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Abstract

38 The adsorption of benzene on the Rh(111) substrate was investigated through
40 scanning tunneling microscopy (STM) imaging and density functional theory (DFT)
calculations. Experiments were carried out at various surface coverages, with the
45 amount of benzene adsorbed determined to influence the molecular adsorption site,
the intermolecular interactions, and the interaction between the molecule and the
50 substrate. At a sub-monolayer coverage of the surface, the molecules are disordered
52 and kept apart by a strong inter-adsorbate repulsion, with a preference for the
55 molecule to adsorb on a three-fold hcp hollow site. At high coverage, the preferred
57 adsorption site becomes the two-fold symmetric bridge site, whether as part of the

two dense ordered structures that form at high coverage ((2v3x3)rect or
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(V19xVv19)R23.4°) or as part of the disordered array of benzene molecules, which are
arranged in formations which resemble the “building blocks” of the ordered
overlayers. Despite the adsorption energy for benzene within both dense structures
being similar, the (V19xv19)R23.4° overlayer is only observed if the substrate is
annealed to 363 K during or after deposition, indicating that the formation of the
(V19xv19)R23.4° ordering is inhibited by an activation barrier at lower temperatures

and can only be overcome by increasing the temperature of the Rh(111) support.

Introduction

As the smallest possible aromatic hydrocarbon molecule, the adsorption of benzene
on transition metal substrates has been extensively studied in surface science, serving
as an appropriate model for the interaction of a m-conjugated system with metal
surfaces™3. This is a subject of broad interest, not only on a fundamental level but in
applied research as well. Previous investigations were motivated by financial and
environmental concerns in heterogeneous catalysis; for example, the concentration of
aromatic species in diesel fractions had a negative impact on the fuel quality while also
resulting in problematic emissions present in the exhaust gas'#'’. Modern research is
focused on the application of aromatic molecules in devices such as photovoltaic cells8,
field-effect transistors!® and organic light-emitting diodes (OLEDS)?°. Establishing a
better understanding of the m-metal interaction on various surfaces is crucial to the

development and optimization of such devices.
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Various properties of the benzene-substrate interaction have been determined to be
common across different metal surfaces. Almost all surfaces studied have demonstrated
that benzene adsorbs with the plane of the aromatic ring parallel to the plane of the
substrate27:1021-23 The strength of the bonding between benzene and transition metal
surfaces follows the general trend of reactivity across the periodic table?*, with the
molecule binding weakly via physisorption to coinage metals?>2’ and strongly via
chemisorption to more catalytic surfaces*?4%>. A variety of surface science techniques
have been used to determine these properties, as well as others such as the binding
energy, across numerous metal surfaces, including HREELS?®, LEED?°, TPD3, ARUPS3?,
XPS32 and NIXSW33.Spectroscopic techniques have also been employed to obtain
microscopic information about the commensurability of the structures that benzene
forms on different catalytic substrates343’. In more recent years, theoretical studies
have been preferred for the study of the adsorption characteristics of benzene on
various metals?”34>_ The molecular self-organization of benzene on these surfaces is
thermodynamically driven by competing interactions: (1) the repulsive interactions
between the benzene molecules, and (2) the attractive metal-molecule interactions.
Consequently, variations in surface coverage result in the formation of different
morphologies of molecular ordering as a direct result of the competition between these

interactions 46748,

Benzene adsorption has been extensively studied on the surface of the Rh(111) single
crystal?1:293037,45-55 " \with a significant amount of attention given to the behavior of
benzene upon coadsorption with CO. This is in part due to the difficulty in preparing

such a reactive surface free of typical UHV pollutants such as CO. Upon realizing that the
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initial studies of benzene on Rh(111) involved coadsorbed structures with CO, research
interest changed to how these different molecules interacted with one another on a
catalytic substrate. As a result of benzene and CO having oppositely orientated dipoles
upon binding to the substrate, a strong attractive interaction occurs® which induces two
possible ordered overlayers: a (3x3) structure with one benzene and two CO molecules
per unit cell, and a c(2V3x4)rect structure with one benzene and one CO per unit cell>®-
32, The formation of these ordered overlayers is dependent on the deposition conditions,
with both molecules determined to adsorb on hexagonally close-packed (hcp) hollow
sites irrespective of the way the molecules are ordered. STM images, mainly of the (3x3)
ordering, have confirmed the hcp adsorption for the benzene molecules through their
appearance in these images as three-lobed structures®’, in agreement with simulated
STM images for benzene on hcp sites on Rh(111)°%. The ordering of benzene upon
coadsorption with CO has also been observed on other transition metal surfaces such as
Pt(111)%-°%59, Pd(111)°°>, and Co(0001)%%¢1, The same phenomenon has also been
reported for benzene coadsorbed with other molecules, particularly electronegative

ones such as oxygen and NO®263,

Unlike the benzene/CO coadsorbed system described above, the adsorption of just
benzene on Rh(111) does not feature an attractive interaction between the adsorbates.
Without CO, benzene ordering has only been observed upon saturation of the surface
with the molecules. This results in the self-organization of the molecules into two
different commensurate nanostructures. A (2V3x3)rect ordering (relative coverage of
Ocshe= 0.166), with two benzene molecules per unit cell (all adsorbed on bridge sites),

was first identified through LEED patterns®?, which also suggested the ordering was
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short-ranged. HREELS experiments revealed two out-of-plane C-H bending modes for
the benzene molecule, leading to the determination of benzene adsorbed on a three-
fold hollow site in the disordered regions®2. Another dense structure has been identified
through LEED and ARUPS to form upon annealing a benzene saturated Rh(111) surface
to 363 K. This structure, with relative coverage of Ocsns= 0.159, contains three benzene
molecules per unit cell. Although this was not experimentally proven, it was proposed
that the molecules in this arrangement also adsorb onto bridge sites. This structure has

been designated as a (V19xV19)R23.4° overlayer3,

Previous studies have acquired STM images of benzene on Rh(111) for the benzene/CO
coadsorbed system as well as the (2v3x3)rect pure benzene ordering3®3757. However,
there has not been any direct observation of the (V19xV19)R23.4° overlayer, either
through STM imaging or otherwise. All investigations involving pure benzene adsorption
on Rh(111) have been limited to the case of saturated coverage, thus the structural
evolution of benzene upon varying coverage, as well as the temperature of the

substrate, is poorly understood.

