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Comparative investigations of equilibrium structures, solvation forces, and conformational dynamics of thin
confined films of spherical molecules, straight-chain alkanes (n-hexadecane andn-tetracosane), and a branched
alkane (squalane) are performed using a newly developed grand canonical ensemble molecular dynamics
method for simulations of confined liquids. The method combines constant pressure simulations with a
computational cell containing solid surfaces and both bulk and confined liquid regions in equilibrium with
each other. For all the molecular liquid systems layered density oscillations in the confined films are found
for various widths of the confining gap. The solvation force oscillations as a function of the gap width for
the spherical and straight-chain alkane liquids are more pronounced, exhibiting attractive and repulsive regions,
while for the branched alkane the solvation forces are mostly repulsive, with the development of shallow
local attractive regions for small values of the gap width. Furthermore, the calculated free-energy changes
upon increased confinement of these systems show oscillatory attractive values for the spherical and straight-
chain molecular films and overall repulsive (positive) values for squalane. The energetic and entropic
components of the solvation forces are investigated, and it is found that in the spherical and straight-chain
molecular films they exhibit regular oscillations, while for the branched alkane their variation is irregular and
of a more monotonic nature. These results correlate with structural characteristics of the films, with those of
the spherical and straight-chain alkanes exhibiting enhanced layered ordering and in-plane ordered molecular
arrangements, as well as with the relatively high tendency for interlayer molecular interdigitation in the squalane
films. The nature of the transitions between well-formed layered configurations is different in these systems,
with the spherical and straight-alkane films exhibiting solid-like characteristics portrayed by steplike variations
in the number of confined segments occurring in response to a small decrease in the gap width, starting from
well-layered states of the film. On the other hand, the behavior of the squalane film is liquid-like, exhibiting
a monotonic continuous decrease in the number of confined segments as the gap width is decreased. Reduced
conformational (trans-guache) transition rates in the confined films, compared to their bulk values, are found,
and their oscillatory dependence on the degree of confinement is analyzed, showing smaller transition rates
for the well-formed layered states of the films.

1. Introduction

Understanding the structure, dynamics, and rheology of
ultrathin films (of nanometer scale thickness) of low molecular
weight hydrocarbons adsorbed on solid surfaces, and in
particular of such films confined between solids, is of funda-
mental interest as well as practical importance for many
processes, such as lubrication, adhesion, coatings, chromatog-
raphy, and membrane separation. Indeed, the properties of such
systems have been the subject of numerous investigations (for
recent reviews see refs 1-5) employing sensitive microscopies
(the surface force apparatus (SFA), atomic force microscopy
(AFM), and friction force microscopy (FFM)), computer
simulations,1,6-20 and other theoretical approaches.3,21-26

One of the central issues in this area pertains to the
dependencies of the properties of thin confined complex
molecular films (e.g. short to medium length alkanes, and
polymers) on the nature of the constituent molecules (e.g.
molecular weight, straight vs branched chains) and correlations
between their response to external parameters (e.g. degree of
confinement, load, shear rate) and molecular characteris-
tics.1,20,21,27,28 Such issues, which are of fundamental interest,
as well as of significance for formulation of molecular-scale-
based technological design principles, motivated our study.
Moreover, we show that through such systematic investigation
(that is, variations of confined film properties with molecular

shape and complexity) one gains deep insights into the molecular
origins of certain fundamental properties of such systems.
Certain key features of confined liquids pertinent to our

current study, extracted from a large body of available literature,
may be summarized as follows.
(i) Liquids confined between solid boundaries that are smooth

on the molecular scale (as well as those adsorbed on a solid
surface) tend to organize into layered structures,1,21 where the
mean local density of the liquid oscillates with distance normal
to the boundaries.
(ii) Oscillatory solvation forces between confining surfaces21

(that is, oscillations in the force between the confining bound-
aries as the distance between them, i.e. the confining gap
width, is varied, with a period approximately equal to the
molecular width) were observed and calculated for simple
liquids6 (e.g. modeled as spheres), nonpolar globular mole-
cules28-30 (e.g. octamethylcyclotetrasiloxane, OMCTS), straight-
chain alkanes9-13,18,21,31(e.g.n-hexadecane,n-C16H34), and even
chain molecules with a single pendant methyl group,28,32-34 such
as 3-methylundecane, C12H26. On the other hand solvation force
measurements28,35 for a longer and more heavily branched
molecule (i.e. 2,6,10,15,19,23-hexamethyltetracosane, or squalane,
a molecule with a C24 backbone and six, symmetrically placed,
methyl side groups) confined between mica surfaces have
revealed disappearance of the force oscillations, with a sole
broad attractive minimum at a gap widthD ) 18 Å, and what
appears as a hard wall repulsion atD ) 16 Å (measurementsX Abstract published inAdVance ACS Abstracts,May 1, 1997.
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for smaller gap widths have not been attempted28). Recent MD
simulations on this system,20 extending to even smaller values
of D, yielded results in agreement with these measurements.
From these observations it has been concluded that branching
(via pendant methyl groups) can disrupt oscillatory forces,
though the degree of branching must be moderately large.
While layering of confined films and solvation force oscil-

