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On the Thermodynamic Stability of Confined 
Thin Films Under Shear 

Dennis J. Diestler, Martin Schoen, John H. Cushman 
Thin films of monatomic fluid constrained between two plane-parallel structured solid walls 
have been modeled by Monte Carlo simulation under conditions (fixed temperature, chem- 
ical potential, and normal stress or load) prevailing in high-precision measurements of 
surface forces. Several states of the film, corresponding to different numbers of layers of 
fluid parallel with the walls, are generally consistent with these conditions, but only one is 
thermodynamically stable; the others are metastable. When the walls are properly aligned, 
epitaxial solid phases are stable. These melt under shear, eventually becoming metasta- 
ble, whereupon a drainage (or imbibition) transition occurs, leading to a stable phase with 
fewer (or more) layers. 

T h e  behavior of confined fluids, which monatomic fluid piles up in layers parallel 
figures prominently in such disparate phe- with the walls. Moreover, if the walls are 
nomena as the swelling of clay soils (I) ,  aligned properly, they can induce the for- 
transport in biological membranes (2), and mation of an epitaxial solid, which resists 
lubrication (3), can be studied directly on a shearing (walls stick) until a critical shear 
molecular scale under oreciselv controlled strain is exceeded (that is. until the walls 
conditions in the surfa'ce forces apparatus are moved sufficie;tly out' of alignment), 
(SFA) (4-6). The heart of the SFA is a slit whereu~on the solid melts (walls slio) . 

~ , .  , . r 
pore consisting of two plane-parallel solid When the walls again come into proper 
surfaces or walls (normally atomically alignment, the cycle repeats itself. This sort 
smooth mica sheets) separated by a film of of stick-slip behavior is characteristic of 
the fluid of interest. One wall is fixed and molecularly thin films of relatively simple 
the other is attached to a movable stage, materials (small organic molecules) con- 
which allows the relative position and strained between atomically smooth mica 
alignment of the walls to be manipulated walls that are subjected to small shear-strain 
and measured with molecular precision. rates. 
The slit pore is immersed in the bulk fluid, We use a simple prototypal model of 
which is maintained at fixed temperature the slit pore: a monatomic fluid con- 
(T) and pressure @), so that the chemical strained between walls composed of like 
potential (p) of the bulk fluid is also fixed. atoms fixed rigidly in the configuration of 
The film and bulk ohases are taken to be in the (100) olane of the face-centered-cubic , A 

thermodynamic equilibrium; the tempera- (fcc)' lattice. We take the potential energy 
ture and chemical potential of the film are of the system to be a pairwise sum of 
therefore also fixed at the bulk values. We Lennard-Jones (6, 12) intermolecular po- 
present the results of Monte Carlo simula- tentials u(r) = ~ E [ ( u / T ) ' ~  - ( ~ l r ) ~ ] ,  where 
tions of the SFA. r is the distance between atoms of a given 

If a molecularly thin film is subjected to pair. Reduced dimensionless variables (de- 
a shear strain under fixed normal stress or noted bv an asterisk) are defined in terms 
load T~ (say, by moving one wall laterally of the well depth E and the molecular 
relative to the other). then the shear stress "diameter" u: distance is eiven in units of , , ., 
rises nearly linearly until a critical strain is a, energy in units of E, temperature in 
reached; it then falls precipitously as the units of elk,, where kB is Boltzmann's 
critical point is exceeded. As shearing con- constant, and stress (pressure) is given in 
tinues, this "stick-slip" cycle recurs, giving units of €Id .  We take the walls to be 
rise to a saw-tooth-shaped plot of shear parallel to the xy plane and to be a 
stress versus strain (6). This static stick-slip distance h apart. To minimize edge effects, 
 heno omen on has also been observed in we imoose ~eriodic boundarv conditions 
previous Monte Carlo (7) and molecular in the x and y directions on a rectangular 
dynamics (8, 9) simulations of a prototypal prism (lamella) of fluid having lateral di- 
model of the slit pore described below. mensions s, = s, = s, where s is taken to 
These computations show directly that a be sufficiently large (s* = 7.9925) that 

intensive properties of the system do not 
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of the fcc (100) plane. For simplicity, the 
alignment in the y direction is kept fixed. 

