
Structure and solvation forces in confined films: Linear
and branched alkanes

Jianping Gao, W. D. Luedtke, and Uzi Landman
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

~Received 1 November 1996; accepted 4 December 1996!

Equilibrium structures, solvation forces, and conformational dynamics of thin confined films of
n-hexadecane and squalane are investigated using a new 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 both molecular liquids 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 straight chainn-hexadecane liquid 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 nature of the transitions between well-formed layered configurations is
different in the two systems, with then-hexadecane film exhibiting solid-like characteristics
portrayed by step-like 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. These characteristics are correlated with
structural properties of the confined films which, forn-hexadecane, exhibit 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. 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. ©1997 American Institute of Physics.
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I. INTRODUCTION

Understanding the structure, dynamics, and rheology
ultrathin films~of nanometer scale thickness! of low molecu-
lar weight hydrocarbons adsorbed on solid surfaces, an
particular of such films confined between solids, is of fund
mental interest as well as practical importance for many p
cesses, such as lubrication, adhesion, coatings, chromat
phy, and membrane separation. Indeed, the propertie
such systems have been the subject of numerous inves
tions ~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,1,6–9 and other theoretica
approaches.10–15

Focusing here on confined films, certain key featu
pertinent to our current study, extracted from a large body
available literature on the subject, may be summarized
follows:

~i! Liquids confined between solid boundaries~as well as
those adsorbed on a solid surface! tend to organize
into layered structures,1,10,11 that is strata parallel to
the solid surfaces, provided that the boundary
smooth compared to the molecular scale. In su
structures the mean local density of the liquid osc
J. Chem. Phys. 106 (10), 8 March 1997 0021-9606/97/106(10)/4
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lates with distance normal to the boundary, and t
underlies oscillations in the force between the confi
ing boundaries as the distance between them~i.e., the
confining gap width! is varied, with a period approxi-
mately equal to the molecular width.

~ii ! Such oscillatory solvation forces between confini
surfaces11 were observed and calculated for simp
liquids16 ~e.g., modeled as spheres!, nonpolar globular
molecules17–19 ~e.g., octamethylcyclotetrasiloxane
OMCTS!, straight chain alkanes6,20–25 ~e.g.,
n-hexadecane,n-C16H34), and even for chain mol-
ecules with a single pendant methyl group,18 such as
3-methylundecane, C12H26, ~although in earlier
measurements26,27 of force-distance profiles o
2-methyloctadecane and 2-methylundecane vanish
of the oscillations and the observation of a single
tractive minimum have been reported, the possibil
of lack of equilibration in these measurements w
subsequently raised!.11,29On the other hand solvation
force measurements18,29for a longer and more heavily
branched molecule~i.e., 2,6,10,15,19,23-hexamethy
tetracosane, or squalane, a molecule with a C24 back-
bone and six, symmetrically placed, methyl si
groups! confined between mica surfaces have
vealed disappearance of the force oscillations, wit
4309309/10/$10.00 © 1997 American Institute of Physics
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4310 Gao, Luedtke, and Landman: Structure and solvation forces in confined films
sole broad attractive minimum at a gap widthD518
Å, and what appears as a hard wall repulsion
D516 Å ~measurements for smaller gap width ha
not been attempted!.18 From these observations it ha
been concluded that branching~via pendant methyl
groups! can disrupt oscillatory forces, though the d
gree of branching must be moderately large.18

~iii ! Confined ultrathin films30 may exhibit two different
responses~in shear,30 as well as in response to varia
tion of the normal distance between the confini
surfaces!;19 a liquid-like response in which the liquid
responds to the deformation by flow,30 or spreading
~as in drainage measurements!,31,32 and a solid-like
response characterized by observation of the deve
ment of ‘‘yield stress’’ in the confined fluid,33 por-
trayed by lack of deformation over macroscopic d
tances unless a critical shear stress is attained~leading
to the development of ‘‘stick’’ and ‘‘slip’’
patterns!.33–36 Additionally, recent SFA
measurements19 on confined films of OMCTS~whose
diameter is; 9 Å!, suggest the abrupt developme
of solid-like behavior in relatively thick films of 6
layers. It should be emphasized that in these meas
ments the transition from liquid-like behavior for
7-layer film to a solid-like one for a 6-layer film ha
been induced solely by the additional confineme
~i.e., without an imposed lateral motion of the confi
ing surfaces!. In this context we remark that liquid
layering and force oscillations have also been p
dicted recently37 in molecular dynamics simulation
of n-hexadecane films sheared between solid surfa
containing structural nonuniformities~asperities!. In
these studies the density oscillations occurred in
liquid region between the approaching asperities le
ing to oscillatory variations in the lateral force. Fu
thermore, a transition from liquid-like response
large interasperity distances to a soft solid-like o
when the two asperities approach each other, has b
described and analyzed using a rheological nonlin
Maxwell model, extending elastohydrodynamics
the nanoscale regime.7,37

