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The structure of a monolayer film of the branched alkane squalane �C30H62� adsorbed on graphite
has been studied by neutron diffraction and molecular dynamics �MD� simulations and compared
with a similar study of the n-alkane tetracosane �n-C24H52�. Both molecules have 24 carbon atoms
along their backbone and squalane has, in addition, six methyl side groups. Upon adsorption, there
are significant differences as well as similarities in the behavior of these molecular films. Both
molecules form ordered structures at low temperatures; however, while the melting point of the
two-dimensional �2D� tetracosane film is roughly the same as the bulk melting point, the surface
strongly stabilizes the 2D squalane film such that its melting point is 91 K above its value in bulk.
Therefore, squalane, like tetracosane, will be a poor lubricant in those nanoscale devices that require
a fluid lubricant at room temperature. The neutron diffraction data show that the translational order
in the squalane monolayer is significantly less than in the tetracosane monolayer. The authors’ MD
simulations suggest that this is caused by a distortion of the squalane molecules upon adsorption on
the graphite surface. When the molecules are allowed to relax on the surface, they distort such that
all six methyl groups point away from the surface. This results in a reduction in the monolayer’s
translational order characterized by a decrease in its coherence length and hence a broadening of the
diffraction peaks. The MD simulations also show that the melting mechanism in the squalane
monolayer is the same footprint reduction mechanism found in the tetracosane monolayer, where a
chain melting drives the lattice melting. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2464091�

I. INTRODUCTION

The main constituents of commercial lubricants are
intermediate-length alkanes CnH2n+2 with the number of car-
bon atoms n in the range of 15–40. The vapor pressure of
these alkanes at ambient temperature is low so that the
evaporation rate is very small. Lubricants are characterized
by their pour point, viscosity index, and viscosity. The pour
point is the lowest temperature at which the lubricant can be
used. Below the pour point, the material forms wax crystals,
resulting in an increase in its viscosity and poorer lubricating
properties. The viscosity index is a measure of the sensitivity
of the viscosity to temperature changes, with a high index
corresponding to a low sensitivity. Therefore, a good lubri-
cant is characterized by low viscosity, a high viscosity index,
and low pour point.1,2

Among alkanes, it has been found that branched alkanes
are superior to n-alkanes as lubricants at ambient tempera-
tures, primarily due to a lower pour point and viscosity. This
is illustrated in Table I,1 where we compare data for the
n-alkane tetracosane C24H52 �C24� and squalane �C30H62 or
2,6,10,15,19,23-hexamethyltetracosane�. Like C24, a

squalane molecule has 24 carbon atoms in its backbone and,
in addition, six symmetrically placed methyl groups along its
length, as shown in Fig. 1. In Table I, we see that C24 has a
pour point above room temperature, reflecting its high bulk
melting point compared to squalane. The squalane mol-
ecule’s branching in the form of six methyl side groups dra-
matically affects its bulk melting point, dropping it 88 K
below that of C24.

It is not obvious, however, that bulk properties alone
determine the lubrication characteristics of a material. Usu-
ally, a lubricant is distributed in a very thin film between two
solid surfaces that undergo relative motion; in some nanos-
cale electromechanical devices, this film thickness may ap-
proach a few molecular layers. In such cases, the lubricant’s
properties may differ significantly from those in bulk and, in

a�Electronic mail: flemming@kemi.dtu.dk

TABLE I. Characteristic parameters for lubricants �from Ref. 1�.

Tetracosane Squalane

Pour point �K� 324 294
Viscosity index 175 117

Bulk melting point �K� 322 234
Viscosity at 313 K �mm2 s−1� ¯ 19.3
Viscosity at 373 K �mm2 s−1� 8.7 4.1
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particular, the lubricant film could become solid rather than
liquid. This could affect the frictional properties of the film,
although a solid film could still potentially protect neighbor-
ing surfaces from wear prior to complete squeeze-out.3

At the molecular level, very little is known about how a
film’s structure, dynamics, and energy dissipation relate to
the lubricating properties of a substance. Such knowledge
may be important in designing new lubricants for nanoscale
devices. Gupta et al. have conducted nonequilibrium mo-
lecular dynamics simulations, in which a few layers of C24
or squalane molecules are placed between solid walls that
move with respect to each other, thereby setting up a shear
flow.4–6 These authors found that squalane actually was a
poorer lubricant and attributed it to the presence of the me-
thyl side groups that prevented the molecules from organiz-
ing into smooth layers as did C24.

