting velocity. The non- 
zero velocity at low driving shear force reflects the mechan- 
ical compliance of the contact point; the top surface was 
stuck when the shear force was low. The abrupt onset 
of slip occurred at a well-defined critical shear force, beyond 
which the top surface accelerated. When the rate of change 
of shear stress changed direction, t he  flow stopped, and 
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time (min) 
Figure 2. Yield stress of octamethykyclotetzasiloxane (OMCTS) 
plotted against elapsed time of the experiment. Film thick- 
ness was 9 A, and net normal pressure was 0.8 MPa. 

subsequent flow was not observed until the critical shear 
stress was reached in the opposite direction. This behav- 
ior repeated each cycle, as ihstrated in Figure 1. 

The experimental design is believed to have ensured 
parallel plate geometry. This is also supported by mea- 
surement showing the film thickness was constant within 
the experimental uncertainty across the contact diame- 
ter and by measuring the same critical shear force in the 
two opposite directions of motion. Dividing the shear 
force by the area of contact, which was measured con- 
tinually during the experiment, gave the critical shear 
stress. 

First we discuss the observation that the critical shear 
stress built up over remarkably long times in the course 
of repetitive cycles of oscillation. These times were min- 
utes to hours, which is many orders of magnitude slower 
than the picoseconds to nanoseconds characteristic of relax- 
ation in these unconstrained liquids a t  these tempera- 
tures and pressures. Figure 2 illustrates this buildup for 
a compact molecule of roughly globular shape, octame- 
thylcyclotetrasiloxane (OMCTS). Forcedistance pro- 
files of this liquid are known.12 The thickness was 9 A, 
approximately a single molecular layer, throughout the 
duration of the experiment. The net extemal normal pres- 
sure was 0.8 MPa (a low pressure, equivalent to approx- 
imately 8 atm). The first measurement of a, was approx- 
imately 3.5 MPa, but this value increased over the space 
of 10 min to 9 MPa before the experiment was termi- 
nated. Buildup of this kind repeated itself when the mica 
surfaces were pulled apart and then brought back together 
at the same spot, a control experiment which suggests 
that the buildup did not result from chemical degrada- 
tion of the fluid or from wear of the mica. Note that the 
yield stress of 3.5 MPa corresponds to an energy density 
that is physically reasonable for mechanically activated 
motion, approximately (l/Q)kT/molecule. 

The buildup in u, was slower for the siloxane chain 
molecules than it was for hexadecane or for molecules of 
compact shape. The times required to reach the plateau 
in uc were observed to vary from several minutes (OMCTS, 
p-xylene) to several hours for longer siloxane chain mol- 
ecules (poly(phenylmethylsiloxane), poly(dimethylsi1ox- 
ane)). This difference is illustrated in Figures 2 and 3 
for OMCTS and poly(phenylmethylsiloxane), respec- 
tively. In the course of the buildup of u,, the film thick- 
ness was constant within the experimental resolution (fl- 
2 A), which suggests that the number of molecules within 
the films did not change. The slower kinetics for the 
chains than for the compact molecules is consistent with 
a process involving packing and crowding of many seg- 
ments. 

To test the possibility that the yield stress phenome- 

0 1 0 0  2 0 0  3 0 0  
time (min) 

Figure 3. Yield stress of a glass-forming liquid, pjy(pheny1- 
methylsilosane) (PPMS), plotted a ainst elapsed time of the 
experiment. Film thickness was 20 f ,  and net normal pressure 
was 0.8 MPa. The polydispersity of the liquid (ratio of weight- 
average to number-average degree of polymerization) was 1.11. 

non stemmed from surface-induced crystallization (per- 
haps epitaxial crystallization as has been suggested by 
Monte Carlo calculations),i4~is a glass-forming liquid was 
studied. This was an atactic siloxane oligomer, poly(phe- 
nylmethylsiloxane) (number-average degree of polymer- 
ization 20.8, glass transition tem erature Tg = -20 
"C)." The film thickness was 20 1 approximately six 
segment diameters, and the net normal pressure was 0.8 
MPa. Yield stress was observed for this glass-forming 
fluid also, as shown in Figure 3, demonstrating that the 
capacity to crystallize in the bulk is not necessary for 
yield stress behavior. 

The onset of solid-like behavior occurred at  thick- 
nesses up to approximately six layers. However, thick 
films of the siloxane chain molecules were the more sta- 
ble; when attempts were made to measure a&) over 
extended times for films six layers thick of OMCTS, hexa- 
decane, and p-xylene, the liquids drained out, leaving a 
thinner film behind. 

