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Abstract

Isomers adsorbing with opposite orientations of their dipoles on surfaces are
co-deposited to form mixed monolayers where both lateral dipole-dipole and
lateral thiol-thiolate (S-H---S) interactions provide enhanced stability over
single components. We demonstrate the ability to map individual isomers
within mixed self-assembled monolayers of 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). Computational investigations provide
rationalization of favorable interactions of mixed pairs and 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 surface having reversed dipole moment orientation
leads to a homogenous monolayer with no apparent phase separation. By
depositing the molecules under basic conditions, the lateral S-H---S
interactions are suppressed while accentuating dipole-dipole forces. The
investigated molecular system is composed of isomeric molecules with
opposite orientations of dipoles and identical surface packing, which enables
mapping individual molecules within the mixed monolayers and enables
analyses of the contributions of weak lateral interactions to the overall
stability of the assemblies.



Introduction

Self-assembled monolayers (SAMs) form ordered two-dimensional (2D)
arrays via the adsorption of a headgroup onto a surface.'? 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 these interactions that stand behind differences between the properties
of a single molecule on one hand and an array of molecules in their bulk form
on the other. Our previous work demonstrated that carboranethiols are a
natural choice for investigating surface properties given their rigid, regular
packing structures and tunable surface properties and applications to organic
electronics.®** Previous work investigated the roles of dipoles in self-
assembly, but surprisingly, it is difficult to map different isomers within mixed
monolayers as we aimed to do in this study.*’

In complex structures, it is natural to analyze strong interactions first
and understand their role in the self-assembly, be it either the
supramolecular framework of molecules in a single crystal or the geometrical
surface pattern of a 2D array of molecules immobilized on a surface. In the
latter system, anchoring thiol groups strongly interact with the surface and
limit the molecules by orienting them in a specific way, thus exposing them
to a variety of lateral interactions.® van der Waals interactions are relatively
strong lateral forces, which reflect molecular geometry and space
requirements, leading to specific surface patterns.'®?° Any material’s
structure and function is thus pre-determined by competing forces that play
active roles during adsorption or, more generally, during the self-assembly
process. Understanding these interactions is essential for designing new
materials of 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.?*22

Here, we use an adjusted carboranedithiol-based system, originally
introduced and developed for SAMs in our laboratories,®?3 to look further into
2D self-organized structures by changing only the properties we wish to
investigate through cage dipole orientation and magnitude while keeping the
SAM geometry and bonding scheme identical. In comparison, the common
system of organic thiols is insufficient for these purposes as changes of



dipole moments in organic molecules are usually associated with significant
changes of the molecular structure and/or changes of steric
requirements.**2425 We build on a significant advantage of the carborane
molecular system to substitute certain fractions of molecules in the
respective SAMs with those of different electron density distributions, without
changing the surface geometrical pattern.*** Such systems have the
potential to reveal the effects of different dipole orientations and magnitudes
of the molecules on their close neighbors and beyond and to unveil the
existence of dipole-driven patterns within geometrical molecular
arrangements.

Results and Discussion

The step necessary in these efforts was to develop the means to differentiate
and to identify individual isomers within mixed SAMs so as to enable
molecular mapping. We previously investigated the binding modes of 9,12-
(SH)z-l,Z-CzBloHs (09,12) and 1,2-(SH)2-1,2-C2810H8 (01,2) via Scanning
tunneling microscopy (STM), scanning probe spectroscopic imaging, and
lower resolution surface-sensitive techniques. These molecules provide a
template to investigate the roles of dipoles and lateral interactions in SAMs,
as they have oppositely oriented dipoles but identical packing with nearest-
neighbor spacings of 7.6 A.'° The two isomers are practically
indistinguishable under ambient conditions when co-deposited in a SAM, so
to solve this problem we have labelled 09,12 molecules with two methyl
substituents at the carbon atoms of the carborane backbone. All three
molecules, with their abbreviations as well their complete chemical formulas,
are depicted in Figure 1. Once assembled on gold surfaces, this dimethyl
derivatization changes only the longitudinal space requirement of the
parental 09,12 molecule, i.e., potentially increases the apparent height of
these molecules in STM images, while maintaining lateral spacing
requirements without disrupting the lateral molecular packing.