In this paper, we study the structure of molecular mono-
layers of C24 and squalane as a function of temperature by
neutron diffraction and molecular dynamics �MD� simula-
tions. In both the experiment and the simulations, the films
are adsorbed on a graphite basal-plane surface. This choice is
dictated by the requirement of a large surface area for the
neutron diffraction experiments, since neutrons are a weakly
scattering probe. Exfoliated graphite substrates that offer a
large surface and an exceptionally homogeneous surface area
are available. Graphite is also well suited to MD simulations
because the molecule-substrate interaction is well character-
ized by empirical pairwise atomic potentials.

Although we consider only a single film/solid interface
rather than a lubricant confined between two solid surfaces,
we believe that a comprehensive investigation of the struc-
ture and dynamics of these adsorbed monolayers is a useful
initial step toward understanding lubrication phenomena at
the molecular level. For example, it is of interest to deter-
mine whether the intermolecular and molecule-substrate van
der Waals interactions result in a distortion of flexible mol-
ecules upon adsorption as well as determine the molecular
orientation and the nature of the translational order in the
monolayer. These structural properties are helpful in describ-
ing the initial condition of lubricant films at large separations
of their confining surfaces. One is then in a better position to
investigate the squeeze-out behavior of these films as the
separation of the confining surfaces is reduced.3,7,8

Because we are dealing with lubricant films that interact
with a substrate by van der Waals forces, we do not believe
that it is a serious restriction to limit our investigation to
adsorption on graphite. As discussed elsewhere, in all known
cases of alkanes interacting with solid surfaces via van der
Waals forces, the molecules immediately adjacent to the sur-
face are aligned with their long axis parallel to the interface.9

The binding energy of the alkane molecule varies, of course,
among different substrates and alkanes of different lengths
�see, e.g., Ref. 10�, but we believe that the squeeze-out be-
havior of films of intermediate-length alkanes will be largely
determined by this adsorption geometry.3

In comparing the structure of molecular monolayers of
C24 and squalane as a function of temperature, we focus on
the following questions: �a� What is the effect of branching
on the monolayer structure? �b� Do the monolayer melting

points of the two alkanes differ by as much as their bulk
melting points? �c� Are the melting mechanisms the same for
the two films? In the following paper,11 we use quasielastic
neutron scattering and MD simulations to study the dynam-
ics of such layers.

The organization of the paper is as follows. In Sec. II,
we describe the experimental technique and in Sec. III the
simulations. In Sec. IV, we describe and compare the results
for the n-alkane C24 and the branched alkane squalane. Fi-
nally, in Sec. V, we present a summary of our results and
conclusions.

II. EXPERIMENTS

We have used neutron diffraction to compare the mono-
layer structure of C24 and squalane adsorbed on a graphite
basal-plane surface. Since neutrons interact weakly with the
sample, a relatively large sample is required in order to ob-
tain reasonable diffraction intensities.

The sample preparation technique has been described in
detail elsewhere.12 In brief, the substrates were recompressed
exfoliated graphite �Grafoil�, whose surface area was cali-
brated from a nitrogen vapor pressure adsorption isotherm at
77 K. The C24 and squalane adsorbates were 98% deuter-
ated to avoid the large incoherent scattering from hydrogen.
Vapor deposition of the C24 monolayer was accomplished
by heating the C24 charge and cleaned Grafoil substrate in
an evacuated stainless steel cell at 280 °C for 48 h.13 The
squalane monolayer was similarly prepared by heating the
liquid squalane charge in the same manner at 230 °C for
32 h.14 In both cases, Grafoil background diffraction patterns
were measured at room temperature before adsorption of the
alkanes.

The neutron diffraction patterns were measured using the
two-axis diffractometer equipped with a five-counter mul-
tidetector data acquisition system located at the C port of the
Missouri University Research Reactor. The measurements
were done in a transmission geometry, as in previous
experiments,15 and used a wavelength of 4.35 Å, which is
appropriate to the relatively large monolayer unit cell of the
alkane molecules. The low-temperature diffraction patterns
for squalane �T�300 K� �Ref. 16� have been published
previously, while the high-temperature data for squalane
�T�300 K� are new. The diffraction measurements on the
C24 monolayers will be published separately.17

III. MOLECULAR DYNAMICS SIMULATIONS

A. Model of molecule

In the molecular dynamics simulations, we use the
united atom model for the alkane molecules, where the me-
thylene and methyl groups are represented by pseudoatoms
having the proper atomic weight located at the carbon atom
positions. Figure 1�a� shows a top-down view of the united
atom model of a free squalane molecule in its ground state.
There are 24 carbon atoms forming a zigzag pattern in the
plane of the paper that comprise the molecular backbone.
Only bonds between pseudoatoms are shown. There are six
bonds labeled S1–S6 from carbon atoms in the backbone to
the methyl side groups.

