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Quasielastic neutron scattering experiments and molecular dynamics~MD! simulations have been
used to investigate molecular diffusive motion near the melting transition of monolayers of flexible
rod-shaped molecules. The experiments were conducted on butane and hexane monolayers adsorbed
on an exfoliated graphite substrate. For butane, quasielastic scattering broader than the experimental
energy resolution width of 70meV appears abruptly at the monolayer melting point ofTm

5116 K, whereas, for the hexane monolayer, it appears 20 K below the melting transition (Tm

5170 K). To facilitate comparison with experiment, quasielastic spectra calculated from the MD
simulations were analyzed using the same models and fitting algorithms as for the neutron spectra.
This combination of techniques gives a microscopic picture of the melting process in these two
monolayers which is consistent with earlier neutron diffraction experiments. Butane melts abruptly
to a liquid phase where the molecules in thetransconformation translationally diffuse while rotating
about their center of mass. In the case of the hexane monolayer, the MD simulations show that the
appearance of quasielastic scattering belowTm coincides with transformation of some molecules
from trans to gaucheconformations. Furthermore, ifgauchemolecules are prevented from forming
in the simulation, the calculated incoherent scattering function contains no quasielastic component
belowTm . Modeling of both the neutron and simulated hexane monolayer spectra belowTm favors
a plastic phase in which there is nearly isotropic rotational diffusion of thegauchemolecules about
their center of mass, but no translational diffusion. The elastic scattering observed aboveTm is
consistent with the coexistence of solid monolayer clusters with a fluid phase, as predicted by the
simulations. ForT/Tm>1.3, the elastic scattering vanishes from the neutron spectra where the
simulation indicates the presence of a fluid phase alone. The qualitative similarities between the
observed and simulated quasielastic spectra lend support to a previously proposed ‘‘footprint
reduction’’ mechanism of melting in monolayers of flexible, rod-shaped molecules. ©1997
American Institute of Physics.@S0021-9606~97!50237-6#
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I. INTRODUCTION

Previous neutron diffraction experiments and molecu
dynamics~MD! simulations have investigated the meltin
transition in monolayers of flexible rod-shaped molecule1

These studies compared the melting of monolayers c
posed of two different molecules in then-alkane series
@CH3~CH2)n22CH3]: butane (n54) and hexane (n56) ad-
sorbed on the graphite basal-plane surface. The MD sim
tions suggested a general mechanism of ‘‘footprint red
tion’’ driving the melting transition. According to this
mechanism, vacancies are introduced in the monolaye
motion of the adsorbate molecules normal to the grap
surface. These vacancies allow sufficient space on the
face for the molecules to disorder both translationally a
rotationally. In the case of the shorter butane molecule,
footprint reduction is achieved by tilting of the molecul

a!Present address: Solid State Division, Oak Ridge National Laboratory,
Ridge, TN 37831.
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away from the surface, whereas for the longer hexane m
ecule a conformational change occurs in which some m
ecules transform from the lineartransstate to a more globu
lar gauchestate. It was proposed that thistrans–gauche
conformational change, occurring in some of the molecu
below the melting point, initiated the melting process of t
hexane monolayer.

Neutron diffraction experiments have found an orien
tionally ordered, two-sublattice monolayer structure f
butane2,3 and hexane3,4 adsorbed on graphite at low temper
ture. For both monolayers, the rectangular unit cell is co
mensurate with the graphite~0001! surface5 and contains two
molecules with their long axis parallel to the surface a
arranged in a herringbone pattern. In agreement with the
simulations, the butane monolayer diffraction patterns in
cated an abrupt melting transition with little short-ran
translational order above the melting point.4,6,7 In the case of
the hexane monolayer, the simulations predicted coexiste
of the high-temperature liquid phase with small, solid mon
layer clusters~characteristic dimension of<35 Å! having a
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5187Herwig et al.: Melting of butane and hexane in graphite
rectangular-centered~RC! structure.1,8 The position and rela-
tive intensity of broad Bragg peaks present in the neut
diffraction patterns above the melting point1,3,9 were consis-
tent with the RC clusters revealed by the simulations. Th
although the MD simulations predicted a melting point 25
higher than experiment for both the butane and hex
monolayers,10 qualitative features of the diffraction pattern
were consistent with the simulations.

Despite this agreement, some basic features of the f
print reduction mechanism suggested by the simulati
could not be corroborated by the diffraction experiments t
probe the static monolayer structure. In particular, they n
ther provided direct evidence of the tilting of the buta
molecules nor thetrans–gaucheconformational change o
hexane which were believed to initiate the monolayer m
ing process.

In order to learn more about the dynamics of the a
sorbed molecules, particularly near the monolayer melt
point, we have conducted a series of quasielastic neu
scattering experiments on butane and hexane monolayer
sorbed on graphite. In the case of the hexane monolayer
planned to look for evidence in the quasielastic scatter
below the melting point indicative of thetrans–gauchecon-
formational change found in the simulations. Similar me
surements on the plastic phase of bulk butane in the temp
ture range from 110 to 135 K had found a broad quasiela
peak which was interpreted as resulting from conformatio
changes of the butane molecule.11 We were also interested i
comparing the amount of elastic scattering from these
monolayers at temperatures just above their melting po
looking for differences consistent with the presence of
solid RC clusters which the simulations had shown to coe
with the hexane monolayer liquid phase. In this way, qua
elastic scattering could provide a further test of the melt
mechanism which emerged from the MD simulatio
complementary to that provided by the neutron diffracti
experiments.

An essential feature of our approach has been to ge
ate the incoherent scattering functionSinc(Q,v) of the
monolayers from MD simulations and analyze it using t
same models and computer codes used for the neutron s
tra. We are not aware of this approach being applied pr
ously to the study of diffusion in adsorbed monolayers. T
detailed comparison of experiment and simulation leads
description of the monolayer dynamics which is consist
with the footprint reduction mechanism of melting prev
ously suggested for these monolayers.

