THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Properties of Benzene Confined between Two Au(111) Surfaces
Using a Combined Density Functional Theory and Classical Molecular

Dynamics Approach

Karen Johnston*" and Vagelis Harmandaris**

"Max-Planck Institute for Polymer Research, P.O. Box 3148, Mainz 55021, Germany, and
*Department of Applied Mathematics, University of Crete and IACM-FORTH, GR-71409 Heraklion, Crete, Greece

ABSTRACT: The study of the effect of confinement on the
structural and dynamical properties of fluids is an intense
research field. Here we present results about benzene confined
between gold Au(111) surfaces, from a hierarchical dualscale
simulation methodology. The adsorption energies and struc-
tures of a single benzene molecule on the Au(111) surface were
calculated using density functional theory with van der Waals
forces. The results were used to develop an accurate classical all-
atom force field for the interaction between benzene and the
Au(111) surface, capable of predicting various adsorption sites
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and molecule orientations. Molecular dynamics simulations were used to study benzene films, of various thicknesses, between two
parallel gold surfaces. Density, conformations, and dynamics of confined benzene are studied and compared to bulk properties.

1. INTRODUCTION

The study of confined molecular fluids is a very active research
area because of their importance in a variety of scientific problems
and technological processes such as nanolithography, catalysis,
lubrication, and hybrid fluid/solid composite materials. In this field
the study of the fluid properties at the molecular scale is very
important since the structural and dynamical behavior of soft
matter is changed radically under confinement. For this reason
there are many experimental studies of liquids in nanopores, with
benzene liquid and silica or graphite nanopores being among the
most commonly studied materials.' ¢

Among the properties studied, the phase transition behavior of
confined benzene has been extensively examined. It has been
found that phase transition temperatures and pressures are often
shifted from the bulk values and new structures can appear due to
surface forces.” For example, the phase transition behavior of
benzene in silicate nanopores has been studied using various
experimental techniques. The melting temperature decreased
with decreasing pore size, although only partial crystallization
was observed which indicates that a transition to a glassy state
occurred. Watanabe et al.” also studied benzene in graphitic
nanopores and observed that the melting temperature is higher
for the confined system than for the bulk. Furthermore, the
structure of nanoconfined benzene has been studied through
neutron diffraction experiments.” It has been shown that for large
pores the static structure factor of benzene is very similar to the
bulk one, whereas systematic differences were found on decreas-
ing the size of the pores.

The dynamics of nanoconfined molecular liquids has also been
studied through experimental techniques. Most of these works use
ultrafast spectroscopy to study the dynamics of confined liquids.
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Fourkas and collaborators study the dynamics of confined benzene
in nanoporous sol—gel glass monoliths with a range of average
pore sizes.”® They found that the orientational dynamics of
benzene is strongly influenced by the confinement and related
this to the strong ordering of benzene molecules in the nanopores.
The incoherent intermediate scattering function of confined
toluene has also been calculated from elastic neutron scattering
experiments’ and a more heterogeneous dynamics of the con-
fined toluene, compared to the bulk, was observed.

The experimental findings, such as the case of silica nanopores
mentioned above, highlight the dependence of the properties on
the interaction with the interface and to really understand the
interfacial chemistry it is necessary to use simulations. To be
specific, atomistic molecular simulations offer a valuable tool for
the study of the confinement effect at the molecular level.
Atomistic Monte Carlo (MC) and molecular dynamics (MD)
simulations have been used in the past for the study of confined
molecular liquids. Layering was also observed in detailed molecular
dynamics simulations of liquid benzene between two graphite
surfaces,*” although in this case the first layer adsorbs with an
orientation parallel to the surface. Clearly, the structure and
extent of the layering depends on the interaction with the surface.
More recently, atomistic grand canonical Monte Carlo (GCMC)
studies of the behavior of benzene on fully and partially hydro-
xylated silica planar surfaces have showed that the orientation of
benzene at the surface is different for the two surface
terminations.'® For the tully hydroxylated surface, the benzene
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forms layers at the surface with the first layer oriented perpendi-
cular to the surface. For the partially hydroxylated layer, the first
layer does not have strong orientational order. For both surfaces,
the second adsorbed layer has almost no orientational order.

The interaction of a benzene molecule with various surfaces
has been studied using density functional theory (DFT) and the
adsorption energy depends not only on the material but also on
the surface structure. For example, on Al(111) there is no
binding,"" whereas on transition metal surfaces such as Ni(111)
or Pt(111) the benzene binds strongly with adsorption energies
of 96 and 117 kJ mol ', respectively.'>'* Furthermore, on the
Ni(110) surface benzene has an even higher adsorption energy of
205 kJ mol "."* The presence of O on the Al(111) surface in-
creases the adsorption energy of benzene but on a.-Al,05(0001)
the benzene does not bind to the surface."' On the Si(001)-(2 x 1)
surface benzene undergoes a cycloaddition reaction, but if the
same surface is passivated with hydrogen there is almost no
interaction between the benzene and the surface.'* It should be
noted that these calculations exclude the effect of van der Waals
(vdW) forces, which can be important in some systems. For the
Si(001)-(2 x 1) surface the vdW forces change the relative
energetic ordering of different adsorption structures.'> For
benzene on graphite16 or benzene on Au(111),"” the interaction
is significant and is almost entirely due to vdW forces.

In summary, to understand fully and predict the behavior in
the confined system, it is essential to understand the interaction
of the liquid with the specific surface and to remove the
uncertainty in the interface structure. To achieve this ab initio
calculations are of particular importance. In this work we use a
dualscale modeling approach and consider benzene adsorbed on
gold, which is unreactive, has a well-defined (111) surface structure
and interacts strongly with benzene. Specifically, we study benzene
liquids confined between two parallel gold surfaces using a sys-
tematic hierarchical simulation methodology, which combines
density functional theory (DFT) with classical atomistic molec-
ular dynamics simulations. Our primary goal is to study the effect
of confinement on the structural and dynamical properties of
benzene, for a variety of systems, using a realistic atomistic force
field, developed from accurate ab initio calculations, capable of
predicting various adsorption sites and molecule orientations.