This paper presents a study on the adsorption of pure benzene on Rh(111), from low
coverage resulting in isolated molecules, to high coverage with densely packed
overlayers. The phenomena that dictates the behavior of benzene on the Rh(111)
surface shall be investigated directly through Ilow temperature UHV-STM
measurements. These measurements are performed in conjunction with a
comprehensive theoretical investigation using DFT calculations to qualitatively

rationalize the adsorption characteristics of benzene on the Rh(111) surface.

Methods
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All STM measurements were performed in a UHV microscope chamber with a low
temperature CreaTec STM. The Rh(111) single crystal was cleaned in a conjoining
preparation chamber via repeated cycles of Ar* sputtering followed by a subsequent
anneal above 970 K in oxygen (up to 1x10°® mbar) for five minutes and then a further
ten minutes under recovering vacuum. Benzene was purified through multiple pump-
freeze-thaw cycles and the deposition of the molecules onto the Rh(111) surface was
carried out under excellent vacuum conditions (i.e. a base pressure of <1x1071° mbar) to
avoid CO contamination. The benzene dosing system was also constantly refreshed to
keep it free from CO. Various amounts of benzene were deposited over the course of
these experiments, ranging from 0.1 Lto 20 L. Allimages were acquired at approximately

5K.

Periodic DFT calculations were performed using the projector-augmented-wave
(PAW)®46> method as implemented in the Vienna ab-initio simulation package
(VASP)®67 Valence electrons were described using plane-waves, with their basis sets
expanded up to a 400 eV kinetic energy cut-off. The rhodium surface along the (111)
direction was modelled via a four-layer slab (with the two upper layers relaxed
during optimization) and a vacuum gap between periodicimages of 15 A. The
integration of the Brillouin zone was sampled using various k-point grids, reflecting
the varying dimensions of the surface and benzene coverage i.e. 7x7x1 for the smaller
unit cells used, (3x3) and (4x4), 5x5x1 for the (5%5) and (6x6) unit cells and 3x3x1 for
the (7x7) and (8x8) unit cells. The molecules in the gas phase were modelled in a cubic

cell (lattice parameter of 30 A) considering only the -point. Geometry optimizations

ACS Paragon Plus Environment

Page 6 of 48



Page 7 of 48

oNOYTULT D WN =

The Journal of Physical Chemistry

were converged when the residual forces of all the atoms were smaller than 0.02 eV/A.

The electronic convergence threshold was set to 10 eV.

Various functionals were employed to calculate the adsorption energy of benzene on

the modelled Rh(111) surface, using the formula:

Eaas = Egz/rn111) — Ern(111) — 1 X Epz(gas)

Where E 45 is the adsorption energy of a given system and Eg;/gp(111) is the energy
of the system when n molecules of benzene are adsorbed onto the metal slab. Also,
Ep,(gas) refers to the energy of benzene in the gas phase while Egp(111)is the energy of
the slab. Adsorption energies per molecule are acquired by dividing the calculated
adsorption energy by the number of benzene molecules (n) included in the unit cell,
while adsorption energies per unit area are obtained by dividing the adsorption energy
by the unit cell area occupied at the specific coverage being modelled. These values are
not normalized by the number of molecules within the unit cell to allow for the
comparison of results for the different overlayers investigated. Finally, constant height
STM  simulations were calculated with the use of the Tersoff-

Hamann approximation%869,

Results and Discussion

A. Low coverage of benzene

Previous theoretical investigations have established that the two most energetically
favorable adsorption sites for benzene on (111) transition metal surfaces have the
center of the molecule positioned either above an hcp site or a bridge site333%70, When

adsorbed on the hcp site, the benzene molecule is arranged in such a way that the C-C
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bonds of the molecule are aligned with the high symmetry directions of the substrate,
while the bonds are rotated +£30° with respect to the atomic rows of the substrate when
benzene adsorbs onto a bridge site. As such, these adsorption arrangements are

referred to as hcp0° and bridge30° throughout this paper.

STM images were acquired of benzene on Rh(111) at low (i.e. below saturation)
coverage of the substrate, revealing that the molecules neither order nor pair up/cluster
together under such conditions. Instead, each benzene is isolated from its nearest
neighbors by several Angstroms. The molecules were deposited onto the substrate at
150 K, room temperature and 363 K, with no discernible differences in the ordering of

the molecules observed in the STM measurements.

As shown in Figure 1, high-resolution images were acquired at constant height after
depositing 0.6 L of benzene with the substrate at room temperature to ascertain the
adsorption site of the molecules at this coverage. After deposition, the sample was
subsequently cooled to approximately 5 K, thereby ensuring that thermal equilibrium
was reached. The image in Figure l1a reveals the benzene molecules as hexagonal
protrusions on the surface, while the image in Figure 1b resolves the atomic corrugation
of the Rh(111) surface as well as the benzene molecules themselves. The visualization
of the rhodium atoms in Figure 1b allows for the construction of a lattice grid that
represents the Rh(111) translational periodicity, which in turn is used to elucidate the

adsorption site of the benzene molecules on the surface, as seen in Figures 1c and 1d.
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Figure 1(a) 46x47 A? constant height image of benzene deposited on Rh(111). (b) 46x47 A2 constant height image of

42 benzene on Rh(111) with atomic resolution. The atomic resolution was used to create a Rh(111) lattice grid, which,
44 when applied to the images as shown in (c) and (d), demonstrates that the molecules are all adsorbed onto three-

46 fold symmetric hollow sites. The bias applied in both images was 26 mV.

49 The clear hexagonal structure of the benzene molecule in Figure 1a and the application
51 of the lattice grid in Figure 1c makes it clear that the C-C bonds are aligned with the high
54 symmetry direction of the substrate i.e. the molecules are oriented 0° with respect to
56 the surface. The lattice grid, which is pinned onto the rhodium top sites in Figure 1d,

also leads to the determination that the molecules are all adsorbed onto a three-fold
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hollow site. The exact hollow site can be determined experimentally by identifying a
triangular vacancy defect, a regularly observed feature on Rh(111) surfaces where
several atoms in the top layer are missing, forming a void in the shape of a triangle. If
this defect can be observed in an STM image with the atoms of the first and second layer
resolved, as shown in Figure 2, then it is possible to distinguish between the two types

of hollow sites, hcp and fcc.

1.1“"‘.
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Figure 2 STM image of a triangular vacancy defect on Rh(111) with atomic resolution. The blue grid represents the Rh(111) lattice
with respect to the top layer. The zoomed in part of the image highlights the position of the atoms in the top layer (yellow circle)

and the layer directly beneath (green circles).