II. TECHNIQUES

A. Experiment

The quasielastic neutron scattering experiments w
performed on the QENS spectrometer at the Intense Pu
Neutron Source of Argonne National Laboratory. As d
scribed elsewhere,12 this spectrometer has an energy reso
tion width of about 70meV @full width at half maximum
~FWHM!#. It has three separate analyzer-filter-detector
J. Chem. Phys., Vol. 107,
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semblies which move together, allowing data to be collec
at three different wave vector transfersQ simultaneously.

The chemical purity of then-butane andn-hexane used
as supplied13 was 99.5% and 99%, respectively. These m
ecules were fully protonated in order to exploit the lar
incoherent neutron scattering cross section of hydrogen.
estimated that the molecular carbon atoms contribute,3%
of the total quasielastic intensity. For the substrate, we u
a recompressed exfoliated graphite known as Papyex.14 The
sample consisted of a stack of disks, 1.0 cm in diameter
10 cm high, having a mass of 12.9 g, placed in a cylindri
aluminum cell of wall thickness 0.050 cm. The substrate w
prepared as in previous experiments,15 and its surface area
was calibrated by a nitrogen adsorption isotherm at 77 K

For the butane experiment, background spectra from
graphite substrate were collected at room temperature usi
single position of the QENS detector arms denoted as I, c
responding to wave vector transfersQ of 1.22, 1.61, and
2.53 Å21. However, for the hexane experiment, there w
sufficient time to take background spectra at four settings
the QENS detector arms, yielding data at 12Q’s ranging
from 0.57 to 2.53 Å21. The hexane background spectra we
taken at a temperature of 13 K. In all cases, the backgro
spectra were fit to ad-function convoluted with the instru
mental resolution function, and the integrated intensity, c
rected for temperature effects,16 was used as a measure of th
graphite contribution to the elastic scattering.

All of the butane measurements were carried out a
single coverage of 0.88 layers, at which diffraction patte
had previously been obtained.4,6,7 This coverage was suffi
ciently below monolayer completion that there was a ne
gible population of second-layer molecules at the high
temperatures investigated. At this coverage, the but
monolayer structure is partially commensurate with t
graphite basal plane and contains two molecules arrange
a herringbone pattern.2,3,5 The rectangular unit cell has di
mensionsa58.52 Å ~52A3ag whereag is the lattice con-
stant of the graphite basal plane! andb57.68 Å. The major-
ity of the n-butane monolayer data were collected at settin
of the QENS detector arms. Spectra were recorded at
temperatures in the range 13–149 K. At 140 K, a seco
setting of the detector arms was used to obtain spectra atQ’s
of 0.91, 1.87, and 2.40 Å21. These data were close enough
temperature to be combined with those taken at 138 K
position I to yield theQ dependence of the quasielastic sc
tering at a temperature about 22 K above the monola
melting point.

The hexane experiments were performed at a submo
layer coverage of 0.95 layers where neutron,3,4,9x-ray,3,9 and
low-energy electron diffraction17 experiments had shown th
film to have a commensurate rectangular unit cell with latt
constantsa517.04 Å (54A3ag! and b54.92 Å (52ag!.
Like the butane monolayer, the cell contains two molecu
arranged in a herringbone pattern. Quasielastic spectra w
taken at setting I of QENS at nine temperatures in the ra
13 to 270 K. TheQ dependence of the spectra was inves
gated at 13, 160, and 215 K by taking additional spectra
No. 13, 1 October 1997
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5188 Herwig et al.: Melting of butane and hexane in graphite
sevenQ’s in the range 0.57–2.53 Å21 at these temperatures

B. Molecular dynamics simulations

The molecular dynamics~MD! simulation and the poten
tials used have been thoroughly described elsewhere,1 so that
a brief description will suffice here. The MD simulation em
ploys a unified-atom model for each molecule in which t
alkane methylene and methyl groups are replaced
pseudoatoms of mass 14 and 15 amu, respectively.
simulation was done within the NVT ensemble with bo
lengths between neighboring pseudoatoms constraine
their equilibrium distances. All other molecular degrees
freedom have been included, totaling 9 for butane and 13
hexane. The time step in the integration of the equation
motion was 0.002 ps in simulations up to temperatures
;150 K, 0.001 ps up to;250 K, and 0.0006 ps at highe
temperatures. These time steps were found to give an ac
ably small drift in the total energy over the duration of t
simulation.

The simulation box size was chosen to be comparabl
the coherence lengths found for the exfoliated graphite s
strate used in the neutron diffraction and quasielastic sca
ing experiments.6 For the butane system, the simulation b
had dimensions of 63.01 Å368.40 Å, with 128 molecules in
the complete monolayer, while, for the hexane system,
box dimensions were 68.88 Å368.17 Å, with 104 molecules
in the complete monolayer.18 The initial configurations for
the simulations were the low-temperature herringbo
ground states with all molecules in thetrans configuration.1

One of the advantages of the MD approach is the ca
bility of calculating dynamic properties, such as the incoh
ent scattering functionSinc(Q,v), which can be readily com
pared to experimental results. In a typical low-temperat
solid, Sinc(Q,v) exhibits a sharp peak centered at ene
transfer v50, whose integrated intensity has a Deby
Waller dependence onQ. Any diffusive motion of the con-
stituent molecules or atoms broadens this sharp peak.

The first step in the calculation ofSinc(Q,v) is to gen-
erate the incoherent intermediate scattering function, wh
is a time-correlation function defined by

I inc~Q,t !5
1

N (
i 51

N

^exp@ iQ•~r i~ t1t0!2r i~ t0!!#&, ~1!

whereN is the number of atoms in the simulation andr i(t) is
the position vector of atomi at time t. The bracketŝ &
denote a canonical average, here an average over initial t
t0 . The data for calculation ofI inc(Q,t) were generated by
continuing calculations after an initial equilibration period
150–200 ps. Since the neutron scattering experiments w
performed on a polycrystalline substrate, the powder aver
of Eq. ~1! was calculated as

Ī inc~Q,t !5
1

N (
i 51

N K sin@ uQuur i~ t1t0!2r i~ t0!u#
uQuur i~ t1t0!2r i~ t0!u L , ~2!
J. Chem. Phys., Vol. 107,
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with ur i(t1t0)2r i(t0)u computed by the method describe
by Allen and Tildesley.19

From the simulation, we can calculate the powd
averaged incoherent scattering functionSinc(Q,v), defined
as the Fourier transform of the incoherent intermediate s
tering function

Sinc~Q,v!5E
2`

`

eivt Ī inc~Q,t !dt. ~3!

