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ABSTRACT: Positional isomers of dicarba-closo-dodecaboranethiols with various
functional groups (—NO,, —CHO, —CONH,, —F, —Cl, and —OH) were
considered on Au(111) forming (3 X 3) and (S X S) structures. Dispersion
corrected density functional theory calculations reveal the influence of functional
groups on the adsorption characteristics of these carboranethiols depending on the
coverage. Functionalized molecules not only possess fascinating chemical and
electronic properties but also show stronger chemisorption profiles on gold in
relation to the pristine precursors. Molecular dipole moments which can be
modified by functional groups were found to be effective in tunability of the work
function of deposited surfaces. Results indicate that densely packed adsorption
geometries in which functional groups lean toward back of adjacent molecules
allowing H-bonding are energetically favorable and enhance stability and ordering of constituents in self-assembled monolayers.

Carboranethiols with functional groups are promising to enrich the surface electrochemical properties of resulting surfaces.
KEYWORDS: self-assembled monolayer (SAM), carboranethiol, adsorption, functional groups, gold surface

B INTRODUCTION

Self-assembled monolayers of thiols continue to enjoy intense
interest and research efforts due to their applications in many
different fields ranging from organic electronics to medi-
cine.'® Since the early days of research on alkanethiols, our
fundamental understanding of these systems matured
immensely and research efforts have shifted to designing new
types of thiol molecules for tuning surface properties in a more
controlled way appropriate for specific applications.””””
Aromatic thiolate self-assembled monolayers (SAMs) are also
used for electrostatic engineering of surfaces and interfaces,
including Au(111)."%"" Carboranethiols (CTs) are boron
cluster-based thiols with promising properties due their rigid
structure and higher chemical and thermal stability when
compared with their organic counterparts.”'*"*° Defects
present in many different thiol SAMs (specially alkanethiols),
which limit their use, are minimized in CT SAMs. In addition,
due to the unique structure of these clusters, their chemical/
electronic properties can be tuned in a very controlled way by
varying the position of the sulfur atom and the functional
groups on the cluster. Hence, they can be utilized to tune the
properties of metal surfaces, which is an essential requirement
for all the applications discussed above.

In their pioneering work, Base et al. studied SAMs of several
CTs including 1-HS-1,2-C,B oH,; (ortho-carboranethiol) on
gold surfaces and reported extraordinary stability toward
oxidation and heating.'” Weiss and co-workers investigated
1-SH-1,7-C,BoH;;, (M1) and 9-SH-1,7-C,B,,H;; (M9) meta-
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carboranethiol SAMs and were able to tune the work function
of gold surfaces by utilizing the different dipole moments of
these two isomers. In addition, they found M1 SAMs to have
higher affinity to the gold surface due to parallel alignment of
the dipole moment of this molecule to the surface,”’ which was
later confirmed by computational studies, as well, by others.””
Work function tunability was also demonstrated by using
mixed SAMs of these CTs,”! in addition to dithiols.">*' Both
pristine and mixed CT SAMs were shown to have an ordered,
densely packed film structure with a hexagonal lattice with a
nearest neighbor distance of about 7.2 A. Though,
codeposition (mixed SAMs) of alkanethiols was used in the
past for work function tuning purposes, they suffer from
increased defect density and changing crystal structure and/or
morphology due the flexible nature of the employed molecules,
which is not the case for CTs. Building on the promising
results of the above mentioned studies, recently interest in this
field has shifted to functionalized CT derivatives.'”"**® To this
end, carboxylic acid-functionalized meta (1-COOH-7-SH-1,7-
C,B;0H;y and 1-COOH-9-SH-1,7-C,B,;H;,) and para (1-
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-NO, -CHO

-CONH,

Figure 1. Gas-phase 1—7 meta, ortho, and para CT molecular geometries optimized using the SCAN+rVV10 DFT functional. H atoms are not
shown for clear schematic illustration. Colors assigned to indicate different atomic species (pink for boron, black for carbon, orange for sulfur, red
for oxygen, white for hydrogen, and blue for nitrogen). Labeling of molecules follows from the attachment position of S to the carborane cage.

