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Surface-induced ordering of a molecular fluid of flat hexagonal structure
in a narrow graphite slit
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We systematically investigate by Monte Carlo simulations the role of the wall structure on a fluid of flat
hexagonal molecules confined between two graphite walls. Our simulations show that the centers of mass of
the molecules in different layers undergo amler-disordertransition as the wall separation increases, irre-
spective of the details of the wall structure. The wall structure thus becomes insignificant for the intervening
fluid even down to a surprisingly low wall separati¢61063-651X99)10106-5

PACS numbds): 61.20.Ja

INTRODUCTION try as benzene. Our Monte Carl®IC) simulations show that
the effect of wall structure is qualitatively insignificant to
The molecular structure at the interface between a solidletermine the structural and the dynamic properties of the
substrate and a complex fluid is of profound academic interconfined molecular fluid even down to strong confinement
est as well as technological importar{dd. The behavior of ~conditions.
benzene molecules on a graphite substrate has drawn consid-Since we are mainly interested in the symmetry aspects,
erable attention because of the symmetry of the moleculedve take the benzene molecule in our study to be a flat hex-

the carbon-carbon distances of the flat benzene ring are fadonal object, with the corners being occupied by Lennard-

registry with the carbon hexagons of the graphite surface/ON€S atoms connected by rigid bonds. The Lennard-Jones

Phvsisorbed | fb hit : h \%J) atoms interact via a spherically symmetric potential,
ysisorbed layers of benzene on a graphite surface av(r):4ECC[(O'CC/r)12_(UCC/r)G]v cce being the depth of

been studied extensive[2—4]. These studies seem to indi- _ : )
cate that the corrugation of the graphite wall, resulting fromthe Interaction andTC.C the hard core dlame_te(the range
. - over which the potential is repulsivéWe consider the Cou-
its hexagonal structure, has only a weak contribution to th(?omb interaction between the atoms by associating a charge
physisorption process. Hence, most of these wske Ref. : Y . ga g
. . at each site of LJ atom whose magnitude is determined so
[2], for instanceignore the local substrate feature. Neverthe_—that the quadrupolar tensor component along the normal to
less, one should note that the r_ole of lateral wall structure ig o molecular plane corresponds to the experimentally
npt obwou_s for a st_ro_ngly confl_ned benzene. Here we congnown value for benzeng7]. The bond vibrations are ig-
sider a pair of confining graphite walls at a separatitn  ored, since typically these excitations are much more costly
comparable to the range over which the surface influencgt 5 givenT than the energy associated with the LJ depth
extends within the pore in a direction normal to the Wall  parametef7]. The length scale in the simulations is set by
Highly confined fluids are in general known to have layeredthe bond length in the molecules and the energy is scaled
structures, along with precrystallization of the substrate layeaccording toakgT. Graphite walls in reality consist of several
into a triangular latticg¢5]. This emerging long-range struc- layers of hexagonally arranged carbon planes. But the effect
ture in turn would provide a modulation for the inner layers,of the wall corrugation falls off exponentially with the dis-
if the confinement is strong enough. The substrate benzenance from the wal[7,8]. So the predominant wall effect
layers adjacent to the graphite walls will experience a moduwould come from the layer adjacent to the intervening fluid.
lation due to the hexagonal lateral structure of the walls. Thedence, we consider a single graphite plane. The wall atoms
guestions naturally arise: would the commensuration of thénteract with the atoms in the molecule via LJ potential, char-
symmetries, namely, that between the wall structure, the maacterized byecg and og.
lecular structure, and the emerging long-range translational
order, enhance the emergence of the long-range order in SIMULATION DETAILS
these layers? If so, what will be the manifestation in the
dynamics of the fluid? These considerations lead us, for the The simulations are carried out dhmolecules in a par-
first time to the best of our knowledge, to systematicallyallelepiped box whose center defines the origin of the space-
investigate the effect of the graphite wall structure, namelyfixed frame. Periodic boundary conditiotBBC'’s) are em-
hexagonally ordered carbon atorfssructuredl in relation to  ployed in thex andy directions with the dimensionis, /L,
randomly distributed carbon atoms on fisenearegwall [6] =/3/2 and there are no PBC’s in thedirection with the
for a given areal density of the wall atoms, on a stronglywalls z= = H/2. Note that a molecule, being a flat rigid hexa-
confined fluid of molecules with the same structural symmegon in our studies, is described relative to the space-fixed
frame by the coordinates of its center of méssn) and the
orientations of the long molecular axighe diagonal joining
*Present address: Material Sc. Div., IGCAR, Kalpakkam 603102pne of the corners of the hexagon to the ¢.and an axis,
India. normal to the molecular plane. We define a local body-fixed
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TABLE I. Different parameters used in the simulations. tion of triangular lattice in the layers. The lowelst thus
chosen is 108, consistent with the formationnef 3 layers
Parameter Value of triangular lattice in the manner described above and the
e 012 keal/mol correspondmgH (=9..71), apprQX|mateI)[9] equal to .the
- 3.64A wall separation required to fit im=3 layers, to achieve
ce ' po (=N/V, V being the volume of the box=0.019[2]. We
Molecular bond length 1.4A ) ) .
0.06 keal/mol do the calculations with the cross-sectional area of the walls
€cG " 3.80A and p, held fixed for other higheH, namely, forH=16.19
0ce . . . .
and 19.43 withN=180 and 216, respectively. Note that the
Graphite areal density 0.382A P y

