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ABSTRACT: Carboranedithiol isomers adsorbing with opposite orientations of
their dipoles on surfaces are self-assembled together to form mixed monolayers
where both lateral dipole—dipole and lateral thiol—thiolate (S—H---S) interactions
provide enhanced stability over single-component monolayers. We demonstrate
the first instance of the ability to map individual isomers in a mixed monolayer
using the model system carboranedithiols on Au{111}. The addition of methyl
groups to one isomer provides both an enhanced dipole moment and extra
apparent height for differentiation via scanning tunneling microscopy (STM).
Associated computational investigations rationalize favorable interactions of mixed
pairs and the associated stability changes that arise from these interactions. Both
STM images and Monte Carlo simulations yield similarly structured mixed
monolayers, where approximately 10% of the molecules have reversed dipole
moment orientations but no direct chemical attachment to the surface, leading to
homogeneous monolayers with no apparent phase separation. Deprotonating the
thiols by depositing the molecules under basic conditions eliminates the lateral S—H---S interactions while accentuating the dipole—
dipole forces. The molecular system investigated is composed of isomeric molecules with opposite orientations of dipoles and
identical surface packing, which enables the mapping of individual molecules within the mixed monolayers and enables analyses of
the contributions of the relatively weak lateral interactions to the overall stability of the assemblies.

B INTRODUCTION In complex structures, one typically analyzes strong
interactions first and to elucidate their roles in self-assembly,
be they the supramolecular frameworks of molecules in single
crystals or the geometrical surface patterns of 2D arrays of
molecules immobilized on surfaces. In the latter systems,
anchoring thiol groups strongly interact with the surface and
limit the molecules by orienting them in specific ways, thus
exposing them to a variety of lateral interactions.'”** van der
Waals interactions are relatively strong lateral forces, which

Self-assembled monolayers (SAMs) form ordered two-dimen-
sional (2D) arrays via the adsorption of a headgroup onto a
surface and lateral intermolecular interactions.”” These SAMs
provide frameworks for studying intermolecular forces in
controlled environments.”~” The structures and properties of
self-assembled materials are influenced by packing interactions
similar to those observed in single crystals, where they are

commonly referred to as packing forces." "' Generally, it is reflect molecular geometry and space requirements, leading to
these interactions that underlie the differences between the specific surface pattems.ls,zs,za Any material’s structure and
properties of single molecules versus ordered arrays of function are thus predetermined by competing forces that play
molecules in two or three dimensions.'” Our previous studies active roles during adsorption and the self-assembly process.
demonstrated that carboranethiols are a natural choice for Understanding these interactions is essential for designing new
investigating surface properties given their rigid, regular, and

consistent packing structures, tunable surface properties, and Received: December 16, 2023 i
applications in electronics and thermal control.">~"* Previous Revised:  January 17, 2024

work investigated the roles of dipoles in self-assembly, but until Accepted: January 18, 2024

now it has been difficult to map different isomers with Published: February 8, 2024

scanning tunneling microscopy (STM) within mixed mono-

layers as we demonstrate in this study.'®*"~*

© 2024 American Chemical Society https://doi.org/10.1021/acs.chemmater.3c03210

v ACS Publications 2085 Chem. Mater. 2024, 36, 2085—2095


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Katherine+E.+White%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Erin+M.+Avery%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Edison+Cummings%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Zixiang+Hong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jens+Langecker%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Aliaksei+Vetushka%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Michal+Dus%25CC%258Cek%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Michal+Dus%25CC%258Cek%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jan+Macha%25CC%2581c%25CC%258Cek%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jakub+Vis%25CC%258Cna%25CC%2581k%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jan+Endres%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Zdene%25CC%258Ck+Bastl%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ersen+Mete%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Anastassia+N.+Alexandrova%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Anastassia+N.+Alexandrova%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Toma%25CC%2581s%25CC%258C+Bas%25CC%258Ce%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Paul+S.+Weiss%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.3c03210&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03210?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03210?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03210?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03210?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03210?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/36/4?ref=pdf
https://pubs.acs.org/toc/cmatex/36/4?ref=pdf
https://pubs.acs.org/toc/cmatex/36/4?ref=pdf
https://pubs.acs.org/toc/cmatex/36/4?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

materials of the desired structure and properties. Other groups
have studied the interplay between hydrogen bonding and van
der Waals interactions in aromatic monolayers, but here, we
investigate a different pair: dipole—dipole forces and lateral
hydrogen interactions of thiol/thiolate anchoring groups.””*

We use tailored carboranedithiol-based systems, originally
introduced and developed for SAMs,"'#***° to explore 2D self-
organized structures by changing only the properties that we
wish to investigate through cage dipole orientation and
magnitude while keeping the SAM geometry and bonding
scheme identical. In comparison, the common systems of alkyl
and aromatic thiols are ill-suited for these purposes, as changes
in the dipole moments in organic molecules are usually
associated with significant changes in the molecular structures
and/or changes in steric requirements.””*'~** Here, we build
on the significant advantages of the carborane molecular
systems to substitute certain fractions of molecules in the
respective SAMs with those of different electron density
distributions, without changing the surface geometrical
patterns.”">'” Such systems have the potential to reveal the
effects of different dipole orientations and magnitudes of the
molecules on their closest neighbors and beyond and to
elucidate the existence of dipole-driven patterns within
geometrical molecular arrangements.