Sensitivity to experimental detail was noted with respect 
to both the film thickness a t  solidification and the pre- 
cise kinetics during the rise in u,. When the external 
normal pressure was applied at a particularly slow rate 
or when the levels of vibration in the laboratory room 
were particularly high, the film thickness at solidifica- 
tion was less and the rise in u, was faster. This may be 
related to recent measurements of surface forces between 
mica surfam separated by nonpolar fluids," which showed 
that the levels of adhesion in the normal direction were 
enhanced by agitation of the fluid during the experi- 
ment, which in turn suggested that agitation enhanced 
the layering of the fluid. This sensitivity to experimen- 
tal detail is an important feature of these experiments 
because it raises important questions about what physi- 
cal behavior of ultrathin liquid films is equilibrated and 
what behavior is metastable-a question that is not usu- 
ally considered. 

We now discuss the dependence on the pressure squeez- 
ing the plates together. The yield stress rose markedly 
with increasing net normal pressure, with a pressure depen- 
dence far stronger than even for bulk solids. In Figure 
4, the yield stress after 30 min of equilibration is plotted 
against the net normal pressure for a hexadecane film 8 
A thick (approximately two molecular layers). The rela- 
tionship is approximately linear with the large slope of 
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ultrathin liquid film. Whatever the eventual molecular 
explanation, it seems that nonequilibrium structures need 
to be taken into account for a complete description even 
of these fluids of very low bulk viscosity and that trapped 
structures of some kind are long-lived. Further work will 
be needed to disentangle the effects of confinement from 
those of possible shear-induced orientation. 

What underlying structure is responsible for the obser- 
vation of a yield stress? Does the existence of a yield 
stress reflect surface-induced crystallization? This is 
unlikely in the present systems. To have observed yield 
stress behavior even for a glass-forming liquid, at a tem- 
perature well above the bulk glass transition tempera- 
ture T,, suggests that yield stress need not necessarily 
involve epitaxial crystallization of the liquid, even though 
computer simulations show that surface-induced crystal- 
lization can play a role in some  system^."^'^ In addi- 
tion, from still another point of view, coincidental com- 
mensurability of the liquid microstructure with that of 
the mica la t t i~e '~ . '~  is an unlikely explanation of these 
observations when one considers that the solid-like 
response was observed for a variety of molecular liquids, 
of various segmental sizes. 

Instead, we suggest that increasing the external nor- 
mal pressure may squeeze out orientational degrees of 
freedom to the point that accommodation to slip is not 
thermally activated and can only be activated mechani- 
cally. In this sense, these experiments suggest the pos- 
sibility of a laterally disordered state, imposed by con- 
finement of the liquid. The origin of such behavior in 
the loss of orientational degrees of freedom is reminis- 
cent of bulk vitrification. 

These observations also have implications for under- 
standing static friction and lubrication. Empirically, it 
has long been known that static friction usually increases 
with time when solids are left in contact. It is tradi- 
tional to belive that this results entirely from the flat- 
tening of asperities and resulting increases in the true 
area of c~ntac t . '~  The present experiments, in which the 
true area of contact was measured directly, suggest that 
this is not the whole story. It seems that the buildup of 
static friction can also be an intrinsic phenomenon: slow 
rearrangements of liquid molecules trapped between two 
solid surfaces can also contribute to a significant extent. 

Implications also exist for understanding the pressure 
dependence of static friction. Classical theories of fric- 
tion suppose that the shear stress uc is a constant in a 
given sy~tem. '~ But empirically, it has long been known 
that this is not strictly true: a, increases with applied 
normal p r e s s ~ r e . ' ~ * ' ~ ~ ~  The coefficient of pressure found 
in previous friction studies was weaker than in this one, 
only 0.05-0.8, but already much larger than for shear of 
the corres onding bulk materials over similar ranges of 

dence are intuitively reasonable since surfaceinduced den- 
sity profiles of condensed gases (refs 17, 18, and 20) or 
of liquid (this study) should be smeared out near a rough 
surface as compared to near a smoother one. In friction, 
a smoother substrate seems to make the critical shear 
stress more dependent upon the applied normal pres- 
sure. 

In summary, ultrathin films of nonpolar fluids dis- 
played a yield stress in response to shear between paral- 
lel plates, despite being at temperatures above the bulk 
melting temperature T, or the glass transition temper- 
ature T,. The magnitude of the yield stress (static fric- 

pressure.' P J ~ * ~ ~  These differences in pressure depen- 

: 0 ~ . , . , . , , , , , , , , , * ~  
0 1 2 3 4 5 6 7 8  

Pressure (MPa) 
Figure 4. Yield stress of hexadecane after 30 min of equilibra- 
tion at each pressure, plotted against net normal pressure. Film 
thickness was 8 A. 
20. From such data, it is customary to calculate an acti- 
vation vol~me. '~* '~  If an activation volume is calculated 
from the data in Figure 4, it is unphysically large (lo7 
nm3/molecule!), which at least suggests that the unit pro- 
cess for slip is larger than the volume of any single mol- 
ecule. Studies of the energy dissipated in sinusoidal oscil- 
lation in the liquid-like state also show a large depen- 
dence on pressure,2 indicating the generality of the 
phenomenon. 

