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Phase Transitions and Universal Dynamics in Confined Films
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We describe molecular dynamics simulations of fluid films confined between two solid walls. The films
consist of spherical molecules, or flexible linear chains with up to twenty monomers. When the wall sep-
aration is only a few molecular diameters, crystalline or glassy order is induced across the film. The on-
set of the glassy phase is characterized by rapidly increasing relaxation times. These manifest them-
selves through changes in the diffusion constant and in the response to shear. The viscosity exhibits the
same power-law scaling with shear rate that was observed in recent experiments. Our study suggests
that this response is a universal property of lubricants near a glass transition.

PACS numbers: 68.15.+e, 62.15.+i, 64.70.Pf, 81.40.Pq

When fluids are confined between solid walls separated
by only a few molecular diameters, their structural and
dynamical properties are drastically altered [1-5]. Ex-
periments reveal wall-induced layering of fluid films at
wall separations of up to ~20 molecular diameters [1,2].
At smaller separations, the viscosity increases by several
orders of magnitude [3,4]. In many cases the film devel-
ops a yield stress, indicating a transition to a solidlike
state [3-5]. When sheared slowly, these solidlike films
may exhibit oscillatory stick-slip motion [5].

Computer simulations of films with simple spherical
molecules have played a pivotal role in understanding the
origin of these phenomena [6-10]. In particular, they re-
veal substantial in-plane ordering of molecules [7-9] in
addition to the layering noted above [6,7]. This in-plane
order plays an essential role in transmitting shear stress
[7]. The entire film may crystallize when the wall sepa-
ration is less than ~5-6 molecular spacings, leading to a
finite yield stress [8,9]. Stresses greater than this value
destroy crystalline order. Stick-slip motion involves
periodic shear melting and recrystallization of the film
[9].

In spite of their successes, simulations with spherical
molecules have been unable to reproduce several key
features of the experimental data. For example, the cal-
culated relaxation times and viscosities remain near bulk
fluid values until the film crystallizes. In experiments,
both quantities may increase by many orders of magni-
tude before a yield stress is observed [3-5]. Moreover,
recent work [11] indicates that there may be a power-law
distribution of relaxation times with a universal exponent.
In sufficiently thin films and at high shear rates, the mea-
sured viscosity decreases with shear rate as y—'/z—in-
dependent of the molecular composition of the film.

In this paper, we examine whether these phenomena
can be attributed to intramolecular dynamics. We de-
scribe molecular dynamics simulations of films composed
of freely jointed, linear-chain molecules confined between
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two solid walls. As observed in studies of spherical mole-
cules [7-10], confinement decreases the entropy of these
films and shifts the bulk phase transitions to higher tem-
peratures and lower pressures. However, films of chain
molecules undergo a glass transition instead of crystalliz-
ing. Near the glass transition there are dramatic in-
creases in the viscosity and relaxation times. Moreover,
the films exhibit the same power-law viscous response
that was observed in experiments [11]. The robustness of
the power law despite changes in the chain length and
wall-chain interactions suggests that it is a generic
feature of glassy films under shear. Other properties ex-
hibit less universality. Among the interesting effects are
localization of strain to the wall-chain interface and de-
creases in the apparent viscosity with decreasing wall sep-
aration.

The simulations were performed in a planar, Couette
geometry that closely resembles the experimental systems
[3-5]. A thin film of fluid molecules was confined be-
tween two solid walls with periodic boundary conditions
in the plane of the walls. Each wall consisted of 2N,
atoms forming two (111) planes of an fcc lattice. The
wall atoms were coupled to lattice sites via stiff springs
[7]. Several values of the nearest-neighbor spacing d
were used to explore the effect of commensurability be-
tween wall and fluid molecules.

A well-studied bead-spring model was used for the
chain molecules [12]. Monomers separated by a distance
r interacted through a purely repulsive, truncated Len-
nard-Jones (LJ) potential,

V(r)=4¢el(a/r)' = (a/r) o+ (o/r.)— (a/r.) '] . (1)

Here, € and o are characteristic energy and length scales
and the potential is zero for r>r.=2"%c. Adjacent
monomers along each chain of length n were also coupled
through a strongly attractive potential,

Veh(r)y=—kR§In[1 —(r/Ry)?, r <Ry, 2)
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where Ro=1.50 and k =15¢/c% Previous studies have
shown that this potential prevents chain crossings and
yields realistic dynamics for polymer melts [12]. At the
densities considered in our study, the mean bond length
was ~0.960. The wall-monomer interaction was also
modeled with a truncated LJ potential [Eq. (1)1, with pa-
rameters *', o™, and r*".