In section 3 we present DFT calculations of benzene on the
gold (111) surface, using the van der Waals density functional
(vdW-DF) to describe vdW interactions.'® 2° These results are
used to build a classical atomistic force field for the surface
interaction of benzene with gold. The force field is described in
section 4, and the atomistic adsorption curves are compared to
the DFT results. The properties of liquid benzene layers of
various thicknesses confined between two gold surfaces are
presented in section S. Finally, our findings and conclusions
are summarized in section 6.

2. METHOD

DFT Calculations. Density functional theory calculations were
performed using the VASP code.” ~** This code employs a plane
wave basis set to describe the valence electrons and progected
augmented waves (PAWSs) to describe the core electrons. 526 A
plane wave cutoff energy of 400 eV (38.6 x 10° k] mol ') was
chosen. The code was modified so that vdW interactions were
included via a self-consistent implementation of the vdW-DF
functional.'® *° Although this functional does not have the
correct long-range asymptotic behavior of the energy as a

function of distance for metals, since screening effects are not
taken properly into account, the energy and structure at the
equilibrium position should be accurate. The vdW-DF calcula-
tions were performed using Perdew—Burke—Ernzerhof (PBE)
exchange.2 28 The lattice constant of bulk, fcc Au was found to be
4.23 A, which is close to the value of 4.26 A used by Mura et al.*’
This is larger than the lattice constant of 4.17 A that is obtained
using the PBE generalized gradient approximation without vdW,
which could be due to the fact that, although the vdW-DF
functional describes long-range interactions better than PBE, the
short-range interaction may be described less well. Even so, it
overestimates the experimental value of 4.08 A by less than 4%.

The gold (111) surface has an hexagonal unit cell with
dimensions a = b=2.99 A and ¢/a = 8(3/2)"/%. The convergence
of the results with respect to number of atomic layers was
checked, and even though van der Waals are long-range, extend-
ing the slab to 7 atomic layers makes no significant change to the
results. The artificial dipole due to the asymmetry of the slab was
also checked, and neither increasing the cell size perpendicular to
the surface from 8(3/2)"%a to 12(3/2)"%a (29.3 to 43.9 A) nor
using the dipole correction changed the results significantly;
that is, the change in adsorption energy is less than 0.02 eV
(1.93 kJ mol ). For the adsorption calculations a surface of 4 x
4 times the unit cell was used, which corresponds to a coverage of
0.0625 monolayers. A Brillouin zone mesh of 4 X 4 X 1 was used
(equivalent to 16 X 16 X 1 for a surface unit cell). The bottom
two layers were kept fixed during the geometry relaxation process
and the relaxations were terminated when the maximum force on
any atom was less than 10 meVA ™' (<0.96 k] mol ' A1),

Atomistic MD Simulations. The classical atomistic molecular
dynamics simulations were performed using the GROMACS
code.** 3 The stochastic velocity rescaling thermostat® with a
coupling constant of 0.2 ps was used to keep T = 300 K. A time
step of 1 fs was used, and all of the simulations were run for
100 or 200 ns, after equilibration. The force field parameters for ben-
zene were taken from Jorgensen et al.>* This force field was developed
to reproduce properties of liquid benzene, including the density.

In the classical simulations the surface is represented by an
array of fixed particles placed in the ideal positions of bulk gold.
For the classical simulations the experimental lattice constant of
4.08 A was used. This fixed particle approximation should not
affect the results of the simulation since the mean square
displacement for gold atoms at 300 K is only 0.0188 A*>*
Periodic boundary conditions were used in all directions so that
the benzene molecules also interact with the bottom of the gold
surface in the image cells. The thickness of the slab (7 atomic
layers) is ~1.41 nm, which is greater than the vdW cutoff length
of 1.0 nm, so the benzene molecules will not interact with
benzene molecules in image cells in the z direction. The
electrostatics are summed in the x and y directions only using
the PME method. The lateral dimension of the surface is a =
4.616 nm, corresponding to 16 X 16 surface unit cells along the a
and b directions. For the benzene film with two gold interfaces,
the Berendsen barostat kept the pressure at 1 atm with pressure
coupling in the z direction only.

3. ADSORPTION OF A BENZENE MOLECULE ON Au(111)

Here we present results from the ab initio DFT calculations of
a single benzene molecule adsorbed on a Au(111) surface. For
the adsorption calculations a low coverage of 0.0625 monolayers
was used to avoid the interaction between benzene molecules.
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Figure 1. (a) Au(111) surface showing a benzene molecule in a flat
orientation on the fcc hollow site, H2, with angle 6 = 30. The T, B, H1,
and H2 labels show where the center of the molecule would be for top,
bridge ,and the hcp and fcc hollow sites, respectively, and the parallelo-
gram indicates a surface unit cell. The vector v, which connects two
opposite carbons along the plane of the benzene molecule, is used later
in the structural analysis. (b) Benzene oriented vertically above a hollow
site. For both flat and vertical orientations the distance, z, is calculated
from the center of the benzene molecule to the top of the surface.

Figure 1 shows the adsorption sites on the Au(111) surface. The
top site (T) is above a surface atom, the bridge site (B) is midway
between adjacent top sites and the hcp and fcc hollow sites (H1
and H2) are situated in the midpoint of three top sites, as shown
in Figure 1. Geometry relaxations were carried out at each high-
symmetry site of the Au(111) surface. The difference in structure
and energy between the two hollow sites is negligible so from
now on we consider only the H1 site and refer to it as the hollow
site (H).