The blue grid in Figure 2 represents the lattice of the rhodium atoms on the top layer,
while the orange rhomboid is used to highlight a single unit cell of the Rh(111) surface.
This unit can be split into two triangles with one of the two hollow sites at the center of
them. As this image provides the position of the atoms in the second layer, it can be

concluded that the triangular half unit cell that represents the hcp site is aligned parallel
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with the triangular vacancy, while the other half cell that represents the fcc site is
aligned anti-parallel with the defect. Using this information, we can confirm that the
benzene molecules deposited on Rh(111) at low coverage as shown in Figure 1 adsorb

onto the surface in the hcp0°® configuration.

The adsorption of benzene onto the hcp hollow site at low coverage is somewhat
surprising, given that the bridge30° configuration was determined via theoretical
calculations to be the most stable adsorption arrangement for benzene on Rh(111)”2,
However, these calculations were performed using a (3x3) unit cell to represent the
benzene on the Rh(111) surface, which does not completely and accurately describe
what is observed in these experiments. The calculations do suggest that the difference
in adsorption energy for the two most stable configurations, bridge30° and hcp0°, is
minimal, with some methods producing a difference as low as 10 meV. As benzene is
not observed to adsorb onto bridge30° sites after deposition onto the Rh(111) crystal
held at room temperature, then in reality it is the bridge30° configuration that is less
stable (with the hcp0° the experimentally observed adsorption site). To confirm this
hypothesis, benzene was deposited at the same coverage seen in Figure 1 but with the
substrate maintained at around 150 K during the deposit. This was carried out as
depositing at lower temperatures limits the molecular diffusion that has previously been
observed to occur with benzene on Rh(111) at room temperature3’. The result of this is

shown in Figure 3.
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Experimental images | Simulated images

Figure 3(a) 46x47 A2 constant height STM image (V = 52 mV) of benzene deposited onto Rh(111) while the sample
was cooled to approximately 150 K. A Rh(111) lattice grid is placed on the image to highlight the different
adsorption sites observed. A blue hexagon is used to highlight a molecule in a three-fold hollow site and a red
parallelogram for a molecule on a two-fold bridge site. A yellow hexagon highlights a molecule on the other hollow
site compared to the other molecules in the image. (b) and (c) provide a closer look at the distinct electronic
contrast for the benzene molecules on the different sites. These images are compared to DFT-simulated images
acquired with the same voltage parameters. Benzene in a bridge30° configuration, simulated in (d), compares

favorably with (b), while the simulated image for hcp0° in (e) compares favorably with (c).

The high-resolution constant height image shown in Figure 3a allows for the visual
distinction between benzene molecules adsorbed onto different sites. The dependence
of the topographic appearance of an adsorbate on its adsorption site is a well-known
phenomenon of STM imaging first identified with benzene on Pt(111)*2. Most of the
molecules appear identical to the feature highlighted by the blue hexagon in Figure 3a,
which in turn resembles the hexagonal protrusions in Figure 1. Looking closer at the
image in Figure 33, it is clear that the edges of the hexagon are comprised of three lobes
of bright contrast, a feature first identified for benzene adsorbed in the hcp0Q°

configuration on Rh(111) in past STM measurements carried out on the coadsorbed
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benzene/CO system>’. In contrast, one molecule in the image appears elongated, with
two protrusions located on opposing sides of the molecule, resulting in a distorted
hexagonal appearance (and is highlighted by the red parallelogram in Figure 3a). Placing
a Rh(111) lattice grid on the image confirms that the hexagonal protrusions are
adsorbed onto hollow sites, while the distorted hexagon feature is centered over one of
the three degenerate bridge sites. Interestingly, the hexagonal protrusions are centered
over the same type of hollow site as the benzene molecules observed in Figure 1d (which
have already been determined to be hcp hollow sites) with the exception of the
protrusion marked by the yellow hexagon. It follows then that this molecule is adsorbed
onto an fcc hollow site in a fccO° configuration. The ability to visually distinguish between

benzene adsorbed on bridge sites and hollow sites will be used in the next section.

The experimental and DFT-simulated images in Figure 3b-e provide further
clarification on the types of adsorption sites that benzene adsorbs onto under these
conditions. The images in Figure 3d and 3e were simulated for the optimized bridge30°
and hcpO0° configurations respectively. These simulated features are an excellent match
to the experimental images of benzene in these two different adsorption sites, with the
bridge30° simulated image matching the distorted hexagonal protrusion (Figure 3b)
while the hcp0° image matches the regular hexagonal protrusion (Figure 3c). However,
it is very difficult to experimentally distinguish between benzene adsorbed onto the
hollow sites based on their electronic contrast alone and we are only able to do so here
with the knowledge of the atomic positions in the second layer acquired from Figure 2.
Statistical analysis of the images acquired after the low temperature (150 K) deposit

reveals that around 81% of the benzene molecules can be assigned to the presumed hcp
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hollow site, 13% are assigned to bridge sites and 6% are on the other hollow site, fcc.
Once again, the molecules are determined to be adsorbed predominantly on hcp sites,
with a small percentage in bridge sites and an even smaller percentage in fcc sites. This
also confirms that the unique topographic signature for benzene is dependent on the

symmetry of the adsorption site.

This experiment confirms that the two-fold bridge site is less stable than the three-fold
hcp hollow site for benzene deposited onto Rh(111) at low coverages, although the
observation of molecules on other sites indicates the difference in adsorption energy is
small, as suggested by past theoretical investigations’l. There was no indication of
benzene adsorption on bridge sites when the deposit was carried out at room
temperature or at 363 K; this is likely due to the diffusivity of benzene on the Rh(111)
surface at such temperatures, with the thermal energy provided to the molecule at
room temperature and above enough to allow for the relaxation of the molecules into
the most stable arrangement (adsorbed onto the hcp site). By performing the deposit at
lower temperature, the molecular diffusion that occurs at room temperature is at least
somewhat quenched, therefore the thermalisation of the benzene/Rh(111) system is
incomplete. This also explains the small percentage of benzene determined to adsorb in

the fccO° configuration after a low temperature deposit.