Structural and electronic properties of diMe-09,12 (1,2-(Me)>-9,12-
(HS):-1,2-C;B10Hs)

Several methods, including computational and X-ray structural analyses,
were used to investigate the structure of the new, dimethyl-labelled
derivative, diMe-09,12, and its differences compared to the parental 09,12
(= 9,12-(HS),-1,2-C,B1oH10). Ortho-carborane, 09,12, and the dimethylated
derivative of 09,12, j.e., diMe-09,12, have a two-fold symmetry axis. The
thiol groups of 09,12 form a bridging intramolecular hydrogen bond -S-
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H---S(H)- shown in Figure 2 that is absent in O1,2. Attaching thiol (-SH) and
methyl (-CHs) groups to the ortho-carborane skeleton leads to generally
longer 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{l1l1} surfaces, where they retain the nearest neighbor distances of
approximately 7.6 A.1° Selected structural parameters, obtained
experimentally from the single-crystal X-ray diffraction and also
computationally (both available in the Supplementary Information), of diMe-
09,12 are presented in Table 1 and sketched in Figure 2. 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
orientation of both methyl groups is longitudinal, protruding above the rigid
cages in monolayers, and thus serves as a suitable label of 09,12 molecules
in mixed SAMs with the 01,2 isomer. We note that both methyl groups,
attached to the 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
parental 09,12 to 7.12 D, which makes this derivative exhibit potentially
stronger lateral dipole-dipole interactions compared to its non-labelled
analogue.?®

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-(CHs)2-1,2-C,B1oHs, 09,12 = 9,12-(HS)»-1,2-C;B10H10, 01,2 =
1,2-(HS).-1,2-C;B1oH10. Hydrogen atoms at the vertices of the clusters are
omitted for clarity.



Table 1. Selected intramolecular distances in A (See Figure 2) in diMe-
09,12, 09,12, and isomeric 01,2 for comparison.

Intramolecular 01,2 09,12 diMe-09,12
distance
S-S 3.459 3.778, 3.810,
3.823° 3.777°
C(1)-C(2) 1.693 1.629, 1.647,
1.640° 1.675°
B(9)-B(12) 1.781 1.796, 1.792,
1.797° 1.781°
C(Me)-C(Me) - - 3.097,
3.141°
B(4)-B(7) 3.395 3.387, 3.359,
3.380¢° 3.340°

2Previously published single-crystal data;?° *single-crystal data, the cif file can
be found in the Supporting Information.

C(Me)-C(Me)

A) B)

7.6+05A

B(9)-BI12)

SH-S
s &

Figure 2. A) Computationally optimized structure with selected
intramolecular distances, a schematic projection (red arrow) of the dipole
moment (7.12 D), and the intramolecular -SH:--S(H)- hydrogen bond
sketched. B) Top view of a space-filling model with the scanning tunneling
microscopy-determined nearest neighbor distance of 7.6 + 0.5 A for 09,12
presented as a green circle. C) Side view comparison of diMe-09,12 with
the respective parental 09,12 space-filling models.



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).?®?3° 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
arrangement. 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 two-fold
symmetry axes perpendicular to the plane of the layer and in rows with
alternating dipole moments. Figure 3 shows the “layered” supramolecular
structure with the alternating orientation of molecules and so with their
alternating dipole moments within the layer too. Monte Carlo optimized
orientation of molecules within a monolayer shows dipole moments oriented
perpendicularly to the plane and either up or down, in agreement with the
experimentally determined single-crystal arrangement. The molecules with
alternating dipole orientations, as observed in a single crystal, are arranged
in infinite parallel lines while in the Monte Carlo simulated arrangement the
lines of molecules oriented either up or down exhibit random changes in their
propagation across the plane.
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Figure 3. Layered supramolecular arrangement of molecules in a single
crystal. A) Three layers only with short contacts within each layer depicted
(bottom), and 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 red or blue background to demonstrate the alternating



dipole moment orientation. C) Computationally optimized arrangement of
dipoles in a 2D layer with only two possible orientations, up or down shown
as red or blue.