The adsorption energy, E. 4, is defined as E, 45 = Epp, + Equer —
E\ov, where E,y, Ep,, and Eg,f are the energies of the whole
system, the isolated benzene molecule, and the isolated surface,
respectively. The distance z is calculated from the center of the
benzene molecule to the top of the surface slab, as shown in
Figure 1b, and we define z,4; to be the distance at the energy
minimum for each configuration. 6 is defined to be the angle
between one of the C—H bonds and the a axis, and 6,4 is the
angle corresponding to the minimum energy configuration.

The lowest energy adsorption structures and energies for each
site are shown in Table 1. As we can see, the adsorption energy is
slightly larger for the hollow site than the bottom and top sites.
However, the differences between the different sites are rather
small, implying that the surface does not have a strong site
dependence for the benzene molecule. For the hollow and bridge
sites the benzene molecules are oriented so that one of the C—H
bonds makes an angle 6,4, = 30° with the x-axis (or crystal-
lographic a axis), as shown in Figure 1. On the top site the
benzene prefers an orientation with the C—H bond parallel to
the crystallographic a or b axis; that is, 0,4, = 0. The binding
distance is 3.22 A for the bridge and hollow sites, whereas for the
top site it is slightly larger (3.34 A). The value of 3.22 A is in very
good agreement with the results of McNellis et al,* who used
the method of Tkatchenko and Scheffler (TS).>” These values are
about 10% smaller than the value of ~3.6 A,'” which was obtained
from DFT+D results that neglected vdW forces for the structural
optimization and hence overestimate the binding distance.

Often vdW forces are neglected, since they are considered
weak in comparison to chemisorption energies, and DFT
calculations without vdW forces show little or no bonding with
gold."”*** However, it is clear from the adsorption energies that
there is a strong interaction between benzene and gold, which is
almost entirely due to vdW forces. This is not surprising since

Table 1. Adsorption Sites, Angles 0,4, Distances z,4,, and

Energies for Benzene with 0.0625 ML Coverage for Various
DFT Calculations (vdW-DF, TS, and DFT+D) and an Experi-
mental Temperature-Programmed Desorption (TPD) Study”

site 0.4 (°) Zags (A) E,4s (IJ mol ") method

T 0 3.34 74.9 vdW-DF

B 30 322 81.0 vdW-DF

H 30 322 82.1 vdW-DF

H 30 325 77.2 TS

H 3.6 733 DFT+D"’
61.8 TPD*®

“The present results are labelled vdW-DF. The DFT+D method
included dispersion forces for the adsorption energy but the adsorption
structure was obtained from PW91 calculations, hence the large adsorp-
tion distance.

both the benzene molecule and the gold have relatively high
polarizabilities. The vdW-DF adsorption energy is in good agree-
ment with both the TS and the DFT+dispersion (DFT+D)
methods.'” All of these values are about 25% larger than the
experimental value of 61.8 k] mol —',*® obtained from a tem-
perature-programmed desorption (TPD) study. However, the
accuracy of the experiment is unknown, and it is possible that the
adsorption energy could be underestimated due to surface
roughness, impurities, etc. All of the results are shown in Table 1.

4. FORCE FIELD FOR BENZENE ON Au(111)

The second part of our hierarchical simulation approach, that
combines the methods from the quantum and classical levels of
description, involves the development of an accurate classical
atomistic force field for the benzene-gold interaction. As men-
tioned before, many classical simulations use force fields for
surface interactions that were parametrized for bulk rather than
for interfacial systems or that used DFT calculations that
neglected vdW forces.” As shown in the previous subsection,
the vdW forces are substantial and should not be ignored for the
benzene—gold system studied here. Thus, in order to develop an
accurate classical force field, we use the data from the ab initio
calculations, presented in the previous section.

For the classical simulations we use a model in which all
surface (Au) atoms are presented explicitly. Then, we obtain pair
potentials for the molecule—surface interaction (in our case
Au—C and Au—H) using the detailed DFT data. Different
functional forms can be used for the pair intermolecular poten-
tials. A common choice is the typical Lennard-Jones (LJ) 12—6
potential of the form

12 6
O"i’. 01,
Viy(r;) = 4¢;; <r. ]> B (r ]> (1)
ij i,j

where ¢ is the depth and r, = 2'/%0 is the position of the
minimum of the L] potential. Alternatively, a more detailed pair
potential such as the Morse potential can be used to describe the
molecule—surface interaction

VMorse("i,;‘) = Si,j[eXP( - Zai,j(ri,j - "Oi,j)) - 2exp( - ai,j(ri,j - VOi,j))]
(2)

where the minimum of the potential has a depth of € at a distance
r = ro. The parameter o determines the shape/width of the
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Table 2. Parameters for Four Different Force Fields for
Benzene on the Au(111) Surface’

Au—C Au—H
o (nm) & (kJ/mol) o (nm) & (kJ/mol)
ity 0.346 1.52 0.2747 0.1733
hffu 0.321 2.15 0.2747 0.1733
Au—C Au—H

ro (nm) & (kJ/mol) o (nm™") 1y (nm) & (kJ/mol) o (nm ')

tihy  0.4104 0.9264 10.1369  0.4006 0.3086 11.6609
hffyy  0.3925 1.0265 10.0693  0.3941 0.3873 11.7284
“The tffy; force field was used for the molecular dynamics simulations.

potential. For both potentials the indices i and j denote the atom
types (in this case i is an Au atom and j is a C or H atom).