The shear-strain rate used in the actual 
SFA is exceedingly low on a molecular scale 
(- Alps). We therefore assume that 
the process is reversible and apply the Mon- 
te Carlo method in a statistical ensemble to 
which we shall refer as the grand-isostress 
(GI) ensemble or (p ,  T, and 7,) ensemble, 
the latter designation indicating the exper- 
imentally controlled thermodynamic vari- 
ables that are the parameters of the ensem- 
ble. Previous simulations (7-1 0) have not 
taken proper account of the drainage (or 
imbibition) of fluid that can occur under 
shearing at constant p,  T, and 7,. The 
details of the GI Monte Carlo method are 
given elsewhere (I I). Here, we merely 
describe the implementation. 

The oscillations in T*, (Fig. 1) reflect the 
addition (imbibition) or removal (drainage) 
of whole layers of fluid as h* varies. That 
the isobars T*, = constant intersect the 7; 
versus h* curve at several distinct values of 
h* suggests that a number of different ther- 
modynamic states (corresponding to differ- 
ent numbers of layers) are possible for given 
conditions of fixed p*, T*, and T*,. How- 
ever, only one of these states is thermody- 
namically stable; the others are metastable. 
The stable state is the one for which the GI 
potential 

that is appropriate to the constraints of 
fixed T, p, and T, is at a minimum (I I). In 
Eq. I ,  U is the internal energy, S is the 
entropy, and N is the amount (number of 
molecules) of the pore fluid; A = s2 is the 
area of the wall. 

From the first and second laws of ther- 
modynamics and the definitions of 4 and 
the grand potential given in Eq. 1, we 
deduce expressions that govern infinitesi- 
mal, reversible transformations 

Fig. 1. Negative of applied normal stress (-T:) 
as a function of separation h* between the walls 
of the fcc prototype at T* = 1.00, p* = -1 1 .O, 
and a = 0.0. The horizontal lines are isobars at 
T: = -0.598 and -1.196. 
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dR = -SdT - Ndp + ( T ~  + ~,)(h/2) 

dA + .r3Adh + ~ d d ( a e )  (24 

Here T, and T, are the components of stress 
in the x and y directions applied to surfaces 
of the lamella that point in these direc- 
tions, T~ is the shear stress applied to the 
walls in the x direction, and 

is an interfacial tension analogous to ordi- 
nary surface tension. 

Because the local density depends only 
slightly on x and y ,  it is tempting to treat 
the confined phase as if it were homo- 
geneous in transverse dimensions. Were 
this so, T~ and T, would be independent 
of A for given fixed T, p ,  T ~ ,  and a ,  and 
we could therefore integrate Eq. 2b to 
obtain 

+ = YA (44 

or from Eqs. 1 and 3 

Equation 4b is the analog of the bulk- 
phase relation R = -pV (T, = T~ = -p) 
(V is volume). Although Eas. 4a and 4b, - .  
are rigorouslC true for smooth-wall slit 
pores (12), their application to the struc- 
tured-wall prototype can lead to qualita- 
tively incorrect conclusions. The forma- 
tion of epitaxial solid phases gives rise to a 
dependence of T~ on A sufficiently strong 
to preclude the proposed integration. 

Fortunately, we require only relative 
values of 4 for our present purpose; we can 
obtain these by numerical integration of 
Eq. 2 at constant A. Thus, from the inter- 
sections of a given isobar T~ = constant 
with the   lot of T~ versus h (Fig. I) ,  we 
determine the values of h consistent with 
the given values of T, p, T ~ ,  and a. 
Choosine as a reference state the one-laver " 
phase at a = 0.0, we have for the potentiai 
of the i-layer phase 

where 
h, 

is the contribution accruing as the walls are 
moved reversibly from h, to h, at constant 
T, p, A, and a = 0.0. The second term in 
Eq. 5, given by 

OL 

Fig. 2. (A) Relative GI potential per unit area 
(A-'A+) as a function of registry a for metasta- 
ble phases of the prototype at T* = 1.00, k* = 

-1 1 .O, and 7; = -0.598: one-layer phase (0); 
two-layer phase (0); three-layer phase (W); and 
four-layer phase (0). (B) Number of molecules 
as a function of registry for the stable phase 
under the same conditions. 

is the change in 4, accompanying the re- 
versible change in registry at constant T, p, 
T ~ ,  and A. 