COOH-12-SH-1,12-C,B,,H;,) CTs were investigated by
experimental and computational means. Both para and meta
carboxylic acid-functionalized CTs were shown to adapt a
densely packed, ordered film structure with a hexagonal unit
cell on the gold surface. However, the steric demands imposed
by the carboxylic acid functional group in the meta isomers
increased the nearest neighbor distance to 8.4 A" whereas for
the para carboxylic acid-functionalized isomer, this distance
was identical to that measured for the unfunctionalized parent
molecules (7.2 A)."” In addition, the acidities of the carboxyl
groups were shown to decrease upon adsorption of these
molecules on the gold surface, which was attributed to
intermolecular interactions in the SAM."

Motivated by these studies and the agreement between
experimental and computational results, we set out to study the
effect of different functional groups on the CT SAM
properties, with the hope that our findings can guide
experimental studies in choosing the appropriate functional
group for the desired purpose/application. To this end, we
studied —NO, (strong electron withdrawing), —CHO,
—CONH, (moderate electron withdrawing), —F, —Cl (weak
electron withdrawing), and —OH (strong electron donating)
functionalized ortho, meta, and para CTs on gold surfaces by
using dispersion corrected density functional theory (vdW-
DFT).

B COMPUTATIONAL DETAILS

As a d-band transition metal, gold forms metallic surfaces
where electronic correlations become important. To study the
molecular adsorption morphologies, the methodology must be
sensitive not only to the flatness of the potential energy surface
of defect-free Au(111) but also to the degree of molecule—
metal and intermolecular interactions. Previously, we showed
that DFT-based calculations can successfully predict energetics
and structures of CT adsorption on Au(111) consistent with
experiments.”® The projector augmented wave method was
used as imglemented in the Vienna ab initio simulation
package.”” ™’ Single particle Kohn—Sham orbitals were
expanded in the plane wave basis up to a kinetic energy cutoff

of 400 eV. To enhance computational description of electronic
correlations and to include dispersive corrections, SCAN
+1VV10* was used as the exchange and correlation (XC)
functional. SCAN+rVV10 combines meta-GGA nonempirical
and semilocal SCAN®' XC formalism with a nonlocal rVV10
(revised Vydrov—van Voorhis)** correlation functional. This
method gave the best estimate for the lattice parameter of bulk
gold among standard DFT functionals, some of which were
supplemented with various flavors of (van der Waals) vdW
corrections.”> Moreover, the interaction between graphene
(and also the benzene molecule) and M(111) (M = Ni, Cu,
Au) is better described with the SCAN+rVV10 functional
among benchmarked vdW corrected DFT functionals in regard
to experimental data.*”**7%°

Labeling of CT molecules based on the positional
isomerization of two carbon atoms on the borane cage was
discussed previously’® and is illustrated in Figure 1. The
carborane cages are different for the isomers in regard to the
positions of the two carbon atoms. We considered attachment
of the functional groups at one of the carbon sites, if possible at
the upper part of the cage, where they can be exposed to the
environment from the SAM. The same idea was previously
used in the synthesis of COOH-functionalized M1 and
M9."”" 1t is important to point out that a detailed quantum
chemistry study of the CT isomers is still needed where the
stabilization energies from each functional group in each
position would be taken into account. Explicit and accurate
prediction of the stabilization energies of functionalized CT
isomers might require a quantum chemistry code, which
employs Gaussian basis sets and probably a higher level of
theory applicable to molecular structures. Technically, our
plane wave basis approach for the extended systems suits better
for the slab calculations assuming periodic boundary
conditions (PBC). To represent the metal surfaces, slab
models were constructed by replication of the bulk unit cell of
gold. The supercells contain the Au(111) slab with four atomic
layers, molecular CT adsorbates, and a vacuum region with a
thickness of at least 12 A along the surface normal. The study
of isolated and dense molecular chemisorption cases requires
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Figure 2. On the left: Top views of CT adsorption geometries on Au(111) with (3 X 3) and (5 X S) structures. On the right: The side views of
chemisorption of M1 and M9 isomers on Au(111). The schematics show the tilting angles 6, and 6, as well as the height of the S atom from the
surface plane, hg. Atomic layers in the gold slab were depicted with different shades from orange to pale yellow.