Our goal is to find the set of nonbonded parameters that best
describe the DFT data, ie. adsorption energies. This is not a
trivial numerical problem, since it involves a fitting over a many-
parameter space. T'o achieve this we use an optimization algorithm,
which is based on simulated annealing (SA). The parameters of
the nonbonded interaction are chosen in order to minimize a
target cost function. The cost function is defined as the difference
between the quantum and classical molecule-surface interaction
energies, for all distances and all different configurations (various
adsorption sites and orientations) as:

Meonfs Mk

PG
i=1j=

—En (i)' W (i z)} (3)

where the first sum is over all possible different configurations (in
this case, adsorption sites and molecule orientations), 71.ong, and
the second is over all different distances per conﬁguratlon, . zjis
the molecule distance from the surface. Eop. (z,z,) is the adsorp-
tion energy taken from the detailed ab initio calculations for a
specific conﬁguratlon and molecule distance from the surface,
whereas Eads(l,z]) is the classical adsorption energy of the same
configuration using a particular set of nonbonded interaction
parameters. W(i,z;) are weights used to distinguish the impor-
tance of various data points in the optimization procedure. In the
next paragraphs we show several parametrizations based on
different molecular conformations of the benzene molecules
and on the two different types of nonbonded pair interactions.
Note that the DFT data for the hollow and bridge sites are very
similar, and thus, we parametrized the classical force field only for
the top and the hollow adsorption sites.

LJ-Based Force Fields. The first two parametrizations con-
sidered here use L] pair potentials and fit the C—Au parameters,
€au,c and Oy ¢, to reproduce the minimum of the hollow or top
flat configuration. The Au—H parameters are taken from the
universal force field (UFF).*' The resulting force fields are
referred to as hff;; and tffi;. The best set of data for the hffy;
and tff;j parametrizations are shown in Table 2 and Figure 2a,b.
Note that it is not possible to find a set of L] parameters to
describe all DFT data (molecule-surface distances) for each
adsorption site; thus the weights, W(i,z;), in the cost function
were adjusted so that the obtained force field reproduced better
the DFT position and depth of the minimum.

In both hff;; and tff;; cases the agreement between the DFT
data and the classical data for the flat configuration is reasonably
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Figure 2. Comparison between the force field adsorption energy curves
and DFT results using a L] interaction fitted to (a) top—flat orientation
(tff;) (b) hollow—flat orientation (hff;), and a Morse interaction fitted
to (c) top—flat and top—vertical orientations (tffy;) and (d) hollow—flat
and hollow—vertical orientations (hffy).

good at the minimum of the interaction as well as for longer
distances. However, there are discrepancies in the short-range
repulsive regime where the L] based atomistic potential is too steep
in comparison with the DFT data. We also observe that the hff;;
parametrization, Figure 2b, overestimates the energy for dlstances
close to the well depth adsorption energy by ~10 kJ mol " and
the energetic ordering of the various configurations predicted by
the force field is not the same as for the DFT calculations. However,
as mentioned above, the energetic differences between the various
configurations are rather small.

To check the transferability of the parameters obtained by
fitting to the flat configurations, which have the lowest energy, we
compare the energy versus distance curves for benzene in vertical
orientations, as shown in Figure 1b. Although the angular
dependence of the adsorption energy has not been explicitly
calculated, the energy as a function of angle will be smoothly
varying since the interaction is purely due to van der Waals
interactions and there is no chemical bonding present. The
curves are shown in Figure 2a,b and the agreement is reasonable.
However, we can see that for both force fields there are some
deviations between the DFT data and the atomistic interaction,
especially at short distances. This is a clear indication that the
typical L] 12-6 pair potential is not the best choice for describing

14710 dx.doi.org/10.1021/jp2003485 |J. Phys. Chem. C 2011, 115, 14707-14717



The Journal of Physical Chemistry C

the interaction between molecules and surfaces. Furthermore the
use of L] based potentials with different power laws, such as L]
10-4 or 9-3 potentials, is not physically justified in our case since
we are fitting an atom—atom pair potential and L] 10-4 or 9-3
correspond to integrations of the 12-6 over a plane and semi-
infinite slab, respectively. Therefore we decide to fit our DFT data
onto a Morse type potential, whose shape can also be modified.

Morse-Based Force Fields. In the second set of parametriza-
tions nonbonded Morse potentials were used, and the values of
€ 0;j, and ro;; were obtained by minimizing the cost function, F
(see eq 3), for the hollow site, denoted “hffy;” or the top site,
denoted “tffy,”. In this parametrization we optimized both the
C—Au and the H—Au pair potentials and fit to both the vertical
and flat configurations. The best set of data for the hffy; and tffy,
parametrizations are shown in Table 2 and in Figure 2¢,d. Note
that in this case, in the minimization of the cost function, we use
the same value for all weights, i.e.,, W(i z;)=1 for all configurations.

As we can see the agreement between the classical and the ab
initio molecule-surface interaction energies is very good for the
entire range of distances studied here. This is a clear indication
that a Morse interaction potential, whose shape and width can be
modified, is a better choice than an L] potential for describing the
complicated many-body molecule-surface interactions in the
classical level as pair atom—atom ones. Furthermore, it is very
important to note that the different molecule orientations i.e. flat
and vertical, are well described, as we can see from Figure 2¢,d.
The agreement between the DFT data and the classical data
for the different orientations is excellent for both hffy; and tffy,
cases.

Table 3. Summary of the Four Different Benzene Films,
Labelled S1—S4, and Bulk Benzene”

name of model system  Sla S1b S2 S3 S4 B

number of molecules 128 128 256 512 1024 256
film width (nm) 117 118 209 418 836  —
Puve (g cm™>) 077 076 086 086 086 085

“Note, two structures for the S1 system were observed. The average film

widths and average densities, p,y. (g cm_3) are presented. Error bars in

density are about £0.02 g cm >,

Finally, we should state that it is not possible to find a set of
nonbonded interaction parameters that describe at the same time
all the different adsorption sites, i.e., top, bridge, and hollow. This
is not surprising taking into account that the classical pair
atomistic potentials neglect electronic overlap and relaxation.
Since the differences in energy between the top and hollow
configurations are anyway small, we have arbitrarily chosen to use
the tffy; parametrization for the molecule—surface interaction in
the molecular dynamics simulations in the following section.

