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ABSTRACT

To clarify the effect of covalent surface adsorption on the geometric and elec-
tronic structure of carboranes, p-carboranethiol (pCT) was deposited on clean
Au(111) surfaces under vacuum and the resulting systems were probed by
scanning tunneling microscopy, scanning tunneling spectroscopy and ultravi-
olet photoelectron spectroscopy. The spectral features observed at different pCT
coverage levels revealed the emergence of new electronic states near the surface,
which were analyzed using ab initio calculations. The resulting computational
and experimental data are used to explain the contributions of these states to
bonding between the substrate and adsorbate, resonance with metallic substrate
states and substrate-mediated intermolecular interactions.
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responses to radiation have been studied [4-7], and
they have been shown to act as Mott insulators with
dielectric correlations [8-10]. In addition, their strong
electric dipoles have been exploited in ionic flow

Introduction

Adsorbed organic molecules, particularly aromatic
compounds, are used to tune the surface functional-

ity of solid materials such as semiconductors and
metals in many fields, including molecular electron-
ics, gas capture devices and chemical sensors [1].
Since the discovery of fullerenes, carbon-based
molecules with cage and honeycomb structures have
attracted great interest from researchers despite their
limited chemical reactivity [2]. More recently, the
very stable icosahedral molecule carborane (1,12-
C,BigH1p; see Fig. la) and its derivatives have
emerged as new frameworks for three-dimensional
molecular chemistry and superacidity [3]. Their
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control systems and gas sensors [10-13]. In these
applications, carborane derivatives are typically used
as surface adsorbates or thin films.

It was recently shown that carboranes can serve as
unique adsorbates to prepare next generation sur-
face-functionalized materials. These functionaliza-
tions rely on the facile chemical derivatization of
carboranes [14, 15], which is much more straightfor-
ward than the chemical modification of fullerenes.
Carborane derivatives form robust thin films that
retain stability at high temperatures [16] and exhibit
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Figure 1 Structures of a p-carborane and b pCT molecules. ¢ Structure of a pCT-adsorbed Au(111) surface at ~ 1/4 ML coverage. All

images show structures obtained after geometry optimization.

good air stability [17] despite their chemical reactiv-
ity. Importantly, p-carborane has little effect on the
chemistry of functional groups bound to its carbon
centers [18], making it a common benchmark species
for surface modification. Organic thiols adsorb read-
ily to metal surfaces [19], enabling a variety of surface
functionalizations and the formation of homogeneous
self-assembled monolayers (SAMs) with regular
structures [17, 20, 21]. The adsorption of thiols on
metal surfaces typically occurs with reductive elimi-
nation of hydrogen [22]:

R—SH + Au(111) — R—S—Au (111) + LpH, (1)

p-carboranethiol (1-HS-1,12-C;BoH;1; see Fig. 1b),
and its derivatives are known to adsorb on metal
surfaces in this way [17].

The positions of carboranes’ electronic states rela-
tive to the Fermi level (Ez) when adsorbed on metals
[23] can depend on their chemical environment and
local adsorption structures, suggesting that it may be
possible to tune their electronic properties to suit
specific applications. Studies on the electronic states
of carboranes physiadsorbed on a gold surface or
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chemisorbed via an alkanethiol moiety have shown
that the electronic states of the carborane shells clo-
sely resemble those of the isolated molecules: The
gap between the occupied and empty states of the B—
C shell was estimated to be very wide (8-11 eV)
[23, 24]. Additionally, photoemission studies on
carboranes physisorbed on metals [7-9] revealed a
weak but clear correlation: The energies of unoccu-
pied states tended to increase with the thickness of
the film. However, it is not clear how a carborane’s n-
electrons interact with the metal when the B-C
sphere is close to the metal surface. Also, unknown is
the structure of the systems formed by adsorption
when metal surfaces are exposed to carboranethiols
out of solution. We therefore investigated the struc-
ture and electronic states of p-carboranethiol (pCT)
directly adsorbed to a gold surface using scanning
tunneling microscopy/spectroscopy (STM/STS) and
ultraviolet photoemission spectroscopy (UPS). The
obtained spectra were interpreted based on densities
of state calculated from first principles and were
related to the observed structures of the adsorbed
species.
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Methods
Experimental