In tandem with our experimental work, the adsorption of benzene on both hcp and
bridge sites on the Rh(111) surface was modelled, with the results compared to our STM
results and the previous theoretical investigations. Four different functionals were used
for comparison while also varying the size of the unit cell from (3x3) to (8x8) in an

attempt to determine the qualitative impact of the intermolecular distance between
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benzene molecules on their adsorption onto the substrate. The results from these
calculations were plotted to show the adsorption energy versus the unit cell size

determined through each method used as seen in Figure 4.
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Figure 4 Plots of the calculated adsorption energies for benzene on hcp sites and bridge sites versus increasing cell
size using the PBE, PBE-D3(BJ), PBE+vdW(TS) and vdW-DF2 functionals. The energy differences between the most

stable adsorption sites for the (3x3) and the (5x5) unit cells are displayed in each plot.

By examining the plots in Figure 4, it is clear that, no matter the functional used, the
most favorable adsorption values are found at a cell size of (5x5), while a severe energy
penalty was observed upon decreasing the cell size down to (3x3). The lowest energy
variation from the most stable adsorption site in the (5x5) unit cell to the most stable
site in the (3x3) cell is observed with the PBE-D3(BJ) functional, but there is still a
substantial energy cost of around 140 meV. The large increase in energy observed by
moving to the (3x3) cell is indicative of the strong effect that the intermolecular

repulsion between benzene molecules has at short range on the adsorption of benzene
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on the Rh(111) surface. This coincides with the lack of pairing or clustering of molecules
observed in the experimental STM images in Figures 1 and 3. This repulsive interaction
at short inter-adsorbate distances is the opposite of what is observed upon coadsorption
of benzene and CO on Rh(111). The structures that form upon coadsorption of these
molecules®®>? are a result of an attractive interaction between the opposing oriented
dipoles of CO and benzene on the Rh(111) surface®®. The repulsion observed upon pure
benzene deposition is a result of the dipoles of the adsorbates all being oriented in the

same direction.

As the (5x5) unit cell seems to provide the best comparison with the experimental
results (at least in terms of the average intermolecular distance observed in the STM
experiments discussed previously), it is best to focus the discussion on the data acquired
when using this model. Table 1 reveals the computed adsorption energies for benzene
on the two different adsorption sites for the (5x5) unit cell, as well as the energy
difference between both sites for each functional. The energy difference is calculated
by subtracting the energy of the system where the molecules are adsorbed on bridge
sites from the energy of the system with the molecules on hcp sites, therefore a positive
result indicates that bridge site adsorption is energetically favored. Corrected zero-point
energy (ZPE) differences were also calculated for comparison with the uncorrected

results, using the equation;
1 hcep bridge
AEhcp—bridge(ZPE) = AEhcp—bridge + Eh (‘Ui -V )
i

Where AEpc,_priage iS the uncorrected energy difference between the adsorption

bridge

energies for benzene on hcp and bridge sites while vl.th and v, are the respective
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energies of the i-th vibrational mode for benzene when adsorbed on hcp and bridge
sites. Without any reported experimental adsorption values for benzene on Rh(111), it
is impossible to discuss the accuracy of each method used in a quantitative manner
based on the computed adsorption energies. Instead, the quality of the methods will be

discussed by analyzing the relative energies of the two most stable adsorption sites.

Methods Adsorption Energy Energy difference

hep bridge AFE(hep—bridge) AE(hep—bridge)(ZPE)
PBE —1.62 —1.58 —0.04 (hep) —0.01 (hep)
PBE-D3(BJ) —2.72 —2.70 —0.02 (hep) +0.01 (bridge)
PBE+vdW(TS) —2.90 —2.92 +0.02 (bridge) +0.04 (bridge)
vdW-DF2 —0.94 —0.85 —0.09 (hep) —0.07 (hep)

Table 1 Calculated adsorption energies and energy differences (in eV) for benzene on Rh(111) at hcp0°® and

bridge30° sites using four different methods. The 5x5 unit cell was chosen to represent the isolated regime.

The four functionals used produce very different values for the lowest adsorption
energy; PBE (-1.62 eV), PBE-D3(BJ) (-2.72 eV), PBE+vdW(TS) (-2.92 eV) and vdW-DF2 (-
0.94 eV). Although the adsorption energy for benzene on Rh(111) has never been
experimentally determined, it is expected to follow the trend determined by
measurements on other 4d and 5d metals such as Pt(111)'%48, thus the actual adsorption
energy for benzene is expected to be somewhere around -2 eV or lower. The vdW-DF2
functional can therefore be dismissed as an unreliable method for these experiments,
since the adsorption energies calculated are too high (-0.94 eV and -0.85 eV for hcp and
bridge adsorption respectively) compared to the expected adsorption energy. This

concurs with a recent study that found the vdW-DF and vdW-DF2 functionals to be
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inaccurate in describing benzene adsorption in systems where strong chemisorption
occurs. This same study also found the RPA method to provide the most accurate
adsorption energies for benzene on various metals when compared to experimental
values, while also predicting the adsorption energy at medium coverage of the Rh(111)

surface to be 2.08 eV’2.

The relative energy difference between the two most stable adsorption sites are very
similar for all functionals employed, with energy differences lower than 0.1 eV. The
highest difference was found for the (inaccurate) vdW-DF2 functional (0.09 eV), with the
lowest difference found for both the PBE-D3(BJ) and PBE+vdW(TS) methods (0.02 eV).
Every functional employed except the PBE+vdW(TS) accurately predicts the most stable
adsorption site of the two to be the hcp site, although the difference in the adsorption
energy is low enough that it could possibly be considered within the error margins of
the method. Even when ZPE corrections are applied, the energy difference remains low,
with the only significant difference being that for the PBE-D3(BJ) functional, the most
stable adsorption site switches from hcp for the uncorrected energies to bridge. The
small energy differences reflect the experimental observations of benzene molecules in
both adsorption sites (at low temperatures), with three of the four functionals
accurately predicting that the hcp adsorption site is the most stable of the two. This
suggests that that these functionals are sufficiently accurate to provide a qualitative
understanding of the adsorption of benzene on Rh(111) at low coverage. Qualitatively

speaking, applying ZPE corrections does not improve the accuracy of these results.

To examine the differences in the interaction of benzene with the Rh(111) substrate

with respect to coverage, especially as it pertains to the potential adsorption sites and
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ordering of the molecules, other experiments were performed where the Rh(111)

surface was saturated with benzene. The next two sections of this paper will cover this

oNOYTULT D WN =

part of our investigation.