The energy orv resolution ofSinc(Q,v) is determined
by the length of time over which the correlation function
Eq. ~2! is calculated. The choice in these simulations was
reproduce the experimental resolution of 70meV. Accord-
ingly, the incoherent intermediate scattering function h
been determined up to 90 ps with a time interval of 0.75

Sinc(Q,v) was calculated from Eqs.~2! and ~3! for the
butane and hexane simulations at a series of reduced
peraturesT/Tm , covering the range of experimental tem
peratures.Tm is the monolayer melting point which, as note
previously, was 25% higher than the experimental value
both the butane and hexane monolayers.10 Sinc(Q,v) was fit
to a sum of Gaussian and Lorentzian components, repres
ing the elastic and quasielastic scattering, respectively. T
parameterization was used to generate simulated spectr
an energy grid suitable for input to the same codes develo
for analyzing the experimental spectra.

III. MODEL-INDEPENDENT DATA ANALYSIS

Our principal interest was to model the simulated a
experimental quasielastic spectra to determine the natur
the diffusive motion in the butane and hexane monolay
near the melting transition. Before doing so, however, it w
helpful to perform a simpler, model-independent analysis
the simulated and experimental spectra in order to as
how closely they agree, and to reveal any qualitative diff
ences between the quasielastic scattering of the butane
hexane monolayers.

To accomplish this, we consider a scattering law simi
to that used to parameterize the simulated spectra, nam
the sum of elastic and quasielastic components represe
by a d-function and a single Lorentzian, respectively,

S~Q,v!5Ad~v!1
B

p S G

G21v2D , ~4!

whereG is the half width at half maximum of the Lorentzian
In the case of the simulated spectra, thed-function compo-
nent was replaced by a Gaussian. To fit the scattering law
Eq. ~4! to the neutron quasielastic spectra, we must fold
with the QENS instrumental resolution function.12 The qual-
ity of the fit so obtained is illustrated in Fig. 1 for the spe
trum observed from 0.88 layers of butane adsorbed
Papyex atQ51.61 Å21 and a temperature of 149 K. Th
dotted and dashed curves are thed-function and Lorentzian
components of this best fit folded with the instrumental re
lution function.

It is useful to begin the analysis by simply assessing
amount of elastic scattering in the spectra as a function
No. 13, 1 October 1997
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5189Herwig et al.: Melting of butane and hexane in graphite
temperature. In Fig. 2, we have plotted for both the buta
and hexane monolayers the temperature dependence o
ratio R of the integrated intensity of thed-function compo-
nent of the quasielastic scattering~after subtraction of the
graphite substrate contribution! to the total integrated inten

FIG. 1. Typical quasielastic spectrum from a butane monolayer at 14
and a wave vector transferQ51.61 Å21. The solid curve is the best fit to
Eq. ~4!, the dotted curve is thed-function component convoluted with th
instrumental resolution function, and the dashed curve is the Lorent
component convoluted with the resolution function. At this temperature
monolayer is a liquid, so all the butane scattering is contained in the Lor
zian component. Thed-function component is due solely to elastic scatteri
from the graphite substrate.

FIG. 2. The intensity ratioR of the elastic to the total scattering for th
monolayers atQ51.61 Å21: ~a! butane and~b! hexane. The horizontal axis
is the reduced temperatureT/Tm , whereTm is the monolayer melting point
Open circles are the neutron scattering results, while the filled triangles
determined from the molecular dynamics simulations. The solid curves
fits of Eq. ~5! to the neutron data.
J. Chem. Phys., Vol. 107,
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the

sity. The reduced temperatureT/Tm is used on the horizonta
axis. From neutron and x-ray diffraction experiments, t
melting point has been measured to be 116 for butane6,7 and
170 K for hexane.1,3,4,9

The ratioR measures the fraction of the molecules e
hibiting no diffusion on the time scale which the instrume
tal energy resolution allows us to sample i.e., which is ch
acterized by a translational diffusion constant<0.2
31025 cm2/s.20 The constant value ofR51 below Tm in
Fig. 2~a! indicates the absence of diffusive motion below t
butane monolayer melting point, whereas the decreaseR
below the hexane monolayer melting point in Fig. 2~b! indi-
cates an earlier onset of diffusion. This feature of the exp
mental data is reproduced by the quasielastic spectra ge
ated from the MD simulation, as shown by the solid triang
in the plots.

To estimate the melting point and width of the transiti
from the measurement ofR, we have fitted the neutron dat
in Fig. 2 to the form

R5C1
D

expF2 ln 4~T2tm!

W G11

, ~5!

which fits R well and is chosen for convenience. Heretm is
the point of maximum slope andW measures the width o
the transition region as the temperature interval in whichR
lies between values of 0.80 and 0.20~see horizontal arrows
in Fig. 2!. The fits givetm5118 and 172 K for the butane
and hexane monolayers, respectively, in good agreem
with the melting points inferred from the diffraction exper
ments as noted above. The fit to Eq.~5! also shows the melt-
ing transition of the butane monolayer to be more abr
(W57.2 K) than that of hexane (W519 K). It is interesting
to note that, in the case of the hexane monolayer, the qu
elastic spectra appear to give a larger width to the melt
transition than the diffraction experiments. At the same c
erage, the x-ray Bragg peak intensity falls from 90% of
low-temperature value to zero between 165 and 175 K, w
the neutron diffraction pattern changes from one contain
sharp peaks to a smaller number of broad peaks in the s
temperature range.3,9,21

An explanation for this behavior is provided by the M
simulations, which show the presence ofgauchemolecules
in the hexane monolayer belowTm and the coexistence o
RC monolayer clusters with a fluid phase just aboveTm . As
noted in Sec. I, the RC phase has already been found t
consistent with broad-peak structure of the neutron diffr
tion patterns.3,9 Thus, we associate the greater width of t
melting transition inferred from the quasielastic spectra w
both the formation of mobilegauchemolecules belowTm

and the coexistence of the fluid and RC phases aboveTm .
Further support for this interpretation is provided by detai
modeling of the quasielastic spectra described in the follo
ing sections.