B RESULTS AND DISCUSSION

The key step necessary in these efforts was to develop the
means to differentiate and to identify individual isomers within
mixed SAMs to enable molecular mapping. We previously
investigated the binding modes of 9,12-(SH),-1,2-C,B;,Hj
(09,12) and 1,2-(SH),-1,2-C,B,,Hg (01,2) via STM,
scanning probe spectroscopic imaging, and lower resolution
surface-sensitive techniques. These molecules provide tem-
plates to investigate the roles of dipoles and lateral interactions
in SAMs, as they have oppositely oriented dipoles, but identical
packing structures, with nearest-neighbor spacings of 7.6 A."*
The two isomers are practically indistinguishable in STM
images under ambient conditions when codeposited in SAMs,
making the mapping of individual isomers difficult. To solve
this problem, we have increased the contrast by labeling 09,12
molecules with two methyl substituents on the carbon atoms of
the carborane backbone. All three molecules, with their
abbreviations and their complete chemical formulas, are
depicted in Figure 1. Once assembled on Au{111} surfaces,
this dimethyl derivatization changes only the longitudinal
space requirement of the parental 09,12 molecule, ie.,
potentially increases the apparent height of these molecules

H &
N(is \ia
HS SH HS SH HS SH
diMe-09,12 09,12 01,2

Figure 1. Schematic representation of carboranedithiols: diMe-09,12
= 9,12-(HS),-1,2-(CH,),-1,2-C,B,oHg, 09,12 = 9,12-(HS),-1,2-
C,BoHyp and 01,2 = 1,2-(HS),-1,2-C,B,H}o. Hydrogen atoms at
the vertices of the clusters are omitted for clarity.
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in STM images, while maintaining lateral spacing requirements
without disrupting the lateral molecular packing, enabling
successful assignment of individual molecules based solely on
apparent height, as observed via STM.

Structural and Electronic Properties of diMe-09,12
(1,2-(Me),-9,12-(HS),-1,2-C,B;4Hg). Several methods, in-
cluding computational and X-ray structural analyses, were
used to investigate the structure of the dimethyl-labeled
derivative, diMe-09,12, and its differences compared to the
parent molecule 09,12 (9,12-(HS),-1,2-C,B,H,,). Ortho-
carborane, 09,12, and the dimethylated derivative of 09,12,
i.e., diMe-09,12, each have a 2-fold symmetry axis. The thiol
groups of 09,12 form a bridging intramolecular hydrogen
bond —S—H:-S(H)—, shown in Figure 2, that is absent in
01,2. Attaching thiol (—SH) and methyl (—CH,) groups to
the ortho-carborane skeleton leads to generally increased
interatomic distances between the skeletal atoms. While
these changes have an experimentally proven effect on
decreasing the thermal rearrangement temperature of the
carborane skeleton from ortho to meta to para isomers,”* they
are too subtle to have significant effects on the geometries of
the 2D monomolecular assemblies of these molecules on flat
Au{111} surfaces, where they retain the nearest neighbor
distances of ca. 7.6 A.'* Selected structural parameters,
obtained experimentally from the single-crystal X-ray diffrac-
tion and also computationally (both available in the
Supporting Information), of diMe-09,12 are presented in
Table S2 and sketched in Figure S3. In addition, a side view
and a top view of the space-filling computationally optimized
model of the molecule are shown. The top view is compared to
a circle representing the experimental surface area occupied by
one molecule on the surface. The orientations of both methyl
groups are longitudinal, protruding above the rigid cages in
monolayers, and thus serve as suitable labels of 09,12
molecules in mixed SAMs with the O1,2 isomer. We note
that both methyl groups, attached to adjacent carbon atoms,
are so close to one another that they can potentially rotate only
as cog-wheels.” The positive inductive effect of the methyl
groups further increases the dipole moment from ~5.5 D of
the parent compound 09,12 to 7.1 D, which makes this
derivative exhibit potentially stronger lateral dipole—dipole
interactions compared to its nonlabeled analogue.”®

Supramolecular Structures. Supramolecular structures of
thiolated carboranes are usually dominated by hydrogen bonds
between the respective thiol groups and CH vertices of the
carborane cage(s).”**”*" In the case of diMe-09,12, in which
the relatively acidic hydrogen atoms at the CH vertices are
replaced with methyl groups, it is the relatively strong dipole
moment of the molecule, together with its molecular geometry,
that leads to a specific single-crystal supramolecular arrange-
ment. This structure consists of separated layers of molecules
without any short contacts or hydrogen bonds connecting the
layers. Interestingly, all molecules within one layer are arranged
with their 2-fold symmetry axes perpendicular to the plane of
the layer and in rows with alternating dipole moments. Figure
2 shows the “layered” supramolecular structure with alternating
orientations of molecules and thereby with their alternating
dipole moments within the layer as well. In Monte Carlo-
simulated annealing, the orientations of molecules within a
monolayer show dipole moments oriented normal to the
surface plane and either up or down, in agreement with the
experimentally determined single-crystal arrangement. The
molecules with alternating dipole orientations, as observed in

https://doi.org/10.1021/acs.chemmater.3c03210
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Figure 2. Layered supramolecular arrangement of molecules in a single crystal. (A) (Bottom) Three layers only with short contacts within each
layer depicted and (top) four molecules showing an alternating dipole—dipole driven arrangement within one layer. (B) Top view of a fraction of
15 molecules from one layer with either a red or blue background to demonstrate the alternating dipole moment orientation. (C) One observed
arrangement from the simulations of dipoles in a 2D layer with only two possible orientations, up or down, is shown as red and blue, respectively.
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Figure 3. (A—C) Scanning tunneling microscope (STM) images of a pristine diMe-09,12 SAM deposited (A, B) under neutral (Vsample
Tunneling = 75 PA, T = 298 K) and (C) basic (meple = —=0.1V, Lunneling = 100 pA, T =298 K) conditions on Au{111} at two different resolutions.
Insets depict fast Fourier transforms (FFTs) that indicate hexagonally close-packed arrangements with nearest-neighbor spacings of 7.6 + 0.5 A.
(D) Schematic depiction of two distinct, computationally optimized binding modes, indicating the apparent height difference of 0.5 A observed

under neutral deposition conditions. (E) Computationally optimized geometry of the dithiolate binding mode achieved by depositing molecules
under basic conditions."*