B. The (2\/ 3x3)rect ordering of benzene at high coverage of the Rh(111)

14 surface

17 The work presented in this section does not counter or contradict any of the prior
publications where the deposition of benzene at high coverage on Rh(111) has been
22 reported on, but the nature of this discussion will be relevant when we move on to
investigate the (V19xV19)R23.4° ordering. In these previous experiments, mainly
27 involving HREELS and LEED, benzene was found to form a short-ranged (2V3x3)rect
29 ordered structure, with a unit cell containing two benzene molecules, each one
32 adsorbed in a different bridge30° configuration?>%>4, Disordered molecules present on

34 the surface were determined to be on three-fold hollow sites.

The existence of three possible bridge30° configurations for the benzene molecules
40 suggests two possible arrangements for the (2v3x3)rect structure. When isolated, the
molecules on these adsorption sites (labelled “a”, “B” and “y” in Figure 5a) are
45 geometrically and energetically degenerate and are mirror images along the [112]
47 direction of the substrate i.e. “a” converts into “B”, while “y” remains unchanged upon
50 reflection. When the molecules arrange to form the (2v3x3)rect structure, the inter-
52 adsorbate interactions within the unit cell result in the single molecule arrangements
becoming non-degenerate. The two possible ways for the molecules to order are “bridge

57 a + bridge B” and “bridge a + bridge y” (since “bridge B + bridge a” and “bridge B + bridge

vy’ are symmetrically equivalent to “bridge a + bridge B” and “bridge a + bridge y”
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respectively) with the major difference between the two being that the unit cell for the
latter configuration has no glide plane symmetry. The “bridge a + bridge f” and “bridge
a + bridge y” arrangements are shown in Figures 5b and 5c respectively. Previous
research has observed the presence of glide plane symmetries through the extinction
of specific spots in the (2vV3x3)rect LEED pattern of benzene adsorbed on Rh(111)?, thus
the “bridge a + bridge B” ordering is expected while the “bridge a + bridge y” structure

is not. For comparison, another (2V3x3)rect arrangement is shown in Figure 5d, however

The Journal of Physical Chemistry

the molecules are centered over the hollow sites instead of bridge sites.

B g% €

Ry o

bridge o + bridge

bridge a + bridge ¥

hep 0 + fec O

Figure 5(a) The three degenerate bridge30° configurations for benzene on Rh(111), labelled a (red), B (blue) and y
(green). Double headed arrows pointing to carbon atoms aligned in the [112] direction is used for reference. (b)-(d)

Models of the optimized geometries for the three most theoretically stable (2v3x3)rect configurations of benzene
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on Rh(111): (b) bridge a + bridge B, with black dashed lines used to indicate the location of the glide planes (c)
bridge a + bridge y and (d) hcp0°® and fcc0°.

The direct observation of the Rh(111) surface through STM imaging after exposing the
crystal to about 4 L of benzene at room temperature allows for the arrangement of the
(2v3x3)rect structure to be confirmed, along with other observations made in prior
investigations. For example, STM images like those in Figure 6 confirm the short
coherence length of the (2v3x3)rect structure first suggested by LEED and HREELS
analysis carried out by Mate et al°?. The ordering is first identified in these images as the
rectangular islands (some of which are highlighted in Figure 6), with the size of the unit
cell and the distance between the nearest neighbor benzene molecules used to confirm
their identity. Alongside the short-ranged ordered domains are clusters consisting of a
few molecules, which resemble extremely localized (2V3x3)rect structures. This ordering
must be induced by the increased packing of the surface with benzene, meaning the
repulsive interaction between the molecules is compensated for by the attractive
interaction between the benzene and the surface atoms (i.e. the adsorption energy) at
high coverages. Therefore, the arrangement of the molecules into a dense (2V3x3)rect

structure appears to lead to a minimization of the total energy across the surface.
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Figure 6(a) and (b) 140x140 A2 constant current images (.= 0.099 nA) of benzene on Rh(111), deposited at room

temperature at saturation coverage. Three different domains of (2vV3x3)rect are highlighted by dashed lines (yellow,
red and purple). Image (a) was acquired with a bias of 0.943 V, while image (b) was acquired with a bias of -0.943 V.
The molecules circled in green in (b) are ones that have not changed in appearance upon changing the polarity of
the bias and thus are expected to be adsorbed on hollow sites. (c) 72x72 A? constant current image (= 0.25 nA, V= -
0.943 V) taken over the area highlighted by the black square shown in (b). Double sided arrows are used to indicate
the elongation axis of the molecules, emphasizing the two orientations of benzene in the (2vV3x3)rect unit cell
(green rectangle), as well as the three orientations of benzene in the isolated clusters of three molecules (green

triangle).

Scanning at negative bias in constant current mode (note that in this experimental
setup it is the sample that is biased) allows for the clarification of the adsorption sites

for the benzene molecules, even without high resolution, as shown in Figure 6. While
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the molecules have a near identical electronic contrast when scanned at positive bias
(appearing as round protrusions in Figure 6a), in Figure 6b (acquired at negative bias
over the same scan area) most of the features take on a distorted appearance
reminiscent of the bridge site adsorbed benzene molecule identified at low coverage in
Figure 3, including those molecules that are part of the (2vV3x3)rect domains. This is most
obvious in the high magnification image shown in Figure 6c. Within a unit cell of the
(2v3x3)rect ordering (highlighted in the STM image in Figure 6¢ by the green rectangle),
the axis of elongation for the two molecules are rotated by 60° with respect to one
another, thereby confirming that the two benzene molecules are adsorbed onto

alternating bridge sites.

The switch in polarity between the images in Figures 6a and 6b also provides insight
into the adsorption behavior of those molecules not part of the (2v3x3)rect ordering.
Many of the disordered molecules are also observed to be on bridge sites, as they also
take on the distorted appearance associated with bridge site adsorption at negative
polarity. They also appear to cluster together, mainly in a triangular arrangement
comprised of three benzenes, one of which is highlighted by a green triangle in Figure
6c. Another noticeable cluster consists of five benzene molecules which resembles two
of the smaller triangular arrangements sharing a common benzene. Within this
triangular cluster, the axis of elongation for the three molecules are all rotated by 60°
with respect to one another, thus all three benzenes are adsorbed onto a different
bridge site. This structure is significant in the discussion of the (V19xV19)R23.4° ordering
in the next section of this paper. There are also a few molecules, highlighted by green

circles in Figure 6b, that remain unchanged from their appearance as round protrusions
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in Figure 6a. These molecules are determined to be the ones adsorbed on three-fold
hollow sites as previously identified by HREELS experiments*!. Statistical analysis of STM
images like those in Figure 6 reveals that less than ten percent of the benzene molecules

at this coverage are in three-fold hollow sites.

