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T
he design of nanoscale structures
with high degrees of complexity
and functionality continues to be a

driving force in the field of nanoscale fabri-

cation. Utilizing self-assembly for the con-

trol of interface chemistry is an attractive al-

ternative to top-down fabrication for

supramolecular length scales. Self-

assembled monolayers of thiols on gold

have been model systems for the study of

self-assembly methodology.1�10 Control

over the chemical and physical properties

of the interface, coupled with the ability to

isolate, to probe, and to interact with indi-

vidual molecules embedded in a self-

assembled monolayer (SAM) matrix has en-

abled tailored molecular designs for di-

rected assembly.11�17

The canonical n-alkanethiol SAM on

Au{111} is one of the most widely studied

self-assembled systems due to its simplicity

of fabrication and availability.18�25 The al-

kanethiolate monolayers on Au{111} form

well-packed (�3 � �3)R30° lattices rela-

tive to the (1 � 1) unit cell of the gold

substrate.5,26 A well-ordered monolayer is

formed through the interplay between the

Au�S bond strength and the sum of the

weaker intermolecular interactions be-

tween alkyl chains in their standing

phase.9,22,26,27

We have explored the influence of inter-

molecular and geometric factors that im-

pact SAM structure and function. In particu-

lar, we have focused on the self-assembly

of amide-containing alkanethiols, which ex-

hibit strong directional hydrogen-bonding

interactions within the monolayer, and

weakly interacting adamantanethiols that

form labile SAMs.12,13,28,29 Diamondoid cage
structures,29�31 conjugated,32�35 and
internally12,13 or terminally
functionalized14,15,36�39 molecules all have
been modified with thiols, generating sur-
faces with divergent structures and func-
tions. Determination of the design prin-
ciples that can be employed to tailor SAM
structures is a critical undertaking. Altering
functional groups to tailor intermolecular
interactions is straightforward. However,
making direct comparisons between adsor-
bates is complicated by the fact that intro-
ducing a new functional group alters both
the internal dipole moment and the geom-
etry of the SAM constituents simulta-
neously. Since both steric and electronic
properties (e.g., geometry and dipole) play
critical roles in the behavior of SAMs, the
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ABSTRACT Self-assembled monolayer (SAM) structures and properties are dominated by two interactions:

those between the substrate and adsorbate and those between the adsorbates themselves. We have fabricated

self-assembled monolayers of m-1-carboranethiol (M1) and m-9-carboranethiol (M9) on Au{111}. The two isomers

are nearly identical geometrically, but calculated molecular dipole moments show a sizable difference at 1.06

and 4.08 D for M1 and M9 in the gas phase, respectively. These molecules provide an opportunity to investigate

the effect of different dipole moments within SAMs without altering the geometry of the assembly. Pure and co-

deposited SAMs of these molecules were studied by scanning tunneling microscopy (STM). The molecules are

indistinguishable in STM images, and the hexagonally close-packed adlayer structures were found to have (�19

� �19)R23.4° unit cells. Both SAMs display rotational domains without the protruding or depressed features in

STM images associated with domain boundaries in other SAM systems. Differing orientations of molecular dipole

moments influence SAM properties, including the stability of the SAM and the coverage of the carboranethiolate in

competitive binding conditions. These properties were investigated by dynamic contact angle goniometry, Kelvin

probe force microscopy, and grazing incidence Fourier transform infrared spectroscopy.

KEYWORDS: self-assembly · self-assembled monolayers · carboranethiol · contact
angle · Kelvin probe · Fourier transform infrared spectroscopy · scanning tunneling
microscopy · dipole moment
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ability to examine these factors independently repre-

sents an important advance.