A previously reported procedure (see Fig. 2) [25] was
used to synthesize pCT. Briefly, 20 mL of a 0.05 M
solution of carborane in hexane was poured into a
suspension of NaNH, at room temperature prepared
by adding sodium (2.3 g) to 200 mL of liquid
ammonia containing 0.2 g of Fe(NO;); as a catalyst.
Powdered Sg (1.6 g) was then added to this suspen-
sion, and the resulting mixture was stirred for 1 h.
After the elimination of ammonia and hexane in
vacuum, ethanol and water were added. Unreacted
carborane and other by-products were removed by
extraction with hexane, and the desired product was
obtained by repeated recrystallization from aqueous
KHCOj; to remove unwanted by-products such as the
dithiol. Finally, we obtained pCT as a white crys-
talline powder whose NMR spectra matched those
reported previously [25]. Note that para (1,12-) CT is
the least acidic of the carboranethiol isomers; its
reported pK, is 5.9, compared to 5.3 and 3.3 for the
meta (1,7-) and ortho (1,2-) isomers, respectively.

The gold films used as substrates were deposited
ex situ (typical thickness: 600 A) on mica using a DC
sputter coater (JEOL, JFC-1500). Clean Au(111) sur-
faces were obtained by repeated Ar-ion sputtering at
600 eV and heating to 540 °C under ultrahigh vac-
uum (UHV) at 2 x 107® Pa. On the clean Au surface
kept at room temperature, pCT was dosed from
crystalline powder in a sealed test tube that was
gently heated (to approximately human body tem-
perature) through a precise leak valve attached to the
UHV chamber. In this article, the gas exposure at the
surface is expressed in units of Langmuirs (L), where
1L=13x10"*Pas.

Surface observations were performed by scanning
tunneling  microscopy/spectroscopy  (STM/STS)
using a JEOL microscope (JSTM-4500 XT) equipped
with W tips produced by electrolytic polishing. All
measurements were performed with the sample at

Figure 2 Synthesis of pCT H
from p-carborane.

H
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room temperature in a UHV chamber. Prior to each
experiment, the cleanliness of the Au(111) surface
was confirmed by observing its herring-bone struc-
ture by STM [26, 27] and by using STS to confirm the
presence of a weak peak indicative of a Shockley-type
surface state at approximately 0.4 eV below Eg
[28, 29].

The samples’ electronic states were also character-
ized by ultraviolet photoemission spectroscopy
(UPS). Samples for this purpose were prepared in a
UHV chamber as described above and then irradi-
ated with UV light from a homemade He discharger
(He I, 21.2 eV) at 45° to the surface normal. The
energy of the photoelectrons emitted in the direction
normal to the surface was measured with a hemi-
spherical analyzer (Thermo VG, CLAM-ID).

Calculations

Theoretical calculations were performed to help
interpret the experimental data. The geometry of the
isolated pCT molecule was initially optimized using
Gaussian 09 [30]. Its electronic states were computed
by performing density functional theory calculations
using the B3LYP hybrid correlation functional with
the 6-31g* basis set. The energy distribution curves
generated from the electronic eigenvalues of the
optimized structures are referred to as densities of
states (DOS) hereafter. The DOS plot for the isolated
molecule was generated by smearing its eigenvalues
using a Gaussian function having a width of ~ 0.3
eV, after shifting so as to place Er between the
HOMO and LUMO.