~iv! Liquid dynamics at interfaces and particularly und
confinement is influenced in a marked way, becom
more ‘‘sluggish’’ in nature with increased confine
ment of the fluid.30 Furthermore, molecular architec
ture and complexity appear to influence the dynam
of confined liquids. Thus, for example, in a homol
gous series of confined polymers, long chain m
ecules are found to be more sluggish than sho
chains.38 These effects on the molecular dynamics
interfacial and confined complex liquids pertain bo
to intra and intermolecular relaxation times, and d
pend also on the strength of interactions between
confined molecules and the solid surfaces.21,24

On the theoretical front interfacial and confined liqui
have been investigated using both analytical methods10 and
computer-based simulations.1,6–9,16,22–25,28,35–37In particular
J. Chem. Phys., Vol. 106,
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molecular dynamics~MD! and Monte Carlo~MC! simula-
tions allow direct investigation of such complex system
with atomic-scale spatial and temporal~using MD! resolu-
tion. While early simulations employed model monoatom
simple liquids interacting via central-force pairwise additi
potentials~i.e., Lennard-Jones interatomic potentials!, more
recent ones~see reviews in Refs. 1,5–8! focus on liquids of
a more complex molecular structure~e.g., alkanes! with vari-
ous degrees of complexity~and realism! of the inter and
intramolecular interactions. Such simulations have reveale
wealth of information pertaining to energetic, structural, d
namical, and rheological properties of interfacial and co
fined molecular liquids under static and shear conditions
these simulations the confining surfaces were modeled
structureless boundaries or as atomically structured solid
faces, and for various configurations. In most simulations
confining surfaces and the confined liquids were exten
indefinitely, or alternatively the liquid has been modeled a
confined droplet28 ~or semidroplet!.21 Extensive simulations
have also been performed for complex liquids adsorbed
atomically structured solid surfaces, interacting with ti
~modeling AFM and FFM experiments!; in this context, see
Refs. 6, 22 and 23 for simulations of the interactions b
tween tapered~blunt! tips and adsorbed liquid films using a
ad hoc grand canonical ensemble,22~b! where the layered
structure and solvation force oscillations of a confin
n-hexadecane liquid in AFM and FFM have been predict
as well as investigations of cavitation phenomena associ
with withdrawal of immersed tips.23

The configuration of both SFA and tip-based expe
ments is that of a confined liquid in thermodynamic equil
rium with a surrounding bulk fluid~or unconfined film!.
Consequently, the measured force~or pressure! is more ap-
propriately 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 co
fined film is in equilibrium.10,11 Therefore it is desirable to
conduct simulations of such systems under grand canon
~GC! ensemble conditions~i.e., constant chemical potentia
m, pressureP, and temperatureT). An early formulation of
grand canonical ensemble MC simulations39,40 ~GCEMC,
wherem,T, and the volume were held constant! has been
used in studies of confined simple liquids. In this meth
fluid molecules are inserted or eliminated from the syst
according to the grand canonical ensemble distribution fu
tion with the value ofm determined separately from bul
fluid simulations.

In this paper we describe a grand canonical (mPT) mo-
lecular dynamics~GCMD! method for simulations of con
fined lubricants of complex molecular structure~in our case,
n-hexadecane and squalane!. The method which we devel
oped combines constant pressure MD with a computatio
cell containing both bulk and confined fluid regions, allow
ing systematic GCMD investigations of confined liquids, a
alleviating the difficulties associated with insertion of mo
No. 10, 8 March 1997
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4311Gao, Luedtke, and Landman: Structure and solvation forces in confined films
ecules as in the GCEMC method39,40 which at the densities
of interest to us and for the complex molecules which we
would pose significant practical difficulties.

