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Molecular dynamics (MD) simulations and neutron diffraction experiments have been performed on
n-dotriacontane {-C;;Dgs) monolayers adsorbed on a graphite basal-plane surface. The diffraction
experiments show little change in the crystalline monolayer structure up to a temperatas®K
above which a large thermal expansion and decrease in coherence length occurs. The MD simulations
provide evidence that this behavior is due to a phase transition in the monolayer in which intramolecular
and translational order are lost simultaneously. This melting transition is qualitatively similar to the
gel-to-fluid transition found in bilayer lipid membranes.

PACS numbers: 68.35.Bs, 61.12.—q, 64.70.—p, 87.16.—-b

Intermediate-length n-alkane  molecules [CH  they order, at room temperature, in the incommensurate
(CH,),—2CH3;20 < n < 40] adsorbed on solid sub- rectangular-centered structure on the graphite (0001) sur-
strates are of interest as prototypical systems for théace shown in Fig. 1(a) in which each of the two sub-
interfacial behavior of more complex polymers [1-3] lattices forms rows of parallel molecules, the so-called
and, in their own right, as model systems for studies ofamellae. Both molecules in the unit cell are in thans
lubrication [4]. Considerable progress has been madeonformation and are oriented with their carbon skeletal
over the last 30 years in thermodynamic studies of thesplane parallel to the graphite surface. We refer to this
films [5,6]; and, more recently, in determining their structure as the “low-density” phase.
structure by scanning tunneling microscopy [7,8] and The diffraction experiments [10,17] have also shown
diffraction techniques [9,10]. In contrast, the interfacialthat, if the same monolayer is deposited from an
dynamics of these prototypical molecules is less welli-heptane solution(n-C;D¢), a denser structure is
understood [11,12]. To begin such studies, we havdéormed commensurate with the graphite basal plane. In
undertaken investigations by both molecular dynamicghis “high-density” phase, the monolayer contracts in a
(MD) simulations and neutron diffraction of the tempera-direction parallel to the lamellae boundaries to a lattice
ture dependence of their monolayer structure and meltingonstantb = 4.26 A, and alternate molecules along this
transition. direction reorient so that their carbon skeletal plane is

Here we report some of our MD and neutron diffrac- perpendicular to the surface as shown in Fig. 1(b) [18].
tion results on the melting behavior afdotriacontane
(n-CsyHgs hereafter referred to as C32) andetracosane
(n-Cy4Hso or C24) adsorbed on a graphite substrate. We @
propose that these monolayers melt via the same “footprint | a |

reduction” mechanism found for shorter alkane monolay- |b} WHM AAAAAAAAAAAAAAET S ST TS E T TR T v )
AAARARAARARRERAARNDN

ers [13] whereby molecular motion perpendicular to the ad- AAAAAAAAAAARAAAS YV
sorbing surface creates vacancies in the monolayer which ) PRI
allow translational and rotational disorder to develop. We
find, though, a new feature in the monolayer melting of
these longer alkanes. The footprint reduction mechanism ()
operative at melting involves a collective structural col-
lapse of the molecules from a linear to a more globular
shape. Thus the monolayer melting transition is qualita-
tively similar to the well-known gel-to-fluid transition in
bilayer lipid membranes [14—16] in which intrachain and
lattice melting occur simultaneously. FIG. 1. Unit cells of n-C3;,Dss monolayers adsorbed on
Before describing these melting studies, we summarizéhe graphite (0001) surface at room temperature: (a) vapor-
what is known about the solid structure of these filmsdeposited monolayer and (b) solution-deposited monolayer in

. . . which the molecules have alternating parallel and perpendicular
from recent neutron diffraction experiments on completelyianiations within a lamella. The honeycomb network in (b)

deuterated monolayers of C32 [10] and C24 [17]. Whens used to depict registry of the monolayer with the underlying
these monolayers are deposited from the vapor phasgraphite basal-plane surface.
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To investigate the melting behavior of the low-density
phase of both the C24 and C32 monolayers, we have mea-
sured their diffraction patterns as a function of tempera-
ture as shown for C32 in Fig. 2(a). The patterns were
obtained at the Missouri University Research Reactor by
the same method as described in Ref. [10]. Sample prepa-
ration techniques have been discussed in detail elsewhere
[19]. The dominant feature in the diffraction patterns
is the (11) Bragg peak whose position and width allow
monitoring of the thermal expansion and coherence length
of the monolayer in the b direction.