-
=-0.1YV,

single crystals, are arranged in infinite parallel lines, while in
the Monte Carlo simulated arrangements, the lines of
molecules oriented either up or down exhibit random changes
as they propagate across the plane. The figure shows one of
many arrangements observed in the Monte Carlo simulations.

Scanning Tunneling Microscopy Measurements of
Pristine diMe-09,12 Self-Assembled Monolayers on
Au{111}. Monolayers of diMe-09,12 molecules were
assembled on Au{111}/mica substrates under two different
experimental conditions: neutral pH, from EtOH solution; and
basic pH, from EtOH solution with equimolar amounts of
sodium hydroxide to deprotonate both SH groups prior to
their surface adsorption. Both deposition conditions lead to
arrays of molecules with identical hexagonal surface arrange-
ments and nearest neighbor distances of 7.6 + 0.5 A. Under
neutral conditions, STM imaging revealed ca. 10% of
molecules appearing to protrude from the monolayer surface

2087

(Figure 3A, B). Previous measurements of the parent 09,12
SAM showed almost no protruding molecules, ~98 + 1% of
molecules were identified as monovalent (with only one thiol
group deprotonated) on the surface, and 2 + 1% of molecules
being adsorbed as divalent (both sulfhydryl groups deproto-
nated as thiolates).'* Notably, there was a lack of molecules
adsorbing as zerovalent with both thiols still intact. The greater
dipole moment of diMe-09,12 compared to 09,12 manifests
as the even weaker acidity of the sulthydryl groups, suggesting
that the diMe-09,12 molecules might also adsorb as dithiols
without deprotonation, as shown in Figure 3D (on the left).
Deposition of diMe-09,12 under basic conditions, serving in
this case also as a comparative reference sample, leads to
hexagonally packed SAMs with no apparent protrusions
standing out, as shown in Figure 3C, and with the calculated
optimized geometry presented in Figure 3E.

https://doi.org/10.1021/acs.chemmater.3c03210
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Previously, we reported on the differences in the apparent
heights of adsorbed molecules of 01,2 and 09,12 in their
SAMs, and we analyzed the inverted contrast in STM images
for 09,12 SAMs in which molecules bound as divalent
appeared more protruding from the surface despite having
their geometrical height lower compared to the monovalent
bound molecules.'* This particular aspect of adsorption is
investigated further and verified in this study by demonstrating
that molecules of diMe-09,12, being weaker acids than 09,12
(ie, showing even lower tendency to lose the sulthydryl
protons), adsorb predominantly as zerovalent (physisorbed
dithiols) and appear less protruding in STM images of the
respective SAMs, consistent with simulated STM images of all
three binding modes of diMe-09,12 molecules presented in
Figure 3D,E. The diMe-09,12 system therefore presents a
novel binding mode not observed previously in carboranedi-
thiol monolayers: complete physisorption with both thiols still
protonated.

The presence of both thiol- and thiolate-adsorbed moieties
in the SAM was further shown by X-ray photoelectron spectra
(XPS) with the respective binding energy values of S 2p
photoelectrons at 161.7 + 0.1 and 163.0 + 0.1 eV, as shown in
Table 1. The latter value is the same, within experimental error,

Table 1. Measured Core-Level Binding Energies in eV and
Full-Width Half Maxima (in Parentheses) for Au Films
Modified with diMe-09,12 and for a Solid Crystalline
Sample of 09,12 for Comparison

sample 09,12 (crystalline sample) diMe-09,12 SAM/Au
stoichiometry B165,.Co1 B165,,Cs
S 2ps)s 162.9 (2.2) 161.7 (1.1), 163.0 (1.1)
B 1s 189.7 (2.5) 189.6 (1.8)
C1s 286.6 (2.3) 285.3 (1.5), 286.7 (1.6)

as for the crystalline 09,12 derivative, indicating the existence
of thiol on the gold surface and validating the presence of both
zerovalent and monovalent binding modes. The relatively low
binding energy of S 2p on gold in the diMe-09,12 is
consistent with the electron-donating nature of B—S—H-
bonded carboranethiols as well as previous reports.'****
Lateral Molecular Interactions Analysis in Mixed Self-
Assembled Monolayers. Lateral interactions in SAMs cover
those of carboranes’ backbones as well as interactions of their
anchoring groups. To understand stabilizing or destabilizing
effects, we have carried out calculations of isomeric pairs of
molecules in a vacuum and also adsorbed on gold surfaces.
Pristine and Mixed Pairs of Free Molecules. Thiol-
Anchoring Groups and Their SH---S(H) Intermolecular
Interactions. Understanding experimental results obtained
with mixed monolayers of 01,2 and 09,12 (or its dimethyl-
labeled analog: diMe09,12) requires analyzing their lateral
intermolecular interactions. To disentangle these interactions
that take place in the respective 2D arrays, we first
computationally investigated pairs of free molecules (both
pristine and mixed) by copying their dipole moment
orientations and nearest neighbor distances from arrays on
gold surfaces but omitting their interactions with the gold
surface in our first approximation, thus focusing purely on
lateral interactions within the respective pairs. All three species
and their respective SAMs have several common features: (1)
similar, or practically identical, molecular geometries with a
two-fold symmetry axis, as shown and discussed above (Figure
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1); (2) assembly into hexagonal close-packed patterns on gold
surfaces (Figure 3) with identical nearest neighbor distances;
(3) relatively strong dipole moments, with by far the strongest
in the case of diMe-09,12 molecule at 7.1 D; and (4)
sulthydryl group acidities that manifest in strong electron-
donating (09,12 and diMe-09,12) and withdrawing (01,2)
effects, depending on to which vertices the SH groups are
attached.