Scanning Tunneling Microscopy of Pristine diMe-09,12 SAM on
Au{l1l1l}

Monolayers of diMe-09,12 molecules were assembled on Au{111}/mica
substrates under two different experimental conditions: neutral, from an
EtOH solution; and basic, from an EtOH solution with equimolar amount of
sodium hydroxide to deprotonate both SH groups prior to their surface
adsorption. Both deposition conditions lead to an array of molecules with
identical hexagonal surface arrangements and nearest neighbor distances of
7.6 = 0.5 A. Under neutral conditions, which we report first, STM imaging
revealed ca. 10% of molecules protruding from the monolayer surface
(Figure 4A,B). Previous measurements of its 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
deprotonated as thiolates).!® The greater dipole moment of diMe-09,12
compared to 09,12 manifests by even weaker acidity of the sulfhydryl
groups, suggesting that the diMe-09,12 molecules might adsorb also as
dithiols without deprotonation, as shown in Figure 4D (on the left).
Deposition under basic conditions, serving in this case also as a comparative
reference sample, led to a hexagonally packed SAM with no protrusions,
shown in Figure 4C, and optimized geometry presented in Figure 4H.
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Figure 4. A-C) Scanning tunneling microscope (STM) images of pristine
diMe-09,12 self-assembled monolayer deposited A,B) under neutral (Vsample
= -0.1V, lunneing = 75 pA, T = 298 K) and C) basic (Vsample = -0.1 V, ltunneiing =
100 pA, T = 298 K) deposition conditions on Au{111} at two different
resolutions. D-F) Simulated STM images with the respective D) zerovalent,
E) monovalent, and F) divalent binding modes. G) Schematic depiction of
two distinct, computationally optimized binding modes indicating the
apparent height difference of 0.5 A observed under neutral deposition
conditions. H) Computationally optimized geometry of the dithiolate binding
mode achieved by depositing molecules under basic conditions.*°

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
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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 (i.e., showing even lower tendency to lose the sulfhydryl
protons), adsorb predominantly as zerovalent (physisorbed dithiols) and
appear less protruding in STM images of the respective SAMs, as confirmed
by simulated STM images of all three binding modes of diMe-09,12
molecules presented in Figure 4D-F. The presence of both thiol- and
thiolate-adsorbed moieties in the SAM was further proved by XPS with the
respective binding energy values of S2p photoelectrons at 161.7 eV and
163.0 eV as shown in Table 2. The latter value is the same as in crystalline
09,12 derivative.

Table 3. Measured core-level binding energies in eV and full width half
maxima (parentheses) for Au films modified with diMe-09,12 and for a solid
crystalline sample of 09,12 for comparison.

Sample 09,12 (crystalline diMe-09,12 SAM/
sample) Au

Stoichiometry B1052.1Co1 B10522Cs.6

S 2pse 162.9 (2.2) 161.7 (1.1), 163.0
(1.1)

B 1s 189.7 (2.5) 189.6 (1.8)

C1ls 286.6 (2.3) 285.3 (1.5), 286.7
(1.6)

Lateral Molecular Interactions Analysis in Mixed SAMs

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 vacuum and also adsorbed on gold surfaces.

Pristine and Mixed Pairs of Free Molecules
SH 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-labelled analogue: diMe09,12) requires
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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 an array on a gold surface 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 geometry with a two-fold symmetry axis as shown and discussed
above (Figures 1 and 2); 2) they all assemble into a hexagonal close-packed
pattern on a gold surface (Figure 4) with identical nearest neighbor
distances; 3) they all have relatively strong dipole moments, and by far the
strongest in the case of diMe-09,12 molecule at 7.12 D; and 4) their
sulfhydryl groups’ acidities manifest strong electron-donating (09,12 and
diMe-09,12) and withdrawing (01,2) effects, depending on to which
vertices the SH groups are attached.