While there are few examples in the literature of in-

organic molecules used to form SAMs, one important

set of exceptions, the carboranethiols, represent an el-

egant solution to the problem described above. The

icosahedral dicarba-closo-dodecaboranes, having the

formula C2B10H12, have been some of the most widely

studied boron cluster compounds since the first reports

of their syntheses and unique structures in 1963.40�43

These compounds have a nearly regular icosahedral

boron�carbon cluster geometry with a hydrogen atom

at each of the vertices. A striking characteristic of the

icosahedral carborane structure is hexacoordination of

the carbon and boron atoms, a feature attributed to the

electron-deficient nature of boron hydrides and delo-

calized bonding present in the cage. The two carbon at-

oms in the icosahedron can be either adjacent (ortho-

carborane), separated by a boron atom (meta-

carborane), or at opposite ends of the icosahedron

(para-carborane); the relative carbon atom positions in-

fluence the net molecular dipole of the cluster with

o-carborane having the highest dipole moment and

p-carborane having no net dipole. Thus, it is possible

to alter the molecular dipole magnitude substantially

without appreciably changing the molecular geometry.

Further, carboranes are amenable to functionalization,

including electrophilic aromatic substitution, electro-

philic halogenation, alkylation, metalation, and

sulfhydrylation.44�48 Importantly, sulfhydrylation has

also enabled carboranes to be used as constituents in

SAMs.49 Unlike other boron hydride compounds, the

carboranes are also highly resistant to thermal and

chemical degradation,43 which allows them to undergo

the processing necessary for the formation of high-

quality SAMs. Due to their stability and interesting

structural properties, they have also been incorporated

into polymers,50,51 dendrimers,52 as nanocar wheels,53

and as spacers in molecular switches.54

RESULTS AND DISCUSSION
Here, we report the preparation of self-assembled

monolayers of two positional isomers, 1-mercapto-1,7-

dicarba-closo-dodecaborane and 9-mercapto-1,7-dicar-

ba-closo-dodecaborane; henceforth m-1-carboranethiol

(M1) and m-9-carboranethiol (M9), respectively; both

molecules are shown schematically in Figure 1. The M1
and M9 isomers have different molecular dipoles yet es-

sentially identical geometric structures. Herein we will

present our analysis of the lattice structures for the M1
and M9 isomers on Au{111} as determined by scanning

tunneling microscopy (STM). Their identical SAM struc-

tures belie significant differences in the stabilities and

chemical resistance of the monolayers, stemming from

differences in their molecular dipoles. In order to visual-

ize the orientations of the molecular dipoles, we calcu-

late the molecular dipole moments of both isomers at

the B3LYP levels and employ Kelvin probe force micros-

copy (KPFM) to measure the modulation of the gold

work function induced by the presence of the respec-

tive SAMs. To test the influence of intermolecular

dipole�dipole interactions within the SAM on its glo-

bal properties, we measure the wettability of the

carboranethiolate-modified surfaces by dynamic con-

tact angle measurements and monitor the exchange of

carboranethiolate SAMs with C12 and the ratio of

M1:M9 in a competitive adsorption environment by

grazing incidence Fourier transform infrared spectros-

copy (FTIR).

Figure 1. Two thiolated positional isomers of 1,7-dicarba-
closo-dodecaborane m-1-carboranethiol (left, M1) and m-9-
carboranethiol (right, M9). All carbon and boron atoms are
hexacoordinate. Hydrogen atoms are present at each vertex
but have been omitted for clarity.

Figure 2. Scanning tunneling microscope images of SAMs of (A) M1, (B) M9, and (C) an adlayer prepared from a 1:1 M1:M9 solution, all
on Au{111}. All images were collected at a sample bias of 1.0 V and a tunneling current of 3.0 pA under ambient conditions. Small depres-
sions and protrusions in all three images are within 1 Å and are inconsistent with substrate vacancy islands. Also shown in the insets
are the Fourier transforms of (A) and (B) showing reciprocal lattice points from which nearest-neighbor spacings were calculated.