To study the electronic state of the adsorbed sys-
tem, we initially considered the p-carboranethiolate
(the product in Eq. 1). The adsorbed structure and
electronic spectra of pCT on Au(111) were obtained
using the Vienna Ab initio Simulation Package
(VASP) [31]. A p-carboranethiolate radical was placed
on a four-layer Au slab in a 4 x 4 supercell. The
vacuum layer depth was ~ 15.5 A (see Fig. 1c). The
Perdew—Becke-Ernzerhof (PBE) potentials for the

Na Sg SH
lig. NH3 > >
Fe(NO3)3'9H20 H
pCT + byproduct
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involved elements were used with a projector-aug-
mented wave (PAW) functional. The cut-off energy
and wavevector mesh were 400 eV and 4 x 4 x 1,
respectively. The dehydrogenated p-carboranethio-
late radical (whose geometry was optimized using
Gaussian 09) was placed on the metal substrate, and
then the whole system was optimized using VASP.

Results
Adsorbed structure (STM/STS)

A clean Au(111) surface was exposed to a very low
level of gaseous pCT (~ 0.01 L) to induce partial
surface coverage. As shown in Fig. 3a, STM images
acquired after pCT adsorption revealed the formation
of cloudy protrusions, which were identified as

(a)
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adsorbed pCT units. While some adsorbed molecules
were present on the terrace and steps of the Au(111)
surface, the terrace’s characteristic herring-bone
stripes remained clearly visible. The adsorbed mole-
cules tended to aggregate into clusters. As the pCT
exposure increased, the number and density of clus-
ters increased. At an exposure of ~ 1L, pCT clusters
of varying size covered the whole Au surface; no flat
terrace could be seen, and it was difficult to control or
identify the size of the clusters.

Figure 3b presents STS spectra acquired at two
points on the pCT-exposed Au(111) surface shown in
Fig. 3a: one with no adsorbed pCT (point A) and one
with an adsorbed pCT cluster (point B). The dI/
dV signal of the cluster peaks was much stronger
than that for the peaks of the intact gold terrace (point
A). Moreover, the cluster spectrum has some oscil-
latory peaks not seen in the spectrum of the terrace.

(b) . T T . T r T

B (clusters)
/

di/dV (Arb. Units)

)

-20 -5 -10 -05 00 05 10 15 20
Sample Bias (eV)

(terrace)

Vg=-1.5V

Figure 3 a STM image of an Au(111) surface after exposure to
pCT at 0.01 L. The area shown in the image measures
60 nm x 60 nm, and the sample bias and tunneling current are
1.0 Vand 0.4 nA, respectively. b STS spectra acquired at point A
on the terrace of the Au(111) surface and the pCT cluster (point B)
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Vg=+1.5V

Vg=-1.0V

in image a. ¢ STM images of pCT clusters formed near steps after
0.01 L exposure upon varying the sample bias voltage. The arrows
are guides for the eye indicating the locations of specific steps on
the surface.
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Specifically, there is a peak at approximately
— 1.5 eV, and some oscillatory peaks above approx-
imately + 0.8 eV relative to Ep, which were ascribed
to states of the adsorbed pCT.

As shown by the STM images presented in Fig. 3c,
changing the sample bias-induced movement of the
adsorbed pCT clusters. The leftmost image was
acquired at a bias potential of — 1.5 eV and high-
lights two groups of clusters, one located on a terrace
(labeled C and enclosed in a white circle) and one at a
step edge (labeled D and enclosed in a red dashed
ellipse). Raising the bias to + 1.5V caused both
clusters to move: cluster C separated into smaller
groups, while the two clusters in D fused. Upon
setting a negative bias (— 1.0 eV), the scattered C
cluster reassembled and occupied a position at the
step edge of the higher terrace. The larger D cluster
also moved and its height increased slightly, sug-
gesting that it had merged with some neighboring
molecules.

Size-dependent local spectroscopic features
(STS)