High resolution images acquired in constant height mode are required to elucidate the
specific bridge site the molecule is adsorbed onto using a model of the first layer of the
Rh(111) substrate. By making the model appropriately to scale with a given image, the
molecules in the image cannot be forced onto incorrect adsorption sites. An example of
this is shown in Figure 7, which confirms that the expected “bridge a + bridge B”
arrangement (where the molecules alternate between two different bridge30°
configurations) is observed for the (2v3x3)rect structure due to the presence of glide
plane symmetry within the ordering. The locations of the glide planes are identified by

the white dashed lines passing through the (2v3x3)rect unit cell shown in Figure 7.

Bridge site direction
colour scheme

Figure 7 Left: 46x47 A2 constant height image (V= 50 mV) of benzene saturated on Rh(111), with most of the
molecules in the (2v3x3)rect arrangement. The rectangular unit cell for this ordering is shown on the image, with

the white dashed lines indicating the location of the glide planes. Right: Model of benzene on Rh(111) from the
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image on the left. The dark red, red and orange molecules are adsorbed onto different bridge sites, with the green

molecules adsorbed on hollow sites (dark green for hcp, light green for fcc).

The analysis of high resolution images like those in Figure 7 provides information
regarding the relationship between the electronic contrast of the benzene molecules
with respect to the precise bridge site it is adsorbed onto. Specifically, the elongation of
the molecule occurs along the axis perpendicular to the bridge site orientation with
respect to the high symmetry direction of the substrate. The brighter contrast observed
at either stretched end is a consequence of having a carbon atom positioned almost
directly above a rhodium atom in the surface (these observations also hold for the
benzene observed on an isolated bridge site at low coverage in Figure 3). A few of the
molecules in this image do not take on the same distorted appearance as those on
bridge sites; these are confirmed by the model to be adsorbed onto hollow sites.
Perhaps somewhat surprisingly, the model also reveals the existence of benzene
molecules on both types of three-fold hollow sites (knowledge of the second layer has
allowed us to determine that two of the molecules, represented by the dark green
hexagons in Figure 7, are adsorbed on a hcp site, with the third, represented by a light
green hexagon in Figure 7, on an fcc site). It stands to reason that the dense packing of
the surface, already responsible for the rearrangement of the molecules into the
(2v3x3)rect ordered islands, allows for the adsorption of benzene in this otherwise
unfavorable position (as determined by our own theoretical investigations as well as
previously published work3%4470.71 glthough admittedly none of these results are based
on models of benzene adsorption where the intermolecular distance is at such a short

range as seen in these experiments).
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Theoretical studies were employed here to better investigate the adsorption
arrangement of the benzene molecules within the (2V3x3)rect structure, since we need
to understand why the structure does not absorb in any other arrangement despite the
existence of three bridge30° configurations for benzene to adsorb onto. The adsorption
energy for benzene in this ordering was calculated using four different functionals,
alongside the other arrangements shown in Figure 5 (which are not experimentally
observed), with the results displayed in Table 2. The “bridge a + bridge y” arrangement
is the only other way the molecules can be adsorbed onto alternating bridge sites, while
the “hcp0° + fcc0°” is the only other feasible arrangement where the molecules are
adsorbed onto two different bridge sites within the unit cell. Previous investigations
have shown that the other possible configurations for benzene adsorption (including top
sites with any orientation and the hollow sites oriented 0° with respect to the surface)

would be too unstable to occur, either in isolation or as part of a dense ordering”™.

Methods Adsorption Energy

bridge o + bridge 3 bridpe o + bridge v+ hep 0 + fee 0

PBE —2.43 —1.60 —1.90
PBE-D3(BJ) —4.95 —4.07 —4.30
PBE+vdW(TS) —5.36 —4.46 —4.58
vdW-DF2 —1.27 a+3 —0.95

Table 2 Calculated adsorption energies (in eV) for benzene on Rh(111) in the (2V3x3)rect arrangement for the three
configurations shown in Figure 6. Note that for vdW-DF2, the a+y configuration converts to a+p during

optimization.
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All methods accurately predict the experimentally observed “a and B” configuration as
the most stable. The difference in energy with the other structures is significant, with
the least stable structure, the “a and y” structure, at least 0.83 eV higher in adsorption
energy than the “a and B” structure, while the “hcp and fcc” structure is between 0.32
and 0.78 eV less stable, depending on the method used. The significant energetic
differences are attributed to the repulsive interaction between the molecules; the
symmetric positioning of the benzenes in the “a and B” arrangement allows for the
minimum interaction possible between molecules within such a dense structure.
Neither of the other two arrangements have glide plane symmetry, resulting in the
distance between nearest neighbor molecules being smaller than in the “a and B”
arrangement. The strength of the repulsion follows on from the trend established in the
earlier discussion about the low coverage experiments, where a significant increase in
adsorption energy was observed for all methods going from a (5x5) unit cell to a (3x3)

unit cell.
C. The (v/19x4/19)R23.4° ordering of benzene

The only difference in the preparation of the dense (V19xV19)R23.4° ordering of
benzene on Rh(111) and the (2V3x3)rect structure is the annealing of the crystal to 363
K, either during or after the deposit of a high coverage (>1 L) of benzene. When this
arrangement of the benzene molecules was first identified through LEED and ARUPS
measurements by Neuber et al?!, the unit cell was hypothesized to be comprised of
three benzene molecules adsorbed onto the three different bridge sites (as opposed to
two bridge sites for the (2V3x3)rect unit cell), although the exact adsorption sites were

not determined. As the (V19xV19)R23.4° and the (2V3x3)rect ordering are both similarly
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dense (the latter has six rhodium atoms per benzene molecule, while the former is less
dense with 6.33 atoms per benzene), the same rules govern the precise arrangement of
the molecules in both structures. The distribution of benzene within the ordering must
result in a minimization of the steric hindrance between the hydrogens of the nearest
neighbor molecules. If we simply consider the molecules to adsorb onto the bridge sites
(in the bridge30° configuration), then there are four possible ways the molecules can

arrange themselves to form the (V19xv19)R23.4° ordering, as shown in Figure 8.