We used scanning Kelvin probe force microscopy to
investigate surface potential changes as a measure of dipole
moment magnitude and orientation of the molecules on the
surface.” In agreement with the orientation and magnitudes of
the dipoles, the 01,2 SAM significantly decreases the surface
potential of the metal substrate, while 09,12 increases the
value, and diMe-09,12 increases it even more as shown in
Figure 4. The surface potential shifts are consistent with the

+ .
@ @ 395 my  diMe-09,12 SAM

300 T -1 300
> 125 mV 09,12 SAM
£ 100 —T- ————————t 00
; ref. bare metal surface R —————
£ 4100 _-100
©
€ -300 + _|-300
2
o
Lol QN .
500 01,2 sAm 990
—]
700 - 625 mV _|-700

Figure 4. Surface potential shifts caused by SAMs of 01,2, 09,12,
and diMe-09,12 with the respective histograms (on the right)
showing narrow distributions of values as analyzed by using scanning
KPFM.

effects of the orientation and the relative dipole strength of
diMe-09,12 and the respective SAM. See Figure S10 in the
Supporting Information for more details.

Two molecules positioned as close to each other as found on
gold surfaces, ca. 7.6 A, can interact through their molecular
backbones by their dipole—dipole moments and through
structural elements such as their surface-anchoring thiol
groups.”'” The latter can form intramolecular as well as
intermolecular hydrogen bonds. To evaluate these lateral
interactions and estimate their contributions to how
homogeneously the molecules distribute in a SAM, we carried
out calculations, the results of which are depicted in Figure S
(with all of the results summarized and presented in Table S4
and Figure S12). These results demonstrate significant
differences in the strengths of mutual interactions in different
molecular pairs.

The interactions between two carboranedithiol molecules
are dominated by those between their thiol groups, specifically
between the thiol hydrogen of one molecule and the sulfur of a
neighbor. This intermolecular interaction is stronger and more
stabilizing in the case of two molecules of 09,12 than in two
molecules of O1,2. However, by far, the strongest case is a
mixed pair with the interaction between the hydrogen of a thiol
group bound to a skeletal carbon atom (C—S—H) of 01,2 and
the sulfur bound to a boron atom (B—S) in 09,12. The
opposite orientation of the -SH---S- hydrogen interaction, i.e.,
from the hydrogen of a boron-bound thiol group (B—S—H) of

https://doi.org/10.1021/acs.chemmater.3c03210
Chem. Mater. 2024, 36, 2085—2095
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Figure 5. (A) Computationally optimized isomeric carboranedithiols of 01,2 and 09,12 with sulfhydryl group conformations in their global
energy minima. (B) Space-filling model of a pair of molecules of O1,2 and 09,12 exhibiting intermolecular C-SH---S(H)B interaction. (C)
Schematic representation of three mixed pairs of O1,2 and 09,12 showing for simplicity only the sulthydryl groups and their particular
conformations. The pairs on the left and in the middle are calculated with no intermolecular SH---S interactions, while the one on the right does
include this interaction. The full black dots represent sulfur atoms attached to the carbon vertices of the carborane clusters, the hollow dots
represent sulfur atoms attached to the boron vertices of the carborane clusters. (D) Side view schematic of both isomers showing electron-donating
(red) and -accepting (light blue) properties of the carborane scaffold with the respective dipole moment orientation. (E) Bottom view of two mixed
pairs with —SH---S— interactions.

Table 2. Calculated Adsorption and Interaction Energies in eV of Pairs of Molecules on a Au{111} (7 X 4) Slab“

pair: dithiol1-dithiol2 01,2-01,2 09,12-09,12 01,2-09,12 09,12-01,2
Epair adsorption on Au{111} —8.86 -9.11 —8.95 —8.87
E —0.11 0.02 -0.22 —0.16

‘pair interaction on Au{111}

“Additional details are provided in the Supporting Information.