A
RT

IC
LE

VOL. 3 ▪ NO. 3 ▪ HOHMAN ET AL. www.acsnano.org528



Ambient STM images of mo-
lecularly resolved M1 and M9
SAMs (Figure 2A,B) show strong
structural similarities, which are
also evident in co-deposited
SAMs of M1 and M9 at a 1:1 ra-
tio in the solution used to de-
posit them (Figure 2C). All three
SAMs are hexagonally close
packed with sparse defects; in
fact, the images depict large ar-
eas of M1 and M9, respectively,
for which no domain boundaries
could be found. Topographi-
cally, M1 and M9 are indistin-
guishable by STM imaging since both isomers appear
as round protrusions of identical apparent height. Fou-
rier transformations of the images in Figure 2A,B yield
identical nearest-neighbor spacings of 7.2 � 0.4 Å for
both M1 and M9, in good agreement with the 6.97 Å
equilibrium nearest-neighbor spacing in crystals of the
unsubstituted carboranes.55 Co-deposited monolayers
of M1 and M9 also display the same nearest neighbor
spacings as monolayers of the pure isomers. Changing
the bias polarity has no effect on the observed images
and does not differentiate between molecules in mixed
carboranethiol SAMs. Since the two isomers have such
similar geometries, it is not surprising that the final
SAMs have identical structures, with the same mea-
sured nearest-neighbor spacings.

Lattice defects appear similar for both M1 and M9
SAMs. Most notable are small apparent depressions
and protrusions of approximately 1.0 Å, neither of
which appreciably affect the organization of the lat-
tice. Both SAMs lack the prominent domain bound-
aries and substrate vacancy islands characteristic of
n-alkanethiolate and diamondoid SAMs.5,27,30 Instead,
one finds rotational domain boundaries at which the di-
rectionality of molecular rows periodically shifts with
no discernible change in height or spacing, as high-
lighted in representative STM images in Figure 3.

We considered several possibilities for a carbo-
ranethiolate SAM unit cell with nearest-neighbor spac-
ings of 7.2 � 0.4 Å. Possible cells include (�93 �

�93)R21.05°, (�97 � �97)R15.30°, (5 � 5), and (�19
� �19)R23.4°, which have nearest-neighbor spacings
of 6.94, 7.09, 7.20, and 7.25 Å, respectively. Among
those, only the (5 � 5) and (�19 � �19)R23.4° unit
cells form overlayers commensurate with the gold sur-
face. While the nearest-neighbor spacing of the (5 � 5)
unit cell, 7.20 Å, is in good agreement with the mea-
sured spacing of 7.2 � 0.4 Å, the presence of rotational
domains reduces the likelihood of this candidate struc-
ture. The identical measured spacings and presence of
rotational domains lead us to propose a (�19 �

�19)R23.4° unit cell with respect to the gold substrate
as the adlayer structure. The ideal (�19 � �19)R23.4°

unit cell contains three carboranethiolate molecules,

has a nearest-neighbor spacing of 7.25 Å, and has a lat-

tice constant of 12.57 Å. Our proposed structure is

shown in Figure 4. There are two equivalent registra-
tions to the Au{111} substrate for this unit cell, shown
schematically in Figures 4B,C. The first bonding mode is
through a mixture of atop and 3-fold hollow sites at a
1:2 ratio, while the second is through all equivalent
near-bridge sites. While we consider the (�19 �

�19)R23.4° unit cell to be the most likely structure, we
cannot conclusively rule out the possibility of a (5 � 5)
structure or competition between (5 � 5) and (�19 �

�19)R23.4° unit cells.
The measured apparent height of the carborane-

thiolate adsorbates is estimated by comparison to the
apparent height of a known adsorbate,
1-dodecanethiolate (C12). From the STM image of a
mixed monolayer of C12 and the carboranethiolate, a
line scan is taken over phase-separated domains of C12
and M1 or M9. The average difference in apparent

Figure 3. STM images of two characteristic rotational domain boundaries found in carboranethi-
olate SAMs. The molecular rows shift smoothly from one domain to the next; there are no depressed
or protruding features related to the domain boundary, a feature that distinguishes carboranethi-
olate SAMs from those of alkanethiolate and other SAM systems. The images on the right are col-
orized versions of the raw images on the left to emphasize rotations of the lattice directions.

Figure 4. Proposed (�19 � �19)R23.4° unit cell for both
carboranethiolate isomers and mixed monolayers is shown
here (A). There are two possible registries to the gold sur-
face, an alternating atop and 3-fold hollow configuration,
shown in (A) and (C), and an all-equivalent near-bridge con-
figuration shown in (B).
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height between a domain of carboranethiolate and a

domain of C12 is 2.4 � 0.3 Å, corresponding to an ap-

parent carboranethiolate height of 9.8 � 0.3 Å, assum-

ing a height of 12.2 Å for C12.29,56,57 This value is a

simple comparison of apparent heights and does not

take into account any differences in conductivities for

the carboranethiolate SAM domains as compared to the

C12 domains.