lations are related, the distinction between these two phenomena
should be emphasized;21 for example, as we discussed previ-
ously,20 the strong attenuation of force oscillations in squalane
films in comparison to those found for films of globular
molecules and straight-chain alkanes (n-hexadecane andn-
tetracosane) is not correlated with reduced layering in the
branched molecular films. Rather, the difference in solvation
force characteristics between the branched and straight-chain
(as well as globular) molecular films originates from different
modes of response in these systems to variation of the degree
of the confinement, with the former characterized as “liquid-
like” and the latter as “solid-like”. Furthermore, we elucidate
in this study, via calculations of the free energy changes in
confined fluids, the combined entropic and potential energy
origins of solvation forces21 and their oscillations.
(iii) Confined ultrathin films may exhibit two different

responses27 (in shear,27 as well as in response to variation of
the normal distance between the confining surfaces30): a liquid-
like response in which the liquid responds to the deformation
by flow,27 or spreading (as in drainage measurements36,37), and
a solid-like response characterized by observation of the
development of “yield stress” in the confined fluid.38 Addition-
ally, recent SFA measurements30 on confined films of OMCTS
(whose diameter is∼9 Å) suggest the abrupt development of
solid-like behavior in relatively thick films of six layers, induced
solely by the increased confinement (i.e. without an imposed
lateral motion of the confining surfaces).
(iv) Liquid dynamics at interfaces and particularly under

confinement is influenced in a marked way, becoming more
“sluggish” in nature with increased confinement of the fluid.27

Furthermore, molecular architecture and complexity appear to
influence the dynamics of confined liquids.39

On the theoretical front interfacial and confined liquids have
been investigated using both analytical methods21-26 and
computer-based simulations.6-20 In particular molecular dy-
namics (MD) and Monte Carlo (MC) simulations allow direct
investigation of such complex systems with atomic-scale spatial
and temporal (using MD) resolution. In these simulations the
confining surfaces were modeled as structureless boundaries or
as atomically structured solid surfaces, with the confining
surfaces and the confined liquids extended indefinitely, or
alternatively the liquid has been modeled as a confined droplet34

(or semidroplet10). Extensive simulations have also been
performed for complex liquids adsorbed on atomically structured
solid surfaces, interacting with tips9,11,12 (modeling AFM and
FFM experiments).
The configuration of both SFA and tip-based experiments is

that of a confined liquid in thermodynamic equilibrium with a
surrounding bulk fluid (or unconfined film). Consequently, the
measured force (or pressure) is more appropriately described
as a disjoining force (or pressure), which is the difference
between the force (pressure) in the confinement and that of the
bulk fluid with which the confined film is in equilibrium.21,22

Therefore it is desirable to conduct simulations of such systems
under grand canonical (GC) ensemble conditions (i.e. constant
chemical potentialµ, pressureP, and temperatureT).
Recently, we have formulated and implemented a grand

canonical (µPT) molecular dynamics (GCMD) method for

simulations of confined lubricants of complex molecular
structure.20 The method that we developed combines constant
pressure MD with a computational cell containing both bulk
and confined fluid regions, allowing systematic GCMD inves-
tigations of confined liquids and alleviating certain difficulties
encountered in grand canonical ensemble MC methods (associ-
ated with insertion of molecules),40,41which at the densities of
interest to us and for the complex molecules that we use would
pose significant practical difficulties.
In this paper, we extend our study to a comparative investiga-

tion of structure and solvation force oscillations in a sequence
of confined films portraying a trend of increasing complexity:
(i) spherical molecules modeled as isotropic Lennard-Jones (LJ)
particles, (ii) n-hexadecane, representing straight-chain short
molecules, (iii)n-tetracosane (n-C24H50), representing longer
straight-chain molecules, and (iv) squalane (hexamethyltetra-
cosane), which allows a comparative study of branching effects.
In section 2, we describe briefly the formulation and

implementation of our GCMD method.20 Results of compara-
tive simulations for the four systems listed above are presented
in section 3, including free-energy calculations and a discussion
of the energetic and entropic contributions to solvation forces,
followed by a summary given in section 4.

2. Grand Canonical MD for Confined Liquids

An overview of the simulated system is shown in Figure 1.
The simulation cell contains both liquid molecules and solid
blocks, with periodic boundary conditions extending the system
in all three directions. The solid blocks are of finite size in the
x and z directions, with the distance between the two solid
surfaces in thez direction defining the width of the gap (D)
confining the fluid (in our simulations the solid surfaces forming
the gap in the middle of the cell are modeled as gold (111)
planes). In they direction, the solid blocks are extended through
the whole cell. The rest of the space in this three-dimensional
cell is filled with fluid molecules.
To facilitate studies of the properties of the confined thin

films, which are in equilibrium with a surrounding bulk liquid,
the solid blocks as shown in Figure 1 are arranged to create