09,12 to a carbon-bound sulfur group (C—S) of 01,2, is unsuitable for (i.e., without) intermolecular hydrogen bonding
significantly weaker, as shown in Figure Se. Correspondingly, (Figure SC) to eliminate their stabilizing effects, the
the optimized structure of a single free molecule of 09,12 interactions between the two molecules were found to be
shows an advantageous intramolecular —SH:--S(H)— hydrogen repulsive, which we attribute to destabilizing parallel
bond between its thiol groups (Figure S3), while the molecule interactions of their relatively strong dipole moments.
of 01,2 does not. These computational results are consistent In mixed pairs, these results demonstrate the synergic effects
with the electron-donating effects of the carborane moiety at of two types of lateral interactions found in the single crystals
its skeletal boron positions and electron-accepting effects at the of diMe-09,12: (1) the molecules’ anchoring SH groups and
skeletal carbons while simultaneously elucidating these (2) the molecular backbones via their dipole moments, with
electronic effects’ contributions to maximize the distributions both contributions governing arrangements and leading to
of molecules in mixed SAMs. greater stability of mixed pairs. In this case, we see potentially
The advantageous orientation of two dipoles parallel but competing intermolecular forces that interfere constructively
oppositely oriented dipole moments in mixed pairs of with increased stability in a lower energy conformation.
molecules (01,2 and 09,12) are significantly more stable Pristine and Mixed Pairs of Molecules on Au{111}.
compared to their pristine pairs in which dipole moments are The previously discussed analyses of intermolecular inter-
also parallel but oriented in the same direction.” Moreover, in actions in free pairs of molecules, oriented in a fashion similar
the pairs of 09,12 molecules calculated in conformations to that on gold surfaces, do not, at a first approximation, cover
2089 https://doi.org/10.1021/acs.chemmater.3c03210
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the interactions with gold surfaces. Therefore, calculations with
several pairs of molecules adsorbed on 7 X 4 gold slabs were
carried out to investigate the effects of surface adsorption.
Considering the adsorption energies summarized in Table 2, a
pair of 09,12 molecules shows the greatest stability
(adsorption energy of —9.11 eV) followed by the two pairs
of mixed molecules of 01,2 and 09,12, and the least stable
pair is represented by two molecules of 01,2 on gold surfaces.
This particular order results from the stabilizing effects of B—
S—Au bonds, which are significantly more stable than the
respective C—S—Au bonds. The ratio of B—S—Au to C—S—Au
bonds in the investigated pairs follows the trend observed in
the adsorption energies: 3:0 in a pair of two 09,12 molecules
(Figure 6B); 2:1 in a mixed pair of O1,2 and 09,12 (Figure

g
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Figure 6. Computationally optimized pairs of isomeric carboranedi-
thiols, 01,2 and 09,12, on a gold surface with —S—H:--S— hydrogen
interactions indicated. (A) An 01,2 and O1,2 pair, (B) an 09,12 and
09,12 pair, (C) an 01,2 and 09,12 mixed pair, and (D) an 09,12
and 01,2 mixed pair. The lateral pair interaction energy is shown in
eV. Larger gray dots indicate the positions of carbon atoms in the
carborane cage backbones.

6C); 1:2 in a pair of 09,12 and 01,2 (Figure 6D); and 0:3 in a
pair of two O1,2 molecules (Figure 6A). However, the
adsorption energy value does not show the stabilizing or
destabilizing effects of lateral interactions, which are more
important for understanding the 2D patterns of SAMs. To
assess the lateral forces between molecules in the respective
pairs, we calculated the pair interaction energies using the
following equation:

E

pair interaction on Au{111}

= EpaironAu{lll} - Edithiol lonAufl11} — EdithiolZonAu{lll}

+ Exufi11)

and sorted the pairs accordingly. These results cover both the
lateral hydrogen-bonding interactions of anchoring groups
influenced differently by carborane backbones via their
electron-withdrawing and electron-accepting properties as
well as direct dipole—dipole interactions of the molecular
backbones. The mixed pairs of molecules 01,2 and 09,12
(Figure 6C) show the greatest stabilizing effects with the pair
interaction energy of —0.22 eV followed by the second mixed
pair of molecules 09,12 and 01,2, then the pair of molecules
of 01,2, and the least stable, a pair of two molecules of 09,12,
which represent two molecules with strong dipole moments
aligned unfavorably in the same direction. These results follow
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the trend discussed above for computational investigations of
free pairs of molecules.

As further observed in additional experimental STM results,
Figure S9 in the Supporting Information, the mixed SAMs of
01,2 and 09,12 (or the diMe-09,12) deposited under neutral
conditions lead to images where it is difficult to assign the
individual molecules due to their distinct binding modes.
Therefore, in another experiment, we focused on mixed SAMs
resulting from coadsorption of both 01,2 and diMe-09,12 in
a 1:9 ratio as two molecules, providing the greatest possible
apparent height differences in STM images after deposition
under basic conditions to maximize the fractions of molecules
that adsorb in the divalent mode only. In addition, basic
deposition avoids any possibility for interactions between the
anchoring groups via their hydrogen —SH---S(H)— bonds due
to prior deprotonation of the SH groups.

As a result of both labeling 09,12 molecules with two
methyl groups as well as the basic deposition conditions, we
assign the more protruding molecules in the experimental
STM images of the mixed SAMs of diMe-09,12 and O1,2,
Figure 7, to the molecules of diMe-09,12 distributed in the

swounsbuy

Physical height difference: 1.0 A

Figure 7. (A, B) Scanning tunneling microscope (STM) images of a
mixed diMe-09,12 and O1,2 SAM deposited from a solution with a
9:1 ratio of diMe-09,12 to 01,2 under basic conditions on Au{111}/
mica at two different resolutions (V, qample = —0.1V, Tnneling = 105 A,
and T = 298 K. (C) Schematic of two distinct binding modes with an
apparent height difference of 0.7 A in the STM images. (D) Result of
dipole—dipole interaction simulation in a hexagonal field with 10% of
molecules having the opposite dipole moment orientation.

monolayer. The apparent height of diMe-09,12 is 0.7 A higher
than O1,2, as illustrated in Figure 7C. While we do not observe
in Figure 7A, B the simulated Monte Carlo patterns shown in
Figure 7D, importantly, there is no phase separation, as seen in
our previous study investigating a carboxylated para- carbor—
anethiol in a matrix of unfunctionalized para-carborane.”® The
para-carboranes that were investigated in a similar molar ratio
and the carboxylated molecules formed islands instead of the
homogeneous mixtures that we see here. The Monte Carlo
simulations take only the dipole—dipole interactions into
account. If those forces were the only factor in self-assembly,
then diMe-09,12 would be perfectly distributed in the matrix
of 01,2 in ideal monolayers, given their oppositely oriented
dipoles. As previously discussed in detail, this system also
investigates the differences in anchoring group interactions for
B—S—H as compared to C—S—H. The combinations of these
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intermolecular forces lead to our observed experimental results
and explain the differences from the Monte Carlo simulations.