104703-2 Enevoldsen et al. J. Chem. Phys. 126, 104703 �2007�
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The interactions between methylene and methyl groups
on different molecules are represented by the same effective
Lennard-Jones potential, irrespective of which of the two
groups are involved. In simulations of both this monolayer
and bulk systems, it is essential to include the molecular
flexibility associated with the bond angles and dihedral tor-
sion angles; however, the bond stretch modes are unimpor-
tant and have therefore been frozen. The potential parameters
are the same as we have used previously.18–21

The backbone of the squalane molecule contains 21 di-
hedral torsion angles numbered from 1 to 21 from the left.
As illustrated in Fig. 2, each of the four side groups,
Si�i=2,5�, can torsion about either of the two carbon-carbon
bonds in the backbone to which the side groups are attached.
The end methyl groups, S1 and S6, can only torsion about
the next-to-the-last bond at each end of the backbone. In the
molecular ground state, the dihedral torsion angles about the
carbon-carbon bonds along the backbone �angles 1–21� are
in the trans conformation, whereas all dihedral torsion angles
involving the side groups are in a gauche conformation.
There are two gauche conformations, that we label as left
and right, corresponding to a rotation about the carbon-
carbon bond of ±120°, respectively, from the trans confor-
mation. More precisely, given the position vectors of the four
atoms �rA ,rB ,rC ,rD� involved in the definition of the dihe-
dral torsion angle about the BC bond �rB−rC�, we arbitrarily
define a left and right gauche conformation according to the
following relations:

��rA − rB� � �rC − rD�� · �rD − rC� � 0, left gauche,

�1�
��rA − rB� � �rC − rD�� · �rD − rC� � 0, right gauche.

With the molecule in the ground state, we see that one of the
pair of dihedral torsion angles associated with each of the
side groups, Si �i=2,5�, will be in a right gauche conforma-
tion, while the other will be in a left gauche conformation.

The gauche conformation associated with the end groups S1
and S6 can be either a left or a right form.

B. Simulation box

The first step in a MD simulation is the choice of the
simulation cell and the number of molecules to be included
in the simulations. The choice of simulation box should sat-
isfy three requirements: �a� give an isotropic stress tensor
with Pxx� Pyy where Pxx is the xx component of the stress
tensor and Pyy the yy component, �b� satisfy the translational
symmetry of the graphite basal-plane lattice, and �c� give
alkane monolayer lattice vectors alatt and blatt in good agree-
ment with experimental determined lattice vectors.

With the x axis taken along the direction from a center of
one carbon hexagon to an adjacent one in the graphite basal
plane, the conditions in �b� are satisfied by the relations19

xsim = alattna = 2.46 � lx,

�2�
ysim = blattnb = 2 � 2.1304 � ly .

The carbon-carbon distance in the graphite basal-plane layer
equals 1.42 Å. These equations ensure that the simulation
box dimensions in the x and y directions, xsim and ysim, re-
spectively, are a multiple of the graphite lattice constant, as
expressed by the integers lx and ly as well as being a multiple
of the alkane lattice constants as expressed by the integers na

and nb.
It is natural to be guided by the low-temperature neutron

diffraction results that give the experimental lattice constants
a and b of the alkane system. As will be discussed in the next
section, the experiments are consistent with the squalane
monolayer, like the C24 monolayer,17 crystallizing in a
rectangular-centered structure with two molecules in the unit
cell, as sketched in Fig. 3.15 However, it will not necessarily
be correct to use the experimental values of the lattice con-
stants in the simulation directly, because the model interac-
tions assumed may not be perfect and give precisely the ex-
perimental values. If one uses the experimental values for the
lattice constants, one may find unphysical values of other
properties of the system. For example, the pressure may be
negative or very large. We have no experimental values of
the pressure in the system, but we may assume that it is near
zero at low temperatures. We use that criterion together with
the intermolecular and molecule-surface interaction energies
as a guide to set up the simulation self-consistently. That is,
we seek a setup where the pressure tensor is isotropic with
zero or near-zero pressure components and where we are
near a minimum in the intermolecular and molecule-
substrate potential energies.

FIG. 1. �a� Top view of a squalane molecule in the ground state with the
plane of the carbon atoms in the backbone parallel to the plane of the paper.
�b� Side view of the squalane molecule with the plane of the carbon back-
bone perpendicular to the plane of the paper. The methyl side groups are
seen to be out of the plane of the backbone. The large and small circles are
carbon and hydrogen atoms, respectively.

FIG. 2. Top view of the pseudoatom model for an adsorbed squalane mol-
ecule. Only the bonds between pseudoatoms are shown, and the side groups
are labeled S1–S6. Illustration of the pair of torsion angles associated with
each of the side groups Si, for i=2–5, and the single torsion angle associ-
ated with the two side groups, S1 and S6.