As discussed above, SAMs of both carboranethio-

late isomers generate the same lattice because of their

identical geometries; however, the differences in rela-

tive positions of the carbon and sulfur atoms result in

important differences in the magnitudes and relative di-

rections of the dipole moments. We
evaluate their distinct properties using
molecular dipole moment calculations,
relative water contact angles, Kelvin
probe force measurements of the work
functions, and grazing incidence FTIR.

The molecular dipole of unsubsti-
tuted m-carborane has been calculated
to be 2.84 D.57 Both the magnitude and
direction of the molecular dipole with re-
spect to the gold surface are divergent
for the two substituted isomers, due to
the relative electronegativities of carbon
and sulfur compared to boron (2.55 and
2.58 vs 2.04 Pauling units,58 respectively).
The difference in charge distribution
around the cage leads to a substantial
difference in the acidity of the thiol pro-
ton of the free molecule, with reported
pKa values of 5.30 and 9.45 for M1 and
M9,59 respectively.

Strong dipole�dipole interactions within SAMs in-

fluence adlayer structures and functions.13,15 Thus, it is

important to calculate the magnitudes and directions of

the molecular dipole moments in the carboranethiol

species in order to gain insight into the relative inter-

molecular forces within the SAM. While complete ac-

tive space with second-order perturbation theory

(CASPT2) and higher-level theories would provide bet-

ter treatment of electron delocalization in carborane

derivatives, density functional theory (DFT) has been

shown to balance computation cost and efficiency for

carboranes of moderate size.57,60 Using DFT with the

6-31G basis set, we calculated the dipole moments for

M1 and M9 in the gas phase to be 1.06 and 4.08 D, re-

spectively. For comparison, calculations were also per-

formed at the Hartree�Fock (HF) and MP2 levels, both

with the 6-31G basis set (Supporting Information Table

1). The calculated dipole moments, shown in Figure 5,

are consistent across techniques. For both molecules,

the positive end of the dipole moment direction lies be-

tween the carbon atoms. The presence of positive

charge at the relatively electronegative carbon atoms

is attributed to charge transfer into vacant boron bond-

ing orbitals.57 The positive pole at the carbon atoms

also explains the higher acidity of the M1 isomer, due

Figure 5. Calculated dipole vectors for isolated M1 (left) and M9 (right). We have adopted
the convention that the arrow points in the direction of positive charge. Vectors corre-
spond to dipole moment magnitudes of 1.06 and 4.08 D for M1 and M9, respectively.
Component vectors are found in Supplemental Table 1 in the Supporting Information. All
hydrogen atoms have been omitted for clarity.

Figure 6. Schematic showing relative dipole orientations for
the carboranethiolate isomers as interpreted from our calcu-
lations and from the KPFM measurements of the
carboranethiolate-modified gold. The free M1 molecule
(top) has lower magnitude dipoles, but they are oriented
nominally parallel to the surface, while M9 (bottom) has a
larger dipole moment, but they are oriented normal to the
surface. The positive end of the dipole moment direction is
considered to lie between the carbon atoms. We have
adopted the convention that the dipole arrow points in the
direction of positive charge.

TABLE 1. Comparisons between Carboranethiol SAMs

contact angle (deg) hysteresis (deg)

�a �r �

m-1-carboranethiolate (M1) 82 � 2 71 � 1 11 � 1
m-9-carboranethiolate (M9) 72 � 4 52 � 1 20 � 4
3:1 M1:M9 82 � 1 67 � 1 15 � 1
1:1 M1:M9 82 � 2 66 � 1 16 � 1
1:3 M1:M9 82 � 1 68 � 1 14 � 1
1-dodecanethiolate (C12) 107 � 1 97 � 1 10 � 2
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to stabilization of the negatively charged sul-
fur atom after deprotonation. It should be
noted that the dipole calculations were per-
formed for isolated thiol molecules in the
gas phase. The interplay of effects such as
chemisorption, thiol to thiolate conversion,
the presence of neighboring SAM molecules,
and the formation of a bond dipole will all in-
fluence the final molecular moment of mol-
ecules in a SAM. Therefore, we have not at-
tempted to determine the absolute values of
the adsorbed molecular dipoles from our
Gaussian calculations alone. Nonetheless,
the calculated gas-phase dipoles are valu-
able as a point of reference in the analysis
of the different work functions of the SAM
surfaces.61,62