In Sec. II, we describe the formulation and implemen
tion of our GCMD method. Results of comparative simu
tions of confinedn-hexadecane and squalane films are p
sented in Sec. III, followed by a summary given in Sec. I

II. GRAND CANONICAL MD FOR CONFINED LIQUIDS

In this section we describe the formulation and imp
mentation of a grand canonical molecular dynam
~GCMD! method for simulations of confined liquid system
and discuss pertinent details of our simulations. An overv
of the simulated system is shown in Fig. 1. The simulat
cell contains both liquid~alkane! molecules and solid blocks
with periodic boundary conditions extending the system
all three directions. The solid blocks are of finite size in t
x andz directions, with the distance between the two so
surfaces in thez direction defining the width of the ga
(D) confining the fluid~in our simulations the solid surface
forming the gap in the middle of the cell are modeled as g
~111! planes!. In the y direction, the solid blocks are ex
tended through the whole cell. The rest of the space in
3-dimensional cell is filled with alkane molecules; in th
paper, we have studied two different alkane liquids: line
n-hexadecane (n2C16H34) and a branched alkane, i.e
squalane~C30H62).

To facilitate studies of the properties of the confin
alkane thin films, which are in equilibrium with a surroun
ing bulk liquid, the solid blocks as shown in Fig. 1 are a
ranged to create two regions of the alkane fluid. Inside
gap, between the two solid surfaces, the alkanes are con

FIG. 1. View of the three-dimensional~3D! computational cell for grand
canonical molecular dynamics simulations of confined liquids. The ce
repeated using 3D periodic boundary conditions. It contains solid subst
~small spheres! of finite extent in thex direction and extending through th
cell in they direction. The dimension of the cell inx direction (Hx) varies
dynamically in response to the applied external pressure in that direc
taking different values depending on the gap width between the oppo
solid surfaces. The cell is filled with liquid molecules, part of them are in
confinement and the rest outside it.Hx is taken to be large enough such th
bulk liquid behavior can be established in the regions outside the con
ment.
J. Chem. Phys., Vol. 106,
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as a thin film with a thicknessD ranging between 10 and 3
Å. The size of the cell in thex direction is taken to be
sufficiently large so that the alkanes in the regions outs
the confined one can exhibit bulk liquid alkane behavior. T
size of the computational cell in thez direction is varied to
give the desired film thickness in the gap. In our simulatio
the extent of the solid blocks in thex direction is 49 Å and
the height of each block isds513 Å; the size of the cell in
thez directionHz is thus given byHz52ds1D, and the size
of the cell in they direction is kept constant,Hy540 Å. The
size of the cell in thex direction Hx is allowed to vary
dynamically, using constant pressure MD,41 from ; 120 Å
to ; 165 Å, depending on the gap widthD. The hydrostatic
pressure, determining the magnitude ofHx , is taken to be
one atmosphere; on the scale of all other stresses in the
tem this represents a vanishingly low pressure.

In this study, the alkane molecules are treated dyna
cally while the gold atoms of the solid substrates are st
~treating the solids dynamically does not affect our resul!;
the solid gold blocks contain a total of 3520 atoms which
immersed in 206 to 234 squalane or 242 to 4
n-hexadecane molecules~for sufficiently thin films bulk be-
havior in the regions outside the confinement can
achieved for a smaller number of molecules in the compu
tional cell!. The equations of motion of the alkane segme
are solved by the Verlet algorithm with an integration tim
step of 3 femtoseconds. The temperature of the system
controlled via scaling of the atomic velocities at infreque
intervals ~when equilibrium is reached no temperature co
trol is necessary!; the temperature for these simulations
350 K which allows the systems to equilibrate in a reas
able amount of computing time.

The alkane molecules are represented by the united a
model, without rigid constraints. The intramolecular pote
tials include bond stretching, bond angle bending, torsio
angle, and Lennard-Jones~LJ! interactions between all atom
pairs separated by more than three bonds. The bond stre
ing is represented by a stiff linear spring, with the bond for
constant reduced by a factor of 4 from its realistic value
facilitate computations with an increased time step~this has
no effect on our results!. The angle bending, torsional poten
tials, and LJ potentials describing intra- and inter-alkane
teractions are the same as those used by Mondello
Grest42 in their recent study ofn-alkanes and squalane. A L
potential is used to describe the interactions between the
kane segments and the gold atoms of the solid substra
with parameters fitted to experimental desorption data,
described by us previously.21,43