Two molecules positioned as close to each other as found on a gold surface,
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 intra- 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 5 (with
all the results summarized and presented in Table S3 and Figure S9).
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 a thiol hydrogen of one
molecule and a sulfur of another. This intermolecular interaction is stronger
and more stabilizing in the case of two molecules of 09,12 than in two
molecules of 01,2. 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 09,12 to a
carbon-bound sulfur (C-S) of 01,2, is significantly weaker, as shown in
Figure 5e. Correspondingly, the optimized structure of a single free
molecule of 09,12 shows an advantageous intramolecular -SH---S(H)-
hydrogen bond between its thiol groups (Figure 2) while the molecule of
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01,2 does not. These computational results are consistent with the electron-
donating effects of the carborane moiety at its skeletal boron positions and
electron-accepting effects at the skeletal carbons while simultaneously
elucidating these electronic effects’ contributions to maximize the
distributions of molecules in mixed self-assembled monolayers.

Fittingly with the advantageous orientation of two dipoles, parallel but
oppositely oriented dipole moments in a mixed pair of molecules (01,2 and
09,12) are significantly more stable compared to their pristine pairs in which
dipole moments are also parallel but oriented in the same direction.?!
Moreover, in the pair of 09,12 molecules calculated in a conformation
unsuitable for (i.e., without) intermolecular hydrogen bonding (Figure 4c) to
eliminate its stabilizing effects, the interactions between the two molecules
were found to be repulsive, which we attribute to destabilizing parallel
interactions of their relatively strong dipole moments.

In the mixed pairs, these results demonstrate a synergic effect of two types
of lateral interactions: the molecules’ anchoring SH groups as one and the
molecular backbones via their dipole moments as the other, both leading
towards greater stability of mixed pairs.
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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 01,2 and 09,12
exhibiting intermolecular C-SH:--S(H)B interaction. C) Schematic
representation of three mixed pairs of 01,2 and 09,12 showing for simplicity
only the sulfhydryl 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
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of the carborane scaffold with the respective dipole moment orientation. E)
Bottom view of two mixed pairs with -SH---S- interactions.

Pristine and Mixed Pairs of Molecules on Au(111)

The previously discussed analyses of intermolecular interactions in free pairs
of molecules, oriented in a similar fashion as on a gold surface, do not, as a
first approximation, cover the interactions with gold surfaces. Therefore, a
set of calculations with several pairs of molecules adsorbed on 7x4 gold
slabs was carried out to investigate the surface adsorption effect.
Considering the adsorption energies summarized in Table 2, a pair of 09,12
molecules show 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 a gold surface.
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 01,2 and 09,12 (Figure 6C); 1:2 in a
pair of 09,12 and 01,2 (Figure 6D); and 0:3 in a pair of two 01,2
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 two molecules in the respective pairs, we calculated the pair
interaction energies using the following equation: Epair interaction on Au111 = Epair on
w111 = Edithiol 1 on au111 = Edithiol 2 on aun11 + Eauni1siab, @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 -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 disadvantageously in the same direction.
These results follow the trend discussed above for the computational
investigation of free pairs of molecules.

As discussed above and further observed with more experimental STM
results, Figure S7 in the Supporting information, the mixed SAMs of 01,2 and
09,12 (or the diMe-09,12) deposited under neutral conditions lead to
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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 of 01,2 and diMe-09,12 as two molecules providing the
greatest possible apparent height difference in STM images after deposition
under basic conditions to maximize the fractions of molecules that adsorb in
the divalent mode only. In addition, the 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 labelling 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, Figure 8, to the molecules of diMe-09,12
distributed in the monolayer with no phase separation due to dipole-dipole
interactions. The homogeneous distributions of diMe-09,12 molecules in the
matrix of 01,2 in the SAM has been further addressed and supported by
Monte Carlo simulations, which show, in good agreement with experiment,
the ideal separation of molecules with dipoles being oriented opposite to the
orientation of the remaining matrix.