intermediate value ofl is approximately equal to the fitting
of N=4 layers and the highest one equal to thatnef6

frame at the center of the ring with tfzé axis being parallel ayers, as already explained.
to the normal to the molecular plane, thé axis parallel to
the long molecular axis, and té axis defined by the cross- NUMERICAL RESULTS
product of these two vectors, so thdtandy’ describe the . . .
We illustrate in detail the case Gf=300 K. The bulk

plane of the hexagon. The six atoms in the molecule have. : ) . .
coordinates {(sinn2/6],co§n2/6]),n=0, ... ,§ in the simulations N=108) reveal a fluid phase with no predomi-

body-fixed frame. The coordinates of the atoms in the spacenant tendency of a"g””ﬁe”t of the long molec_ular axis of the
fixed frame are related to those in the body-fixed frame by énolecules. The nematic order paramegefdefined by the
combination of a translation and a rigid rotation. One Mclargest eigenvalue of the nematic tensQrX;3(3¢,&,
move is comprised of constructing the translation vectors- 4, ). {£,} being the direction cosines of the long molecu-
and the rotation matrices by performing the following opera-lar axis in the space-fixed frarhe=0.27 and decreases with
tions on a randomly chosen moleculg@) The c.m. is given increasingN. The mean-squared displaceme(SD’s) of
a random translatior(2) The normal to the molecular plane the c.m. in thex-y plane andz direction [defined byS,,
is rotated randomly over a unit spher@) The direction = (1/N){Z{[x—x(0)]*+[yi—yi(0)]?}), and S,=(1/
cosines of the molecular axis in the plane are chosen at ramN)(=,{[z,—z;(0)]%}), respectively, wherex; ,y; ,z) are the
dom subject to the constraints that it remain perpendicular to
the normal obtained from sté@) and that of unit magnitude.
Note that these moves take care of the six degrees of free-
dom needed to describe a rigid body: three associated with
the location of the c.m., two polar angles to describe the
normal to the molecular plane, and one component of the
direction cosines of the long molecular axis, the other two
components being fixed by the constraints. Two neighbor
lists, one of all the molecules and the other of all the wall
atoms lying within an annulus bounded by two cylinders of
radii rq,(=2) andr,,(=3) about the c.m. of a molecule,
are employed to calculate the energy cost of a MC move.
The acceptance of a MC move is determined according to
the standardveTrROPOLIS algorithm. The step sizes are ad- 0.00
justed so as to achieve 40% acceptance. For the bulk cases
we employ the PBC's for all three directions, turn the wall
potential off and use a spherical cutoff for calculating the 10
energy of interactions. Typically starting from an initial con- 8
figuration, we allow the system to evolve first 25 000 steps to 2 6
4
2

equilibrate, after which we carry out a further 25 000 steps to 7))
calculate different quantities of interest.