B CONCLUSIONS AND PROSPECTS

We have addressed the relatively complicated issue of
disentangling weak interactions within SAMs, including the
importance of dipole—dipole interactions that occur within
many molecular self-assembled systems but remain largely
unnoticed or hidden behind much stronger interactions. We
have designed and characterized a new derivative of 1,2-
dicarba-closo-dodecaborane-9,12-dithiol (09,12), which was
used previously as a constituent of SAMs demonstrating how
the thiol group acidity influences its adsorption. The new
derivative, 1,2-dimethyl-1,2-dicarba-closo-dodecaborane-9,12-
dithiol (diMe-09,12), which is a version of its parent
molecule labeled with two distal methyl groups, has identical
lateral steric requirements in its respective SAMs as the parent,
and as its isomeric 1,2-dicarba-closo-dodecaborane-1,2-dithiol
(01,2). The two methyl groups increase the longitudinal steric
demands of the 09,12 molecule, enabling differentiation from
01,2 in the STM images. The new derivative has been
structurally characterized using single-crystal diffraction
analysis, which revealed a supramolecular structure driven by
dipole—dipole interactions, fittingly with the large dipole
moment of the molecule (7.1 D). When deposited on gold
surfaces under neutral conditions, the pristine SAMs of this
derivative show that the molecules adsorb 90% in zerovalent
mode (i.e, as fully physisorbed dithiols) and 10% in
monovalent mode. The molecules adsorbed in the less
abundant monovalent mode appear more protruding in STM
images, as confirmed by simulations. When deposited under
basic conditions, all molecules of the pristine diMe-09,12
SAM were adsorbed as divalent (i.e., as fully chemisorbed
dithiolate moieties) without any significantly differing apparent
heights. In this study, within the focus on lateral interactions
within SAMs, we have analyzed two essential contributions:
first, hydrogen-bonding interactions between the anchoring SH
groups of adjacent molecules and, second, lateral dipole—
dipole interactions driven mainly by the carborane backbones.
Both interactions increase the stability of mixed SAMs
consisting of two components of opposite dipole moment
orientation and lead to arrays of molecules with alternating
dipoles. Experimentally, codeposition of 01,2 and 09,12 (or
diMe-09,12) molecules under neutral conditions leads to
monolayers with apparent protrusions affected by different
binding modes of the individual constituents, which makes it
difficult to assign the molecules to each isomer. Narrowing the
problem by depositing molecules under basic conditions, thus
avoiding the sulfhydryl group interactions, and by codepositing
01,2 with the labeled diMe-09,12 to increase their apparent
height differences enables the identification of each molecule
within the STM images of the mixed SAMs. Consistent with
dipole—dipole interactions in Monte Carlo simulations, the
molecules are well separated and homogeneously distributed
over the surface within the mixed SAMs.

B EXPERIMENTAL SECTION

General Procedures, Chemicals, and Materials. Carboranedi-
thiol derivatives (01,2 and 09,12) as well as 9,12-bis(methoxy-
methylthio)-o-carborane starting precursor (herein further referred to
as CB-MOM) for the synthesis of diMe-09,12 were prepared
according to the literature.*’ The purity was checked by gas
chromatography with mass spectrometry detection (GC-MS) and
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"B and 'H NMR spectroscopy. Nuclear magnetic resonance
spectroscopy was performed at room temperature on a Varian
MercuryPlus at 400 MHz using standard techniques and procedures.
Solvents for synthesis (such as tetrahydrofuran, THF) were purchased
from Penta a.s. Czech Republic, and additionally dried with sodium in
the presence of benzophenone (99.8%, purchased from Sigma-
Aldrich) and freshly distilled before experiments. Other solvents were
used as received. Solvents for STM experiments were purchased from
Sigma-Aldrich and used as received. The NMR spectra were measured
in CDCI3 (99.8% D) as received from Eurisotop.

Synthesis of diMe-09,12. 1,2-Dimethyl-9,12-SMOM-o-carbor-
ane. 0.838 g (2.89 mmol) of CB-MOM were dissolved in 30 mL of
dry and freshly distilled THF under nitrogen atmosphere and cooled
to 0 °C in an ice—water bath. 2.34 mL (5.85 mmol) of n-BuLi (2.5 M
solution in hexanes) were added dropwise via syringe. After 5 min,
0.825 g (5.81 mmol) of methyl iodide was added dropwise, still
cooling, and stirred overnight at room temperature. The solvent was
removed, and the residue was dissolved in diethyl ether and extracted
twice with distilled water (30 mL). The solution was dried over
anhydrous sodium sulfate and filtered through a layer of silica gel.
Removal of the solvent by evaporation on a rotary evaporator gave
viscous oil, which slowly solidified. Yield: 1.205 g.