Figure 8 Models of the optimized geometries for the four possible configurations of the (V19xvV19)R23.4° ordering of

benzene on Rh(111). The corresponding simulated STM images are shown below each configuration. The green
rhombi highlight the (V19xV19)R23.4° unit cell in each case, while the propeller shaped polygon in blue highlights
the difference between configuration A and B; in A, the propeller is centered over an fcc site, while in B it is
centered over a hcp site. The red triangles are used to highlight the orientation of the triangular clusters first

observed in Figure 6 during the discussion of the (2v3x3)rect ordering

Each configuration is comprised of the triangular clusters that were first identified
amongst the (2V3x3)rect ordering, as imaged in Figure 6. The molecules in these clusters

ow_,n

are arranged in such a way that they go from the “a” to “B” to “y” (using the same
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notation established in Figure 5) orientations in a clockwise direction. Configuration A
and B in Figure 8 are geometrically equivalent with respect to the top layer of the surface
(i.e. they are the mirror image of one another through the [110] plane), however they
are not energetically equivalent to one another, since the reflection through the mirror
plane results in the exchange of hollow site positions. To help visualize this, a propeller
shaped visual aid is highlighted in blue in Figure 8 in the images/models of the two
configurations; the center of the propeller is at a three-fold hollow site, specifically an
fcc site for configuration A and an hcp site for configuration B. The same difference is

also observed when comparing configurations C and D.

The STM images presented in Figure 9 are the first direct observation of the
(V19xv19)R23.4° ordering, during which only one configuration was observed. The
domain of ordering shown in Figure 9a is one of the larger islands observed during this
investigation, as domains of shorter coherence length were found to be more
prominent. A few domains of (2V3x3)rect ordering were also identified during these
measurements, but nothing larger than the domain observed in Figure 9b and there was
significantly more (V19xv19)R23.4° ordering. The coexistence of these structures and

the conditions under which they form will be discussed later in this paper.
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Figure 9(a) 108x108 A2 constant current image (l;= 0.11 nA, V= 0.927 V) of benzene on Rh(111) at saturation

coverage. The substrate was annealed to 363 K after the molecular deposition, resulting in the formation of the
(V19xv19)R23.4° structure, a domain of which is highlighted by the dotted red lines in this image. The primitive unit
cell for the (V19xV19)R23.4° structure is also highlighted in this image. The ordering is comprised of clusters of three
benzene molecules, highlighted by triangle (i), while three isolated clusters are identified with a different
orientation at (ii)-(iv). (b) 54x52 A2 constant height image (V= 93 mV). Double headed arrows are used to indicate
the axis of elongation in the image for each molecule in the unit cell of the (V19xV19)R23.4° structure and the

cluster of three benzene molecules. A (2V3x3)rect domain is highlighted by the green dashed line.

Once again, the electronic contrast for benzene displays the two-fold elongation
associated with the molecules adsorption on bridge sites, with the three molecules in
the unit cell on a geometrically different bridge site. This is evident from the fact that
the elongated features are rotated by 60° with respect to one another. These images
make it simple to identify the triangular clusters that can be considered to be the
“building blocks” of the (V19xV19)R23.4° structure, with an example of one highlighted
by the blue triangle in Figure 9. These clusters also continue to exist on the surface after
depositing at 363 K in an isolated form i.e. they are not part of the larger
(V19xV19)R23.4° ordering, making them the most dominant feature present in the STM

images. The existence of these clusters at room temperature, along with the coexistence
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of the (V19xV19)R23.4° and (2v3x3)rect ordering in these experiments, indicates that

the energy required to form both of these structures is relatively similar.

Although all four possible orientations of the triangular clusters are observed in Figure
9a isolated from any domains of ordering, as highlighted by triangles (i)-(iv), only one
configuration is observed for the (V19xV19)R23.4° structure. Based on our STM images,
this configuration is either A or B from Figure 8. To distinguish between these two
configurations, a triangular vacancy defect was once again imaged during the course of
these STM measurements, allowing for the identification of the location of the hollow
sites in the top layer of the substrate (using the same method used in the analysis of
benzene adsorption in the low coverage regime above). Therefore, configuration A from
Figure 8 was experimentally determined to be the correct arrangement for the benzene

molecules in the (V19xV19)R23.4° ordering.

Calculating the adsorption energies for benzene for configurations A-D allow for a
better understanding as to why A is the only one observed to form, despite the existence
of the triangular cluster “building blocks” for the other three arrangements. The results
of these calculations are presented in Table 3, which confirms that configuration A is the
most stable structure, regardless of the functional used. Configuration B was found to
be only 10-30 meV less stable, which is unsurprising as they only differ in the position of
the molecules with respect to the second layer of the substrate, as discussed earlier.
Even the interlacing of the hydrogen atoms on neighboring benzene molecules is the
same. The other configurations, C and D, are significantly less stable than either A and
B; even the lowest difference in energy compared with configuration A, found using the

vdW-DF2 functional, was 0.30 and 0.37 eV for configurations C and D respectively.
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Methods Adsorption Encrgy

Configuration A Configuration B Configuration C  Configuration D
PBE —3.84 —3.82 —3.32 —3.26
PBE-D3(BJ) —T7.53 —7.50 —7.00 —6.94
PBE+vdW(TS) —8.22 —8.19 —7.60 —T7.52
vdW-DF2 —1.94 —1.93 —1.63 —1.56

Table 3 Calculated adsorption energies (in eV) for benzene on Rh(111) in the (V19xV19)R23.4° arrangement for the

four configurations shown in Figure 8.

The difference between configurations C and D compared to A and B are highlighted
by an event that occurred during the modelling of these structures. When C and D were
modelled for the calculation of the adsorption energy of benzene in the (V19xV19)R23.4°
ordering, the molecules were forced to rotate slightly off their bridge30° site. This
explains the topography of the simulated STM images for configurations C and D shown
in Figure 8, with the molecules no longer possessing the two-fold symmetry expected
for benzene imaged on bridge sites, instead appearing even more distorted. Neuber et
al*' proposed a similar arrangement to configuration A when they identified the
(V19xV19)R23.4° ordering for the first time, but also placed the molecules slightly off the
bridge30° sites, presumably to limit steric hindrance. Since the experimental images of
this structure match the simulated STM images for configuration A, the molecules can

be confirmed to be precisely on bridge30° sites.