Figure 1. View of the three-dimensional (3D) computational cell for
grand canonical molecular dynamics simulations of confined liquids.
The cell is repeated using 3D periodic boundary conditions. It contains
solid substrates (small spheres) of finite extent in thex direction and
extending through the cell in they direction. The dimension of the cell
in the x direction (Hx) varies dynamically in response to the applied
external pressure in that direction, taking different values depending
on the gap width between the opposing solid surfaces. The cell is filled
with liquid molecules; part of them are in the confinement and the rest
outside it.Hx is taken to be large enough such that bulk liquid behavior
can be established in the regions outside the confinement.
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two regions of the alkane fluid. Inside the gap, between the
two solid surfaces, the alkanes are confined as a thin film with
a thicknessD ranging between 10 and 30 Å. The size of the
cell in thex direction is taken to be sufficiently large so that
the molecules in the regions outside the confined one can exhibit
bulk liquid behavior. The size of the computational cell in the
z direction is varied to give the desired film thickness in the
gap. In our simulations the extent of the solid blocks in thex
direction is 49 Å and the height of each block isds ) 13 Å; the
size of the cell in thez directionHz is thus given byHz ) 2ds
+ D, and the size of the cell in the y direction is kept constant,
Hy ) 40 Å. The size of the cell in thex directionHx is allowed
to vary dynamically, using constant pressure MD,42 from∼120
to ∼165 Å, depending the gap widthD. The hydrostatic
pressure, determining the magnitude ofHx, is taken to be 1 atm;
on the scale of all other stresses in the system this represents a
vanishingly low pressure.
In this study, the alkane molecules are treated dynamically,

while the gold atoms of the solid substrates are static (treating
the solids dynamically does not affect our results); the solid
gold blocks contain a total of 3520 atoms, which are immersed
in the fluid. The equations of motion of the alkane segments
are solved by the Verlet algorithm with an integration time step
of 3 fs. The temperature of the system is controlled via scaling
of the atomic velocities at infrequent intervals (when equilibrium
is reached, no temperature control is necessary); the temperature
in the simulations involving alkanes is 350 K, which allows
the systems to equilibrate in a reasonable amount of computing
time, and in the simulations of LJ filmskBT ) 0.835ε, whereε
is the interatomic LJ potential well depth. For the LJ film the
6-12 LJ parameters that we used areε/kB ) 119.8 K andσ )
3.405 Å.
The alkane molecules are represented by the united atom

model, without rigid constraints. The intramolecular potentials
include bond stretching, bond angle bending, torsional angle,
and Lennard Jones (LJ) interactions between all atom pairs
separated by more than three bonds. The bond stretching is
represented by a stiff linear spring, with the bond force constant
reduced by a factor of 4 from its realistic value to facilitate
computations with an increased time step (this has no effect on
our results). The angle bending, torsional potentials, and LJ
potentials describing intra- and interalkane interactions are the
same as those used by Mondello and Grest43 in their recent study
of n-alkanes and squalane.44 A LJ potential is used to describe
the interactions between the alkane segments and the gold atoms
of the solid substrates, with parameters fitted to experimental
desorption data, as described by us previously.10,45

Following an initialization procedure (for details see ref 20),
each of the systems has been equillibrated for a long period for
a relatively large value of the film thicknessD, which is the
distance between the two solid surfaces confining the films. For
subsequent values ofD, the squalane systems were equilibrated
for 300-1000 ps, followed by a simulation period of 120-300
ps, during which the computed properties are time averaged;
for the n-hexadecane systems and forn-tetracosane systems,
the equilibration periods are usually 60-480 ps and the data
acquisition periods are typically 120 ps (the longer equilibration
periods were used for the thinner films). The time histories of
several energetic and structural properties were monitored to
assure that equilibration has been achieved after each adjustment
of the gap width; such adjustments involve squeezing of the
film to the next gap width through a slow decrease ofD,
followed by a prolonged equilibration period at the required
gap width as described above. During the squeezing process
and the first part of the equilibration, the number of molecules

in the confined region decreases as some molecules are pushed
into the bulk region where the pressure remains constant via
dynamical variation ofHx. For the squalane film, reversal of
the process at several values of the gap width (i.e. decreasing
the confinement) resulted in only slight hysteresis in calculated
properties (e.g. solvation force), confirming adequate equilibra-
tion.

3. Results

Using the new simulation method described in section 2, we
have investigated the structures and properties of interfacial LJ
and alkane films confined between two opposing surfaces
modeled to represent Au(111) surfaces. As described in section
2, the confined films are in equilibrium with the surrounding
liquid in which the confining solids are immersed.
(a) Layering Transitions and Structures. We begin by

presenting our results for the segmental density profilesF(z)