A: : B:
| S\thg k l [ I th E ‘
yAVA Vi
/f_—_l__—__/;‘i‘/“ﬁz\; R =T
/ /i A 3 / ! L.
d(-S-S-) 4.836A d(-S--S-)  4.821A
01lev diH+5) assah | PP Gipesy 35214
C: D: :
INIINT, INVININLY
d(-5--5) 4.73A : d(-s--5)  4.92A
0.22 eV dl-H-S) 3.46A | 0.16 eV dlHensl SEak

Figure 6. Computationally optimized pairs of isomeric carboranedithiols,
01,2 and 09,12, on a gold surface with -S-H:--S- hydrogen interactions
indicated. A) An 01,2 and 01,2 pair, B) an 09,12 and 09,12 pair, C) an
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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 grey dots indicate the
positions of carbon atoms in the carborane cage backbones.

Table 3. Calculated adsorption and interaction energies in eV of pairs of
molecules on Au{111} (7 x 4). More detail is provided in the Supporting

Information.
Pair: dithioll- 01,2- 09,12- 01,2- 09,12-
dithiol2 01,2 09,12 09,12 01,2
E pair adsorption on -8.86 -9.11 -8.95 -8.87
Au{111}
E pair interaction on '011 002 -022 -016

Au{111}

Surface Potential Changes

We used scanning Kelvin probe force microscopy (SKPFM) to investigate
surface potential changes as a measure of dipole moment magnitude and
orientation of the molecules on the surface.?! Figure 7 shows a comparison
of the new derivative, diMe-09,12, compared to a bare metal surface and to
surfaces modified with 01,2 and 09,12. 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. The surface potential shift shows
the effect of the orientation and the relative dipole strength of diMe-09,12
and the respective SAM.
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Figure 7. 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 using scanning Kelvin probe force
microscopy.
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Figure 8. A,B) Scanning tunneling microscope (STM) images of a mixed
diMe-09,12 and 01,2 (9:1) SAM deposited under basic conditions on
Au{l1ll}/mica at two different resolutions (Vsampe = —0.1 V, ltnneing = 105 pA,
T = 298 K. C) Schematic of two distinct binding modes with an apparent
height difference of 0.7 A in STM images. D) Result of dipole-dipole
interactions simulation in a hexagonal field with 10% of molecules having the
opposite dipole moment orientation.

Conclusions and Prospects

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 self-assembled monolayers demonstrating how the SH group
acidity influences its scheme of 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 labelled with two additional methyl groups, has
exhibit identical lateral steric requirements in its respective SAMs as the
parent derivative, 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 making it more easily distinguishable from
its 01,2 isomer in STM images. The new derivative has been structurally
characterized using single-crystal diffraction analysis, which revealed a
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supramolecular structure driven by dipole-dipole interactions, fittingly with
the large dipole moment of the molecule (7.12 D). When deposited on a gold
surface 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 molecule with alternating dipoles. Experimental co-deposition 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 co-
depositing 01,2 with the labelled diMe-09,12 to increase their apparent
height differences, enables identification of each molecule within the STM
images of the SAMs. Consistent with dipole-dipole interactions in Monte Carlo
simulations, the molecules are well separated and homogenously distributed
over the surface within the mixed SAM. With this contribution, we have
addressed a 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 largely unnoticed or
hidden behind much stronger interactions.