Increasing the pCT exposure to ~ 0.1 L generated
scattered clusters of varying size, as shown in Fig. 4a.
The right-hand image is an expansion of the high-
lighted area of the left-hand one. Three protrusions of
different sizes (labeled A, B and C) were examined;
the corresponding line profiles are shown in panel
(b). Protrusion A is approximately 0.5 nm tall and
0.7 nm wide. Since a pCT molecule is ~ 0.5 nm long
(see Fig. 1), this protrusion consists of a single pCT
molecule anchored to Au(111). Conversely, protru-
sion B extends over approximately 6 nm in the lateral
direction and is around 0.6 nm high; it thus appears
to consist of a monolayer of around 10 pCT mole-
cules. Finally, protrusion C extends over around
10 nm laterally and is around 1.5 nm high; it thus
appears to be a bilayer or trilayer comprising > 15
pCT molecules in the lateral direction. The STS
spectra for the three protrusions are shown in Fig. 4c.
Each curve has two strong peaks at approximately
— 12 to — 15 and + 1.2 to + 1.4 eV (shadowed),
which we assign to the HOMO and LUMO of the
molecular adsorption states. As the cluster size
increases, both peaks shift to a higher energy. How-
ever, the gap between them remains approximately
23 eV.
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Photoemission spectroscopy (UPS)

Figure 5 shows UPS spectra of clean and pCT-ad-
sorbed Au(111) surfaces, with binding energies cal-
culated relative to Eg. A slight increase in intensity
around — 1.4 eV is discernible, but there are no
apparent peaks near Eg. The intensity of the molec-
ular adsorption peaks increased in parallel with the
exposure. Adsorption had little discernible effect on
the energies of the two strong peaks associated with
the Au d-band at — 4.5 and — 6.1 eV, but increasing
the exposure level increased the baseline intensity of
the spectra. Adsorption of pCT caused the weak Au
component at — 3.9 eV to disappear and resulted in
the emergence of new peaks at — 2.6, — 3.4 and
— 5.1 eV (indicated by vertical red lines). Adsorption
also caused an increase in intensity without dis-
cernible peaks in the lower energy region (< — 7 eV).

Discussion

If gaseous thiol molecules attack metal surfaces via
the mechanism that occurs in liquid solutions [22],
the resulting structure would typically be a well-
ordered SAM, because a superlattice with a regular

5 x 5 and/or v/19 x /19 pattern emerges as a result
of Au-S bond formation via the process shown in
Eq. 1 when Au(111) is immersed in an ethanolic
solution of carboranethiol [20]. However, exposing
Au(111) surfaces to gaseous carboranethiol did not
lead to the formation of any regular pattern, as shown
in Figs. 3 and 4. This discrepancy indicates that the
pCT molecules diffuse and cluster on the surface
because of weak intermolecular interactions. In the
thiol’s absence, the electron deficiency of the hydride-
covered carborane surface prevents the formation of
covalent bonds with metal surfaces. Therefore, until
an Au-5 bond happens to form, pCT simply migrates
over the surface because van der Waals (vdW)
attraction binds the B-C carborane shell to the surface
with an energy of ~ 0.2 eV [20]. This is why even
small amounts of thermal energy can induce carbo-
rane nano-wheels to migrate over metal surfaces [32].
Au-S bond formation immobilizes pCT on the gold
surface until a finite energy of ~ 1 eV is applied by
electron injection (Fig. 3c). This process is similar to
the hopping of methylthiolate [33] induced by elec-
tron tunneling. However, it is difficult to say whether
the hopping observed in our case is due to direct

@ Springer



10254

Figure 4 a STM images of (@)
multiple differently sized pCT
clusters on Au(111) formed at
an exposure of 0.1 L. The
right-hand image shows an
expansion of the highlighted
58 nm x 58 nm area of the
left-hand image. The sample
bias and the tunneling current
were 2.0 V and 0.4 nA. The
image in the left was processed
to facilitate recognition of
steps. b Height profiles of
clusters A, B and C along the
lines shown in image a. ¢ STS
spectra for clusters A, B and

9) 54:10249-10260
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injection into unoccupied (antibonding) states at
+ 0.8 eV or above or excitation of the Au-S stretch
due to electronic scattering at the molecular junction
[33, 34].