The initial configuration of the system is set up with
large value of the gap width (; 28 Å!. A random walk with
fixed bond lengths and bond angles is employed to place
alkane molecules into the computational cell. The no
bonded interactions are not considered during the rand
walk, but the molecular segments are not allowed to be
close to the solid blocks. After all molecules have be
placed into the computational cell, a molecular dynam
simulation with an upper-bound set on the nonbonded for
is carried out to eliminate segmental overlaps which m

s
es

n,
ng

e-
No. 10, 8 March 1997

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



th
r o

e
l-
i

s

th
10
ng
th
a
12
e
ra
ha
u
a

de
fi
he
d
d
f

l-

w
c

-

th
-

ta
us
se
s.
r

s
i
ar
th
in
-

the
,

als
ara-

out

gion

of

g the
s

4312 Gao, Luedtke, and Landman: Structure and solvation forces in confined films
have been generated in the initial random walk stage; in
procedure, the maximum LJ force allowed between a pai
interacting segments is limited tof LJ(r50.85s), wheres is
the LJ length parameters. We have found this procedur
be very effective in generating initial configurations of a
kane liquids. Subsequently, the upper limit on the force
removed and a MD run of several hundred picosecond
performed to allow the system to fully equilibrate.

For a given value of alkane film thicknessD, which is
the distance between the two solid surfaces confining
alkanes, the squalane systems are equilibrated for 300–
ps followed by a simulation period of 120–300 ps, duri
which the computed properties are time averaged; for
n-hexadecane systems, the equilibration periods are usu
60–480 ps and the data acquisition periods are typically
ps ~the longer equilibrium periods were used for the thinn
films!. The time histories of several energetic and structu
properties were monitored to assure that equilibration
been achieved after each adjustment of the gap width; s
adjustments involve squeezing of the film to the next g
width through a slow decrease ofD, followed by a pro-
longed equilibration period at the required gap width as
scribed above. During the squeezing process and the
part of the equilibration, the number of molecules in t
confined region decreases as some molecules are pushe
the bulk region where the pressure remains constant via
namical variation ofHx . For the squalane film, reversal o
the process at several values of the gap width~i.e., decreas-
ing the confinement! resulted in only slight hysteresis in ca
culated properties~e.g., solvation force!, confirming ad-
equate equilibration.

III. RESULTS

Using the new simulation method described in Sec. II
have investigated the structures and properties of interfa
n-hexadecane (n-C16H32) and squalane~2,6,10,15,19,23-
hexamethyl-tetracosane! films confined between two oppos
ing surfaces modeled to represent Au~111! surfaces. As de-
scribed in Sec. II the confined films are in equilibrium wi
the surrounding liquid in which the confining solids are im
mersed.

A. Layering transitions and solvation forces

We begin by presenting our results for the segmen
density profilesr(z) for the two systems, recorded vers
distance in the direction normal to the surfaces, for a
quence of separations~gaps! between the confining surface
Such profiles are shown forn-hexadecane in Fig. 2 and fo
squalane in Fig. 3. The solvation forces~i.e., the total force
exerted by the interfacial film on the confining surface
which is the same as the force which would be required
order to hold the two surfaces at the corresponding sep
tion! recorded for the two systems during the approach of
two surfaces, are shown forn-hexadecane and squalane
Fig. 4. Additionally, we display in Fig. 5 records of the num
J. Chem. Phys., Vol. 106,
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ber of molecular segments confined in the gap between
two surfaces,nc fn , as a function of the width of the gap
D, as well as ofnc fn /D plotted versusD.

While the density profiles~Figs. 2 and 3! for both mate-
rials exhibit oscillatory patterns, a closer inspection reve
differences between the two cases. Already for large sep
tions between the surfaces~a wide gap,D528 Å! the
n-hexadecane film appears to be well layered through
with 6 well-formed layers~Fig. 2, top left!, while for the