Using Eqs. 5 and 6, we construct plots of 
relative GI potential as a function of regis- 
try (Figs. 2A and 3A). The various curves 
refer to films com~rising different numbers . " 

of layers, which vary between one and four 
under the assumed conditions. In all cases, 
T* = 1.00 and p* = - 11.0, which corre- 
spond to a bulk fluid state having density p* 
= 0.7953 and pressure p* = 0.483. Two 
competing effects account for the order of 
stability of the confined phases as a function 
of normal stress and registry. First, increas- 
ing - T ~  tends to squeeze fluid out of the 
pore, producing thinner films that are more 
stable. Second, when the walls are in reg- 
istry ( a  = 0.0), phases with odd numbers of 
layers are generally more stable than those 
with even numbers of layers. The in-plane 
pair correlation function g(2) (1 3) indicates 
that at a = 0.0, the "odd-layer" phases are 
solid, whereas the "even-layer" ones are 
fluid. When the walls are out of registry, on 
the other hand, the even-layer phases (now 
solid) are more stable than the odd-layer 
ones (fluid). Thus, at the extremes of reg- 
istry, the stable phases are odd- or even- 
layer solids. However, if - T ~  is sufficiently 
large, the one-layer phase is stable at all 
registries. - 

Consider the stable one-layer phase at 
the lower normal stress (Fig. 2). To force 
the walls out of registry (that is, to in- 
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Fig. 3. (A) Relative GI potential per unit area 
and (B) number of molecules as Fig. 2, except 
7: = -1.196. 

crease a from zero). one must do mechan- , , 

ical work on the confined solid by shearing 
it. As a result, the GI potential rises; the 
potential of the metastable two-layer 
phase simultaneously drops. In the vicin- 
ity of a - 0.25, the potential curves cross, 
indicating that the two phases become 
equally stable. Just beyond a - 0.25, the 
two-layer phase becomes the stable one. 
There is a sharp increase in the number of 
confined molecules (Fig. 2B) as the film 
goes through the imbibition transition - - 
around a = 0.25 to take on a second layer. 
The values of g(2)' for both phases are 
indicative of strained solids. 

At the higher applied normal stress (Fig. 
3), the picture is qualitatively similar. 
However, the three- and two-layer phases 
are now less stable relative to the one-laver 
phase than they are at the lower - T ~  (Fig. 
2). The four-laver ohase has become unsta- 
ble. A consequknci of the decreased stabil- 
ity of the two-layer phase is a shift of the 
imbibition transition to higher registry ( a  
= 0.35). Moreover, the one-layer phase 
becomes fluid before the transition ( a  < 
0.35), according to g(,), whereas the two- 
layer phase is solid. Thus, from the opposite 
perspective, as a decreases from 0.50, tht; 
two-layer solid film undergoes a shear melt- 
ing transition (drainage) to produce a one- 
layer liquid film. 

It is interesting that at zero normal u 

stress, the three-layer solid is stable at a = 
0.0 and undergoes a drainage transition to a 
two-layer phase in the range 0.25 < a < 
0.30. The two-layer phase becomes solid at 
a = 0.5 (11). 



Fig. 4. Shear stress (7:) as a function of registry 
for stable phases under the conditions given in 
Fig. 2. 

If the upper wall were permitted to float 
(under zero applied shear stress, T+ = 0) 
on the film, it would come to rest with a 
registry corresponding to the minimum of 
4. Under the conditions of our simula- 
tions, 4 is minimum at either a = 0.0 or 
0.5, where, respectively, odd- and even- 
layer solid films exist. For instance, at T ;  

= -0.598 and -1.196, the one-layer 
solid at a = 0.0 is stable; at T*, = 0.0, the 
walls adjust so that a = 0.5 and the 
two-layer phase forms. 