Figure 3 shows the temperature dependence of
widths G of the Lorentzian component of Eq.~4! at Q
51.61 Å21, as determined both from the quasielastic ne
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5190 Herwig et al.: Melting of butane and hexane in graphite
tron spectra and the spectra generated from the MD simu
tions. There is qualitative agreement between the experim
and the simulation in the following respects:~1! no broaden-
ing below the melting point is found for the butane mono
layer, while it is present in the case of hexane; and~2! both
monolayers show roughly the same rate of increase in
width of the quasielastic component as the temperature
raised above the melting point.

IV. QUASIELASTIC SCATTERING MODELS

A. Scattering functions

A more detailed picture of the diffusive motion in the
butane and hexane monolayers can be obtained by apply
some standard models used previously to describe molec
diffusion in physisorbed films.22,23 We begin our discussion
by considering the incoherent scattering functions for the
models. The first of these represents a simple model of tra
lational diffusion in which the molecular center of mass e
ecutes random Brownian motion. This model has been u
previously in the analysis of quasielastic neutron scatter
from ethane monolayers adsorbed on graphite,22,23and yields
the following incoherent scattering function:

SB~Qi ,v!5
1

p

DtQi
2

v21~DtQi
2!2 , ~6!

FIG. 3. Results of fitting Eq.~4! to the quasielastic spectra. The half width
at half maximum of the Lorentzian component is plotted versus reduc
temperature atQ51.61 Å21: ~a! butane and~b! hexane. The open circles are
the results from the neutron quasielastic spectra, while the filled triang
were determined from the MD simulations.
J. Chem. Phys., Vol. 107,
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where Qi is the component ofQ parallel to the graphite
surface, andDt is the translational diffusion constant.

We have considered two different models of rotation
diffusion. In the first of these, the molecule rotates abou
single axis. For example, bulk butane has a high-tempera
plastic phase in which the molecules are translationally
dered but rotate about their long axis.24 Such a phase is ap
parently not observed for the butane monolayer, wh
showed no quasielastic scattering belowTm . On the other
hand, evidence of uniaxial rotation has been found below
melting point of two different monolayer phases of the sho
est alkane, ethane@CH3CH3#, adsorbed on graphite. Quas
elastic neutron spectra were consistent with the molecule
tating about the C–C bond in both the herringboneS1 phase
~bond parallel to the surface! as well as the higher-densit
hexagonalS3 phase~bond perpendicular to the surface!.23

We have considered models of uniaxial rotation for t
hexane monolayer in which the molecules rotate either ab
their long axis~the axis with the lowest moment of inertia!
oriented parallel to the surface, or about an axis norma
the surface through the molecular center of mass. The in
herent scattering function for such uniaxial rotation is giv
by25

Suni~Q',v!5(
i 51

N FJ0
2~Q'r i !d~v!

1
2

p (
m51

`

Jm
2 ~Q'r i !

m2Dr

v21~m2Dr !
2G , ~7!

whereQ' is the component ofQ in a plane perpendicular to
the rotation axis, theJm are mth-order Bessel functions o
the first kind,r i is the distance of thei th atom from the axis
of rotation andN is the number of atoms in the molecul
Five terms of the sum overm in Eq. ~7! were retained as
higher-order terms made insignificant contributions over
Q range of the experiment.

The other model of rotational diffusion which we con
sidered was one in which the molecules rotated isotropic
about their center of mass. This model had been app
successfully to diffusion in the ethane monolayer phases
graphite at higher temperatures.22,23 The incoherent scatter
ing function for this model is given by25,26

Siso~Q,v!5(
i 51

N F j 0
2~Qri !d~v!1

1

p (
m51

`

~2m11!

3 j m
2 ~Qri !

m~m11!Dr

v21@m~m11!Dr #
2G , ~8!

where thej m aremth-order spherical Bessel functions andr i

is the distance of thei th atom from the center of mass of th
molecule. The sum overm was terminated at the sixth term
as higher-order contributions were negligible over theQ
range of the experiment. In this model, thei th atom moves
on the surface of a sphere of radiusr i whose center is at the
molecular center of mass. For comparison with the neut
quasielastic spectra, only the H-atom radii are includ
while in the case of the simulated spectra, the radii are ta
as the distance of the pseudoatoms from the molecular ce

d

s
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5191Herwig et al.: Melting of butane and hexane in graphite
of mass. The butane molecule was assumed to be in thetrans
conformation. Two different conformations of the hexa
molecule were considered: one in which the molecules w
trans and the other in which they had a single, termin
gauchedefect. Conformations with more than onegauche
defect were ignored, both for the sake of simplicity and b
cause the MD simulations had indicated them to be l
probable below the hexane monolayer melting point.

We analyzed the quasielastic scattering of the butane
hexane monolayers above their melting point, assumin
combination of rotational and translational diffusion. To sim
plify the analysis, the translational and rotational motions
the molecules were assumed to be independent. In this
proximation, the intermediate scattering function Eq.~1! is a
product of a center-of-mass translational term and one
resenting rotation about the molecular center of mass.
corresponding incoherent scattering function can then
written as a convolution of translational and rotation
terms:25,27

Stot~Q,v!5Siso~Q,v! ^ SB~Qi ,v!. ~9!

As was the case below the monolayer melting point, bot
trans conformation and one with a single, terminalgauche
defect were considered for the hexane molecules. Howe
only the trans conformation of butane was used, since t
MD simulations had showngaucheconformers to be absen
in the monolayer at temperatures near the melting point.