5. LIQUID BENZENE CONFINED BETWEEN TWO Au(111)
SURFACES

In this section we present results from classical all-atom MD
simulations about the density, structure and dynamics of con-
fined benzene systems. We have simulated four different
systems (S1—S4, see also Table 3) with 128, 256, 512, and
1024 benzene molecules between two parallel Au(111) surfaces
as well as a bulk benzene liquid (B) with 256 molecules. In all
cases T'= 300 K and p = 1 atm. Simulation times vary from 100
to 200 ns. In Figure 3 we present typical snapshots, taken from
the MD simulations, for each film. For the S1 system two
distinct structures were observed.

Density. Various characteristics of the films are shown in Table 3.
The averaged film thicknesses of the model systems studied here,
are approximately 1.17, 1.18,2.09, 4.18, and 8.36 nm for Sla, S1b,
S2, S3, and S$4, respectively. The widths are defined as the average
box height minus the thickness of the gold slab (1.41 nm). Note
that these thicknesses correspond to about 2.4, 2.4, 4.2, 8.4, and
17.2 molecular diameters, respectively. A clear layering is seen at
the interfaces for all systems. In the two thinner films, S1 and S2,
the layers are visually distinct, with the S2 film having five distinct
layers and the S1 film having two distinct layers. In addition the
smallest film exhibits two different stable configurations, shown
in Figure 3a,b, and an additional ordering along the crystal-
lographic directions. In contrast the two bigger systems S3 and
S4 show a clear ordering only for the first layer whereas at longer
distances from the surface a more bulk-like behavior is seen.
Overall, the strength of the confinement varies from bulk-like to
very confined, highly ordered systems.

Figure 3. Snapshots of benzene films of different thicknesses: (a,b) S1, (c) S2, (d) S3, and (e) S4.
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Figure 4. Time averaged molecular density profiles for (a) Sla, S1b,
and S2 films and (b) S3 and S4. The horizontal dotted line denotes the
density value of the bulk benzene (B system).

In the next stage, an analysis of the systems along the direction
of confinement (z direction) has been performed by dividing the
space into bins separated by parallel x—y planes of width of 0.5 A
for the two thinner films (S1 and S2) and 1.0 A for the S3 and S4
films. Structural and conformational properties were obtained by
averaging over all configurations obtained from the MD runs.

The time-averaged molecular (center-of-mass) density pro-
files, p(z), as a function of the distance from the metal surfaces
(z-direction) of the model films studied here, are shown in
Figure 4. In Figure 4a the p(z) for the two thinner films (S1 and
S2) are presented. As was also clear from the snapshots of the
atomistic simulations (see Figure 3a—c), the structures show two
and five clear layers, respectively, with the contact layers being
the most strongly peaked. In these two films the layers are well
separated with the density going to zero between each layer. As
expected the density profiles are symmetrical with respect to the
center of the film. Furthermore, the smallest film exhibits two
different stable configurations with slightly different density pro-
files, shown with squares and circles in Figure 4a. The energetic
difference between these two configurations is very small (about
200 kJ/mol) with the first one, (), having the lower energy.

In Figure 4b, the p(z) for the two thicker films (S3 and S4) are
presented. For these larger systems we observe the typical
oscillatory profile characteristic of fluid—solid interfacial systems.
The density has clear peaks near to the solid surfaces with their
height decreasing as the distance from the surface increases. The
density almost goes to zero only between the contact and second
layers. For the S3 system the corrugation in the density continues
into the center of the film, showing nine layers. In contrast
the largest system (S4) exhibits a clear bulk-like region in the

center of the film with the density equal to the bulk density (po =
085¢g cm 2at T=300K, p =1 atm). Overall, the effect of the
interface on the density profiles extends ~2.5—3.0 nm from the
gold surface.

The contact layers have peak densities ranging from about
2.6p, for the largest film (S4) up to almost 6.4, for the S2 film.
For all but the thinnest film, the first peak appears about 3.8 A
from the highly attractive Au surface. For the thinnest film the
peak is slightly shifted to a distance of 4.2 A. The reason for this
shift is due to the different orientation of molecules in this film
(see also snapshots in Figure 3a,b). The different structure of
the smallest film can also been seen from the slightly larger
spacing and lower peak value of the contact layers compared
those of the S2 film.

The average density of each film as well as the density of the
contact layers are shown in Table 3. Despite the fact that the
contact layers are denser than the bulk, the S1 film has an overall
density that is lower than the bulk value, which is due to the high
orientational ordering of this film. A lowering of the density was
observed for benzene confined in a silica pore of width 2.4 nm."
This is consistent with the strong layering observed in GCMC
simulations of benzene in silica nanopores.

Finally, we should state that close to the interface there is a
clear competition between orientation and density (packing
optimization). This is clearest for the thinnest film, SI. In this
system there are not enough molecules to form three layers but
too many to form two flat layers. This results in a different
orientation of the molecules to account for the extra molecules in
the two layers. This can also give rise to ordering along the a and
b crystallographic directions, which can be seen in Figure 3a.
Note that the MD simulations presented here were performed
under NPT conditions. This is different than typical experiments
in nanopores with fixed volume. It should also be mentioned that
the force field for benzene is parametrized to reproduce proper-
ties of the liquid phase and not for the solid phase. Thus it
it questionable how well the properties of the crystalline phase
of benzene are reproduced. This will be further examined in
future work concerning the effect of confinement as a function of
temperature.