STM images showed that pCT molecules formed
clusters on Au(111) terraces, preferentially at step
edges, during the initial stage of adsorption. The
highest occupied state of pCT bonded to Au(111) was
located at — 1.4 eV relative to Ep;, this state was
clearly observed by STS but not by UPS. The HOMO
energy is very difficult to determine by photoemis-
sion spectroscopy [21] because the number of elec-
trons in the HOMO is far lower than the number of
electrons originating from B and C. We therefore
performed theoretical calculations to clarify the

@ Springer

experimental results. We first modeled an isolated
pCT molecule, for which three typical electronic
states are shown in Fig. 6a. The large lobes at the S
atom constitute the HOMO (o), while HOMO-1/
HOMO-2 is conjugated n-states within the spherical
B—C shell (B). Deeper states (y, for example) are typ-
ically distributed over the molecule. Eigenvalues
below Eg are indicated by x symbols in Fig. 5, in
which the eigenvalues are adjusted to match the
experimental HOMO peak in the STS as well as
several peaks in UPS spectra. Secondly, we modeled
the adsorbed system by placing dehydrogenated pCT
radical(s) over a 4 x 4 Au slab. DOSs were computed
for pCT adsorbed on Au(111) surfaces at surface
coverages of 1/4 ML (one molecule per 4 x 4 slab)
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Figure S UPS spectra of pCT-adsorbed Au (111) at different
exposure levels. The x symbols indicate the computationally
determined energies of molecular orbitals (eigenvalues) of the
isolated pCT molecule.

and 1 ML (four molecules per 4 x 4 slab), as shown
in Fig. 7a. Figure 6b shows partial DOSs projected
onto carborane atoms from electronic states of the
most stable structure of the complete adsorbed sys-
tem (see the next paragraph). In this figure, the DOS
of the free pCT molecule is shifted to fit its peaks to
those of the projected DOSs. This is consistent with
the approach used to fit the experimental data in
Fig. 5.

To clarify the process of Au-S bond formation,
three positionings of the pCT unit were considered:
one with the S center directly above an Au atom, one
with the S center bridging two adjacent Au atoms,
and one with the S center above the hollow site at the
center of three Au atoms; the latter proved to be the
most stable after optimization in the 1/4 ML case
(Fig. 7b). The C-C axis of the 1,12-carborane unit was
slightly inclined (by 5.3°) from the normal of the
Au(111) surface (Fig. 1c). Partial DOSs showing the
components projected onto the B, C and S atoms are
plotted in Fig. 8, along with the projections onto the
pCT unit as a whole. The same procedure was
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Figure 6 a Selected molecular orbitals of free pCT. b Calculated
spectra of molecular pCT and molecular components of adsorbed
systems.

(a)

Figure 7 a Structure of a pCT-adsorbed Au(111) surface at 1 ML
coverage, after optimization. b Bottom views of carborane
molecules adsorbed on Au(111) at two different coverage levels.
Both structures were obtained by geometry optimization.

followed for the 1 ML case (Figs. 6, 8). Each of the
four units was most stable when placed over a hollow
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site, as in the 1/4 ML case, but the C-C axis was
inclined at a higher angle relative to the Au surface
normal in the 1 ML case. The electron densities for
selected states are shown in Fig. 8b. The B and C
components, which lie between — 2 and — 7 eV,
represent aromatic conjugated states whose energies
are scarcely affected by adsorption even though the
substrate has many electrons in this energy range.

The relationships between the states are illustrated
in Fig. 9. The A/ A’ state at — 1.4 eV observed by STS
is shown to have a strongly localized component on S
in Fig. 8a. This state is chiefly distributed over Au
and S and extends into the first few layers of the gold
surface. As such, it is an Au-S bonding state derived
from the molecular HOMO (o). The inclination of the
1 ML case suggests that the S state retains its original
p-character perpendicular to the C-S axis despite the
strong intermolecular interaction with the Au(111)
surface. The A’ state formed in the 1 ML case is less
stable than the corresponding A state in the 1/4 ML
case and is largely localized to the S center and the
topmost Au layer because steric interactions between
adjacent carborane units in the higher coverage 1 ML
case weaken the Au-S bond. On the other hand, the
resonance with the underlying Au atoms retains
some of the character of the original Au surface states
at — 0.5 eV. This is why squeezed adsorption of
carborane derivatives, as occurs during SAM forma-
tion, keeps molecular states intact. There is some
evidence of this in the STS data for the single mole-
cule case. It should be noted that the carborane shell
acts as a tunneling junction, allowing the penetration
of electrons. This is observable in the STS spectra,
although the charge of this state is distributed in the
interface region.