B. Implementation

Due to the dependence of the incoherent scattering fu
tions in Eqs.~6!, ~7!, and ~9! on either Qi or Q' , it is
necessary to average the scattering functions over the o
tational distribution of graphite crystallites in our polycry
talline substrate before comparing with the neutron qu
elastic spectra. We letr~g! be the orientational distribution
function, whereg is the angle between the normal to th
scattering plane and a crystallite surface normal so
tang5Q' /Qi . The appropriately averaged scattering la
which we have applied to both the butane and hexane mo
layers above their respective melting points, is then

Savg~Q,v!5E
0

p

r~g!S~Q,v!sing dg, ~10!

whereS(Q,v) is one of the incoherent scattering functio
defined by Eqs.~6!–~9!. Note that to compare Eq.~10! with
Sinc(Q,v) calculated from the simulation, one setsr~g!
equal to a constant, sinceSinc(Q,v) is calculated as an iso
tropic average.

The integration over the orientational distribution in E
~10! was implemented numerically as part of our fitting a
gorithm. As in previous studies,28 we used a two-componen
distribution with 70% of the graphite crystallites oriente
isotropically and 30% having a Gaussian distribution ab
the scattering plane. A full width at half maximum of 30° fo
the Gaussian component was assumed as before.28 We also
considered the effect of altering the crystallite angular dis
bution r~g! on the analysis of the neutron spectra. A pure
isotropic distribution resulted in translational diffusion co
J. Chem. Phys., Vol. 107,
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stantsDt about two times greater than those deduced us
the two-component distribution. We interpret these larg
values as providing an upper bound toDt . As expected,
assuming a purely isotropic distribution made no signific
change in the diffusion constants inferred for isotropic ro
tion about the molecular center of mass. The diffusion c
stants listed in Table I and plotted in Fig. 6 were determin
assuming the two-component distribution.

The computer code used to analyze both the neutron
simulated data was constrained to fit simultaneously
quasielastic spectra at all of theQ’s investigated at each
temperature. The fit could be made to any one of the sca
ing functions given by Eqs.~6!–~9! averaged over the crys
tallite orientation distribution as in Eq.~10!. In fitting the
neutron spectra, the totald-function intensity was allowed to
vary independently for each spectrum. The scattering fr
the graphite substrate was modeled as an additive contr
tion to thed-function component, with its magnitude dete
mined from the measured graphite background corrected
the Debye–Waller factor appropriate to each temperatur16

At the lowest temperatures, the adsorbed molecules c
tribute only to thed-function component of the spectra
However, upon heating, we found a range of temperatu
near the melting point over which only a fractionf m of the
molecules diffuse wheref m is calculated from the intensity
ratio of the quasielastically broadened component to the t
scattering. This fraction is listed in Tables I and II as a fun
tion of temperature for both the neutron and simulated qu
elastic spectra. The residual elastic intensity from the loc
ized molecules follows a Debye–Waller (e2Q2^u2&)
dependence onQ, where the correspondinĝu2& is given in
Tables I and II. Thus near the melting point of the monola
ers, we can think of the adsorbed monolayer as compris
two populations: localized molecules from which there
only elastic scattering, and mobile molecules which contr

TABLE I. Parameters derived from fitting theneutronquasielastic spectra
of the butane and hexane monolayers to a model of translational/isotr
rotational diffusion represented by Eq.~9!. The analysis used the all-trans
geometry of butane while the hexane analysis was performed with a m
ecule having a single terminalgauchedefect as discussed in the text. Whe
the population of localized molecules vanishes (f m51), ^u2& has no sig-
nificance.

T ~K! T/Tm f m ^u2& (Å2) Dt (1025 cm2/s) Dr (109/s)

Butane
106 0.91 0 0.0660.03 0a 0
121 1.04 0.7 0.0660.03 1.0060.05 1.360.4
128 1.10 1.0 ••• 1.2260.06 0.860.1
139 1.20 1.0 ••• 1.7760.12 2.660.5
149 1.28 1.0 ••• 1.760.4 7.962.6

Hexane
150 0.88 0.17 0.0660.03 0a 6.660.7
160 0.94 0.31 0.0660.02 0a 1060.7
170 1.00 0.59 0.0960.03 0 1560.6
180 1.06 0.78 0.1660.05 0 1660.6
190 1.12 0.92 0.1560.05 0.1460.07 1961.3
215 1.26 1.00 ••• 1.760.5 4566
230 1.35 1.00 ••• 2.160.4 2866
270 1.59 1.00 ••• 3.560.7 5967

aNo translational diffusion assumed.
No. 13, 1 October 1997
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5192 Herwig et al.: Melting of butane and hexane in graphite
ute the quasielastic component to the spectra. The scatte
law appropriate to such a two-component system is t
given by

Stot
avg~Q,v!5~12 f m!d~v!e2Q2^u2&1 f mSavg~Q,v!, ~11!

whereSavg(Q,v) is defined in Eq.~10!.

V. RESULTS

We now examine the results of applying the diffusi
models described in the previous two sections. For b
monolayers, we divide the discussion into two temperat
regimes corresponding to below and above the monola
melting point, respectively.

A. Below melting

Since the butane monolayer showed no quasielastic s
tering below its melting point, we begin by considering t
quasielastic spectra of the hexane monolayer below its
served melting pointTm5170 K. Above a reduced tempera
ture T/Tm50.88, the quasielastic scattering in the neutr
spectra is intense enough to be able to distinguish cle
between the rotational models discussed in the previous
tion. We compared the fits to observed and simulated spe
of the hexane monolayer below its melting point for the tw
different models of rotational diffusion in the absence
translational diffusion. The isotropic rotation model yield
the best fit to both the neutron and simulated quasiela
spectra aboveT/Tm50.88. As can be seen in Fig. 4 for th
neutron spectrum atQ51.01 Å21 at T/Tm50.94, the model
of uniaxial rotation predicts too small of a quasielastic co
ponent. At otherQ values, fitting the neutron spectra wit
the uniaxial rotation model resulted in unphysical para
eters, such as a negative intensity, given to the elastic c
ponent. Similar behavior was found when the uniaxial mo
was applied to the simulated spectra.

While fits to the neutron and simulated quasielastic sp
tra could distinguish between models of uniaxial and isot

TABLE II. Parameters derived from fitting thesimulatedquasielastic spec-
tra of the butane and hexane monolayers to a model of translational/isot
rotational diffusion represented by Eq.~9! as presented in Table I.