The shear stress T*, oscillates between 
positive and negative ;slues as the film is 
sheared ( a  increases) (Fig. 4). When the 
walls are in registry ( a  = 0.0), the stable 
phase is a one-layer phase, which resists 
shearing by exerting a force on the walls 
opposing the (positive) applied shear 
stress, that is, in the direction of decreas- 
ing a. However, when a exceeds a critical 
value, the imbibition transition yields the 
more stable two-layer phase. As a in- 
creases beyond the critical value, the GI 
potential of the two-layer phase decreases. 
The strained phase now exerts a force on 
the walls in the direction of increasing a, 
which gives rise to a negative applied 
shear stress. The periodic sharp drops in 
frictional force below the baseline ob- 
served in the "super-kinetic" sliding state 
of the SFA (14) may reflect alternating 
imbibition and drainage transitions analo- 
gous to the ones described here. 
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Long-Range Attractive Force Between Hydrophobic 
Surfaces Observed by Atomic Force Microscopy 

Yi-Hua Tsao, D. Fennell Evans, H. Wennerstrom 
There is evidence from atomic force microscopy for a long-range attractive force between 
hydrophobic surfaces that is virtually identical to that observed with the surface forces 
apparatus. This force is present in the nonaqueous solvent ethylene glycol. A possible 
molecular mechanism involves in-plane polarized domains of solid-like monolayers ad- 
sorbed on mica, and a theoretical model has been developed that accounts for many of 
the observations. 

Hydrophobic interactions guide molecular 
self-assembly processes in biology and in 
many technological processes. It is known 
that hydrophobic interactions are propor- 
tional to the contact area both on the 
molecular and the colloidal (macroscopic) 
scale. However, little is known about the 
range of the hydrophobic forces, which is 
an important point in understanding the 
dynamics of self-organizing processes such 
as protein folding, ligand binding to hydro- 
phobic receptor sites, and the transforma- 
tion of membrane structures. 

Reports published over the past decade 
(1-5) document the existence of long-range, 
strongly attractive forces between macroscop- 
ic hydrophobic surfaces immersed in water. 
These forces are orders of magnitude larger 
than that expected from van der Waals inter- 
actions and exhibit decay lengths of up to 25 
nrn. The molecular origin of these unusual 
forces is not well understood. None of the 
proposed mechanisms--which include water 
structural effects (Z), Debye screened ion-ion 
or dipole-dipole correlations (6, 7), or vapor 
cavitation (3)-account for the experimental 
observations. At issue is the question of 
whether these long-range attractive forces 
arise from hydrophobic interactions and 
whether they provide an additional attractive 
force that promotes biomolecular processes. 

To date, all accurate measurements of this 
force have been made with the surface forces 
apparatus (SFA), for which hydrophobic sur- 
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faces are prepared by the deposition of a 
monolayer of a double-chained cationic sur- 
factant onto a negatively charged mica sur- 
face. Here, we (i) give a brief review of 
previous SFA measurements; (ii) present re- 
sults of atomic force microscopy (AFM) show- 
ing the existence of the long-range force for 
equivalent systems; (iii) establish the exis- 
tence of a long-range attractive force in a 
nonaqueous solvent, ethylene glycol; (iv) in- 
vestigate other hydrophobic surfaces, such as 
Teflon and polyethylene; and (v) propose a 
model that explains the molecular origin of 
the long-range attractive force. 

Both the magnitude and the range of the 
long-range attractive force between two hy- 
drophobic surfaces in water depend on the 
temperature and length of the surfactant's 
hydrocarbon chain. The SFA results (5) at 
25°C (Fig. 1A) show that dioctadecyldi- 
methylammonium (DODA) , dieicosyldi- 
methylammonium (DEDA) , and didoeico- 
syldimethylammonium (DDDA) monolayers 
gave identical results, whereas the dihexade- 
cyldimethylammonium (DHDA) monolayer 
yielded a substantially weaker attractive force. 
At 50°C (Fig. lB), the force curve for DEDA 
remained identical to that measured at 25OC. 
Those for DHDA and DODA decreased sub- 
stantially, and DHDA gave values compara- 
ble with those predicted by van der Waak 
theory (solid line). The force curves (Fig. 1) 
were integrated from double exponential 
functions that fit the SFA results. For exam- 
ple, the force curve for DODA at 25°C is 

FIR = - 0.331 e-D~2-1-~.00125 e-D'25 
(1) 

where F is the force in newtons, R is the 
radius of curvature of the surfaces in meters, 

SCIENCE . VOL. 262 22 OCTOBER 1993 547 