FIG. 3. Sketch of the proposed unit cell of the squalane monolayer adsorbed
on a graphite basal-plane surface. It is a rectangular-centered structure con-
taining two molecules with lattice constants a and b.

104703-3 Normal and branched alkane monolayer films: Structure J. Chem. Phys. 126, 104703 �2007�
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As in the simulations of the C24 monolayer,17 we made
a series of simulations at low temperature, varying the alkane
lattice constants and the number of molecules in the simula-
tion cell such that Eqs. �2� were satisfied. In the case of the
C24 monolayer, we used a temperature of 20 K. However,
since the squalane molecule turns out to be distorted by the
presence of the graphite surface, as described below, we con-
ducted the low-temperature squalane monolayer simulations
at 86 K to speed up the approach to an equilibrium structure.
In Table II, we show an example of this procedure.

We see that the pressure changes from being positive for
the parameters in the second line of the table to being nega-
tive for the parameters in the third line. Ideally, we should
choose a simulation box length corresponding to parameters
between those in lines 2 and 3 of the table, so the pressure is
close to zero, but we cannot do that without violating the
constraints in Eqs. �2�. When we look at the molecule-
surface energy and the molecular height above the surface,
we see that the height is smallest for the parameters in line 3
and that the molecule-substrate energy is at a minimum. This
is what we would expect at low temperatures for the thermo-
dynamically stable state; we have, therefore, chosen to do the
simulations with the parameters in line 3 of Table II. Note
that the lowest molecule-substrate energy is obtained at the
cost of the intermolecular energy. When we compress the
system and increase the pressure, the molecules rotate about
their long axis to accommodate the pressure increase and
gain intermolecular energy at the cost of molecule-substrate
energy. The value of the lattice constant alatt=64 Å obtained
in the simulations is equal, within experimental uncertainty,
to that determined for a C24 monolayer17 and which is the
value we assume �see below� for the squalane monolayer at
low temperature. The lattice constant blatt=5.33 Å obtained
in the simulation is about 5%–6% larger than the experimen-
tal value of 5.03 Å at a temperature of 86 K,16 as discussed
below. This level of agreement between simulation and ex-
periment for blatt is comparable to that obtained for a C24
monolayer.17

IV. RESULTS

In the low-temperature diffraction patterns of the C24
monolayer, we were able to resolve four Bragg peaks in the
�h0� series at small wave vector transfer q as well as the �11�
peak. This allowed us to determine the monolayer unit cell as
rectangular centered and containing two molecules with lat-
tice constants a=65 Å and b=4.26 Å.16,17

In contrast, it was only possible to resolve one Bragg
peak of the squalane monolayer due to the short coherence
length of the film. Because the lengths of the C24 and
squalane molecules are identical in their ground state, we
assumed a similar structure for the squalane monolayer and
used the a lattice constant determined for the C24 mono-
layer. Indexing the single peak in the squalane monolayer
diffraction pattern as the �11� reflection, we then obtained
b=5.03 Å by fitting a Warren line shape to the peak in the
pattern at 86 K in Fig. 4�a�. Although a Warren line shape is
appropriate for a two-dimensional �2D� polycrystalline
system,15 we found it difficult to obtain reliable results using
it to fit the very broad Bragg peak occurring in the diffraction
patterns at temperatures higher than 86 K. Therefore, we fit
the peak to a Gaussian line shape and introduced a linear
background in order to reproduce the peak asymmetry. In
Fig. 4, the solid curves are the best fits obtained in this way
and the open circles are the data points. We note that at the
lowest temperature of 86 K, a fit to a Gaussian line shape
yields a slightly smaller lattice constant b=4.95 Å compared
to the value of 5.03 Å obtained using a Warren line shape.
Although we believe the peak at 86 K to be sufficiently nar-
row for the Warren fit to give a more accurate lattice con-
stant, we have used a Gaussian fit throughout Fig. 4 in order
to show more easily the temperature dependence of the b
lattice constant as in Fig. 5.

In the case of the C24 monolayer,16,17 the �11� Bragg
peak was narrow enough to fit it to a Warren line shape over
a broader range of temperatures. In order to be able to com-
pare the coherence lengths in the two monolayers, it is nec-
essary to determine a scale factor relating the coherence
lengths obtained with the two different line shapes. To do
this, we required the fits of the diffraction peak of the
squalane monolayer at 86 K to a Gaussian and a Warren line
shape to give the same coherence length. This yielded the
empirical relation for the coherence length, Lb

=1.31�2� /�q�, where �q is the full width at half maximum
of the Gaussian fit to the diffraction peak. Lb is plotted as a
function of temperature in Fig. 5.