T ~K! T/Tm f m ^u2& (Å2) Dt (1025cm2/s! Dr (109/s)

Butane
137 0.90 0 ••• 0a 0
150 0.99 1.0 ••• 2.4 25
155 1.02 1.0 ••• 2.7 28
170 1.12 1.0 ••• 3.4 36
182 1.20 1.0 ••• 3.0 39
196 1.29 1.0 ••• 4.4 38

Hexane
170 0.77 0 0.17 0a 0
200 0.90 0.69 0.17 0a 11
210 0.95 0.68 0.24 0a 26
225 1.02 0.82 0.45 0.3 32
249 1.12 1.00 ••• 2.1 43
280 1.26 1.00 ••• 4.2 39
353 1.59 1.00 ••• 9.3 52

aNo translational diffusion assumed.
J. Chem. Phys., Vol. 107,
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pic rotational motion for the hexane monolayer below
melting point, they were insensitive to the molecular conf
mation. Both thetransconformation and one having a sing
terminalgauchedefect yielded the same values of the mob
fraction f m and rotational diffusion constantDr within the
uncertainties listed in Table I. We will see in the next secti
that there is compelling evidence from the simulation tha
is thegauchehexane molecules which are responsible for
quasielastic component in the spectra below the mel
point. Thus to facilitate comparison between analysis of
experimental and simulated spectra, all fitting parameters
ported in Tables I and II and in the following figures we
determined assuming a single terminalgauchedefect in the
hexane molecule.

While fits of the isotropic rotation model to the neutro
and simulated spectra below the hexane monolayer me
point reveal the same qualitative features, we consiste
find the experimental spectra to give smaller values of m
bile fraction f m and the mean-squared displacement^u2& of
the localized fraction of molecules. In addition, the rotation
diffusion constantsDr of the mobile population are two to
three times smaller in the experimental fits. These results
consistent with the larger widthsG found for the simulated
spectra in the single-Lorentzian plusd-function analysis in
Sec. III. Reasons for these quantitative differences will
discussed in the next section.

pic

FIG. 4. ~a! Neutron quasielastic spectra of the hexane monolayer at a t
perature of 160 K (T/Tm50.94) atQ51.01 Å21. ~b! Same as in~a! except
magnified ten times. Solid lines are fits to the model of isotropic rotati
while the dashed lines are fits to the uniaxial rotation model. The ela
contribution from the graphite substrate has been subtracted from both
data and the fit. Note that the asymmetry in the line shapes results from
instrumental resolution function.
No. 13, 1 October 1997
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5193Herwig et al.: Melting of butane and hexane in graphite
B. Above melting

For temperatures greater than the melting point, both
hexane and butane spectra were modeled assuming a co
nation of isotropic rotational and random translational dif
sion described by using the incoherent scattering function
Eq. ~9! in Eq. ~11!. The representative neutron spectra in F
5 of the adsorbed hexane monolayer at 215 K illustrate
quality of the fits obtained with this model after folding wit
the instrumental resolution function. At this temperature,
residual elastic intensity is observed, so that all of the hex
molecules participate in the diffusive motion (f m51). Note,
that unlike Fig. 1, the elastic contribution from the Papy
substrate has been subtracted in order to enhance sens
to the quasielastic scattering.

As was the case below the melting point, fits to the e
perimental spectra generally give rotational diffusion co
stantsDr about two times smaller than for the simulatio
consistent with the larger widthsG found for the simulated
spectra in the Lorentzian plusd-function analysis. The sam
is true for the translational motion, which begins above
melting point with the diffusion constantsDt inferred from
the neutron spectra being about a factor of two to th
smaller than for the simulation. An even larger effect is se
for the butane monolayer above its melting point, where
experimental values are smaller than for the simulation
more than an order of magnitude forDr and a factor of two
to three in the case ofDt .

The temperature dependence of the parameters obta
from fitting the neutron quasielastic spectra of the butane
hexane monolayers is presented in Fig. 6, wheref m , Dt , and
Dr are plotted versus temperature. The solid curve in F
6~a! is a fit to thef m data with a function similar to that in
Eq. ~5!. These fits givetm5118 and 167 K as the tempera
ture of maximum slope for the butane and hexane mono
ers, respectively, in reasonable agreement with the va

FIG. 5. Neutron quasielastic spectra of the hexane monolayer at a tem
ture of 215 K (T/Tm51.26). Solid lines are the best fits to the data of t
random translational/isotropic rotational diffusion model described by
~9!. The elastic contribution from the graphite substrate has been subtra
from both the data and the fit.
J. Chem. Phys., Vol. 107,
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obtained in thed-function plus Lorentzian analysis. Once th
molecules begin to diffuse,Dt increases linearly with tem
perature at a rate of 0.0431025 and 0.0531025 cm2/s/K for
butane and hexane, respectively@see Fig. 6~b!#. We also see
that the rotational diffusion constant increases rapidly w
temperature aboveTm for butane, while for hexane a signifi
cant increase in the rotational mobility of some molecu
begins belowTm @see Fig. 6~c!#.

For comparison, Fig. 7 presents the temperature dep
dence of the same parameters as in Fig. 6, but now der
from fitting thesimulatedquasielastic spectra to the model
combined translational and isotropic rotational diffusion. D
spite the larger values of the translational diffusion const
Dt at each temperature, we again find a roughly linear
crease with temperature, giving slopes of 0.0431025 and
0.0731025 cm2/s/K for butane and hexane, respectively@see
Fig. 7~b!#. These slopes are comparable to those obtai
from analyzing the neutron spectra.Dr exhibits the same
qualitative temperature dependence as was seen in Fig.
the neutron spectra, increasing significantly belowTm for the
hexane monolayer and increasing rapidly for both monol
ers aboveTm @see Fig. 7~c!#.

VI. DISCUSSION

As in the previous section, we organize our discuss
by considering the quasielastic spectra of each monola
first below its melting point, and then above. In the case

ra-

.
ted

FIG. 6. Results of fitting the neutron quasielastic spectra with the mode
random translational diffusion/isotropic rotational diffusion represented
Eq. ~9!. Temperature dependence of the fitting parameters:~a! the fraction
f m of mobile molecules;~b! the translational diffusion constantDt ; and~c!
the rotational diffusion constantDr . The left column contains the butan
monolayer results, while the right column shows the results from the hex
monolayer. Solid curves are fits to the data as discussed in the text.
No. 13, 1 October 1997
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5194 Herwig et al.: Melting of butane and hexane in graphite
the hexane monolayer, we use the results of the MD sim
tion to give a more detailed interpretation of the quasiela
spectra than is possible from modeling the neutron scatte
data alone.