The patterns for the C32 monolayer in Fig. 2(a) show
only a smal shift of the (11) pesk to lower wave
vector transfer Q up to a temperature of about 350 K,
indicating a dlight therma expansion. However, above
this temperature, there is a much larger expansion and
the peak broadens greatly. The diffraction patterns of the
C24 monolayer (not shown) indicate a similar temperature
dependence except that the large thermal expansion and
peak broadening begins at about 340 K. This behavior is
seen more easily in Fig. 2(b) which shows the temperature
dependence of the coherence length in the b direction,
L,, and the b lattice constant obtained by fitting the
diffraction patterns as in Ref. [10]. Note that L, is
inversely proportional to the leading half width at half
maximum of the (11) peak.

In order to interpret microscopicaly the temperature
dependence of the diffraction patterns, we have performed
extensive MD simulations of both the low- and high-
density phases of monolayer C32 by a method similar to
that used in our previous simulations of n-butane (n = 4)
and n-hexane (n = 6) monolayers on graphite [13,20].
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FIG. 2. (a) Temperature dependence of the (11) Bragg peak in
neutron diffraction patterns from a vapor-deposited monolayer
of n-C3;D¢¢ On a Grafoil substrate. The solid curves are guides
to the eye, and the dashed vertical provides a fiducia line
for gauging the peak shift. (b) Temperature dependence of
the coherence length in the b direction (top panel) and lattice
constant b (lower panel) for the n-Cs,Dg monolayer (squares)
and n-CyDsy monolayer (triangles).

This method employs a canonical sampling scheme
(constant volume, temperature, and a fixed number of
molecules). The alkane molecules are represented by a
unified atom model in which the methyl and methylene
groups are replaced by pseudoatoms of their respective
masses at the carbon atom position, and the pseudoatom
separation is constrained to the C-C bond length of
153 A. Molecular flexibility is retained by alowing
dihedral torsional motion about the C-C bond as well as
the C-C-C angle-bending motion. We used the same
intermolecular and intramolecular potentials as previously
[13,20] except for the atom-substrate potential where we
have substituted the parameters of Velasco and Peters
[21]. Their simulations gave better agreement with the
melting temperatures observed for butane and hexane
monolayers [22].

Of particular concern in the computations is the choice
of the simulation cell dimensions. For melting studies it
is important that the simulations accurately reproduce the
monolayer spreading pressure and lattice constants. Fur-
thermore, the simulation cell must retain the translational
symmetry of the graphite basal plane. To satisfy these
requirements with a simulation cell size small enough to
permit feasible computation times, we have assumed that
the incommensurate low-density structure corresponds to
an unconstrained film with zero spreading pressure at low
temperature. The simulation cell for the C32 monolayer
contains 32 molecules which, in the initial configuration,
are oriented as shown in Fig. 1(a). Most of the data re-
ported below are from an 800—1000 ps time block when
the system appears to be equilibrated. Close to the melt-
ing transition, where equilibration times are longer, the
simulation times are typically 1500—2000 ps. The simu-
lation of the low-density C32 system at 20 K and zero
spreading pressure equilibrated with nearly all molecules
in their initial configuration.

To characterize the system at higher temperatures, it
is helpful to consider the intermolecular and intramol ecu-
lar potential energies per molecule plotted in Fig. 3. The
intermolecular potential, Eiy.:, IS the pairwise interac-
tion energy between pseudoatoms in different molecules
summed up to a cutoff length of 10 A, while the in-
tramolecular potential, Viy.a, 1S the sum of the bond-angle
and dihedral-torsion energies within al of the molecules.
Vinra takes on its minimum value in the ordered state
when all dihedral bonds are in the trans configuration and
increases as disorder in the form of gauche defects ap-
pears in the chains.

In Fig. 3, we see that both the intermolecular and
intramolecular energies have an inflection point at the
same temperature of ~350 K in good agreement with the
onset temperature for the large thermal expansion and loss
of coherence observed in the diffraction experiment. We
interpret this behavior as resulting from the simultaneous
appearance of both intermolecular and intramolecular
disorder at the melting point of the C32 monolayer.
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FIG. 3. Temperature dependence of the intermolecular (Eiycer,
filled circles) and intramolecular (Vin.., Open circles) potential
energies per molecule as defined in the text and calculated from
the MD simulations of the low-density C32 monolayer phase.

In support of this interpretation, we have aso calcu-
lated from the simulations the probability that each of the
29 dihedral bonds in a C32 molecule is in a gauche con-
formation. The results are shown in Fig. 4(a). We see
that the distributions have a similar form at all tempera-
tures characterized by a plateau of arelatively small level
of defects in the middle of a molecule with a higher num-
ber of defects toward its ends. Moreover, the height of
the plateau in the defect distribution increases much more
rapidly in the temperature range 325 to 375 K than it does
either above or below this range so that the distribution at
350 K appears separated from the others. The MD simu-
lations also show a rapid decrease in the average end-to-
end distance of the molecules in this temperature range.
Thus we identify a transition point at ~350 K between a
low-temperature phase in which there is arelatively small
number of chain defects and a high-temperature phase in
which there is a high level of defects. The fact that this
transition occurs at the same temperature as the inflection
point in Ej., is consistent with our interpretation that in-
tramolecular and trandational order arelost simultaneously
inthe monolayer. The MD simulations of the high-density
C32 monolayer phase give qualitatively the same results as
those described above for the low-density system but with
alower melting point of 325 K.