A. Low temperature

When we compare the low-temperature �T�300 K�
structure for the squalane and C24 monolayers, we notice
three features. First, we find that the b lattice constant of the
C24 monolayer is 4.26 Å at low temperature, while that for
squalane is larger with a value of 5.03 Å. This was expected,
and it reflects the presence of the methyl side groups in the

TABLE II. Determination of the initial parameters for the squalane simulations at 86 K.

na

alatt

�Å� nb

blatt

�Å�
Number of
molecules

Pressure
�Pa�

Intermolecular
energy

�K�

Molecule/
substrate
energy

�K�

Distance
from

surface
�Å�

2 63.96 10 5.113 40 0.0186 −8842 −25 685 3.99
2 63.96 9 5.208 36 0.019 −8531 −26 170 3.94
2 63.96 8 5.326 32 −0.0109 −8276 −26 523 3.91
2 63.96 11 5.423 44 −0.0265 −8172 −26 511 3.92
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squalane molecule. The lattice constant of the C24 mono-
layer is commensurate with the graphite basal-plane surface,
indicating that the corrugation of the molecule-surface hold-
ing potential is important for the formation of the crystalline
monolayer structure. On the other hand, the squalane mono-
layer b lattice constant is incommensurate with the graphite
surface so the effect of the corrugation in the holding poten-
tial is less certain.

Second, there seems to be a phase transition below a
temperature of 230 K in both monolayers, as seen by a
marked decrease in the coherence length on heating and a
change in the coefficient of thermal expansion in the b di-
rection. The drop in the coherence length implies a less or-

dered structure; for C24, we concluded that there was a tran-
sition from a crystalline to a smectic phase.17 A similar
transition also seems to occur in the squalane monolayer. We
see in Fig. 5�a� a change in the slope of the lattice parameter
versus temperature curve at around 200 K. There is also a
large decrease in the monolayer coherence length in the tem-
perature range of 200–230 K. We interpret this behavior as
indicating a transition from a crystalline phase with short-
range translational order to a smectic phase at �210 K.

Third, we find a smaller coherence length of the

FIG. 4. Neutron diffraction patterns from a 0.96-layer deuterated squalane
film adsorbed on Grafoil: �a� below room temperature �from Ref. 16� and �b�
above room temperature. The solid curves are fits to the patterns using a
Gaussian line shape, as described in the text. Error bars are not shown for
clarity but are commensurate with the indicated scatter in the data points.

FIG. 5. The b lattice constant and coherence length Lb as function of tem-
perature for the 0.96-layer deuterated squalane film adsorbed on Grafoil: �a�
below room temperature and �b� above room temperature. Error bars are not
shown but are commensurate with the indicated scatter in the data points.
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squalane monolayer at each temperature compared to a C24
monolayer.17 This clearly indicates that there is less transla-
tional order than in the C24 film.

The MD simulations have been used to investigate the
reasons for the observed differences and similarities in struc-
ture between the two monolayers. We have performed simu-
lations at a series of temperatures beginning at 86 K and
calculated the structure factor of the squalane system for di-
rect comparison with the observed diffraction patterns.

We begin by discussing the reason for the squalane sys-
tem having less translational order than the C24 monolayer.
We find that the squalane molecule becomes distorted from
its ground state conformation when adsorbed on the graphite
surface. This is evident from the snapshot of the simulation
cell at low temperature. In Fig. 6�a�, we see a top-down view
of the equilibrated system at 86 K where the molecules are
arranged in lamellae. Except for a few gauche defects at the
ends of the chains, all of the 21 dihedral torsion angles cor-
respond to a trans conformation. The distortion of the mol-
ecules becomes clear in a side view, as shown in Fig. 6�b�.
To make it possible to distinguish all molecules, we have
displaced them along the ordinate axis; i.e., the molecule at
the top in the first column of molecules in Fig. 6�b� is iden-
tical to the molecule at the corresponding position in Fig.
6�a� and so on. From Fig. 1�b�, it is clear that three of the
methyl side groups point downwards towards the surface
when the molecule is in its ground state with the plane of the
carbon skeleton parallel to the surface; however, in none of
the molecules in Fig. 6�b� do we see a methyl group pointing
downwards. Thus, when the molecules adsorb on the graph-
ite surface, they are distorted mainly by changes in the dihe-
dral torsion angles to make all methyl groups point away
from the surface. In addition, for C24, we found that the
carbon atoms were at an average distance of 3.56 Å above
the surface; based on the ground state molecular configura-
tion in Fig. 1, we had expected to find the plane of the carbon
backbone in squalane at a height of about 4.3 Å above the
surface. However, the simulations showed after equilibration
that the height of the squalane molecule was about 3.92 Å.
These features indicate sufficient flexibility in the torsion
angles for the molecule-substrate interaction to distort the
squalane molecule. We suggest that this distortion affects the
close packing of the molecules, reducing the coherence
length of the crystalline monolayer as observed in the experi-
ments.