Figure 2. Equilibrium segmental density profiles for LJ fluid along
the z direction (normal to the confining solid surfaces). Solid lines
correspond to the film in the confined region, and the dashed lines are
calculated for the region outside the gap. The gap widths (D) for which
the profiles were calculated are indicated. The well-formed layered
configurations (see maxima in the solvation force curve in Figure 9)
correspond toD ) 8, 12, 15, 18, 22 Å. The other equilibrium profiles
were calculated for intermediate values ofD. Note that the liquid density
outside the confinement (dashed line) is uniform and remains constant
for all values ofD, while the layered density features in the confined
film (particularly in the middle region of the film) vary in sharpness
depending on the degree of confinement, becoming the sharpest for
the values ofD corresponding to well-formed layers. Distances in units
of angstroms.
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for the two systems, recorded vs distance in the direction normal
to the surfaces, for a sequence of separations (gaps) between
the confining surfaces (see Figures 2-5).
While the density profiles (Figures 2-5) for all materials

exhibit oscillatory patterns, a closer inspection reveals some
differences. Already for large separations between the surfaces
(a wide gap,D ) 22 Å for the LJ film andD ) 28 Å for the
alkanes) the LJ and straight-chain alkane films appear to be
well layered throughout with six well-formed layers (Figure
2-4, top left), while for the same gap width the squalane film
exhibits only four well-formed layers and in the middle region
of the gap the density is close to that in the bulk (Figure 5, top
left). We also note for the squalane case the appearance of
distinct features between the first interfacial layer on each side
of the film and the second layer in, which are absent in the
straight-chain alkane profile. These features, which may also
be seen (though less pronounced) between the second and third
layer of the squalane film are caused by the methyl branches
that lie preferentially between the layers (a similar behavior has
been observed in previous simulations of a single-branched
hexadecane film34).
Decreasing the width of the gap is accompanied by reduction

of the number of layers in the film (see Figure 2 forD ) 18 Å
and Figures 3-5 for D ) 24 Å, where five well-formed layers
are observed for all films). We also remark that the density
minima between the layers are deeper for the LJ and straight-
chain alkanes than in squalane.

While organization of the confined film density into layered
structures, with the number of layers dependent on the gap
width, occurs in all the systems studied here, the degree of order
in the alkane films varies, with that in the straight-chain ones
being higher. This may be ascertained from close inspection
of the density profiles shown in Figures 3-5, where the minima
between layers are deeper forn-hexadecane andn-tetracosane,
as well as from visual inspection of molecular configurations
of the films (see molecular configurations in ref 20), exhibiting
enhanced layering order in the straight-chain alkane films as
compared to the squalane one. The degree of in-plane
intermolecular order in the first layer (interfacial layer closest
to the solid surface) in these films is clearly larger in the linear
alkane films (similarly for the second layer) where ordered
domains are found (see Figure 7 in ref 20, showing results for
n-hexadecane; similar results were found by us forn-tetra-
cosane).
A high degree of intralayer order is found also for the

spherical (i.e. LJ) molecular confined films (for earlier inves-
tigations of in-layer order in confined LJ films, see refs 46-
49). In particular, in these films, in-layer ordering extends
further into the confined film (that is, beyond the first and second
interfacial, boundary, layers). Average pair distribution func-
tions for equilibrated LJ films withD ) 15, 14, and 12 Å (with
those for 15 and 12 Å corresponding to well-formed layered
configurations containing four and three layers, respectively)
are shown in Figure 6 (the corresponding density profiles are

Figure 3. Same as Figure 2, but forn-hexadecane. The well-formed
layered configurations (see maxima in the solvation force curve in
Figure 9) correspond toD ) 10, 14, 19, 24 Å.

Figure 4. Same as Figure 2, but forn-tetracosane. The well-formed
layered configurations (see maxima in the solvation force curve in
Figure 9) correspond toD ) 10, 14, 18, 24 Å.
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given in Figure 2). We observe that for the four-layer
configuration (Figure 6a) both the interfacial and middle layers
exhibit a high degree of order (inspection of molecular images
reveals hexagonally close-packed domains with defects). The
degree of order in the middle region of the film is significantly
reduced upon reducing the gap width by merely 1 Å (see Figure
6b). However upon further decrease of the gap-width toD )
12 Å, corresponding to a well-formed three-layer film, in-layer
order is restored, with the structure of both the interfacial and
middle layer exhibiting an almost perfect hexagonal-close-
packed arrangement.
Statistical analysis of the results obtained for the alkane films

shows (see Table 1) that for the four-layer films the probabilities,
fee
(1,i), for one end of a molecule to be in the interfacial layer
(designated as the first layer; note that by symmetry the
interfacial layers on both sides of the film are equivalent,
therefore we average our results for both interfaces) and the
other end to be located either at the first, second or third layer
(i ) 1, 2, 3 respectively) are almost evenly distributed for
squalane, indicating a high degree of interlayer interdigitation
(bridging) in the longer branched alkane film. On the other
hand, for the straight-chain alkanes the probability distribution

is dominated by both ends of the molecules being located in
the interfacial layer. Additionally, for molecules with one end
in one of the middle layers (designated as layers 2 and 3) the
probabilities,fee

(2,i), that one end of the molecule is in one of
these layers and the other is found either in the same layer or
in the other one show a higher degree of interlayer interdigitation
for molecules in the middle layers of the films, with a larger
degree for the squalane film. A similar analysis but for the
probabilities, fem