(5 x 5) and (3 x 3) cells of Au(111) to be built as shown in
Figure 2. The nearest neighbor distance between the CT
molecules on the surface is 13.72 A on the (5 X §) structure
and is 823 A on the (3 X 3) structure. Three probable
adsorption sites were considered at the bridge, the hollow, and
the top positions on the hexagonal coordination of the surface
gold atoms (as shown in Figure S2 of the Supporting
Information). Surface morphologies such as domain bounda-
ries observed on the thiolate SAMs on gold cannot be
realistically simulated basically because of the size of the
Hamiltonian matrix to be diagonalized, which restricts the
surface area of a computational slab model to a few nm?”
Therefore, the number of atoms in a supercell is typically less
than a thousand atoms.

The first Brillouin zones of (3 X 3) and (S X S) supercells
were sampled using I'-centered 8 X 8 X 1 and 5 X 5 X 1
uniform k-point meshes, respectively. A smearing parameter of
0.05 was included in the calculations using the Methfessel—
Paxton scheme. The geometric optimizations of each computa-
tional model were carried out by requiring the Hellmann—
Feynman forces in three spatial directions on each atom to be
less than 107> eV/A. The dipole corrections were also
considered throughout the calculations.

The ground-state energy of a system of electrons and nuclei
is estimated by means of variational minimization as being one
of the pillars of the DFT method. Once coupled with the
supercell approach, for periodic structures, the total cell energy
can be regarded as the best possible estimate (depending on
the XC scheme) to the true ground state of the system, which
is modeled in a cell assuming PBC. Then, experimentally
accessible energies reflecting the main characteristics of surface
structures, such as work functions, surface energies, adsorption
energies, etc.,, can be predicted by performing DFT calculations
using appropriate supercell models. In this manner, the
dissociative chemisorption energies of pristine and function-
alized CTs, which were examined at different coating densities
on the Au(111) surface, were calculated as follows:

Ecriau(inn) — Baa(iny = n(Ecr — Ey)

E =

C

n

where Ecr, ay11) is the total cell energy obtained with a
number of CT molecules (n) on the Au(111) surface. E5y(1))

and Ec are the total energies of the clean Au(111) surface cell
and the gas-phase energy single CT molecule, respectively. Ey
is the energy of the hydrogen atom derived from, Ey = Ey /2,

molecular hydrogen.

B RESULTS AND DISCUSSION

A total of 48 different CT derivatives were considered by
means of 8 positional isomers and 6 functional groups (R:
—NO,, —CHO, CONH,, —F, —Cl, and —OH), which were
attached at the carbon sites to be exposed to the environment
as indicated in Figure 1. DFT geometry optimizations were
carried out as step-by-step iterations where all atomic
coordinates were updated based on the minimization of forces
and the total energy, as a search for the global minimum of the
potential energy surface. From the initial configurations to the
final relaxed structures, these iterations implicitly change the
orientation of the functional groups while optimizing the CT-R
geometry. The energy as a function of positional isomerization
shows similar characteristics for the CT-R molecules in each of
the R-groups considered here, as seen in Figure 3. The relative
energies of CT derivatives show a strong dependence on the
positional isomerization rather than on the functional group.
Based on the thiol attachment position on the cage, all the C-
substituted carborane isomers (O, M1, and P) show generally
lower stability compared with the B-substituted ones. In the
gas phase, M2, M3, M4, M8, and M9 variants always have
lower energies relative to the remaining isomers. DFT
calculations show that M9 is almost 1 eV lower in energy
than M1. Moreover, this energy difference is preserved in the
presence of different functional groups. The CT derivatives are
anchored to the gold surface through their thiol terminals and
that allows the self-assembly of these polar molecules on the
surface. Pristine M1 and M9 isomers were particularly
considered by many experimental studies due to their mutually
perpendicular dipole moments, which influence the morphol-
ogy and electronic properties of SAMs.”"¥*° M1 has a parallel
dipole moment on the surface, while M9 has a dipole moment
perpendicular to the surface plane. The molecular dipole
moment is determined by positional isomerization of carbon
atoms on the rhombohedral borane cage and also by additional
functional groups (Table S2, Supporting Information).
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Figure 3. Gas-phase energies of the functionalized CTs with respect
to positional isomerization, relative to (by subtraction) (a) that of
CT-CONH, and (b) their M9 isomers.