In simulations of a C24 monolayer we have not been
able to reproduce the crystalline-to-smectic phase transition
observed at about 215 K. Since the neutron diffraction pat-
terns indicate a transition from a structure that is incommen-
surate with the graphite surface to one which is commensu-
rate upon cooling, it is reasonable to assume that the
corrugation in the holding potential drives the transition. We
concluded that the united atom model of the molecules is
inadequate for simulating this transition since it may under-
estimate the corrugation of the potential. An all-atom model
may be better able to simulate the transition, since the meth-
ylene and methyl hydrogen atoms fit almost perfectly into
the hexagons of carbon atoms on the graphite basal-plane
surface.17,22 This should enhance the effect of the corrugation
in the potential considerably.

We have also been unable to simulate a crystalline-to-
smectic transition in the squalane monolayer, although in this
case the crystalline phase inferred from the diffraction pat-
tern is incommensurate with the graphite surface. The simu-
lations yield some features that may be related to such a
transition. For example, when we look at the average poten-
tial energy and average end-to-end distance of the molecules
in Fig. 7, there are some very weak features that may be
related to an incipient transition around 220 K. There is also
a much more dramatic feature in the molecular structure
around that temperature when we examine the dihedral tor-
sion angles associated with the methyl groups S1–S6. The
plots in Fig. 8 show the percentage of each of the dihedral
torsion angles that have a left or a right gauche form for four
different temperatures. We note that at each temperature all
21 dihedral torsion angles along the chains are in the trans
conformation except for a few gauche bonds near the chain
ends, whereas the dihedral torsion angles associated with the
S1–S6 methyl groups exhibit a different behavior. At 86 K,
we see that for each pair of torsion angles associated with
one of the side groups S2–S5, one angle is in a left form and
the other in a right form. The torsion angles associated with
the end side groups S1 and S6 are both in the right form. At
210 K, the picture is much the same, but at 235 K, it changes
dramatically. There is now a much different ratio of the left/
right gauche forms associated with the side groups. Further

FIG. 6. �a� Top view of the simulation cell for the squalane monolayer after
equilibration at 86 K. �b� Side view of the individual molecules in the snap-
shot in �a�. The molecules in �b� have been displaced along z �normal to the
surface� in order to be able to distinguish them; for example, the fifth mol-
ecule from the top in the second column of molecules in �b� is identical to
the fifth molecule from the top in the second column in �a�.

FIG. 7. Average intermolecular potential energy and end-to-end distance of
the molecules as function of temperature as calculated from the MD simu-
lations of a squalane monolayer. No quantitative uncertainty analysis was
performed, but the calculated data points are based on MD simulation re-
sults with a standard deviation of the total energy on the 1% level.
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heating to 250 K nearly restores the left/right ratio of the
gauche forms to what it was at low temperature.

As in the C24 monolayer simulations, we characterize
the low-temperature phase in the MD simulations of the
squalane monolayer as “smecticlike.” As can be seen from
the snapshots in Fig. 6�a� at 86 K and in Fig. 9 at 300 K, the
molecules arrange in lamellae but with translational disorder
within the lamellae that increases with heating. This picture
is supported by the velocity autocorrelation functions Vx, Vy,
Vz, for motion of the molecules in the x, y, and z directions,
respectively. They are shown in Fig. 10 at a temperature of
215 K just above the crystalline-to-smectic transition tem-
perature inferred by neutron diffraction �see Fig. 5� and at
260 K well into the smectic phase. In the z direction, the
molecules perform a bouncing motion on the surface, as in-
dicated by the damped oscillatory behavior of the velocity
correlation function. In the y direction, the molecules bounce
toward and away from each other, resulting in an oscillatory
behavior that is more strongly damped than that in the z
direction. The motion along x differs from the other two

directions and is consistent with a sliding motion of the mol-
ecules parallel to their long axis. It looks similar to a diffu-
sive motion with an exponential decay of the velocity corre-
lation function at small times. Only at longer times at 215 K
do we see the effect of a restoring force that causes an oscil-
latory behavior to begin. Had the molecules been in a crys-
talline phase, the correlation functions along x and y would
have been similar.