(1,i), of one end of a molecule to be in the
interfacial layer (layer 1 or 4) and the middle segment of the
molecule to be located either in the same layer or in the middle
layers of the film (layers 2 and 3) indicate that for the straight
alkane films the small amount of interlayer interdigitation
involves mainly the molecular tails, while for the squalane film
a larger part of the molecule may be distributed between
neighboring layers; the corresponding probabilities for the
middle layers of the films are denoted byfem

(2,i) in Table 1.
Analysis of the three-layer films (see Table 1) shows similar
trends; in particular, for the squalane film the end-end
probabilities show that over 10% of the molecules bridge the
two interfaces in the three-layer squalane system.
The degree of order in the alkane films can also be analyzed

in terms of the order parameterP2(cosθ) ) 〈(3 cos2 θ - 1)/2〉,

Figure 5. Same as Figure 2, but for squalane. The well-formed layer
configurations correspond to the maxima in the solvation force shown
in Figure 9. Note that small local density maxima on each side of the
confined film, located between the interfacial layer and the next layer
in; such a local maximum between the interfacial layers is seen even
for the two-layer film configurations. The local density minima between
layers are not as deep as those found for the spherical (LJ) and straight-
alkane films (compare to corresponding configurations in Figures 3,
4). Distances in units of angstroms.

Figure 6. Equilibrium averaged two-dimensional pair distribution
functions,p2d(r), calculated for three configurations of LJ confined films,
with gap widthD ) 15 Å (a), 14 Å (b), and 12 Å (c). The configurations
in a and c correspond to well-formed layered films with four and three
layers, respectively (see Figure 2). Solid lines represent results for the
interfacial layer interacting directly with the solid surface, long-dashed
line corresponds to the middle layers in the confined film, and short-
dashed lines correspond top2d(r) calculated in the bulk region (i.e.
outside the confinement). Note the obliteration of order in the middle
region of the confined film, in the intermediate equilibrium film with
D ) 14 Å (b). In c thep2d(r) curves for the interfacial and middle
layers essentially coincide. The vertical lines at the bottom denote the
positions (and weights) corresponding to a perfect 2D hexagonally
close-packed structure of LJ particles of similar density as that in the
layers of the confined film shown in c.
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whereθ is the angle formed between bond vectors connecting
neighboring segments of the molecules and the direction normal
to the surface, and the angular brackets denote averaging over
all bonds in the regions (confined or bulk) and over the MD
simulation. The results displayed in Figure 7 show that in the
bulk regions the molecular bonds do not exhibit any orientational
order, i.e.P2(cosθ) ≈ 0. On the other hand in the confined
films they show a tendency to lie preferentially parallel to the
confining surfaces with the degree of that preferred orientation
being larger in the straight-chain alkanes films. Furthermore,
the degree of preferential orientational order (i.e. more negative
values ofP2(cosθ)) oscillates as a function of the gap width,
with local maximal orientational ordering achieved for gap
widths corresponding to well-formed layers (i.e. solvation force
maxima, see below), with intervening states of reduced orien-
tational order corresponding to the transitions between layered
states of the films asD is varied.
Finally, we show in Figure 8 the torsional angle transition

rates betweentrans and gaucheconformations of the alkane
molecules. We observe that in the bulk regions ofn-hexadecane
andn-tetracosane the transition rates are higher than in the bulk
squalane liquid. The transition rates in the confined systems
are lower than their corresponding bulk values and exhibit an
oscillatory behavior as a function of the gap width, with local
minima of the transition rates occurring for values ofD
corresponding to well-formed layers. The amplitudes of the
oscillations of the transition rates vsD are larger for the
n-hexadecane andn-tetracosane films, and they increase as the
confining gap width is reduced.
These results correlate with those discussed above pertaining

to structural properties, showing that both structural and
dynamical characteristics of complex liquids are influenced
greatly by their confinement. Moreover, our simulations

revealed dependencies of the various degrees of order in the
films (layering, in-plane order, and orientational ordering) on
the complexity of the molecular constituents and on the degree
of confinement.
(b) Solvation Forces. Narrowing of the gap results in

expulsion of molecules from the confined region (“squeezing-
out” of the film) and transition to a film with a smaller number
of layers (which remain throughout to be of similar density,
i.e. containing approximately the same number of molecular
segments), occurring with a periodicity of about 4.5-5 Å.
Solvation forcesfz(D) (i.e. the total force exerted by the
interfacial film on the confining surfaces, which is the same as
the force that would be required in order to hold the two surfaces
at the corresponding separation) recorded for the four systems
during the approach of the the two surfaces are shown in Figure
9. Additionally we display in Figure 10 records of the number
of molecular segments (Figure 10a) confined in the gap between
the two surfaces,ncfn, as a function of the width of the gap,D,
as well as ofncfn/D plotted vsD (Figure 10b).
The layering transitions in the confined films are portrayed