1,2-Dimethyl-9,12-(SH)2-o-carborane, diMe-09,12. 0.74 g
(2.28 mmol) of 1,2-dimethyl-9,12-SMOM.-o-carborane were dissolved
in 25 mL of acetonitrile/water (4:1). A solution of 1.251 g
(4.61 mmol) mercury(II) chloride in 2—3 mL of acetonitrile/water
(4:1) was added, and the mixture was stirred for 2 h. White
precipitate was collected by filtration and washed with 10 mL of
acetonitrile/water (4:1) and 10 mL of water. The solid product was
suspended in chloroform and H,S was bubbled through the
suspension while a black precipitate was formed (HgS). The mixture
was filtered by using a syringe filter. Evaporation of the solvent gave a
white crude product, which was further purified by sublimation under
reduced pressure (~107> mbar) at 120 °C with a yield of 90%.

Monolayer Preparation. Ethanol and NaOH pellets were used as
received (Sigma-Aldrich, St. Louis, MO). Au{111}/mica substrates
(Keysight Technologies, Santa Rosa, CA) were hydrogen-flame
annealed prior to SAM formation with 10 passes at a rate of
0.4 Hz. Monolayers deposited under neutral conditions were prepared
by immersion in 1 mM ethanolic solution at room temperature for
approximately 24 h. Monolayers deposited under basic conditions
were prepared by mixing 0.5 mL of 4 mM NaOH in EtOH and
0.5 mL of 2 mM 01,2, 09,12, or diMe-09,12 and immersing flame-
annealed Au{111}/mica substrates at room temperature for 1 h.

B EXPERIMENTAL METHODS

Scanning Tunneling Microscopy. Samples for imaging were
prepared on Au{111}/mica substrates (Agilent Technologies, Santa
Clara, CA), which were hydrogen-flame annealed with 10 passes at a
rate of 0.4 Hz prior to monolayer deposition. Ethanol and NaOH
pellets were used as received (Sigma-Aldrich, St. Louis, MO).
Substrates were placed in a capped vial with 1 mL of a 1 mM solution
of the respective isomer or mixture of isomers in ethanol for 24 h for
deposition under neutral conditions. Samples deposited under basic
conditions were deposited for only 10 min in order to decrease the
possibility of degradation. After deposition, samples were cleaned with
neat ethanol and dried with a stream of nitrogen gas three times
before being loaded into the STM.

All STM measurements were performed with a custom-built
Besocke-style with a platinum/iridium tip (80:20) in constant current
mode under ambient conditions.”® Samples were held at a fixed bias
(Vsample = —0.1 V). The known lattice of the 1-dodecanethiolate
SAMs on Au{111} was used for calibration. The STM image analysis
was done using MATLAB (Mathworks, Natick, MA) and Gwyddion
(http://gwyddion.net/).

X-ray Photoelectron Spectroscopy. The XPS of the samples
were measured using a modified ESCA 3 MKII multitechnique
spectrometer equipped with a hemispherical electron analyzer
operated in fixed transmission mode. Al K, radiation was used for
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electron excitation. The binding energy scale was calibrated by using
the Au 4f;/, (84.0 eV) and Cu 2p;;, (932.6 €V) photoemission lines.
The pressure in the XPS analysis chamber during spectral acquisition
was 6 X 1077 mbar. The powdered sample was spread on an
aluminum surface. The spectra were collected at a takeoff angle of 45°
with respect to the macroscopic surface normal. Survey scan spectra
and high-resolution spectra of B 1s, C 1s, and S 2p photoelectrons
were measured. The spectra were fit after subtraction of Shirley
background using the Gaussian—Lorentzian line shape and nonlinear
least-squares algorithms (CasaXPS software). Binding energies of the
powdered samples were referenced to C 1s peak of adventitious
carbon at 284.8 eV. Quantification of the elemental concentrations
was accomplished by correcting the photoelectron peak intensities for
their cross-sections and for the analyzer transmission function. In
calculations, homogeneous compositions of the analyzed samples
layer were assumed.

Computational Investigations. Free Pairs of Molecules.
Quantum chemistry calculations were performed using the
NWChem"' package. The geometries were optimized"> by means
of density functional theory (DFT) with the hybrid exchange—
correlation functional PBE0™** using Jensen’s double—zeta seg-
mented polarization consistent basis set pcseg-1.*

Two molecules of closo-dicarbadodecaboranedithiol were placed in
positions resembling their arrangements in monolayers on metal
surfaces, the (approximate) planes formed by the sulfur atoms and
C1, C2, B9, and B12 cage atoms of each molecule set parallel, and the
four sulfur atoms situated in one plane perpendicular to those two in
the pattern of the monolayer elementary cells. The sulfur atoms from
the geometries, as taken from our previous studies, were leveled."*
The positions of the four sulfur atoms were then fixed, and the
positions of all of the other atoms were optimized. Several calculations
were performed for each pair (01,2 + 01,2; 09,12 + 09,12; and
01,2 + 09,12) with different conformations of the thiol hydrogens to
determine the configuration with the minimum energy. Then, the
energies of each of the molecules of such pairs were calculated
separately in the geometries of the molecules in the optimized pairs,
with the atoms of the other molecules replaced by ghost atoms to
preserve identical basis sets. The energy of interaction between the
two molecules was calculated for each pair as the difference between
the sum of the energies of the individual molecules and the energy of
the pair.