More theoretical investigations were necessary to understand the differences in the
driving force behind the two dense ordered benzene structures. Table 4 reveals the
results for the computed adsorption energies per benzene molecule and per unit area

for both dense structures as well as the low coverage regime (modelled with the 5x5
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unit cell first used in Figure 3 and Table 1). These calculations were performed mainly
due to the observation the coexistence of the two dense benzene structures after
depositing with the substrate at 363 K, while only the (2vV3x3)rect is observed after
depositing at room temperature. Since the structures differ in terms of the number of
benzene molecules per unit cell, then calculating the adsorption energy for benzene in
each arrangement could provide insight into these experimental observations. The low
coverage regime is also considered for comparison with these dense structures. For the
energy per molecule, the low coverage regime is unsurprisingly thermodynamically
more stable than either of the dense structures, due to the strong repulsive interaction
between the benzene molecules. As such, the energy per molecule for the low coverage
is between 0.18 and 0.38 eV lower in energy than the dense structures. In contrast, there
is only a slight difference in the energy between the two dense ordered structures.
Unsurprisingly, a lower adsorption energy per molecule is observed with the
(V19xv19)R23.4° ordering as opposed to the (2V3x3)rect structure. This result will stem
from the fact that the (2V3x3)rect ordering is slightly denser, with 6.33 rhodium atoms
per benzene molecule compared to six atoms per molecule within the (V19xv19)R23.4°

structure.
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Methods Adsorption Energy per molecule

Low coverage (2v/3x3)rect (v19xv/19)R23.4°
PBE —1.59 —1.22 —1.28
PBE-D3(BJ) —2.69 —2.48 —2.51
PBE+vdW(TS) —2.92 —2.68 —2.74
vdW-DF2 —0.94 —0.63 —0.65

Adsorption Energy per unit area

PBE —0.10 —0.32 —0.32
PBE-D3(BJ) —0.17 —0.66 —0.64
PBE+vdW(TS) —0.19 —0.72 —0.70
vdW-DF2 —0.06 —0.16 —0.15

Table 4 Summary of the calculated adsorption energies for pure benzene on Rh(111) for the different structures
observed in this study. This includes the adsorption energy per molecule (in eV/molecule) and the adsorption

energy per unit area (in eV nm-2). The isolated, low coverage regime was modelled using a 5x5 unit cell.

For the ordered structures to be able to form, the energy penalty incurred by the
repulsive inter-adsorbate interaction must be compensated for by the gain in energy
achieved by the surface adsorbing more molecules per unit area. This is reflected by the
changing trends observed in Table 4 when we compare the calculated results for the
adsorption energy per molecule and per unit area. Independent of the method used, a
significant gain in energy per unit area is achieved upon going from the low coverage
regime to the two dense structures. This gain in energy is why the formation of these
structures are favored and is thus the driving force behind the organization of benzene

at high coverage.

Although three of the four functionals used favor the (2V3x3)rect ordering over the
(V19xV19)R23.4° ordering when examining the adsorption energy per unit area, the

differences in energy are no higher than 20 meV per nm? of surface covered. This
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correlates with the experimental observations of both structures simultaneously upon
saturating the surface with benzene molecules at 363 K and also provides an explanation
as to why the “building blocks” for the (V19xV19)R23.4° structure, the triangular clusters
comprised of three benzenes, are observed in isolation from the ordered structure, no
matter the temperature of the substrate during or after the deposition. However, the
results shown in Table 4 do not adequately explain why only the (2V3x3)rect structure is
observed after depositing at room temperature. The formation of the (V19xv19)R23.4°
ordering can only be achieved by increasing the temperature of the substrate to 363 K
either during or after the molecular deposition onto the Rh(111) surface. Therefore, we
propose that an energy barrier exists at lower temperatures which hinders the
formation of the (V19xV19)R23.4° arrangement of benzene molecules. Only thermal
energy is required to overcome the barrier, after which both dense structures can
coexist (up until benzene decomposition occurs at approximately 413 K*°), as observed
in our STM measurements, due to the similarity in adsorption energy between the two
structures. The mechanism for the formation of the (V19xvV19)R23.4° structure is also
proposed to be the rearrangement of molecules from the (2v3x3)rect ordering as

evident from the decrease in the size of the domains of the rectangular structure.

Conclusion

In summary, this study provided a thorough investigation into the chemisorption of
pure benzene on Rh(111) using a combination of STM imaging and DFT calculations. The
focus was given to characterizing the benzene/Rh(111) system at two different
coverages; low coverage (which had previously not been investigated) and high
coverage. Analysis of the STM images revealed isolated, disordered molecules that were

not even prone to molecular pairing, with the molecules determined to be adsorbed on
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hcpO° sites. Four different functionals were used for all DFT calculations performed
throughout this investigation and when used to model the low coverage regime,
revealed an energy penalty was incurred by bringing the molecules closer together,
proving the existence of a strong inter-adsorbate repulsive interaction between the
benzene molecules. Most of the functionals also accurately determined the hcp0O°
adsorption of benzene, with only a small difference in energy observed between hcp0°
adsorption and bridge30° adsorption. This explains the observation of benzene in

bridge30° sites as a minor species present after depositing at around 150 K.

At high coverage, the first direct observation of the (V19xV19)R23.4° structure was
accomplished via STM. This structure coexists with the slightly denser (2v3x3)rect
ordering, although only if the substrate has been annealed to 363 K either during or after
the deposition process. Only the (2v3x3)rect ordering exists after depositing at room
temperature. In either case, disordered molecules exist as well, although most of these
molecules are clustered together in groups of three. Within these clusters, the benzene
molecules can be visually identified to be adsorbed onto bridge sites, with each molecule
identified to be on a different type of bridge site. These clusters can be described as the

“building blocks” for both of these dense structures.

The driving force behind the arrangement of benzene molecules at high coverage can
also be explained. Upon calculating the adsorption energy per unit area for benzene at
low coverage and in the two dense structures, the energy is significantly lower for the
dense ordering, thus the structures are thermodynamically driven to form, overcoming
the repulsion between the individual molecules. The energy gain however is not enough

to allow for the formation of islands with a large coherence length, as observed
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experimentally. The adsorption energy per unit area is very similar for both ordered
structures for all functionals applied, despite the experimental observation of the
(V19xV19)R23.4° overlayer exclusively forming at 363 K and not at lower temperatures,
unlike the (2v3x3)rect ordering which forms at room temperature and at 363 K. It is
therefore proposed that an activation barrier exists for the formation of the
(V19xV19)R23.4° structure that can be overcome by increasing the temperature of the
substrate. Overcoming this barrier results in the rearrangement of some of the
molecules in the (2V3x3)rect domains in order to form the new, slightly less dense

structure.
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