in solvation force oscillations (Figure 9). However, while for
the LJ and straight-chain alkanes the force oscillates between
positive and negative values, with the local positive force max-
ima corresponding to configurations with well-formed layers,
in the squalane case at wider gaps the force does not take neg-
ative values, and the amplitudes of the oscillations are smaller
than in the hexadecane case. For narrow gaps (D j 15 Å) the
force maximum associated with a transition from a three-layer
to a two-layer film is significantly larger in the squalane film
than that in then-hexadecane andn-tetracosane ones.
Further insights into the layering transition processes are

obtained from records of the number of segments in the confined

TABLE 1: Equilibrium Averaged Layer
Occupation-Conformational Probabilities in Four- and
Three-Layer Confined Films of Straight-Chain Alkanes
(n-Hexadecane andn-Tetracosane) and of Squalanea

i n-C16H34 n-C24H50 squalane

4 Layers
fee
(1,i) 1 0.80 0.74 0.33

2 0.12 0.17 0.37
3 0.08 0.06 0.30
4 0.00 0.02 0.00

fee
(2,i) 2 0.60 0.73 0.38

3 0.40 0.27 0.62
fem
(1,i) 1 0.90 0.89 0.50

2 0.08 0.08 0.39
3 0.02 0.02 0.11
4 0.00 0.00 0.00

fem
(2,i) 2 0.79 0.86 0.63

3 0.21 0.14 0.37

3 Layers
fee
(1,i) 1 0.90 0.98 0.32

2 0.10 0.02 0.55
3 0.00 0.00 0.13

fem
(1,i) 1 0.94 0.97 0.65

2 0.06 0.03 0.30
3 0.00 0.00 0.05

a The layers denotedi ) 1 and 4 (for the four-layer films) andi )
1 and 3 (for the three-layer films) correspond to the interfacial layers
in direct contact with the confining solid surfaces. Layers 2 and 3
(for the four-layer films) and layer 2 (for the three-layer films) are the
middle layers in the confined films.fee

(n,i) is the probability that one
end of a molecule is found in layern and the other end in layeri.
fem
(n,i) is the probability that one end of a molecule is found in layern
and the middle of the molecule in layeri. Note the high degree of
interlayer interdigitation for the squalane films.

Figure 7. Segment bond order parameter,P2(cosθ), plotted vs the gap
width,D in angstroms, for the equilibrium states of then-hexadecane,
n-tetracosane, and squalane systems. The crosses correspond to values
obtained for the bulk liquids outside the confinement, and the solid
lines connect values calculated for the confined films.
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region, ncfn, plotted vs the distance between the confining
surfaces (D), shown in Figure 10a. In the LJ film, forD e 22
Å (i.e. six-layer film) and in then-hexadecane andn-tetracosane
films, for D e 20 Å, (i.e. four-layer films)ncfn varies in a
steplike manner, with sharp drops in the number of confined
molecules occurring for the transition from ann-layer film to
an (n-1)-layer one, with the steps becoming sharper asn
decreases. For each of these transitions the drop inncfn is caused
by a relatively small reduction (∼1 Å) of the gap width from
that corresponding to an initial well-layered configuration of
the film (that is, the number of layers in the film at the bottom
of each step is decreased by 1 from that corresponding to the
film at the top of the step (and the plateau). On the other hand,
for the squalane film the variation ofncfn associated with the
layering transitions is overall monotonic and continuous in
nature, with the development of a weak steplike feature only at
the limit of a very thin film (i.e. see transition from a three- to
a two-layer film, forD j 15 Å, in Figure 7a).
These characteristics of the layering transitions are further

found (see Figure 10b) in plots ofncfn/D vsD (wherencfn/D is
proportional to the number density of molecular segments in
the gap, since the area of the confining solid surfaces is constant
for all values ofD). These plots illustrate that for the squalane
film the confined segmental density remains approximately
constant throughout the narrowing (squeezing) process (except
in the limit of a very thin film,D j 15 Å), while for the other
films reducing the gap width is accompanied by marked
variations in the density (becoming increasingly more pro-
nounced as the film thins down). Furthermore, in the latter case
the local maxima of the film density, corresponding to well-
formed layered configurations, are of equal value.

These results suggest that the confined squalane film behaves
in a liquid-like manner throughout most of the gap-narrowing
sequence; that is, the equilibrium confined film, which is in
contact with the surrounding bulk liquid, maintains a constant
density for varying widths of the confining gap by gradually
expelling molecules into the surrounding liquid when the gap
width is reduced. In contrast, confined spherical (LJ) and
straight-chain alkane films of sufficiently small thickness exhibit
certain features characteristic of solid-like response; that is, when
the confining gap width is slightly reduced (typically∆D ≈
1-2 Å), starting from one of the well-formed layered configura-
tions of the film withnL layers (corresponding to the maxima
in the solvation force shown in Figure 9), the film “yields”
through expulsion of approximately a layer worth of molecular
segments into the surrounding liquid, causing a sharp decrease
in the confined film density. During further reduction of the
gap width, the number of confined molecular segments remains

Figure 8. Trans-gauche(and vice versa) transition rates,Tφ (in units
of 1/ns) plotted vs the gap width,D in angstroms, for the equilibrium
states of then-hexadecane,n-tetracosane, and squalane systems. The
crosses correspond to values obtained for the bulk liquids outside the
confinement, and the solid lines connect values calculated for the
confined films.