The dissociative adsorption of each of the CT derivatives
was considered with (3 X 3) and (S X §) structures on
Au(111). The former corresponds to the densely packed
coverage, while the latter can be considered as isolated
molecules on the surface. The optimized geometries of the
complete set of CT derivatives are depicted in Figure S3
through Figure S98 (Supplementary Information). The
strongest binding cases of CT-Rs on the metal surface are
shown in Figure 4 separately for each of the functional groups.

The calculations performed using the SCAN+rVV10 functional
predict accurate interlayer properties in comparison with the
experimental data.’® The DFT predictions indicate that
pristine CT isomers get anchored by their thiol terminals on
the Au(111) surface close to the bridge site where the sulfur
atom tends toward the hollow site and pulls up the surface gold
atom just across the bridge position (in Figures $3—S10 and
S59—S73 of the Supporting Information). The height of the
pulled-up gold atom from the surface plane is between 0.52
and 0.80 A on the (5 X S) structure and gets larger for the (3 X
3) cases where the tilting angles are relatively small (in Tables
S3 and S10 of the Supporting Information). This finding was
also reported in previous theoretical studies.”® In addition, the
phenomenon that a gold atom being pulled up by the thiol
terminal as a result of Au—S bond formation mimics the
adatom model used to explain the experimental observations
regarding self-assembly of thiolates on Au(111).””~*

The adsorption pattern in the form of perturbed coordinates
of the three surface Au atoms in interaction with the pristine
CTs as described here is also followed in the CI- and F-
functionalized CT cases (Figures S35—S50, S87—S93, and
Tables S7, S8, S14, and S15 of the Supporting Information).
For the remaining cases, depending on the functional group,
more than one Au atom can be below or above the surface
plane. In particular, M2-CONH, on the (5 X 5) structure
pushes down all three nearest neighbor Au atoms at the
adsorption site below the surface plane.

CT-R Chemisorption on Au(111)-(5 X 5). The energy
profiles of molecules in the gas phase in Figure 3a and of
isolated molecules on Au(111) in Figure Sa reflect similarities
with respect to positional isomerization. The total cell energy
refers to the ground-state energy of the corresponding model
structure. From a theoretical point of view, isomers have equal
numbers of atoms and are composed of the same species.
Spatial atomic configurations of otherwise equivalent structures
end up with different total cell energies. This could be seen as
relative stability of isomers with respect to each other. For
instance, the total cell energies of ortho CTs were found to be
considerably higher with respect to those of other isomers. In

(5x5)

9
M4-CONH,

9
M9-F | M9-Cl

4 9
M1-NO, M1-CHO

9
M9-CONH,

9
M1-F | M1-Cl

M1-OH

Figure 4. For each functional group case, the minimum energy geometries of CT-Rs (R = —NO,, ~CHO, —CONH,, —F, —Cl, —OH) on Au(111)
slabs with (S X S) and (3 X 3) structures, which were optimized using the SCAN+rVV10 DFT functional, are depicted.
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and (b) their M9 isomers. (c) Dissociative chemisorption energies of CT-Rs on the (5 X S) structure calculated using the SCAN+rVV10 DFT
functional. (d) Spatial visualization of HOMO and LUMO of M9-Cl (E,

= —128 eV).

addition, a comparison of the chemisorption energies in Figure
Sc reveals that ortho and M2 isomers generally end up with the
weakest binding to the gold surface. The main reason behind
this result is the attachment position of the functional groups
being at the lower part of the carborane cage closer to the thiol
terminal. In this configuration, the functional groups distort the
adsorption geometry and make it difficult to form a strong
binding with the surface. One exception of this trend is seen in
the case of M2-CONH, and O-CONH, due to relatively long
CONH, groups being almost parallel to the Au surface at an
interaction height (i.e., O—Au distance is 3.17 A). When a
ligand lies over and weakly interacts with metal surface, this
contribution increases the chemisorption energy in magnitude
(Figures S28 and $33, Supporting Information).