FIG. 2. Equilibrium segmental density profiles forn-hexadecane along the
z direction~normal to the confining solid surfaces!; solid lines correspond to
the film in the confined region and the dashed lines calculated for the re
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 Fig. 5~a!# correspond toD510, 14, 19, and 24 Å.
The other equilibrium profiles were calculated for intermediate values
D. 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, becomin
sharpest for the values ofD corresponding to well-formed layers. Distance
in unit of angstroms.
No. 10, 8 March 1997
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4313Gao, Luedtke, and Landman: Structure and solvation forces in confined films
same gap width the squalane film exhibits only 4 we
formed layers and in the middle region of the gap the den
is close to that in the bulk~Fig. 3, top left!. We also note for
the squalane case the appearance of distinct features bet
the first interfacial layer on each side of the film and t
second layer in, which are absent in then-hexadecane pro
file. These features, which may also be seen~though less
pronounced! between the second and third layer of t
squalane film are caused by the methyl branches which
preferentially between the layers~a similar behavior has bee
observed in previous simulations of a single-branched he
decane film!.28

Decreasing the width of the gap is accompanied by

FIG. 3. Same as Fig. 2, but for squalane. The well-formed layer config
tions correspond to the maxima in the solvation force shown in Fig. 5~b!.
Note that small local density maxima on each side of the confined fi
located between the interfacial layer and the next layer in; such local m
mum between the interfacial layers is seen even for the 2-layer film c
figurations. The local density minima between layers are not as dee
those found for then-hexadecane film~compare to corresponding configu
rations in Fig. 2!. Distances in units of angstroms.
J. Chem. Phys., Vol. 106,

Downloaded¬04¬Feb¬2004¬to¬130.207.165.29.¬Redistribution¬subject
-
ty

een

lie

a-

-

duction of the number of layers in the film~see Figs. 2 and 3
for D524 Å, where 5 well formed layers are observed f
both films!. We also remark that the density minima betwe
the layers are deeper for hexadecane. Moreover, for hex
cane these density minima are always below the bulk d
sity, while for squalane they may become larger than tha
the bulk liquid density~see e.g., Fig. 3, corresponding
D518 Å!.

In both cases narrowing of the gap results in expuls
of molecules from the confined region~‘‘squeezing-out’’ of
the film! and transition to a film with a smaller number o
layers~which remain throughout to be of similar density, i.e
containing approximately the same number of molecular s
ments!, occurring with a periodicity of about 4.5–5 Å. Th
layering transitions in the confined films are portrayed
solvation force oscillations~Fig. 4!. However, while for
hexadecane the force oscillates between positive and n
tive values, with the local positive force maxima correspon
ing to configurations with well-formed layers, in th
squalane case at wider gaps the force does not take neg
values, and the amplitudes of the oscillations are sma
than in the hexadecane case. For narrow gaps (D&15 Å! the
force maximum associated with a transition from a 3-layer
a 2-layer film is significantly larger in the squalane film th
that in the hexadecane one.

Further insights into the layering transition processes
obtained from records of the number of segments in the c
fined region,nc fn , plotted versus the distance between t
confining surfaces (D), shown in Figs. 5~a! and 5~b!. In the
hexadecane film, forD<20 Å, ~i.e., a 4-layer film! nc fn var-
ies in a step-like manner with sharp drops in the numbe
confined molecules occurring for the transition from
4-layer film to a 3-layer one, and subsequently from a 3- t
2-layer film @a weak step-like signature is seen also for t
transition from a 5- to a 4-layer film, see Fig. 5~a! for

a-

,
i-
n-
as

FIG. 4. Equilibrium solvation forces,f z in nN, plotted versus the width of
the confining gap,D in Å, calculated for the confinedn-hexadecane~solid
line! and squalane~dashed line! films. Note that forn-hexadecaneFz

(D.20 Å! is negative~attractive! while for the squalane film the force is
overall repulsive with small local attractive minima nearD; 17 Å and
;12 Å. Well-formed layers occur forD;10 Å ~nL52!, 14 Å ~nL53!, 19
Å ~nL54!, 24 Å ~nL55!. The repulsive forces in the squalane film a
stronger than in then-hexadecane one.
No. 10, 8 March 1997

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



4314 Gao, Luedtke, and Landman: Structure and solvation forces in confined films
FIG. 5. Solvation force,f z in nN ~upper panel!, number of segments in the confining gap,nc fn ~middle panel!, andnc fn /D ~bottom panel!, plotted versus the
gap width,D, in Å, for then-hexadecane film~a!, and the squalane film~b!.
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D<25 Å#. For each of these transitions the drop innc fn is
caused by a relatively small reduction (;1 Å! of the gap
width from that corresponding to an initial well layered co
figuration of the film~i.e., the number of layers in the film a
the bottom of each step is decreased by one from that co
sponding to the film at the top of the step~and the plateau!.
On the other hand, for the squalane film the variation
nc fn associated with the layering transitions is overall mon
tonic and continuous in nature, with the development o
weak step-like feature only at the limit of a very thin film
@i.e., see transition from a 3- to a 2-layer film, forD&15 Å,
in Fig. 5~b!#.