We next considered the second and third highest
molecular states (HOMO-1 and HOMO-2; labeled B).
These are almost completely degenerate, with very
similar wavefunction shapes. While the electronic
charge of these states is distributed inside the
spherical shell, they are localized between B-H units
and rather conjugated with the states of the gold
substrate (state B). When multiple pCT units are
placed in close proximity (as in the 1 ML case), the
degeneracy of these states is broken into such as B,
and B, because the structure’s inclination disrupts its
symmetry. This explains the broadening of the com-
ponents between — 2.6 and — 5.1 eV in the UPS
spectra. The overlap between the B-H states and the
Au substrate made it almost impossible to
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distinguish individual degenerate electronic states in
the experimental data. Because the escape length of
its electrons is roughly equal to the vertical thickness
of the pCT molecule, the conjugated state of the
substrate generated a strong signal in the UPS spec-
tra. The propagation of wavefunctions from a metal
substrate through surface-adsorbed superaromatic
molecules (Cgp) has been reported previously [35].

Finally, we examined the electronic states of B-C
bonds in the spherical shell (originating from the y
molecular state). These states lay in the region
between — 5 and — 20 eV [21]. The spectral peaks are
not sharp in this region; many of its states are dis-
tributed at high density, making it difficult to dis-
tinguish between them. Furthermore, each state’s
energy is very sensitive to the molecules” orientation
because the electric dipole of the adsorbed carborane
unit is large [23], as is often the case for aromatic
materials on metal surfaces [36, 37]. These states are
weakly coupled with the Au states in the first layer
(states C and C; through Cj in Fig. 8b), but this does
not appear to affect their shapes, which closely
resemble that of the molecular y state. These states are
widely distributed and should peak at approximately
— 7 eV according to the calculations (Fig. 6b). It is
unclear why the y state is merged into C at the low
coverage. Because of the reduction of symmetry
induced by further pCT adsorption, the C state in the
1/4 ML case splits into three states (C;, C, and C;) in
the 1 ML case.

Summary

The structures and the electronic states of p-carbo-
ranethiol (pCT) molecules adsorbed on clean Au(111)
surfaces were studied using STM/STS and UPS,
revealing that adsorbed pCT molecules readily form
clusters. Prior to Au-S bond formation, the molecules
diffused readily over the surface even at room tem-
perature. First principles calculations suggested that
after Au-S bond formation, the HOMO of pCT and
HOMO-1/HOMO-2 hybridize, forming resonant
states with electrons from the topmost few layers of
the substrate. We also found that a conjugated sur-
face electronic state propagated through the pCT
molecules into the vacuum above. The resonance also
induced the dissolution of B-C bonds into the B-H
state. Intermolecular interactions between pCT
molecules adsorbed in close proximity on the
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Figure 8 a Density of states (a)
of electrons projected onto the

atoms of surface-adsorbed

pCT units. b Spatial charge

distributions of typical

electronic states. States A

through C; are designated in

the same way as in Fig. 6b.
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Figure 9 Energy diagram
showing the relationships

pCT molecule
E=0¢eV
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substrate were mediated by substrate electrons,
increasing the energy of the Au-S bond approxi-
mately at Er — 1.5 eV without altering the HOMO/
LUMO gap. When the density of adsorbed pCT was
high, the adsorbate was slightly inclined relative to
the surface normal, breaking the degeneracy of some
states.

Overall, the results presented here indicate that
vapor deposition of pCT under UHV results in the
formation of clusters whose structures differ from
those of the SAMs formed from liquid solutions. The
intermolecular interactions between pCT and the Au
surface were studied by varying the density of
adsorbed molecules, and the electronic characteristics
of the superaromatic molecules on the metal surface
were investigated. The reported findings may facili-
tate the rational design of new carborane-modified
surfaces with tailored properties.
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