To mimic experiments [3-5], the simulations were
done with a constant pressure P, applied between the
walls. The dynamics of the wall separation h were
modeled using a generalization of Andersen’s extended
system method [13]. A constant temperature, T=1.1¢/
kg, was maintained by coupling the motion of the wall
molecules to a thermal reservoir [12]. The equations of
motion were integrated using a fifth-order predictor-
corrector algorithm with time step Ar=0.005t, where
=(mo?/e)'.

Layering produces oscillations in P, with h [1,14].
The walls are pulled together when h is just larger than
an integral number of layers and repelled when h is
smaller. The number of fluid molecules N, is nearly con-
stant over a wide range of P, and then decreases sudden-
ly as a layer is squeezed out [14]. Recent simulations
show that allowing N, to vary does not produce sig-
nificant changes in the dynamics of films of spherical
molecules [10]. We thus fixed Ny =m;N,, corresponding
to my layers of N; molecules. For the results in Figs. 1-3,
N;=N, =144,

We start by considering the effect of confinement on
equilibrium properties. As noted above, an isolated solid
surface induces both normal [6,7] and in-plane [7] order
in adjacent fluids. This ordering is greatly enhanced as
two surfaces approach. In-plane ordering has received
less attention than layering, but is more important in
determining friction and flow boundary conditions [7,15].
It determines the effective capillary size of pores [7], and
the dissipation during spreading on solids [15]. One mea-
sure of the amount of in-plane order is the Debye-Waller
factor, Smax/S(0), where Spay is the largest peak height
in the two-dimensional structure factor of a layer adja-
cent to the solid wall. The limiting values of Smax/S(0)
are 1 and 0, corresponding to a crystal at 7=0 and a
fluid decoupled from the wall.

Figure 1 shows the dependence of h, Sn./S(0), and
the molecular diffusion constant parallel to the walls, D,
on P, and chain length for m; =2. As expected, the film
thickness decreases slightly with increasing P,. At the
same time, the degree of layering and in-plane order in-
creases, and the diffusion constant decreases. The major
difference between spherical and chain molecules is in the
form of these changes. There is a sudden drop in D and a
transition to an fcc structure with Sm./S(0) > 0.6 in
monomer films [16]. The transition pressure P, =7¢0 ~3
is substantially lower than the bulk value of P=12¢c ~3.
In contrast, films of chain molecules remain highly disor-
dered. The steady drop in D relative to bulk values indi-
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FIG. 1. Variation of (a) wall separation, (b) Debye-Waller
factor, and (c) molecular diffusion constant with P, in static
two-layer films with €*'=¢, r*'=2'"5, and d =1.200. Squares
and triangles indicate films with n=1 and n =6, respectively.
Stars indicate the bulk diffusion for n =6.

cates the onset of a glassy phase at a pressure below the
bulk transition pressure. Thus confinement produces a
marked shift in the bulk transition pressures of both types
of molecules. The magnitude of the shift depends on my,
the strength of the wall-fluid interaction, and the com-
mensurability between wall and fluid. The nature of the
transition may also be affected. Large lattice mismatches
produce high-order commensurate phases in monomer
films [7]. Chains tend to lock in glassy phases, and only
crystallize for very large e* and d close to the equilibri-
um monomer spacing along chains.

A wall-induced glass transition provides a natural ex-
planation for the dramatic increases in the measured re-
laxation times and viscosities of ultrathin films [3-5,11].
To study the dynamic response directly, we sheared our
films by translating the top wall at a uniform speed v in
the (100) direction and found the mean frictional force
per unit area, f, exerted on the walls. Figure 2 shows the
time-averaged viscosity u =fh/v as a function of y=v/h,
my, and P, for n =6 films.

The viscous response in Fig. 2(a) for films with n; =8
typifies the measured behavior of melts of linear poly-
mers. At high 7, there is substantial shear thinning with
the viscosity obeying a power law of the form u~y~°
For most polymeric fluids, 0.4 <a=<0.9 [17]. Below a
characteristic shear rate, 7., the viscosity saturates to a
limiting value po. On time scales longer than rmax=}"f'
the film behaves like an ideal Newtonian fluid because
stress within it has time to relax. In this regime, the nor-
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FIG. 2. Variation of u with y as a function of (a) m; and (b)
P, in films with n=6, ¢*"=3¢, r*=2.20, and d =1.06. The
dashed lines have slope — .

mal stress within the film and the wall separation remain
constant. For y> y., the normal stress at fixed h grows.
In simulations at fixed P,, h increases.

Figure 2(a) illustrates how the viscous response of films
changes as m; decreases. All changes result from con-
finement since P, is held fixed. Note that the response at
m; =6 and 8 is identical. This demonstrates that the film
exhibits bulklike dynamics down to wall separations of
~6 molecular diameters. However, at smaller separa-
tions there are dramatic increases in both 7,.x and uo.
By m; =2, they have risen by at least 2 orders of magni-
tude over their bulk values. The relaxation time exceeds
the length of our longest simulations (~10%A¢), and the
film has a finite yield stress on these time scales. In-
creases by 3 to 5 orders of magnitude in 7,.x and yo have
been observed in experiments [4,11]. Based on our simu-
lations we attribute them to a confinement-induced glass
transition.