The chemisorption energies change in a range of 0.56 eV
between the weakest (M2-F, E. = —0.72 eV) and the strongest
(M9-Cl, E. = —1.28 V) chemisorption cases among the
derivatives considered on Au(111)-(S X S). When M2 and
ortho isomers are excluded from Figure Sc, the fluctuation of
the chemisorption energies fits within a narrower interval.
Then, the results are in close vicinity of typical S—Au bond
formation energy. In fact, the HOMO of each of the CT-Rs is
largely contributed by 3p electrons of S atoms, which act as the
anchoring agent at the thiol terminal. Other factors that
influence the adsorption characteristics are the positional
isomerization and additional functional groups, which
significantly influence the spatial charge distribution on the
molecules modifying the overall dipole moment. To elaborate
the role of the molecular dipole moment in the adsorption
energies, the calculations have been performed on CT-Rs in
the gas phase where the z direction of the computational cell is
aligned with the major axis of the molecules. The results (in
Table S2 of the Supporting Information) are given in the

11189

convention that the dipole moment points from relatively
positive to negative charge. The calculated data for the pristine
CTs were given elsewhere.”® An isolated adsorbate with a
dipole moment in the direction away from the surface is
favorable because the thiol terminal being the relatively
positively charged part of the CT has a strong electron affinity
and forms an S—Au bond as a result of electron transfer from
the metal to the S atom. One can note that a dipole moment
with a negative z-component generally indicates a weaker
binding for the isolated and small thiolates on the gold surface.
This trend is consistent for CT derivative cases with rather
small functional groups, which do not significantly change the
dipole moment of the parent molecule. For instance, the
chemisorption of the ortho and M2 variants in the cases of —F,
Cl, —OH, and —CHO cases is significantly weaker. In addition,
NO,-functionalized M2 and M9 isomers follow the same
trend. However, a generalization based on the overall dipole
moment is not possible for relatively large (electron rich) and
polar functional groups such as CONH,, which extends away
from the carborane cage. Upon attachment to the CT parent, it
significantly influences the overall dipole moment. On the (S X
S) surface structure, M9 and para isomers give strong
chemisorption with —CI, —F, and —OH. The calculations
reveal that these three functional groups are effective in
enhancing the binding of isolated CTs on the gold surface. In
particular, the electron-donating hydroxyl group significantly
increases the magnitude of the adsorption energy of CTs with
the exception of the M2 isomer, which always ends up with low
binding as stated earlier. Similarly, weak electron-withdrawing
halogen groups increase the binding strength of CTs with the
exception of the M1-Cl, M2-Cl, and M2-F isomers for which
the adsorption is even weaker relative to that of the pristine
cases.
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CT-R SAMs on Au(111)-(3 X 3). In a recent experiment,
COOH-functionalized M1 and M9 SAMs were observed to
form a (3 X 3) structure on Au(111)." Following this
experimental observation, in this study, we report the effect of
the other possible functional groups (—NO,, —CHO, CONH,,
—F, —Cl, and —OH) on the adsorption characteristics of M1
and M9 isomers on the gold surface at full monolayer coverage.
The stark influence of positional isomerization of CT
molecules on the total computational cell energies is once
again shown for the (3 X 3) structures in Figure 6a similar to
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Figure 6. vdW-DFT results of (a) relative total cell energies
referenced with respect to the case of the M9-CONH, group, and
(b) chemisorption energies of the functionalized M1 and M9 CT
isomers on Au(111)-(3 X 3).

the (5 X S) cases in Figure Sa and the gas phase cases in Figure
3a. The slopes in Figure 6a indicating energy differences
between M1 and M9 derivatives are almost the same for all the
functional groups. Adsorption energy is one of the key factors
affecting the stability of the adlayer on the metal. The
calculated chemisorption energies of CT derivatives at one full
monolayer coverage (in Figure 6b and Tables S10—S16 of the
Supporting Information) significantly increase in magnitude
relative to those on the (S X S) cell structures (in Figure Sc
and Tables S3—S9 of the Supporting Information). On the
average, dense packing of pristine CTs at the (3 X 3) structure
corresponds to an increase of approximately 32.5% in the
molecular chemisorption energy relative to the adsorption on
the (5 X S) surface cell. Moreover, the DFT calculations
showed that the functionalized CT isomers get chemisorbed
on the surface even stronger than their pristine counterparts. A
similar trend due to intermolecular interactions was reported
previously for COOH-functionalized M1 and M9 isomers on
Au(111)-(3 x 3)."” Pristine CTs were previously considered as
a protective coating on metals.'* The significant increase

brought by the functional groups in the adsorption energies at
1 ML has implications for durability and corrosion resistance
of functionalized CT SAMs on metal surfaces. Intermolecular
distances become 60% shorter on the (3 X 3) cell with respect
to those on the (S X S) cell Dense packing results in
significantly larger intermolecular interactions in the SAMs.
The DFT calculations including long-range dispersive forces
showed that intermolecular interactions have an important
impact on stabilization and ordering of molecules within SAM
structures. Experimental studies reported hydrogen bonding
networks within amide-functionalized thiolates and revealed
that amide-based H-bonds extend across molecular domain
boundaries.”' ~* The dispersive corrected DFT results can be
partly interpreted as intermolecular interactions can extend
over long ranges within densely packed CT-R SAMs.