A. Below melting

Neither the neutron nor the simulated spectra of the
tane monolayer exhibited quasielastic broadening be
melting. These results are consistent with the abrupt,
order melting transition observed at monolayer coverage
both neutron diffraction4,6,7 and specific heat experiments.29

Turning to the hexane monolayer, the analysis of
neutron quasielastic spectra belowTm is in qualitative agree-
ment with the simulation, but differs in quantitative detai
Generally, the amount of molecular motion inferred from t
experiment is less than that predicted by the simulation. T
is reflected in the smaller values of mobile fractionf m , ^u2&,
andDr below the monolayer melting point~see Tables I and
II !. The differences inDr between simulation and exper
ment cannot be attributed to the use of pseudoatoms in
molecules of the simulation. Although pseudoatoms resu
a smaller moment of inertia about the long axis of the m
ecule, they reproduce rather well the moments of ine
about the other two principal axes of rotation, the ones
evant to the model of isotropic rotation, as discussed bel

We believe the principal reason for the greater degre
molecular motion exhibited in the simulation than the expe
ment is the higher absolute temperature of the melting p
in the simulation. The simulation gives a melting point of t
butane monolayer of 152 compared to the value of 116

FIG. 7. Results of fitting the simulated quasielastic spectra with the m
of random translational diffusion/isotropic rotational diffusion represen
by Eq. ~9!. The temperature dependence of the fitting parametersf m , Dt ,
andDr is presented as in Fig. 6.
J. Chem. Phys., Vol. 107,
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obtained by neutron diffraction,6,7 while for hexane the melt-
ing points are at 170~neutron! and 221 K ~simulation!.3,4

The effect of the higher melting point of both monolayers
the simulations could be checked by using an alterna
molecule–substrate interaction which results in melting te
peratures closer to those observed.10 As will be discussed
below, further work is needed to elucidate other possi
causes of this discrepancy between experiment and sim
tion.

Fits of both the neutron and simulated quasielastic sp
tra favor a model of isotropic rotation about the molecu
center of mass rather than rotation about a single molec
axis below the hexane monolayer melting point. In all cas
uniaxial rotation produced too large of an elastic compon
in the spectra. The reason for this can be seen by compa
the incoherent scattering functions in Eqs.~7! and ~8!. We
see that for uniaxial rotation,Suni depends onQ' , the com-
ponent ofQ in a plane perpendicular to the axis of rotatio
whereas, for isotropic rotation,Siso depends only onQ.
SinceQ'<Q and J0 is a decreasing function for small a
guments, whereas theJm (m.0) are increasing in the sam
range, the elastic component of the scattering will be
hanced in the case of uniaxial rotation when the polycrys
line average in Eq.~10! is performed.

We should emphasize, however, that the isotropic a
uniaxial rotational models may represent only two extre
types of motion. The actual motion may be somewhere
between. We interpret our results as indicating that the ro
tional motion is closer to isotropic than uniaxial. One po
sible explanation for this is that it is mostlygauchemol-
ecules which are rotating. They are more globular in sh
and, therefore, a single rotational axis is not selected e
getically. Unfortunately, we could not verify this interpret
tion from analysis of the neutron and simulated quasiela
spectra, since fits to the spectra were insensitive to the
lecular conformation. In particular, we did not observe a fe
ture in the quasielastic spectra due to thetrans–gauchecon-
formational change as was interpreted for bulk butane.11

To address the question of the conformation of the d
fusing molecules, we must rely on the MD simulations
justified by their strong qualitative agreement with the qua
elastic experiments. Our earlier simulations1 had shown that
about 10% of the molecules were in thegaucheconforma-
tion at a reduced temperatureT/Tm50.95. When thetrans-
to-gauche conformational change was suppressed in
simulation so that nogauchemolecules formed at tempera
tures belowTm , the melting point of the hexane monolay
increased. We have extended this analysis here by calc
ing the quasielastic spectra for monolayers withoutgauche
molecules and find no broadening atT/Tm50.95. Thus, we
conclude from the simulations that the presence of quasie
tic broadening at that temperature coincides with the app
ance ofgauchemolecules.

However, the question remains as to whether it is o
the gauchemolecules which are diffusing or whether the
presence also facilitates diffusion of some of thetrans mol-
ecules below the melting point. In this regard, we note t
the valuef m50.68 obtained for the mobile fraction of mo

el
d
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5195Herwig et al.: Melting of butane and hexane in graphite
ecules atT/Tm50.95 ~see Table II! by fitting the simulated
quasielastic spectra withSiso substituted into Eq.~11!, is con-
siderably larger than the 10% fraction ofgauchemolecules
obtained by analyzing the dihedral-angle distribution1 at this
temperature. This discrepancy may result from not all of
mobile molecules having a single terminalgauchedefect as
we have assumed in fitting the quasielastic spectra. The p
ence of a small number ofgauchemolecules could create
space on the graphite surface which would facilitate rotat
of trans molecules. This possibility is difficult to test due t
the large number of parameters in a model in which
rotationally diffusing molecules can have more than one c
formation.