It is known from previous work that confined liquids 
of small molecules have some compressibility, in the sense 
that force-distance profiles show altemating minima and 
maxima;'*"*'2 this compressibility may be larger than in 
the unconstrained disordered liquid. This shows up exper- 
imentally as small adjustments in the film: thickness with 
increasing normal pressure, as one climbs from the force 
minimum of a given layer toward the force max- 
imum.'*11"2 Such adjustments in thickness, although too 
small to measure in our experiments (less than 1-2 A), 
could have been a significant fraction of the total thick- 
ness and could have produced significant changes in the 
average densities. The time and pressure effects we observe 
may in part reflect changes in the average density. A 
reviewer has noted that on this basis one would expect 
the yield stress to rise more rapidly, the less the film 
thickness. Preliminary experiments support this expec- 
tation, but further experiments are still in progress. 

It is worthwhile to contrast this study with another 
recent study, in which a related technique was used to 
investigate dynamic friction during travel a t  constant 
~elocity."~ That experimental setup was significantly 
different from the present one; the solid surfaces were 
swept over much larger distances, so fresh liquid con- 
stantly entered the zone of contact. Pressure-depen- 
dent and time-dependent u, values were not observed. 
In the present study, the distances traversed were always 
less than 1% of the diameter of the contact; slow equil- 
ibration of the compressed thin liquid film then occurred, 
as described above. 

Discussion 
These findings have implications for understanding the 

organization of molecular fluids in restricted geometries. 
First, the observation of a yield stress which evolves with 
time is a new empirical phenomenon, whose origin is pres- 
ently not understood. We have speculated above about 
its possible physical origin in the compressibility of an 
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tion) built up over long times and also increased strongly 
with increasing net normal pressure. It is suggested that 
these remarkable effects can be rationalized on the basis 
of the compressibility of an ultrathin film near a solid 
boundary and an eventual vitrified state imposed by low 
levels of external normal pressure. Much more study, 
both experimental and theoretical, will be needed to under- 
stand the associated trapped structures which appear to 
evolve with time, the nature of the defects which accom- 
modate the ultimate sliding motion, and the structure of 
these layers during the times that they do accommodate 
sliding. This study of fluids in intimate contact with solid 

boundaries emphasizes the profound influence that a 
boundary can have on the structure and dynamics of molec- 
ular fluids, leading to loss of fluidity when the fluid is 
sufficiently thin. 
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A poly(ethy1ene oxide) (PEO, M = SOOO), 1, containing pyrene (Py) groups at both ends attached via 
ether linkages has been prepared (l), and the fluorescence properties of ita aqueous solutions have been 
examined. These solutions show a weak excimer emission which is at first strongly enhanced and then 
suppressed by adding increasing amounts of sodium dodecyl sulfate (SDS) to the solutions. From the 
sharp onset of enhanced excimer emission and a correspondingly sharp change in the vibrational struc- 
ture of the locally excited Py emission, we infer the formation of mixed micelles with an apparent cmc 
of 8 X M. SDS-polymer interaction occurs at concentrations well below that of SDS with either 
Py itself or PEO itself, indicating that in the hydrophobically modified polymer 1 the chain and end 
groups act cooperatively to promote interaction with the surfactant. At low SDS concentrations, the 
chains tend to cyclize to put both Py groups in the same micelle. 

Introduction 
There has been a long-standing interest in the inter- 

action of water-soluble polymers with small amphiphilic 
mo1ecu1es.'-' Part of this interest derives from the impor- 
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tance of these interactions in various applications as diverse 
as paints and enhanced oil recovery. Perhaps the best 
studied system of this genre is that of poly(ethy1ene oxide) 
(PEO) in water interacting with the anionic surfactant 
sodium dodecyl sulfate (SDS)."' SDS itself in water 8880- 
ciates into micelles containing approximately 60 mole- 
cules at concentrations above 8 X M (its critical micelle 
concentration (cmc)). In the presence of PEO, this asso- 
ciation takes place at  somewhat lower amphiphile con- 
centration. The critical concentration for this aggrega- 
tion is essentially independent of PEO concentration and 
its molar mass. Chain length effects only appear for chains 
much shorter than M = lo4. 

The SDS-PEO aggregate has all the characteristics of 
a mixed micelle: a localized ensemble of SDS molecules 
incorporating the polymer chain into its structure. For 
long polymers, many of these aggregates adhere to a given 
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