Figure 9. Equilibrium solvation forces,fz in nN, plotted vs the width
of the confining gap,D in angstroms, calculated for the confined LJ,
n-hexadecane,n-tetracosane, and squalane films. Note that for the LJ
(D > 17 Å), then-hexadecane, and then-tetracosane (D > 20 Å) Fz is
negative (attractive), while for the squalane film the force is overall
repulsive with small local attractive minima nearD equal to∼17 and
∼12 Å. Well-formed layers occur forD values corresponding to local
maxima (positiveFz values). The repulsive forces in the squalane film
are stronger than in the straight-chain alkane and spherical (LJ) films.
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almost constant (corresponding to the plateaus ofnncf shown in
Figure 10a), with an associated increase of the confined film
density (seencfn/D in Figure 10b), which is accompanied by
enhancement of the order in the layered structure of the film.
This process continues until a gap width corresponding to a
maximally ordered layered film (withnL-1 layers) is reached,
for which the confined film density maximizes. This sequence
of events repeats with a period of∼4.5-5 Å.
At this juncture we reemphasize that the states of the confined

films that we analyze here are all at equilibrium conditions.
Consequently, we argue that the different nature of the layering
transitions between the LJ and straight-chain alkane films and
that found for the squalane film reflects differences in the
equilibrium properties of the confined films. In particular, we
associate the aforementioned solid-like characteristics with a
high degree of order in the the layered LJ and straight-chain
alkane confined films, while the liquid-like nature found for
the squalane case is correlated with frustration of the order in
the confined film, caused by branching.
(c) Entropic and Energetic Contributions to Solvation

Forces. Solvation forces originate from changes in the free
energy of the systems as the separation between the two

confining surfaces is varied. Such changes in the free energy
may involve energetic and entropic contributions.21 In the
following we explore these variations using the results of our
GCMD simulations.
It is convenient to analyze our systems when for a particular

molecular liquid the number of molecules in the confinement
remains constant throughout the approach of the confining
surfaces. This can be achieved either through varying the area
of the confining surfaces upon changing the gap distance (D)
or by scaling extensive properties of the confined fluid simulated
at constant area of the confining surfaces. The latter procedure
is computationally simpler; accordingly, starting from a system
with a wide gap,D0, for which the equilibrium number of
molecular segments confined in the gap region isN0, the total
internal energy,U(D), and total force,fz(D), exerted by the
confined fluid on the confining surfaces simulated for a gap
sizeD are scaled by multiplyingU(D) and fz(D) by N0/N(D),
whereN(D) is the equilibrium number of molecular segments
in the confinement.
The change in the free energy of the confined liquid

associated with a change of the gap size fromD0 to D,
performed quasi-statically under isothermal conditions and for

Figure 10. Number of atoms (for LJ) or molecular segments (for alkanes) in the confining gap,ncfn, in part a (left) andncfn/D, in part b (right),
plotted vs the gap width,D in angstroms, for the four confined film systems.
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a constant number of confined molecules, is equal to the
reversible work done in this process, i.e.

From the definition of∆F, i.e.

where∆U and∆Sare the corresponding changes in the internal
energy and entropy of the confined system, one can evaluate
the entropic contributionT∆S using∆F(D,D0) from eq 1 and
the internal energy changes obtained from the MD simulation
(scaled as described above). In eq 2 the pressure-volume,P∆V,
contribution has been omitted since bothP and∆V are small.
Results for the internal energies,T∆S, and free energies,
calculated for the systems simulated in this study, are shown in
Figure 11. The main features noted from these results are the
oscillations in the free energy (which are phase shifted when

compared to the solvation force oscillations; that is, the extremal
values of∆F(D) correspond to zeros offz(D)) and the monotonic
variations of the potential energy and entropic contribution, with
those for the LJ and straight-chain alkane films exhibiting
steplike features. We note here that the development of well-
formed layered configurations starts at gap widths corresponding
to the minima of∆F, sharpening further as the solvation forces
achieve their maximal values.
The internal energy and entropic contributions to the total

solvation force fz(D) can be now evaluated asfz
(U)(D) )

-∂(∆U)/∂D and fz
(S)(D) ) ∂(T∆S)/∂D, which when combined

yield the total solvation forcefz(D) ) -∂(∆F)/∂D (see eq 1).
These results for the systems under study are shown in Figure
12. We note that in all cases studied here both the internal and
entropic contributions to the solvation force exhibit oscillations
as a function of the width of the confining gap. The entropic
contribution to the solvation force is overall repulsive (positive
values), showing local maxima in the vicinity of the well-layered

Figure 11. Changes in the free energy (∆F, solid line), internal energy
(∆U, long-dashed lines), and entropic energy (-T∆S, short-dashed lines),
calculated as described in the text, plotted vs the gap width,D in
angstroms, for the four confined film systems. Note the overall repulsive
behavior of∆F for the branched alkane (squalane).