B. Above melting

The MD simulations are also quite helpful in interpretin
the different behavior observed in the neutron quasiela
spectra of the butane and hexane monolayers above
respective melting points. According to the simulation, t
butane monolayer melts abruptly to a liquid phase in wh
all of the molecules rotate about their center of mass w
undergoing translational diffusion. In contrast, the hexa
monolayer does not attain a mobile fractionf m51 until 27 K
aboveTm . We associate the elastic component in the sim
lated quasielastic spectra in the temperature range
,T/Tm,1.1, with the solid RC clusters found to coexi
with a fluid phase in the earlier simulations, and whose pr
ence explained the broad peaks observed in the neutron
fraction patterns.1,3,9 At higher temperatures, the simulation
indicated that the RC clusters themselves melt rather t
diffuse through the coexisting fluid phase.1 This behavior is
consistent with the increase in the mean-squared displ
ment ^u2& of the localized molecules to 0.45 Å2 at T/Tm

51.02 as inferred from the simulated spectra~see Table II!.
Comparing fits of the neutron and simulated spectra

both the hexane and butane monolayers to Eq.~9! above
their respective melting points, we again find qualitati
similarities but some quantitative differences. In all case
model of isotropic diffusion about the molecular center
mass remains favored over one of uniaxial rotation. The n
tron spectra still yield smaller values ofDt andDr just above
the melting point of both monolayers. Larger values ofDt

can be obtained from the neutron spectra if an isotropic c
tallite distribution is assumed for the graphite substrate,
this is unlikely to explain the discrepancy inDt completely
because of the larger widthsG found for the simulated spec
tra in the model-independent analysis in Sec. III~see Fig. 3!.

These results, again, point to the simulation overestim
ing the degree of motion in the monolayer near the melt
point. We note, though, that for the hexane monolayer at
highest temperatures (T/Tm>1.26), the discrepancy be
tween the values ofDr andG derived from the neutron spec
tra and those derived from the simulated spectra diminis

It is interesting to compare the magnitude of the trans
tional diffusion constants extracted from the monolayer n
tron spectra with those of the corresponding bulk liquids.
150 K, Dt of bulk butane is measured to be 0.6
J. Chem. Phys., Vol. 107,
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31025 cm2/s,30 considerably less than our measured mon
layer value of 1.760.431025 cm2/s. Similarly, for bulk
hexaneDt51.331025 cm2/s at 214 K~Ref. 30! compared to
the monolayer value of 1.760.531025 cm2/s. This behavior
is like that observed previously for ethane adsorbed
graphite, where the monolayerDt at 122 K was approxi-
mately three times larger than its bulk value at the sa
temperature.23 More recently,Dt has been measured by He
beam scattering for an octane monolayer adsorbed on
~111!.31 The reported value exceeded the upper bound for
bulk Dt by a factor of approximately six.

Thus we see a general trend of larger values ofDt for
monolayers of shortn-alkanes adsorbed on a solid substra
than found in the bulk liquids. Rather than speculate on
reason for this, we prefer simply to emphasize the need
more simulation work both on bulk and monolayer phases
the alkanes to address this question.

Similar comparisons are more difficult to make for th
rotational diffusion constant. A neutron quasielastic study
bulk liquid butane at 190 K reports aDr of 2773109/s.24

Our measurements on monolayer butane extend only to
K, but a reasonable extrapolation to 190 K@using an Arrhen-
ius fit to the data in Fig. 6~c!# results in a value of 125
3109/s, considerably less than the bulk value. Also, we n
that the values ofDr , which we have inferred, are in th
same range as those previously determined for the liq
monolayer phase of ethane adsorbed on graphite.22

VII. CONCLUSION

To summarize, we find at least qualitative agreem
between the neutron and simulated quasielastic spectra
the melting points of both the butane and hexane monola
using the model-independent analysis in Sec. III. In both
neutron and simulated spectra, only an elastic compone
present for butane monolayer below its melting point. Bo
the neutron experiment and the simulation show an ab
onset of the quasielastic component for the butane mo
layer at its melting point and a concomitant disappearanc
the elastic scattering. In the case of the hexane monolay
quasielastic component to the spectra appears below its m
ing point at a reduced temperatureT/Tm;0.9, while an elas-
tic component persists up toT/Tm;1.3. The width of the
quasielastic component increases roughly linearly with te
perature for both monolayers.

Based on our MD simulation, we have developed t
following microscopic models for the diffusive motion in th
butane and hexane monolayers. The butane monolayer m
abruptly to a liquid phase in which molecules in theirtrans
state rotate about their center of mass while diffusing tra
lationally.

In contrast, melting of the hexane monolayer is preced
(T/Tm;0.9) by the formation of a small fraction of mobil
molecules which may be predominantly in agauchestate
and which diffuse rotationally about afixedcenter of mass.
At the monolayer melting point, hexane molecules in t
mobile fraction begin to diffuse translationally as well
rotationally. The mobile fraction increases in size above
No. 13, 1 October 1997
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5196 Herwig et al.: Melting of butane and hexane in graphite
melting point, reaching unity atT/Tm;1.3. In this tempera-
ture range, the MD simulation predicts the coexistence
small, RC clusters which coexist with the fluid phase rep
sented by the mobile fraction. The presence of these
clusters is consistent with observed neutron diffraction p
terns. At higher temperatures, the hexane monolayer exis
a fluid phase of predominantlygauchemolecules in which,
as in the case of the butane monolayer, molecules tran
tionally diffuse while rotating about their center of mass.

The quasielastic scattering results and MD simulatio
presented here complement previous neutron diffraction
periments and simulations of melting in these alkane mo
layers. By correlating the quasielastic scattering, which
pears below the melting point of the hexane monolayer, w
the appearance ofgauchemolecules, they support the ‘‘foot
print reduction’’ melting mechanism proposed earlier. T
quasielastic scattering also provides direct evidence ab
the hexane monolayer melting point of a fluid phase coex
ing with the solid monolayer clusters whose presence
been inferred from the previous diffraction experiments a
simulations.

While supporting the ‘‘footprint reduction’’ melting
mechanism, the quasielastic neutron scattering experim
and simulations presented here have also raised some
tions about diffusion in these monolayers which future wo
might address. These include:~1! Is the rotational motion of
the diffusing molecules strictly isotropic or is it more com
plex for these nonspherical molecules?~2! While rotational
diffusion below the melting point of the hexane monolayer
associated with the appearance ofgauche molecules, are
some trans molecules also rotationally diffusing?~3! Why
do the simulations tend to give a greater degree of molec
motion than the experiment near the melting point? and~4!
Why do the monolayer translational diffusion constants te
to be larger than in bulk? Neutron experiments with grea
energy resolution and much larger scattered intensities
well as longer simulations without the pseudoatom appro
mation, may yield more definitive answers to these qu
tions.
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