The wall separation can also be varied by fixing m; and
varying P,. This is particularly relevant to experiments
near the glass transition where the extremely slow dy-
namics inhibit decreases in m;. Figures 2(b) and 3 show
the dynamic response of m; =4 and my;=2 films as a
function of P,. As expected, both 7, and ug are strong
functions of P,. By P, =6eo 3 in Fig. 2(b) the dynam-
ics in four layer films are too slow to resolve in our simu-
lations. Hu, Carson, and Granick [11] found similar
changes in dodecane films. Increasing P, led to a five-
fold increase in both 7.« and uo while the number of
layers remained fixed. In both their experiments and our
simulations the product poy, is nearly independent of P,
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A striking feature of the non-Newtonian regime in
these glassy films (y> y.) is that the viscosity obeys a
power law u~ 7~ % with a=%. The scaling does not de-
pend on many details of the simulations including com-
mensurability between wall and fluid, relative wall orien-
tation, wall stiffness, wall-fluid coupling, or chain length
[18]. However, we do find a slight increase in a as P, is
increased towards the glass transition. The same scaling
and variation with P, has been observed in recent experi-
ments [11]. This is remarkable considering the simplicity
of our chain molecules compared to the dodecane, hexa-
decane, and silicone oil molecules used in the experi-
ments. It suggests that p~}"_2/3 may be a universal
property of lubricants near a glass transition under con-
stant normal load [18]. Simulations at constant h give
similar values of 7., but the behavior is less universal.
The viscosity decreases more slowly with 7 (a~ §) be-
cause the film cannot expand to facilitate shear.

Perhaps the most surprising aspect of the power-law
response is that the exponent a does not change when the
mechanism of shear changes. Consider, for example, the
viscous responses shown in Figs. 2 and 3. While the
power laws characterizing the shear-thinning regime are
the same, the nature of the strain is fundamentally
different. In Fig. 2(b) the strain is uniformly distributed
across the film. The film of Fig. 3 behaves like a plug
—strain is localized at the wall-fluid interface.

Pluglike flow produces some counterintuitive behavior
in thin films. The reason is that the apparent viscosity is
no longer a property of the film. Instead, it characterizes
the dynamics at the weak wall/film interface. Among
other things, this means that 7o ' is not necessarily the
largest relaxation time within the film. In fact, we found
that the films in Fig. 3 were able to maintain stress over a
period much longer than 7. '. We also observed stick-
slip motion in these systems at ¥ < y.. In contrast, stress
in the films of Fig. 2(a) relaxed to zero with a charac-
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teristic time constant of }",_', and there was no evidence
of stick-slip motion for y < y.. We also found that the
apparent viscosity of pluglike films was independent of
chain length, while the bulk value of ug increased rapidly
with chain length.

Pluglike flow is most readily observed when 4 is much
less than the radius of gyration of a free chain. In this
limit, each chain occupies a compact region spanning the
distance between walls. This structure reflects the large
entropic cost for alignment into a single layer or for shar-
ing a region of space with another molecule [19]. Since
any velocity gradient tends to stretch the chains, this to-
pology greatly inhibits flow within the film. We found
that shear only extended throughout thin films when the
range and strength of the wall-fluid coupling were in-
creased so that it could compete with the multiple in-
teractions between chains (Fig. 2).

The entropic constraints become less important as the
walls move apart. As they do, the fraction of the strain
which occurs within the film increases. Peculiar behavior
may result, such as an increase in the effective viscosity
with increasing film thickness. This behavior has been
observed in experiments [4], but seems paradoxical since
the film is changing from a glass to a fluid. The explana-
tion is that the apparent viscosity measures the total dissi-
pation at the wall/film interface and within the film. As
h increases, there is more strain and dissipation within
the film, precisely because its actual viscosity decreases.

The results presented here provide natural explanations
for much of the rich behavior observed in molecularly
thin films. They suggest that the long relaxation times
and power-law decrease in viscosity result from a wall-
induced glass transition. While our simulations probe
much shorter time scales (~1 ns) than experiment, they
indicate that the scaling of the viscosity remains un-
changed as the value of 7, increases towards the exper-
imental range. Studies of bulk glasses also reveal that the
nature of the dynamics does not change as the charac-
teristic time scale diverges.

From a theoretical standpoint, the most important out-
standing issue is what determines the value of a. A com-
plete description may be complicated by the fact that a
depends on whether the film is allowed to expand. To ob-
tain the value of % one must understand the dependence
of both the shear and the normal stress on 7.
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