These characteristics of the layering transitions are
ther found~see Fig. 5! in plots of nc fn /D versusD ~where
nc fn /D is proportional to the number density of molecul
segments in the gap, since the area of the confining s
surfaces is constant for all values ofD). These plots illus-
J. Chem. Phys., Vol. 106,
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trate that for the squalane film the confined segmental d
sity remains approximately constant throughout the narro
ing ~squeezing! process~except in the limit of a very thin
film, D&15 Å!, while for n-hexadecane reducing the ga
width is accompanied by marked variations in the dens
~becoming increasingly more pronounced as the film th
down!. Furthermore, in the latter case the local maxima
the film density, corresponding to well-formed layered co
figurations, are of equal value.

These results suggest that the confined squalane film
haves in a liquid-like manner throughout most of the ga
narrowing sequence; that is the equilibrium confined fil
which is in contact with the surrounding bulk liquid, main
tains a constant density for varying widths of the confini
gap by gradually expelling molecules into the surround
liquid when the gap width is reduced. In contrast the co
fined n-hexadecane film of sufficiently small thickness~i.e.,
No. 10, 8 March 1997
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4315Gao, Luedtke, and Landman: Structure and solvation forces in confined films
below about 5 layers, or<25 Å! exhibits certain features
characteristic to solid-like response; that is, when the con
ing gap width is slightly reduced@typically DD;1–2 Å!,
starting from one of the well-formed layered configuratio
of the film with nL layers~corresponding to the maxima i
the solvation force shown in Fig. 5~a!#, the film ‘‘yields’’
through expulsion of approximately a layer-worth of molec
lar segments into the surrounding liquid, causing a sh
decrease in the confined film density. During further red
tion of the gap width, the number of confined molecu
segments remains almost constant@corresponding to the pla
teaus ofnnc f shown in Fig. 5~a!#, with an associated increas
of the confined film density@seenc fn /D in Fig. 5~a!# which
is accompanied by enhancement of the order in the laye
structure of the film. This process continues until a gap wi
corresponding to a maximally ordered layered film~with
nL21 layers! is reached, for which the confined film densi
maximizes. This sequence of events repeats with a perio
;4.5–5 Å.

At this juncture we reemphasize that the states of
confined films which we analyze here are all at equilibriu
conditions. Consequently, we argue that the different na
of the layering transitions in then-hexadecane and squalan
films, reflects differences in the equilibrium properties of t
confined films of the two materials. In particular, we asso
ate the aforementioned solid-like characteristics with a h
degree of order in the layeredn-hexadecane confined film
while the liquid-like nature found for the squalane case
correlated with frustration of the order in the confined film
caused mainly by branching.44

FIG. 6. Side views of the equilibrium 4-layern-hexadecane~bottom! and
squalane~top! systems. Note the enhanced order in then-hexadecane con-
fined film. Different shades of molecular segments have been used to
visualization.
J. Chem. Phys., Vol. 106,
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B. Structure and dynamics

As alluded to above, while organization of the confin
film density into layered structures, with the number of la
ers dependent on the gap width, occurs for both
n-hexadecane and squalane films, the degree of order in
two films is different with that in the shorter linear alkan
being higher. This may be ascertained from close inspec
of the density profiles of the two systems shown in Figs
and 3, where the minima between layers are deeper
n-hexadecane along with the occurrence, on each side o
squalane film, of small peaks between the density max
corresponding to the layer closest to the solid interface
the second layer in, as well as from inspection of molecu
configurations of the films, such as those shown for
equilibrated 4-layer films in Figs. 6 and 7. The side views
the films in Fig. 6 show enhanced layering order in t
n-hexadecane film as compared to the squalane one, an
degree of in-plane intermolecular order in the first layer~in-
terfacial layer closest to the solid surface! is clearly larger
~see Fig. 7! in the linear alkane film~similarly for the second
layer in, not shown!. Indeed statistical analysis shows th
for the 4-layer films the probabilities for one end of a mo
ecule to be in the interfacial layer~designated as the firs
layer; note that by symmetry the interfacial layers on bo
sides of the film are equivalent, therefore we average
results for both interfaces! and the other end to be locate
either at the first, second, or third layer, ar
f ee
(1,i )~n-hexadecane! 5 0.8, 0.12, and 0.08 fori51,2,3, re-
spectively, while for the squalane film these probabilities
almost evenly distributed,f ee