Experimental

General Procedures, Chemicals, and Materials

General Procedures and Chemicals. Carboranedithiol 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 spectrometric detection (GC-MS) and by
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1B 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 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-carborane:

0.838 g (2.89 mmol) of CB-MOM were dissolved in 30mL of dry and freshly
distilled THF under nitrogen atmosphere and cooled to 0 °C in ice-water bath.
2.34 mL (5.85mmol) of n-BuLi (2.5 M solution in hexanes) were added
dropwise via a syringe. After 5 minutes, 0.825 g (5.81 mmol) of methyl iodide
were added dropwise, still cooling, and stirred overnight at room
temperature. The solvent was removed, the residue 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)2-0-carborane, diMe-09,12

0.74 g (2.28mmol) 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(ll) chloride in 2-3 mL of acetonitrile/water (4:1) was added and the
mixture was stirred for 2 hours. White

precipitate was collected by filtration and washed with 10 mL
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 is formed (HgS). The mixture was filtered using a syringe filter.
Evaporation of the solvent gave white crude product which was further
purified by sublimation under reduced pressure (~ 102 mbar) at 120 °C with
the yield of 90%.

Experimental Methods

Scanning Tunneling Microscopy (STM)
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Samples for imaging were prepared on Au{1l11}/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 into 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 in neutral
conditions. Samples deposited under basic conditions were only deposited for
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 loading 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 (Vsampie = -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/).

Scanning Kelvin Probe Force Microscopy (SKPFM)

The samples were measured using a Bruker Icon ambient AFM with the
standard amplitude-modulated Kelvin probe force microscopy (AM-KPFM) 2-
pass method.?*3> The first pass measured the topographic profile using
tapping mode, then the AFM-probe was lifted up to 20 nm above the surface,
and the second pass copied the profile saved during the first pass with the
local contact potential difference (CPD) measured. Since the measured CPD is
strongly affected by the probe tip shape and quality, the measurement
workflow was set to maximally reduce the probe wearing effect. The number
of scanned lines for each sample was limited to 10-20 lines (256 data points
per line) and the final CPD value was taken from the distribution histogram.
The reference sample was repeatedly measured, typically after each SAM
sample, to control the quality of the tip. Each sample CPD measurement thus
has the closest silver reference CPD measurement. The value of the potential
shift caused by the SAM was calculated as the difference between the
measured CPDs of a sample and the silver reference. For this purpose, the
silicon BudgetSensors Multi75 cantilever with a force constant of ~3 N/m,
and a resonant frequency of ~75 kHz was used. The radius of a new tip was
expected about ~8 nm. The setpoint for the tapping mode was set as low as
possible while enabling the feedback to follow the surface profile. The
scanning speed ranged from 200 to 500 nm/s. All AFM measurements were
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performed at ambient conditions, at about 25 °C and approx. 30% air
humidity.

X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectra (XPS) of the sample were measured using a
modified ESCA 3 Mkll multitechnique spectrometer equipped with a
hemispherical electron analyzer operated in a fixed transmission mode. Al Ky
radiation was used for electron excitation. The binding energy scale was
calibrated using the Au 4f;, (84.0 eV) and Cu 2ps2 (932.6 eV) photoemission
lines. The pressure in the XPS analysis chamber during spectra acquisition
was 6 x 107° 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 Bls, Cls and S2p photoelectrons were measured. The spectra
were curve fitted after subtraction of Shirley background using the
Gaussian—Lorentzian line shape and nonlinear least-squares algorithms
(CasaXPS software). Binding energies of the powdered sample 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 composition of the
analyzed sample layer was assumed. The typical error of quantitative
analysis by XPS is ~10%.

Computational Investigations
Free pairs of molecules

Quantum chemistry calculations were performed by the NWChem?3® package.
The geometries were optimized?’ by the means of the density functional
theory with the hybrid exchange-correlation functional PBE03¥3° using
Jensen's double-zeta segmented polarization consistent basis set pcseg-1.%°

Two molecules of closo-dicarbadodecaboranedithiol were placed in positions
resembling their arrangement in a monolayer on a metal surface, 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 study were levelled.® The positions of the four sulfur atoms were
then fixed, and the positions of all the other atoms optimized. Several
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calculations were performed for each pair (1,2 + 1,2; 9,12 + 9,12; and 1,2 +
9,12) with different conformations of the thiol hydrogens to find the
configuration with the minimum energy. Then, the energies of each of the
molecules of such pairs were calculated separately in the geometry of the
molecule in the optimized pair, with the atoms of the other molecule 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 a gold surface