The system parameters, shown in Table |, are chosen L
from Ref.[7] for the sake of illustration. The choice Bfcan 10000 20000
be motivated from geometrical constraints as follows. Since M
earlier simulation$2] seem to indicate that the benzene mol-

. . . . FIG. 1. (a) The density profilep(z) as a function ofz for H
ecules in the substrate layer prefer to lie with their planes:9.7l(solid line) andH = 19.43(dashed ling The distinction be-

Para"e' FO the walls and _under a strong confinement Condifween the structured and the smeared wall cases is insignifitant.
tion the inner layers are likely to follow the substarte Iayers,Sxy (dotted ling andS, (dashed lingas functions of MC stepM for

we consider the case where the molecules lie with theif;=g 71 with two types of walls. The solid lines are the linear fits

planes parallel to the plane of the wall in every layer. First, &g the data in the smeared wall case. The slopes are essentially
givenn number of such molecular layers can be fitted in, if negligible. (c) S,y as functions oM for H=19.43. The upper curve

the wall separation isl’=mocct20cg, Withm=n—1for s for the smeared wall and the lower one for the structured wall.
an oddn andm=n for an evem. Second, anticipating that a The linear fits, shown by the solid lines, confirm diffusive behavior.
precrystallization into a triangular lattice could take place,Note the difference in the vertical scales(i) and (c). The MSD

we take the number of molecules consistent with the formaelata in all the cases are averaged over three independent runs.
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FIG. 2. The snapshots for different cas&s:substrate layei(p) 0.04 2/0: 0.12

central layer with smeared wallg) substrate layer, an@l) central

layer with the structured walki=9.71 in all the cases. Three equi- FIG. 3. (8) The commensurate ordered structure shown on the
librium configurations 5000 steps apart are superposed on ea‘Hhckground of the graphite wal(b) Pair correlation function
other. The solid triangles provide a quick glance at the translationaéZD(r) for the commensurate phase as a function of the distance
order in the layer. Note the crystalline orders apart from vacancieg, the plane(c) The phase diagram in theH/T plane: disordered
[(@, (b), and(d)]. (¢) and(f) are the snapshots at the substrate layer(solig circleg and orderedsolid squares The symbols represent

for the smeared and the structured wall cases, respectivel] for getual simulated points. The dashed line is a guide to the eye.
=19.43. The disordered phase is quite evident in these cases.

tween a fixed axigherex axis), and the bond joining a c.m.
a with another c.mg lying within a radius of 1/p(zy,)]*?
arounda, p(z,,) being the areal density at the pgakhich is
sensitive to local crystalline ord€fyg|?=0 for a fluid (dis-
ordered phase andlyg|2# 0 for a crystal(ordered phase of
hexagonal orddr shows strong crystal order in the layers,
|46|2~0.36. Note that due to the strong confinement situa-
tion, the layers in the system behave in a coherent manner.
ence, we denote the system to be in an ordered phase,

coordinates of the c.m. of theh molecule at a given MC
step,(x;(0),y;(0),z/(0)) are the initial positions, and angular
brackets denote averaging over the initial configurafions
show a linear dependence on the MC stépsor large steps,
characteristic of a fluid behavior.

Figure Xa) shows the density profilg(z) of the c.m. of
the molecules calculated by binning their coordinates,
when such a system is confined between two graphite wall

with H=29.71. For both the smeared wall and the strgcture espite its layered structure. The ordered structure is further
wall casesp(z) has a pronounced peak structure that 'mp“esconfirmed from Figs. @) and 2b), where the snapshots of

the formation of layers. We find that there are three layersyo « m in the substrate and the central layers with the
one atdth? center,hthe (ilentrﬁl Iaygr, andltWO Sy”;:netr'c.a_”)émeared wall case are superposed on each other for three
situate cfoie to the \:cvahs, t eI su lstraltg aye.rsh..T re] pﬁs'lfc'ovr\‘/ell (5000 stepsseparated equilibrated configurations and
vectors of the ¢.m. of the molecules lying within the hall- 51, predominant translational order apart from vacancies.
width of a peak are projected onto the cons@nizy, plane,  the gnapshots for different layers in the structured wall case,

wherez,, is the position of the peak, and this projected planegpown in Figs. &) and 2d), exhibit essentially the same
is identified as a layer located &t z,,. We observe that the qualitative feature.