B. High temperature

Both neutron diffraction measurements and MD simula-
tions of a C24 monolayer are consistent with a transition
from a smecticlike phase to an isotropic fluid phase at about
340 K.15,17 It was more difficult to locate such a transition
for the squalane monolayer because of the broad diffraction
peaks observed in the smectic phase, as shown in Fig. 4�b�.
Our MD simulations are more sensitive to the smectic-to-
fluid transition. As we did for the C24 monolayer, we used
the intermolecular potential energy and the end-to-end dis-
tance of the molecules to locate the transition temperature.
This is shown in Fig. 7. There is a steep increase in the
potential energy at around 325–330 K and an abrupt drop in
the end-to-end distance of the molecules. This conclusion is
confirmed by the snapshots of the simulation cell in Fig. 9.
We see that the system still has the lamellar structure at
300 K, characteristic of the smectic phase, whereas the
lamellae have disappeared at 325 K, consistent with an iso-
tropic fluid.

When we look at the neutron diffraction patterns of the
squalane monolayer in Fig. 5, we see a small kink in the b
lattice constant in the temperature range of 325–330 K.
Comparing with the results of the MD simulations, we may
interpret this behavior as the melting signature of the
squalane smectic monolayer phase. The uncertainties in the

FIG. 8. The percentage of the dihedral torsion angles that are in a left or a right gauche conformation �see text� at various temperatures as calculated from
the MD simulation of a squalane monolayer.

FIG. 9. Top view of the squalane monolayer simulation cell at 300 K, 25 K
below the melting point, and at 325 K, the melting point.
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widths of the diffraction peaks make it difficult to extract
more information about the melting transition. We note,
though, that the MD simulations accurately predicted the
melting temperature for the C24 monolayer.15,17

We also calculated the structure factors for the squalane
monolayer as a function of temperature for direct compari-
son with the neutron diffraction patterns. The 2D powder
averaged structure factors are shown in Fig. 11 in the same
wave vector transfer range as in the experiments, and they
are seen to be similar to the experimental patterns.

The abrupt drop in the end-to-end distance of the
squalane molecule at the melting temperature as found in
simulations of a C24 monolayer17 indicates a similar melting
mechanism in the two monolayers as well as for dotriacon-
tane �C32H64�.

15 This is further supported by the plot in Fig.
12, where we have shown for a squalane monolayer the per-
centage of each of the 21 dihedral torsion angles along the
chain that are in a gauche conformation as function of tem-
perature. Below the melting transition, there are only few
gauche defects. At 300 K, i.e., 25 K below the squalane
monolayer melting point, we see in Fig. 12 that the number
of gauche defects begins to increase with most of them lo-
cated at the chain ends. When the number of gauche defects
reaches a sufficiently high level, the chain collapses to a
more globular shape �chain melting�, which drives the lattice
melting. At the same time, we also observe in the simulations

�not shown in Fig. 12� a drop in the percentage of gauche
conformations for the dihedral torsion angles associated with
the S1–S6 side groups. This means that several of those
bonds will be in a trans conformation in the melted chains.

V. DISCUSSION AND CONCLUSIONS

Recently, Fuhrmann and Graham23 have used inelastic
He atom scattering to determine the frequency of the mo-
lecular bouncing mode �S mode� as function of temperature
for C24 and squalane adsorbed on a Pt�111� surface. They
found a drop in the S-mode frequency over a relatively nar-
row temperature range, 200–250 K. Furthermore, they at-
tributed this decrease on heating to a reduction in the
molecule-substrate force constant as gauche defects are

FIG. 10. Center-of-mass velocity correlation functions calculated from the
MD simulations of a squalane monolayer for motion in the x direction, Vx

�parallel to the long axis of the molecules�, in the y direction, Vy �perpen-
dicular to the long axis of the molecules�, and in the z direction, Vz �normal
to the surface for the bouncing mode of the molecules�. No quantitative
uncertainty analysis was performed, but the calculated data points are based
on MD simulation results with a standard deviation of the total energy on
the 1% level.

FIG. 11. The 2D powder averaged structure factor of the squalane mono-
layer as function of temperature as calculated from the MD simulations. No
quantitative uncertainty analysis was performed, but the calculated data
points are based on MD simulation results with a standard deviation of the
total energy on the 1% level.

FIG. 12. The percentage of each of the 21 dihedral torsion angles along the
chain that are in a gauche conformation as calculated from the MD simula-
tions of a squalane monolayer. No quantitative uncertainty analysis was
performed, but the calculated data points are based on MD simulation re-
sults with a standard deviation of the total energy on the 1% level.
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formed in a molecule and parts of it increase their height
above the surface. Since the drop in frequency is smaller for
squalane than that for C24 molecules, the authors concluded
that the ends of the squalane molecules are significantly
stiffer than the ends of the C24 molecules due to the mol-
ecule’s methyl side groups. There is, however, no evidence
of this in our simulations. The distribution of gauche defects
along the backbone as a function of temperature is very simi-
lar for the two molecules �see Fig. 12 and the corresponding
Fig. 4 in Ref. 15�. We note that since the percentage of
gauche defects depends sensitively on proximity to the melt-
ing transition, it is important to compare gauche defect dis-
tributions at the same temperatures relative to the monolayer
melting point, 340 K �C24� and 325 K �squalane�.