∆F(D,D0) )∫D0

D
fz(x) dx (1)

∆ F(D,D0) ) ∆U - T∆S (2)

Figure 12. Total solvation force (fz, solid line), its internal energy
component (fz

(U), long-dashed lines), and the entropic force component
(fz
(S), short-dashed lines), calculated as described in the text, plotted vs

the gap width,D in angstroms, for the four confined film systems.
Note the regular oscillatory behavior offz

(U) andfz
(S) for the LJ and the

straight-chain alkane films and the more irregular variations of these
quantities for the squalane films.
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configurations, while the internal energy contribution is overall
attractive (negative values).
The pattern of variations vs the gap width of the entropic

and energetic contributions to the total solvation force in the
different films reflects the nature and degree of molecular
organization and ordering during the squeezing process. As
mentioned previously, the degree of order in the LJ and straight-
chain alkane films is higher, particularly in the well-formed
layered configurations, than in the branched (squalane) film,
where both inter- and intralayer ordering is frustrated even
in the well-layered stages. Consequently for the former ones
both fz

(S)(D) and fz
(U)(D) exhibit well-defined oscillations corre-

sponding to transitions between well-formed layered configura-
tions, while the variations of these quantities for the squalane
film are more monotonic in nature.

4. Summary

In this paper a comparative study has been presented of
equilibrium structures, solvation forces, and conformational
dynamics of thin confined films of spherical molecules (modeled
as LJ spheres), straight-chain alkanes of variable lengths (n-
hexadecane andn-tetracosane), and a branched alkane (squalane),
using a recently developed20 grand canonical ensemble molec-
ular dynamics method for simulations of confined liquids. The
method combines constant pressure simulations with a compu-
tational cell containing solid surfaces and both bulk and confined
liquid regions in equilibrium with each other (Figure 1), allowing
investigations of confined films under conditions similar to those
used in surface force apparatus and tip-based experiments.
Our studies provide insights into the nature of equilibrium

confined liquids and the effects of molecular structure (shape,
chain length, and branching) on the properties of such systems.
For all the liquids that we have investigated layered density
oscillations in the confined films were found, with the number
of layers depending on the width of the confinement. The LJ
and straight-chain alkane confined films exhibit enhanced
layering order, as well as a higher degree of in-plane molecular
ordering, compared to those found for the squalane film, with
the latter showing a high tendency for interlayer molecular
interdigitation (see Table 1). Reduced conformational (trans-
guache) transition rates in the confined alkane films, compared
to their bulk values, are found, and their oscillatory dependence
on the degree of confinement is analyzed, showing smaller
transition rates for the well-formed layered states of the films
(Figure 8).
The solvation force oscillations as a function of the gap width

for the spherical and straight-chain alkane liquids are more
pronounced, exhibiting attractive and repulsive regions, while
for the branched alkane the solvation forces are mostly repulsive,
with the development of shallow local attractive regions for
small values of the gap width (Figure 9). These results correlate
with recent observations using SFA measurement on confined
films of squalane,28 showing the influence of molecular structure
(i.e. moderate degree of branching) on the character of the
solvation forces. Furthermore, the nature of the transitions, and
equilibrium intermediate states, between well-formed layered
configurations is different in the two systems, with the spherical
and straight-chain alkane films exhibiting solid-like character-
istics portrayed by steplike variations in the number of confined
segments occurring in response to a small decrease (∼1-2 Å)
in the gap width, starting from well-layered states of the film
(Figure 10a). On the other hand the behavior of the squalane
film is liquid-like, exhibiting a monotonic continuous decrease
in the number of confined segments as the gap width is
decreased (Figure 10a).

The calculated free-energy changes upon increased confine-
ment of these systems show oscillatory attractive values for the
spherical and straight-chain alkane molecular films and overall
repulsive (positive) values for squalane (Figure 11). The
energetic and entropic components of the solvation forces were
investigated, and it is found that in the spherical and straight-
chain molecular films they exhibit regular oscillations, while
for the branched alkane their variation is irregular and of a more
monotonic nature (Figure 12).
These characteristics, which are correlated with the above

mentioned structural properties of the confined films, suggest
that liquids with molecular structures that are more conducive
to formation of ordered configurations (such as globular or low-
molecular weight straight-chain molecules) would develop solid-
like characteristics under confinement,50 while confined films
made of more complex molecular structures (e.g. a moderate
degree of branching, as in squalane), where ordering is frustrated
due to the molecular structural complexity, would exhibit a
higher tendency to behave in a liquid-like manner. We also
remark that these different behaviors were found here to be
controlled not by increased chain length (that is, spherical
molecules, and in particular,n-hexadecane andn-tetracosane,
show similar properties) but rather by molecular complexity (i.e.
branching, as in squalane). In this context we remark that indeed
solid-like behavior, under the sole effect of confinement (i.e.
with no lateral relative shear motion between the confining
surfaces), has been observed recently30 in SFA experiments for
semispherical molecules (OMCTS). These results may assist
the molecular design of future thin-film lubricants.
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