(1,i )~squalane!5 0.33, 0.37, 0.30,
indicating a high degree of interlayer interdigitation~bridg-
ing! in the longer branched alkane film. Additionally, fo
molecules with one end in one of the middle layers~desig-

id

FIG. 7. Top views~in thexy plane! of the interfacial layers ofn-hexadecane
~bottom! and squalane~top! corresponding to the equilibrium 4-layer film
~see Fig. 6!. The confined film is the region between the solid lines. No
enhanced intramolecular and intermolecular order in the confi
n-hexadecane film.
No. 10, 8 March 1997
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4316 Gao, Luedtke, and Landman: Structure and solvation forces in confined films
nated as layers 2 and 3! the probabilities that one end of th
molecule is in one of these layers and the other is fou
either in the same layer or in the other one a
f ee
(2,i )~n-hexadecane! 5 0.6 and 0.4 fori52 and 3, respec-
tively, and f ee

(2,i )~squalane! 5 0.38 and 0.62, respectively, in
dicating a higher degree of interlayer interdigitation for m
ecules in the middle layers of the films, with a larger deg
for the squalane film. A similar analysis but for the probab
ties of one end of a molecule to be in the interfacial lay
~layer 1 or 4! and the middle segment of the molecule to
located either in the same layer or in the middle layers of
film ~layers 2 and 3! yields f em

(1,i )~n-hexadecane! 5 0.9, 0.08,
and 0.02 for i5 1, 2, and 3, respectively, an
f em
(1,i )~squalane! 5 0.5, 0.39, 0.11, indicating that for th
hexadecane film the small amount of interlayer interdig
tion involves mainly the molecular tails, while for th
squalane film a larger part of the molecule may be dist
uted between neighboring layers; the corresponding res
for the middle layers of the films,f em

(2,i )( i52,3), are: for
n-hexadecanef em

(2,2)50.79, f em
(2,3)50.21, and for the squalan

film f em
(2,2)50.63 andf em

(2,3)50.37. A similar analysis for the
3-layern-hexadecane film gives:f ee

(1,i ) 5 0.9, 0.1 andf em
(1,i ) 5

0.94, 0.06 fori51,2, respectively, and for the squalane film
f ee
(1,i ) 5 0.32, 0.55, and 0.13 fori51,2,3, respectively~indi-
cating that over 10% of the molecules bridge the two int
faces in the 3-layer squalane system!, and f em

(1,i ) 5 0.65, 0.3,
and 0.05. The selected molecular configurations displaye
Fig. 8 illustrate interlayer interdigitation in a 3-laye
squalane film and no interdigitation in a correspond
n-hexadecane film.

The degree of order in the films can also be analyzed

FIG. 8. Side views~in slices! through then-hexadecane~bottom! and
squalane~top! films, illustrating molecular interlayer interdigitation~dark
shaded molecule! in the squalane film. The small spheres correspond to
surface layers of the gold substrates.
J. Chem. Phys., Vol. 106,
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terms of the order parameterP2(cosu)5^(3 cos2u21)/2&,
whereu is the angle formed between bond vectors conne
ing neighboring segments of the molecules and the direc
normal to the surface, and the angular brackets denote a
aging over all bonds in the regions~confined or bulk! and
over the MD simulation. The results displayed in Fig.
show that in the bulk regions the molecular bonds do
exhibit any orientational order, i.e.,P2(cosu)'0. On the
other hand in the confined films they show a tendency to
preferentially parallel to the confining surfaces with the d
gree of that preferred orientation being larger in t
n-hexadecane film. Furthermore, the degree of preferen
orientational order@i.e., more negative values ofP2(cosu)]
oscillates as a function of the gap width, with local maxim
orientational ordering achieved for gap widths correspond
to well-formed layers~i.e., solvation force maxima in Fig. 5!,
with intervening states of reduced orientational order cor
sponding to the transitions between layered states of
films asD is varied.