As discussed earlier, the M1 isomer is energetically less
preferable among the other isomers on the (S X S) cell for
most of the cases where the dipole moment is nominally
parallel to the surface. For the pristine cases, a well-organized
dense packing at the (3 X 3) structure favors the M1 isomer
over the M9 isomer.””*>*® At full 1 ML coverage, a dipole
parallel to the gold surface is more preferable due to dipole—
dipole interactions. The calculated chemisorption energies on
the (3 X 3) structure as given in Figure 6 reveal that the M1
isomer is still more favorable than the M9 isomer for each
functional group except the CONH, case. The functionalized
CT-Rs have different sizes, geometries, and numbers of total
electrons. Therefore, the orientation of the dipole moment
changes with respect to their pristine counterparts. A
codeposition of different derivatives (by isomerization or by
functional groups) with opposing dipole moments influences
the morphologies of the resulting mixed SAMs as observed in
experiments for the pristine isomers.”’ In addition to these
considerations, dense packing of CT-Rs at the (3 X 3)
structure leads to H-bonding as a result of tilting of the parent
molecule and leaning of functional groups toward the adjacent
carborane cage. Spatially, the H-bonding is effective at a
shorter distance while dipole—dipole interactions acting at a
longer intermolecular separation. Therefore, H-bonding
between the adjacent molecules in the cases of M1-NO,,
M9-NO,, M1-CHO, and M9-CONH, leads to the strongest
chemisorption among the other derivatives (Figures 6 and S76,
S78, S80, and S86 of the Supporting Information). Their
optimized geometries, the dipole moments, and the H-bonds
are depicted in Figure 7. The dipole moment alignment of CT
molecules is especially important at interfaces in interaction
with polar molecular environments. For instance, application
of external fields or deposition of molecular adlayers with
different electronic properties can be controlled to modify
anchoring, tilting, or even rotation of molecules in the CT
SAMs.'®” The atomistic simulations bring a lot of details to
the table. For instance, the molecules have tilting angles, S—Au
bonds tilted, and also the cage gets another tilting angle on the
gold surface. Moreover, adsorption causes local perturbation
on the interacting Au atoms. Considering molecular rotations
on the surfaces, top of these tilt angles and local surface
distortions give rise to many possibilities. Even though we did
not attempt to profile energy barriers of rotation of CT-Rs
around S—Au bonds, our results on the (3 X 3) cell indicate
that such a rotation would be hindered for the NO,-, CHO-,
and CONH,-functionalized M1 and M9 cases due to in-plane
H-bonding networks. In agreement with recent experimental
and theoretical studies,'”*° the hydrogen bonding has an
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Figure 7. Optimized geometries of high chemisorption conformations
of (a) M1-NO,, (b) M9-NO,, (c) M9-CONH,, and (d) M1-CHO
SAM structures on Au(111) showing a (3 X 3) order, which is driven
by H-bonding between O and H sites of the adjacent molecules. The
dipole moments are illustrated by the arrows.

enhancing effect on ordering of functionalized CTs in SAMs.
The functionalized CTs usually end up with larger
chemisorption energies, in magnitude, relative to the pristine
cases with the exception of M9-OH and M1-F. Moreover, at 1
ML coverage, CTs with a halogen or a hydroxyl group show
characteristics similar to their pristine cases. Consequently,
functional group attachment not only enhances the adsorption
strength of CT molecules on Au(111) but also plays an
important role in improving the stability of SAMs. In addition,
the lowest energy conformations as shown in Figure 7 lead to a
molecular organization where the functional groups are
exposed to the environment.