Structure. The orientational order of the confined benzene
molecules is also of particular interest. The main question here is
related with molecular orientation tendencies induced by the
confinement. The orientation of a molecule can be quantified by
calculating the second rank order parameter. For an arbitrary
vector, along the molecule, v, this is defined as
Py(cos(6)) = §<c052(0)> —% )
where 0 is the angle of the vector v with the z coordinate axis, i.e.,
in our case normal to the surface, and {...) denotes the ensemble
average of all molecules in the system. Here, in order to analyze
the orientation of the entire benzene molecule, we choose as v
the vector connecting the two opposite carbons along the plane
of the molecule (see Figure 1a). The limiting P,(cos(0)) values
of —0.5, 1.0, and 0.0 corresponds to the benzene oriented parallel
to the surface, perpendicular to the surface and random orienta-
tion respectively.

P,(cos(6)) data for the two bigger systems (S3 and S4) are
shown in Figure Sa. It can be clearly seen that the profile of
P,(cos(0)) oscillates, resembling very much the profile of
the local mass density distribution discussed in the previous
section. Next to the Au surfaces P,(cos(0)) attains negative
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Figure S. (a) Orientational order parameter P,(cos(8)) for systems S3
and $4 and (b) components of the Saupe matrix S, (S, + S,,)/2 for
system S4.

values (e.g., P,(cos(0)) = —0.4S at a distance of ~3.2 A), indicat-
ing the strong tendency of the benzene molecules to orient parallel
to the surface plane. The characteristic oscillatory profile of the
P,(cos(0)) order parameter for the larger system (S4) extends to
distances of about 2 nm in rough agreement with the density profile
(see Figure 4b). Beyond this, in the middle of the film, P,(cos(6))
becomes 0.0, which is characteristic of random orientation. The
case of the two thinner films, S1 and S2, is different. For these
systems the values of P,(cos(6))) are negative at distances at which
density profiles exhibit clear peaks (see Figure 4a) but do not exist
in between the layers, because there the density is zero.

To further analyze the orientation of benzene molecule we
have calculated the average values of the second rank order
parameter for each adsorption layer, P3*(cos(#)). Each adsorp-
tion layer is defined as the distance between two consecutive
minima in the density profiles, taking into account the symmetry
with respect to the center of the film. Thus, S1 has one, S2 has
three, S3 has five and S4 has six adsorbed layers. The data are
shown in Table 4. We have also averaged the data taking into
account the symmetry along the middle of the film. P3*(cos(6))
of the first adsorbed layer is negative for all systems, showing the
tendency of molecules very close to the surface to be parallel to the
gold surface plane. It is clear that this tendency is very strong for S2,
S3 and S4 films (values of P3(cos(6)) are between —0.45 and
—0.41), in which all benzene molecules in the first adsorption layer
are almost perfectly parallel with the Au plane. For the S2 system this
orientation extends into the second and third adsorbed layer. In
contrast, the two bigger systems show a much smaller tendency for
the second layer and an average random orientation for all the

Table 4. Values of P3*(cos(60)) in Each Adsorbed Layer of
the Various Films”

layer Sla S1b S2 S3 S4
1 —0.224 —0.218 —045 —0.42 —0.41
2 —0.35 —0.14 —0.13
3 —0.33 —0.02 —0.01
4 0.00 0.00

“The values are averaged over the two surfaces and the error bars
are £0.02. The value in the bulk is 0.0.

adsorbed layers after the second one. The thinnest film (S1 system)
has only one adsorbed layer on each surface, in which the molecules
have a slightly modified orientation because of the excess number of
molecules (see also the previous section).

Next, we analyze the uniaxial (or otherwise) character of the
anisotropy exhibited in the benzene molecules. To achieve this
we have calculated all the components of the traceless, symmetric
Saupe matrix S, which is defined as

1

Sub - %(Zalb> - Eéab (5)
where [, a = x,y,z, is the direction cosines relating the vector v to
the Cartesian coordinate frame and O, is the Kronecker delta
function. For molecular phases characterized by uniaxial aniso-
tropy along the z direction, S, = S,, = — 1/2S,_,, whereas all of
the off-diagonal elements should be zero. Data for the diagonal
elements of the Saupe matrix for the bigger system (S4) are
shown in Figure Sb. Within the statistical accuracy the uniaxial
conditions are identically satisfied in the two interfacial regions.
The same is also true for the other systems.

Dynamics. In the final part of the analysis of the confined
benzene fluid, we study the effect of the confinement on the
dynamics of the benzene molecules. Although the thermostat
coupling constant of 0.2 ps is smaller than some of the dynamical
correlation times it has been shown for water that the diffusion
times are not significantly altered.*® First, we check the orienta-
tional relaxation of the benzene molecules. A standard way to
analyze the segmental-orientational dynamics of molecules is
through time correlation functions of a vector v. The reorienta-
tion of such a vector can be studied by considering ensemble
averaged Legendre polynomials of the inner product of the unit
vector parallel to v at time ¢ = 0 and ¢ = £. The most typical is the
second Legendre polynomial, which is directly related with the
second bond order parameter discussed above, defined as

1

Po(1)) = S{eos’(00)) (©
with 0 now being the angle of the vector v at time ¢ relative to its
original position. Here, we again choose v to be the vector
connecting the two carbons along the plane of the molecule (see
Figure 1). Data for the autocorrelation functions (ACFs) of P, ()
as a function of distance from the surface planes give information
about the dependence of the orientation dynamics as a function
of distance from the solid surfaces.

In Figure 6a we present P,(t) of the benzene molecules,
belonging to different adsorption layers, defined by the minima
in the density profiles (see also the previous section), for the
bigger system studied here, S4. Also shown in the figure is the
corresponding bulk P,(t) profile. It is obvious a qualitatively
different picture for the different sets of data. In more detail P,(t)
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Figure 6. Time autocorrelation functions of P,(t), analyzed layer-by-
layer, for the (a) S4 and (b) S2 system.

of all but the first adsorbed layers gradually go to zero at long
times, denoting complete decorrelation. In contrast P,(t) of the
first adsorbed layer exhibits slowly decreasing decorrelation for
short times and a constant plateau value of ~0.2 after about 20 ps.
We also observe that in the first adsorption layer the molecular
orientation dynamics is slower than in the bulk and also than in
the other adsorption layers. The dynamics of molecules belong-
ing to the second and third adsorption layers is slightly slower
than in the bulk, whereas the dynamics of all other adsorption
layers is indistinguishable from that observed in bulk benzene.