The distribution of gauche defects within the molecule
and the C32 monolayer melting transition have an inter-
esting analog in systems of lipid molecules forming bi-
layer membranes. These membrane-forming molecules
consist of a large ionic hydrophilic headgroup with two
alkane chains of typically 12—18 carbon atoms depending
on the molecule. In a bilayer membrane, the headgroups
are located at its two outer surfaces with the alkane chains
meeting in the hydrophobic membrane interior. At low
temperature, the axes of the alkane chains are aligned per-
pendicular to the plane of the membrane with most of the
dihedral bonds in the trans configuration. The chain axes
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FIG. 4. (a) Temperature dependence of the distribution of
gauche defects along the C32 chains in the low-density phase;
(b) distribution of gauche defects aong the akane chains
in the bilayer-lipid membrane dimyristoyl phosphatidylcholine
(DMPC) at low temperatures from Ref. [16]. The gel-to-fluid
transition is at 296 K.

are typically arranged in a hexagonal pattern forming the
so-called gel phase.

Upon heating, the gel phase is known to undergo atran-
sition to an isotropic fluid in which the hexagonal lat-
tice order is lost ssimultaneously with the intrachain order.
Disorder within the chains can be described by a charac-
teristic distribution of gauche defects along their length
as shown at two temperatures in Fig. 4(b) for a bilayer
membrane of the lipid dimyristoyl phosphatidylcholine
(DMPC). This molecule has 14 carbon atoms in its
alkane chains [16], and the probability of a gauche defect
at each C-C bond has been determined experimentally by
NMR using a method originally developed by Seelig and
Seelig [14,15]. Since the method relies on the dynamic
exchange between trans and gauche states, the distribu-
tion can be measured only in the fluid phase of the mem-
brane where this exchange is sufficiently rapid.

If we cut the distributions of gauche defects shown in
Fig. 4(a) at the midpoint of the C32 molecule to break the
symmetry absent in the membrane-forming molecule, then
the distributions can be compared with those of the DMPC
chains in Fig. 4(b). Despite the quditatively different
structure of the C32 monolayer and the DMPC hilayer, the
gauche defect distributions in the high-temperature C32
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monolayer phase and the DMPC fluid are qualitatively
similar. We conclude that in both systems a collective
transition is occurring in which both intrachain and lattice
order are lost.

The MD simulations on C24 and C32 monolayers to-
gether with those of shorter akanes on a graphite sur-
face provide additiona evidence that the rapid increase
in gauche defects within the molecules is not occurring
simply as aresult of the thermal expansion which accom-
panies the monolayer melting. Simulations of a hexane
monolayer (n-C¢H4) aso showed gauche defects appear-
ing in the molecules below the melting transition at 175 K
[13,20]. Furthermore, we could demonstrate their role in
driving the melting transition by tripling the height of in-
tramolecular trans-gauche energy barrier so that no gauche
defects could be formed. This resulted in an increase in
the monolayer melting point by ~75 K. We expect asimi-
lar behavior to occur in monolayers of the longer C24 and
C32 molecules and have therefore not checked this ex-
plicitly. Instead, we conducted another test to determine
whether lattice melting is driving the generation of gauche
defects. In a simulation at 400 K, all intermolecular
interactions were switched off while still including the
holding potential of the C32 molecules on the graphite sub-
strate. This yielded a qualitatively different shape of the
gauche defect distribution from those in Fig. 4(a). The
fraction of gauche bonds was nearly constant throughout
the length of the molecule and at a lower level of ~10%
compared to a plateau of ~30% in the central region of
the molecules found with the intermolecular interaction
present. If gauche defectswere appearing in the molecules
due to expansion of the lattice in the high-temperature
fluid phase, we would have expected their number to in-
crease rather than decrease in a simulation of noninteract-
ing molecules.

In summary, we have found evidence of a phase tran-
sition in monolayers of intermediate-length alkane chains
adsorbed on a graphite surface which exhibits a chain-
melting transition in conjunction with lattice melting
similar to that found in bilayer lipid membranes. Assim-
pler systems consisting of a single layer of molecules
without headgroups, the alkane monolayers facilitate a
more detailed study of the dynamics through the melting
transition both experimentally and by MD simulation. In
particular, quasielastic neutron scattering experiments are
now in progress for comparison with the simulations.
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