molecules orient with their plane parallel to that of the wall, Figure 1 summarizes our observations also for a larger
even though the molecules in the central layer tend to b%eparation H=19.43. Figure () shows p(z) for the

slightly more disordered than those in the substrate layer. We aared and structured wall cases. For both situatje(as,

find thatSis rather large :0.9) for all the layers, implying jnicates the presence of more layers than in the strong con-
a very strong 0r|entat|(_)nal order. The wall-lnduced_0r|enta-ﬁnement case, but the peaks are now comparatively broader
tional order does not find enough space to decay in such gnq reduced in height. It is interesting to note that the num-
strong confinemens,, andS,, shown in Fig. ), indicate  pe of peaks obtained here is less than the number of layers
negligible (almost zer in-layer and interlayer transports. hat actually could be fitted in from the geometrical constaint
This makes it worthwhile to _ check the distribution (n=6). This could be understood in terms of a larger free-
of the c.m. of the molecules in the layers. The bondgom the molecules have to rotate here than inthe9.71
orientation order parameter|ys|* (defined by ¥  case. In order to allow for different possible orientations of
=(1INZ ,_1n523exp(60,4)), the angular brackets indi- the hexagons, the layer separation must increase, and thereby
cating the configuration averag®,, s being the angle be- the number of layers that can fit in must decrease. This is
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further supported py a lows(=0.29) ir_1 the layers in contrast show a phase diagram in Fig(c3 in the 1H-T plane. The
to the strong confinement case. This clearly demonstrates grder-disorder transition point appears to be insensitive to
nontrivial coupling between the orientational and translatemperature in the range we consider. The confinement effect

tional degrees of freedom. The MSD's, shown in Figo)l  clearly outweighs any effect caused by the details of wall
reveal a fluid behavior in confirmation of observations on thestructure.

structural properties. The difference in the slopes of the lin-
ear fits to these curves is only a qualitative one. We draw
attention to the disordered snapshots of the c.m. in the sub-
strate layer in Figs. @) and 2f). This observation suggests  To summarize, our studies indicate that the graphite wall
that the system undergoes arder-disordertransition asH  structure gets outweighed by the confinement effect and does
increases. A snapshot of the ordered substrate layer, oot crucially affect the structural and the dynamic properties
served with the structured walls, superimposed on the undebf a strongly confined molecular fluid of hexagonal structure.
lying graphite wall in Fig. 8) and the pair-correlation func- Hence, ignoring the details of wall structure is a reasonable
tion, gop(r) [10] in Fig. 3b) as a function of distancein  approximation down to an extreme confinement situation;
the plane show that the ordered phase is a commensurat@mely,H is comparable to the typical length scale up to
J7X\[7 phase. The broadening and the reduction in thavhich surface effects extend in the pore. There is a critical
heights of the peaks at the substrate layers for ldrgerean  wall separatiorH, above which the confined fluid undergoes
that the coverage at the substrate layer decreasésins  an order-disorder transition. We elucidate the connection be-
creases. The decrease in the coverage helps the disorderitvgeen the dynamics and the structure of the confined fluid
effects that compete with the sixfold external modulatingacross this transition. These predictions can be verified by
potential acting on the substrate layer, to outweigh the ordegystematic experiments. While further studies addressing the
above a criticalH=H., when the substrate layer becomesissue of the existence f. would be worthwhile, the role of
disordered and the inner layers simply follow the substratehe wall structure in the kinetics of the transition observed
layers due to strong confinement condition. The transitiorhere merits further investigation. The kinetics might show up
seems to be analogous to experimentally observed ordeas a difference between the two situations, due to the differ-
disorder transition for physisorbed benzdid or alkanes ence in diffusion in the two cas¢Big. 1(c)].

[11] on graphite. It is interesting to note that the ordered
phase in the smeared wall case shows singlay(r), indi-
cating a\/7x \/7 structure. But the transition here, observed
aroundH¢, is simply driven by precrystallization due to the  J.C. thanks OSPT for financial support. Ton v. d. Zanden
confinement effect. Our observations suggest thashould is acknowledged gratefully for critically reading the manu-
lie within the bound 16.1&H.<19.43 for both cases. We script.

CONCLUSION
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