Moreover, we argue that the geometry of the squalane
molecule does not allow conclusions about the stiffness of
the chain ends based on measurements of the S-mode fre-
quency. As can be seen in Fig. 2, when the dihedral torsion
angles at the ends, numbered 1 and 21, change from a trans
to a gauche conformation, the dihedral torsion angles asso-
ciated with side groups S1 and S6 simultaneously change
from gauche to trans. In other words, the S1 and S6 methyl
side groups now become terminal methyl groups, while ter-
minal groups become side groups. Thus, the initial and final
molecular conformations are indistinguishable in a measure-
ment of the S-mode frequency. This is also evident in Fig. 8
where we see that the percentage of gauche dihedral torsion
angles at the ends of the molecules sums to 100%; e.g., at
250 K, 60% of the dihedral torsion angles associated with
side group S1 are in the gauche conformation �a decrease in
40% from the initial state� and 40% of the terminal methyl
groups are gauche �an increase in 40% from the initial state�.
A more detailed understanding of the helium scattering ex-
periments will require MD simulations of both molecules
adsorbed on the Pt�111� surface rather than the graphite sub-
strate considered here.

Our neutron diffraction experiments are consistent with
monolayers of both squalane and C24 molecules forming a
crystalline structure at low temperatures with a two-molecule
rectangular-centered unit cell. Both films undergo a phase
transition from the crystalline phase to a smectic crystalline
phase at nearly the same temperature, �215 K. In the smec-
tic phase, the molecules are arranged in lamellae and have a
common orientation but with some translational disorder
within the lamellae. Our MD simulations do not reproduce
this transition in the squalane monolayer except for some
conformational changes associated with the side groups just
below its melting point, which may indicate an incipient
phase transition. We suggest that the corrugation in the hold-
ing potential may play a role both in this transition and in the
distortion of the squalane molecule. Thus, it would be desir-
able to investigate the monolayer structure more carefully in
an all-atom simulation that may give a better representation
of the corrugation in the holding potential.

It is significant that at all temperatures the width of the
diffraction peaks observed from the squalane monolayer is
larger than that for the C24 monolayer, implying that the
squalane monolayer has a shorter-range translational order.
The MD simulations provide an explanation for this. Upon

adsorption on graphite, the interaction with the basal-plane
surface is strong enough to distort the molecule from its
ground state by internal rotations such that all six methyl
side groups point away from the surface. Without this distor-
tion, three of the methyl groups would point down towards
the surface, causing the height of the molecule to increase.
The molecular distortion, despite decreasing their height,
does not allow the molecules to pack as easily. This results in
a shorter coherence length in the monolayer and conse-
quently broader diffraction peaks. A calculation of the 2D
averaged structure factor from the squalane monolayer simu-
lations shows a great similarity to the observed diffraction
patterns.

Both neutron diffraction measurements and MD simula-
tions have shown that the smectic monolayer phase of C24
melts at 340 K.17 Because of its broad diffraction peaks, it
was difficult to determine the smectic-to-fluid transition tem-
perature for the squalane monolayer from the diffraction data
alone; however, the MD simulations clearly showed that the
structure melts at about 325 K. At that temperature, there is a
small step in the measured b lattice constant that may be
interpreted as the signature of melting; however, without the
MD results, it would be difficult to interpret this feature.
There also seems to be a change in the temperature depen-
dence of the monolayer coherence length near 325 K; how-
ever, again it is difficult to use this behavior to locate the
monolayer melting point.

Our MD simulations show the same “footprint reduc-
tion” mechanism for the melting of the squalane and C24
monolayers.15,24 The introduction of gauche defects near the
center of the molecules results in their “chain melting.” This
gives the molecules a more globular shape and reduces their
footprint on the surface. In this way, vacancies are created
within the monolayers, thereby driving the lattice melting.

The almost identical melting points of the smectic
phases for C24 �340 K� and squalane �325 K� monolayers
implies a much greater role of the surface in stabilizing the
squalane monolayer because its bulk melting point is only
234 K compared with 322 K for C24. As discussed in the
Introduction, the lower bulk melting point of squalane makes
it a better lubricant at room temperature. However, this large
difference in melting temperatures does not occur for ad-
sorbed monolayers.15,24 Thus, we do not expect any signifi-
cant difference in their lubrication properties in situations
where molecularly thin layers are involved.
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