Experimental studies showed that adsorption of M1 and M9
isomers on the gold surface shifts the work function."”*’ In
addition to positioning of the carbon atoms on the carborane
cage, attachment of functional groups to one of these carbon
atoms also is expected to play an important role in modifying
the surface electronic properties. In this regard, the vdW-
corrected DFT calculations were performed using the SCAN
+rVV10 functional. The results (in Table 1) reveal that the

Table 1. Calculated Work Functions, ®, of the CT-R-
Coated Au(111) Substrate with (3 X 3) Structure

@ (eV)
CT-R/Au(111)-(3 X 3)
CT CT-  CT- CT- CT-  CT-
isomer CT CT-F ClI CHO CONH, NO, OH
Ml 521 523 518 547 4.18 535 553
M9 416 432 415 453 3.49 446 452

carborane cage (e.g, as in M1 or M9) has a strong effect on
the electronic properties of the SAMs consistent with
experiments.'”*’" Moreover, significant modification of the
work function is possible through functionalization of CTs by
attaching different electron acceptor/donor groups at the
carbon sites on the carborane cage as given in Table 1 and as
schematically shown in Figure 8.

The effect of the M1 isomer on the work function is smaller
than that of the M9 isomer, which is consistent with previous
observations.”” The M9 isomer significantly decreases the work
function of the gold substrate. This effect is attributed to the
orientation of the dipole moment being nominally perpendic-
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Figure 8. Calculated work functions of the Au(111) surface coated
with M1 and M9 derivatives (functionalized by —F, —Cl, —OH,
—CHO, —NO,, and —CONH, groups) having (3 X 3) periodicity.
The work function of the bare Au(111) surface is indicated with a
horizontal dotted line at 5.40 eV.

ular to the surface. A similar trend on Pt was recently reported
by Ano et al.** who used M9 SAMs to decrease the Schottky
barrier at the Pt/TiO, interface. Their work function
measurements are also in line with our findings on Au. M9-
CONH, is a good example resulting in a work function of 3.49
eV with its substantial dipole moment of 6.69 D, as illustrated
in Figure 7c. For all the functional groups, the decrease in the
work function from the M1 to M9 isomer shows the same
trend as indicated in Figure 8. While most of the CT
derivatives decrease the work function, M1-CHO and M1-OH
groups slightly increase it relative to the clean gold surface. The
drop of the work function with the CONH,-functionalized CT
coating is significantly larger from the rest of the ligands. As a
result, tunability of the work function of the SAMs function-
alized by these groups in a wide range between 5.57 and 3.49
eV paves the way for the development of various applications.

B CONCLUSIONS

The vdW-DFT calculations reveal that the functional groups
enhance the binding of the CT isomers on the gold surface in
relation to pristine cases. In particular, isolated M9 and para
isomers functionalized by the halogen and hydroxyl groups are
chemisorbed significantly stronger on the (S X S) structure. A
net dipole moment pointing away from the surface is always
favorable but is not the only factor for the chemisorption
characteristics of a single isolated CT isomer on Au(111). In
the cases of pristine, Cl-, and F-functionalized CTs, one of the
surface gold atoms is pulled up by the thiol end, which mimics
the adatom chemisorption model. Adsorption of CTs with
relatively larger functional groups causes local perturbations on
Au(111) where more than one surface Au atom can be below
or above the surface plane. The favorable functional group,
among different alternatives considered in this work, changes
to the nitro group at one full monolayer coverage based on the
chemisorption energy profiles. The nitro-functionalized CTs
are followed by M9-CONH, and M1-CHO, which also exhibit
strong chemisorption. These SAM structures are promising for
applications such as protection of metal surfaces from
corrosion and modification of electronic potential barriers at
metal/oxide interfaces. The coverage dependence of this
drastic change on the adsorption energies is due to
intermolecular interactions. At 1 ML on the (3 X 3) structure,
in addition to dipole—dipole interactions within the SAM, H-
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bonding becomes effective at a shorter distance in the cases
where the functional groups lean toward the carborane cage of
the neighboring CT-R. Consequently, the chemisorption is
significantly stronger when H-bonds are possible, which helps
increasing the order and stability of SAMs. In this sense, the
positional isomerization together with functional groups is
promising for controllability of long-range ordering and
stability of SAMs. Moreover, the functional groups offer
tunability of the work function over a wide range of 2.08 eV,
which is desirable for promoting the usability of the SAM
structures. The functional groups exposed to the environment
on the SAM structures pave the way to design various
applications.
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