It is quite common to fit the long time regime of such
autocorrelation functions with modified stretched exponential
Kohlrausch—Williams—Watts (KWW) functions** of the form
Py(t) = Aexp(—(t/ twa)ﬂ ), where tiwyy is a characteristic relaxa-
tion time and /3 is the stretch exponent accounting from deviation
from the Debye behavior. A is a pre-exponential factor that takes
into account relaxation processes (such as bond and angle
vibrations) at very short time scales. The curves of Figure 6a
can be accurately fitted with KWW functions for time scales
above about 0.5 ps. Especially for the first adsorbed layer only
times up to about 100 ps can be fitted since for longer times P, (t)
reaches a constant value. Values for txww and 3 that provide the
best fits to the simulation data for all adsorbed layers of system S4
are summarized in Table 5. As we can see the relaxation time of
the benzene molecules very close to the gold surfaces (first
adsorption layer) is more than five times slower than the bulk
value. The relaxation time of the molecules belonging in the
second and third adsorption layer is slightly larger (about 20%
and 10% respectively) than the bulk one, whereas it attains the
bulk value for distances after the third adsorbed layer.

Table 5. Values of Relaxation Time fiyyw and Stretching
Exponent 3, Obtained from Fits of the P, (t) Time ACFs of the
S4 System As a Function of the Distance of the Benzene
Molecules from the Gold Surfaces

layer range (A) tww (ps) B

I 0-S§ 5.8040.20 0.61 +0.05
11 5—10 125+ 0.15 0.79 +0.05
I 10—15 1.10+0.15 0.87 +0.05
v 15—20 1.05£0.15 0.92+0.05
\ 20—-25 1.03 £ 0.15 0.92+0.05
Bulk — 1.00 +0.10 0.93 £0.03

The stretch exponent /3 of the bulk unconstrained fluid is
about 0.9, showing small deviations from the ideal (simple
exponential) behavior. The value of 3 is much smaller for the
molecules belonging in the first adsorption layer (8 = 0.6)
showing a broader, compared to bulk, distribution of relaxation
times close to the surface. In agreement with the qualitative
picture of the relaxation times, {3 in the second adsorption layer is
also smaller than the bulk value, whereas values of [ after the
second adsorption layer are very close, within the error bars, to
the bulk one. The values of the characteristic relaxation time
reported here are also quite similar to recent experimental data of
benzene confined in nanoporous sol—gel monoliths.’ Overall, the
effect of the interface on the orientational dynamics of the bigger
systems extends mainly to the molecules next to the surfaces (first
adsorption layer), i.e., ~5—10 A from the gold surface.

The picture for the S3 film is very similar, both qualitatively
and quantitatively. In contrast the dynamics of the two thinner
films, S1 and S2, is different. The P,(t) data for the three
adsorption layers of the S2 system are shown in Figure 6b. Note
that from now on we do not distinguish between the dynamics of
the two different configurations of the smallest film (Sla and
S1b), since there is practically no difference. The P,(t) data of
molecules belonging in the first adsorption layer for both S1 and
S2 films also exhibit the same anomalous behavior for P,(t): a
slowly decreasing decorrelation for short times and a constant
plateau value of ~0.2 after about 100 ps. P,(t) for molecules
belonging in the second and third adsorbed layer of the S2 film
also reach plateau lower values, of ~0.12 and 0.08 respectively
after only ~10 ps. Note that the anomalous incomplete orienta-
tion dynamics of P, (¢) is present during the whole duration of the
present runs (200 ns), showing clearly that those systems never
really decorrelate for times at least 5 orders of magnitude longer
than the relaxation time of the bulk system. This is an important
qualitative difference in the dynamics of confined benzene
molecules, compared to the bulk films, and is due to the strong
degree of confinement.

To further compare the orientational relaxation of the differ-
ent films we show, in Figure 7, P,(t) of the molecules next to the
gold surfaces (first adsorption layer), for all systems studied here.
As stated above, there is a qualitatively similar dynamical
behavior for the first adsorption layer of all films, i.e. P,(t) exhibit
clear anomalous dynamics with the appearance in longer times
(ranging from 20 ps to about 100 ps) of a plateau value of about
0.2, showing an incomplete relaxation of the molecules. How-
ever, we also see that the P,(t) curve of the S2 system is much
slower than those of the two thicker films, S3 and S4, as well as of
the thinnest film, SI, even in the short time regime. In more
detail, the shape of the S3 and S4 P,(t) curves for short times
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Figure 7. P,(t) time autocorrelation functions of the molecules next to
the gold surfaces (first adsorption layer), for all systems studied here.

(below about 10 ps) are similar, showing behavior similar to
curves of bulk unconstrained molecular fluids. Also of impor-
tance, is the anomalous form of the P,(t) data for the S2 system,
even at initial times, showing the clearly different behavior of this
film, which was obvious from the density and the structural
characteristics, as discussed previously.

In the last part of the results section, we discuss the transla-
tional dynamics of the confined benzene molecules. This can be
quantified through mean square displacement (MSDs) of the
molecules center-of-mass, {(R(f) — R(0))?), where R(t) is the
position of the center-of-mass at time . For systems that are
confined in one direction it is of interest to measure the trans-
lational dynamics in the other two free directions, in this case x
and y. In order to examine the dynamics in these two dimensions
we calculate the MSDs in the xy plane parallel to the gold
surfaces: DR, (t) = ((Ry, (1) — ny(O))z), where the brackets
denote the statistical average over all molecules present in the
model systems. Results about DR,, for all the systems studied
here are shown Figure 8a. The bulk, as well as the two bigger
systems (S3 and S4) exhibit as expected nonlinear anomalous
dynamics for short times (up to about 50 ps) and a linear Fickean
dynamics at longer times. It is also clear that the xy translational
mobility of the two bigger systems is slower, but within the same
order of magnitude, than the bulk free dynamics. The behavior of
the two smaller, more confined systems, is very different. Both S1
and S2 films are practically frozen, that is, there are only small
vibrations of the benzene molecules, of about 0.4 — 0.6 A.