Pairs of Molecules Adsorbed on Gold Surfaces. Theoretical
studies, based on DFT, estimated quantifiable characteristics of
carboranethiol SAMs on Au{111} consistent with experiments.*’
Following the same framework, dispersion-corrected density func-
tional theory (vdW-DFT) calculations were performed to gain further
insight into the adsorption characteristics through atomistic modeling
of isomeric carboranidiniols on the gold surface. The projector-
augmented wave method was used as implemented in VASP (version
6.3).*”7* Variational minimization of the ground state energy of each
model structure was achieved through plane wave basis expansion of
the Kohn—Sham (KS) orbitals up to a 400 eV cutoff. The exchange—
correlation (XC) effects were taken into account by employing the
contemporary Strongly Constrained and Appropriately Normed
(SCAN) functional, which was proposed to heal numerical
instabilities of the standard functionals of generalized gradient
approximation by imposing additional constraints to reproduce
accurate reference values.”® Moreover, the intermolecular interactions
within SAMs require consideration of the dispersive corrections. For
this purpose, we incorporated revised Vydrov-van Voorhis (rVV10)
nonlocal correlation ener§ies as complemented in the modern SCAN
+ rVV10 functional.®>"** This method not only gives a better
estimation of the lattice constant of gold among standard and van der
Waals (vdW)—supplemented DFT functionals but also improves the
description of metal—organic interface properties relative to
benchmarked vdW-DFT functionals in comparison with the experi-
ments.”>™>*

Periodic boundary conditions (PBC) were assumed, and the (111)
surface of gold was represented with four-layer slab models, which
were built by replication of the bulk unit cell and then by termination
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through (111) planes to expose top and bottom faces. Matched and
mixed pairs of O1,2 and 09,12 carborane dithiols were considered on
a (7 X 4) slab (with X- and Y-dimensions of 19.20 and 10.97 A,
respectively), and diMe-09,12 SAMs were modeled using a (4 X 4)
slab (with two distinct binding modes, as shown in Figure 6D). Each
computational supercell contains one of the slab models with one or
more molecular adsorbates and a vacuum region with a height of at
least 12 A to avoid unphysical interactions between the periodic
images of the slabs. We report the minimum energy geometries of
molecules on the surface, which were determined by tracing all of the
probable adsorption sites. The geometry optimizations were achieved
by imposing a convergence criterion based on the minimization of the
Hellmann—Feynman forces on each atom to be smaller than 1072 eV/
A. The Brillouin zone integrations were carried out over [-centered 6
X 6 X 1and 3 X 6 X 1 k-point samplings for the (4 X 4) and (7 X 4)
surface cells, respectively. Technically, occupation of the electronic
states at the Fermi energy (Ep) was smeared by using the Methfessel—
Paxton (MP) scheme with a parameter of 0.1 eV. The dipole
corrections were also included in the polar slab calculations.

The lateral pair interactions between matched and mixed isomeric
carboranedithiols of 01,2 and 09,12 on Au{111} (including —S-H:--
S— interactions, as shown in Figure 4) were calculated using the (7 X
4) slab model with the expression:

Epsirint = Eap/auinny + Eaainy = Eazauginng = Epjautinng

where the first and the second molecules are labeled as A and B,
respectively. Exp/auqi11} is the total supercell energy of the slab with
the pair of adsorbates, E,,j;y is the energy of the clean slab.
Ep/aufin1y and Epjau(i1;) are the energies of the gold slabs with the
other adsorbate molecule of the pair removed.

Computationally Simulated Scanning Tunneling Microscope
Images. Two Au{111} surfaces were modeled, with a 4 X 4 X 4 atom
surface to study individual carboranes and a 4 X 7 X 4 atom surface to
study two interacting carboranes, using a [10.97500,0,0] X
[5.48750,9.50463,0] x [0,0,28.50000] A® supercell and a
[19.20500,0,0] X [5.48750,9.50463,0] X [0,0,24.50000] A* supercell,
respectively, with four layers along z. The bottom two layers were
fixed during optimization for both cases. To be consistent with the
experiment, the calculated lattice constant for Au was chosen to be
2.95 A. To prepare the STM images and the charge density plots, we
continued using a § X 5 X 1 Monkhorst—Pack k-point grid. An energy
range of —0.1 eV to Ep was used in the partial charge density
calculations. Then, the STM images were simulated by using the
Tersoff—Hamann approximation and the program p4vasp, with a
constant tip height of 21.3 A.

Monte Carlo Simulations. We used simulated annealing to explore
the optimal distribution of dipoles with different orientations.
Simulations were performed on 2D hexagonal lattices with a lattice
parameter a = 7.6 A; 2D PBCs were used. Dipole moments were set
to 3.6 and 5.7 D, respectively, taken from the calculated dipole
moments of the free thiols 01,2 and 09,12; for comparison, the same
set of simulations was performed with opposite dipoles of identical
magnitude 4.5 D, the dipole moment of the parent ortho-carborane.

The ratio of dipoles with opposite orientation was fixed during each
simulation, and dipoles were randomly distributed in the lattice at the
start of the simulation. In each simulation step, we randomly chose
two dipoles with opposite orientations and switched their positions in
the lattice. We determined the energy difference, the AE, connected
with this change. When the energy difference AE was negative, a new
state was automatically accepted. In the case of positive AE, the
probability of acceptance of this new state was

—AE
e
Pl &,T
where ky is the Boltzmann constant and T is the simulation
temperature. The temperature was progressively decreased from an
initial value toward zero. The starting temperature was set to 1000 K,

at which almost all new states were accepted. After 200,000 accepted
simulation steps, the temperature was multiplied by 0.8, and the
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simulation continued. A complementary limit of 400,000 attempted
steps was applied for lower temperatures, as the ratio of the accepted
steps was reduced. The simulation was stopped after 30 temperature
reductions, at a temperature of 1.24 K, sufficiently close to zero, such
that only changes lowering the system energy were accepted. Because
of long-range dipole interactions and the periodicity of the simulation
lattice, Ewald summation for confined geometry was used to
determine the energy change.’é
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