Finally, we show in Fig. 9 the torsional angle transitio
rates betweentrans and gaucheconformations of the mol-
ecules. We observe that in the bulk region ofn-hexadecane
the transition rates are higher than in the bulk squalane
uid. The transition rates in the confined systems are lo
than their corresponding bulk values, and exhibit an osci
tory behavior as a function of the gap width, with loc
minima of the transition rates occurring for values ofD cor-
responding to well-formed layers. The amplitudes of the
cillations of the transition rates versusD are larger for the
n-hexadecane film and they increase as the confining
width is reduced.

These results correlate with those discussed above
taining to structural properties, showing that both structu
and dynamical characteristics of complex liquids are infl
enced greatly by their confinement. Moreover, our simu
tions revealed dependencies of the various degrees of o
in the films~layering, in-plane order, and orientational orde
ing! on the complexity of the molecular constituents, and
the degree of confinement.

IV. SUMMARY

In this paper, equilibrium structures, solvation force
and conformational dynamics of thin confined films
n-hexadecane and squalane were investigated using a
grand canonical ensemble molecular dynamics method
simulations of confined liquids. The method combines co
stant pressure simulations with a computational cell conta
ing solid surfaces and both bulk and confined liquid regio
in equilibrium with each other~Fig. 1!, allowing investiga-
tions of confined films under conditions similar to those us
in surface force apparatus and tip-based experiments.

Our studies provide insights into the nature of equil
rium confined liquids and the effects of molecular structu
on the properties of such systems. For both the straight
lecular chain liquid~n-hexadecane! and for the branched on
~squalane! layered density oscillations in the confined film
were found, with the number of layers depending on

e
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4317Gao, Luedtke, and Landman: Structure and solvation forces in confined films
FIG. 9. Segment-bond order parameter,P2(cosu), in the top panels, and
trans-gauche~and vice versa! transition rates,Tf ~in units of 1/ns! in the
bottom panels, plotted versus the gap width,D, in Å, for the equilibrium
states of then-hexadecane~a! and squalane~b! systems. The crosses corre
spond to values obtained for the bulk liquids outside the confinement,
the solid lines connect values calculated for the confined films.
J. Chem. Phys., Vol. 106,
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width of the confinement. Then-hexadecane confined film
exhibits enhanced layered order, as well as a higher de
of in-plane molecular ordering, compared to those found
the squalane film, with the latter showing a high tendency
interlayer molecular interdigitation~see Figs. 2, 3, 6–8!. Re-
duced conformational~trans-guache! transition rates in the
confined films, compared to their bulk values, are found, a
their oscillatory dependence on the degree of confinemen
analyzed, showing smaller transition rates for the we
formed layered states of the films~Fig. 9!.

The solvation force oscillations as a function of the g
width for the straight chain,n-hexadecane, liquid are mor
pronounced exhibiting attractive and repulsive regions, wh
for the branched alkane the solvation forces are mostly
pulsive, with the development of shallow local attractive r
gions for small values of the gap width~Fig. 4!. These results
correlate with recent observations using SFA measurem
on confined films of squalane,18,19 showing the influence of
molecular structure~i.e., moderate degree of branching! on
the character of the solvation forces. Furthermore, the na
of the transitions, and equilibrium intermediate states,
tween well-formed layered configurations is different in t
two systems, with then-hexadecane film exhibiting solid
like characteristics portrayed by step-like variations in t
number of confined segments occurring in response t
small decrease~;1–2 Å! in the gap width, starting from
well-layered states of the film@Fig. 5~a!#. On the other hand
the behavior of the squalane film is liquid-like, exhibiting
monotonic continuous decrease in the number of confi
segments as the gap width is decreased@Fig. 5~b!#. These
characteristics, which are correlated with the above m
tioned structural properties of the confined films, suggest
liquids with molecular structures which are more conduc
to formation of ordered configurations~such as globular, or
low-molecular weight straight chain molecules! would de-
velop solid-like characteristics under confinement, wh
confined films made of more complex molecular structu
~e.g., a moderate degree of branching, as in squalane!, where
ordering is frustrated due to the molecular structural co
plexity, would exhibit a higher tendency to behave in
liquid-like manner. In this context we remark that inde
solid-like behavior, under the sole effect of confinement~i.e.,
with no lateral relative shear motion between the confin
surfaces! has been observed recently19 in SFA experiments
for semispherical molecules~OMCTS!.
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