The above behavior is even more clear if we calculate the time-
dependent xy self-diffusion coeflicient, defined as

ny(t) _ <(ny(t) 4tny(0))2> (7>

Values of D,,(t) for all of the systems studied here are plotted
in Figure 8b. As expected, the bulk system shows a time
dependent value for the short times whereas it reaches a plateau
value (at around 20 — 30 ps) of about 0.25 & 0.02 A” ps~'. The
two bigger confined films (S4 and S3 systems) exhibit qualita-
tively similar behavior with plateau, time-independent, values of
D,, equal to 0.17 £ 0.03 and 0.08 & 0.03 A ps™" respectively.
Finally D,,(t) of the molecules of both S2 and S1 system show a
constant decreasing ny(t), which is to be expected since the
molecules in these systems are practically frozen.

Overall, the translational dynamics of the benzene molecules,
confined between two gold surfaces, in the free unconstrained
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Figure 8. Translational center-of-mass xy dynamics of all confined
benzene systems studied here: (a) mean square displacements and (b)
time dependent self-diffusion coefficients.

xy plane clearly shows a gradual decrease with the increase of
the confinement effect. This decrease in the benzene mobility
becomes clearer for systems with about 7—8 molecular dia-
meters range of confinement (as the S3 system studied here), for
which the mobility is about 2 times smaller than the bulk one.
Finally for even more confined systems, as the S2 and S1 systems
(only 2—4 molecular diameters), the translational xy mobility is
practically zero.

6. SUMMARY AND CONCLUSIONS

This work reports a hierarchical dualscale study of liquid
benzene confined between two gold surfaces at a temperature of
T =300 K and p = 1 atm. DFT calculations of a single benzene
molecule adsorbed at different sites on the Au(111) surface were
performed. A classical atomistic potential for the interaction of
benzene with the surface was developed based on these DFT
calculations. This interfacial potential was used in molecular
dynamics simulations for liquid benzene films confined between
two parallel gold surfaces.

The DFT calculations show a strong adsorption of the
benzene molecule on the gold surface. Gold and benzene are
both highly polarizable, and the interaction between them is
almost entirely due to vdW forces. The adsorption energies on
the various surface sites are similar and range between 74.9 and
82.1 kJ mol~ " when the benzene molecule is flat on the gold
surface. This means that the surface is rather smooth and there is
no strong site dependence.

The derivation of a new, accurate classical pair molecule/
surface force field, through parametrization of detailed DFT data,
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is a major part of this work. Using an optimization algorithm,
which is based on simulated annealing, we obtain a set of non-
bonded pair C—Au and H—Au parameters that accurately
describe the detailed many-body DFT data. Flat and vertical
orientations on three adsorption sites (top, hollow1 and bridge)
are considered. Several parametrizations using two different
types of interaction potentials and fits to different adsorption
site data were developed and compared. We found that a Morse
potential, whose shape and width can be modified, is a better
choice than a Lennard-Jones potential for describing complicated
many-body molecule-surface interactions at the classical level as
pair atom—atom interactions. The Morse potential parametriza-
tions give good agreement between the DFT and classical data
for both flat and vertical molecular orientations.

Four systems with different numbers of benzene molecules
were studied using molecular dynamics and the benzene film
thicknesses ranged from 1.17 to 8.36 nm corresponding to 2.4 to
17.2 molecular diameters. The density, structure, and dynamics
of the benzene films were analyzed. The density displays the
typical fluid—solid behavior, and only the thickest film of 8.36 nm
has the same density as bulk benzene in the center of the film. In
this case the layering near the surface extends approximately
2.5—3.0 nm from the gold surface. For the smallest two films the
effect of confinement is strongly pronounced and the benzene
liquid exhibits discrete layers throughout the film. The orienta-
tion of the benzene molecules in the layers was analyzed and the
contact layer for all films shows a strong ordering with the
benzene oriented parallel to the gold surface. For the 2.09 nm
film this orientational order extends throughout the film whereas
for the largest two films the second layer from the surface is less
clearly ordered and the third layer becomes already disordered.

To analyze the dynamics of the films the time autocorrelation
function P,(t) for each adsorption layer was calculated. For all
the films the layer in contact with the gold surface shows a
marked slowing down of the dynamics for short times whereas
for longer times P, () never completely decorrelates. For the two
largest films the inner layers show a similar decorrelation time as
bulk benzene. In the case of the smallest two films the auto-
correlation functions for all the layers never completely decorr-
elate. Overall, it is clear that the effect of confinement changes
qualitatively the behavior of films thinner than ~4 nm. Above
this thickness the influence of the interface does not significantly
change the orientational order or dynamics beyond the first layer
(approximately 5S—10 A). The translational dynamics of the
confined systems in the xy plane parallel to the gold surfaces
also show a clear decrease of the mobility as the strength of the
confinement increases. This is even more clear for the 2.09 nm
confined system studied here where the mobility is more than an
order of magnitude smaller than in the free unconstrained
system. Smaller, more confined systems are practically frozen.

Future work concerns two directions. The first one is to study
the effect of temperature on structure and dynamics for various
film thicknesses. The second direction is to extend the present
hierarchical approach to investigate and compare the behavior of
benzene films on a variety of different surfaces. The study of the
confinement effect for different molecule-surface interactions
would be of particular importance.
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