Theoretical studies, based on density functional theory (DFT), estimated
quantifiable characteristics of carboranethiol SAMs on Au(111) consistent
with experiments.*!* Following the same framework, dispersion corrected
density functional theory (vdW-DFT) calculations were performed to gain
further insight into the adsorption characteristics through atomistic modeling
of isomeric carboranedithiols on the gold surface. The projector-augmented
wave (PAW) method was used as implemented in VASP (version 6.3).4%44
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 400 eV cutoff. The exchange-correlation (XC) effects were
taken into account by employing contemporary Strongly Constrained and
Appropriately Normed (SCAN) functional which was proposed to heal
numerical instabilities of the standard functionals of Generalized Gradient
Approximation (GGA) 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) non-local correlation
energies as complemented in the modern SCAN+rVV10 functional.*¢4” 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
experiments.47-3°

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 through (111) planes
to expose top and bottom faces. Matched and mixed pairs of 01,2 and
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09,12 carborane-dithiols were considered on a (7 x 4) slab (with the
dimension of 19.20 A 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 Fig. 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 interaction between the periodic images of
the slabs. We report the minimum energy geometries of molecules on the
surface, which were determined by tracing all 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 107* eV/ A. The Brillouin zone integrations were carried out
over I'-centered 6 X 6 X 1 and 3 X 6 X 1 k-point samplings for the (4 x 4)
and (7 x 4) surface cells, respectively. Technically, occupations of the
electronic states at the Fermi energy were smeared 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 Fig. 4) were calculated using the (7 x 4) slab model
with the expression:

P‘”rf‘):EAB/Au[l||]+EAII(1||‘\_EA/AM1||)_EB/Au(m)U ’

where the first and the second molecules are labeled as A and B,
respectively. £,z 4.1 is the total supercell energy of the slab with the pair of
adsorbates, E ... is the energy of the clean slab. £ 411, and Ep a11) are the
energies of the gold slabs with the other adsorbate molecule of the pair is
removed.

Computationally simulated STM images

The relaxation calculations were performed with projected augmented wave
density functional theory (PAW-DFT) with the Vienna Ab-initio Simulation
Package (VASP) version 5.4.4. The relaxation used a convergence parameter
of 107° eV, Gaussian smearing with a sigma value of 0.1 eV, a plane-wave KE
cutoff of 400 eV, and a 5 x 5 x 1 Monkhorst—Pack k-point grid. The geometry
relaxation would continue until the forces on all atoms are below 0.01 eVA™.
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Two Au(111) surfaces were modeled, with a 4 x4 x 4 atom surface to study
individual carboranes and a 4 X7 x4 atom surface to study two interacting
carboranes, using a [10.97500,0,0]x[5.48750,9.50463,0]x[0,0,24.50000] A
supercell and a [19.20500,0,0]1x[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 the optimization for both cases. To be consistent with
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
a5 x 5 x 1 Monkhorst—Pack k-point grid. An energy range of -0.1 eV to E¢
was used in the partial charge density calculations. Then, the STM images
were simulated using the Tersoff-Hamann approximation and the program
p4vasp, with a constant tip height of 19.3 A,

Monte Carlo simulations

We performed simulated annealing simulations to explore the optimal
distribution of dipoles with different orientations. Simulations were performed
on 2D hexagonal lattices with lattice parameter a = 7.6 A. 2D periodic
boundary conditions were used. Dipole moments were set to 3.6 D and 5.7 D,
respectively.

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

E)’

exp( 0T
where kg is the Boltzmann constant and T is simulation temperature. The
temperature progressively decreases from an initial value towards zero.
Starting temperature is set to such a value that almost all new states are
accepted. After a given number of simulation steps, the temperature is
decreased and the simulation continues. At the end of the simulation the
temperature limit is zero and only accepted changes lower the system
energy. Because of long-range dipole interactions and the periodicity of
simulation lattice, Ewald summation for confined geometries was used to
determine the energy change.”?
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