We employed KPFM to measure the influence of
M1 and M9 monolayers on the work function of
the gold substrate due to their different dipole ori-
entations. This technique does not provide absolute
measurements of the final dipole moments for the
molecules, but by using the calculated values as a
guide, we are able to infer dipole orientations from
the results.63 We measured the modulation of the
work functions of M1- and M9-coated substrates
relative to that of a clean Au{111} substrate. Our re-
sults show a modest work function decrease of 90 �

20 meV upon M1 adsorption, whereas M9 adsorp-
tion decreased the work function by 480 � 20 meV.
A dipole more perpendicular to the surface will have
a stronger influence on the work function, while
one parallel to the surface will have a weaker
influence.64,65 Additionally, if the positive pole is
pointing away from the surface, the work function
will decrease, while the opposite holds true if the
negative pole points away.63 The M9 isomer pos-
sesses a larger dipole moment and is oriented nomi-
nally normal to the gold surface, with the positive
pole pointing away from the substrate. The result is
a much larger decrease in work function than that
observed for the M1 isomer, in which the dipole is
nominally parallel to the surface.

Within the framework of this agreement between
modeled dipoles and KPFM measurements, we can de-
scribe and rationalize the divergent SAM properties of
the two carboranethiolate isomers. Once adsorbed on
the gold surface, the molecular dipoles have a strong in-
fluence on the final SAM properties. Figure 6 illustrates
a schematic of the orientation of the dipoles relative to
the gold surface. The weaker dipole of M1 is oriented
relatively parallel to the surface, while the stronger di-
pole of M9 is oriented relatively normal to the surface.
This difference is manifest in contrasts between the
properties of the SAMs, as discussed below.

Plastic crystalline phases, where component mol-
ecules are free to reorient while maintaining positional

order in their lattice, have been reported in o- and

m-carborane.66 While thiolate attachment removes

many orientational degrees of freedom, we do not dis-

count the possibility that the molecules may be freely

rotating, especially in the case of the M9, which does

not possess the favorable lateral dipole�dipole interac-

tions present in M1.

As would be expected, the difference in dipole mag-

nitude and direction results in a different surface hydro-

phobicity, as measured by contact angle goniometry.

Dynamic contact angles for 10 �L drops of 18.2 M� wa-

ter on SAMs of M1, M9, co-deposited M1/M9, and C12
were compared. Measurements shown in Table 1 indi-

cate that all carboranethiol SAMs are significantly more

hydrophilic than the reference alkanethiolate C12 SAM.

The larger dipole moment and strong influence on the

gold work function cause M9 to be more hydrophilic

than its less-polar positional isomer, M1. The mixed

monolayers, in all three cases, exhibited advancing con-

tact angles (�a) that were close to those measured for

M1, while receding angles (�r) were between those

measured for the two pure carboranethiols. That the

M1 isomer continues to dominate the surface contact

properties in co-deposited monolayers, even at a high

relative solution concentration of the M9 species, is sur-

prising but is in agreement with the spectroscopic

data presented below. We anticipated an intermediate

value for the advancing angle. We attribute this result

to incomplete understanding of the nanoscale structure

of the mixed monolayers. It is unknown if the M1 and

M9 are intermixed, form distinct, phase-separated do-

mains, or whether the dipole of M9 is modified by the

presence of M1.

Figure 7. Grazing incidence FTIR spectra of M1 (red) and M9 (blue) on Au{111}. The
spectrum between 2500 and 3100 cm�1 (left) is dominated by the strong absorption
around 2600 cm�1, corresponding to the B�H vibrations. Weak absorption in the re-
gion around 2900 cm�1 is most likely due to adventitious organics. The overlay (right)
of the region between 2500 and 2700 cm�1 emphasizes the differences between the
spectra of the two isomers.

TABLE 2. Preference for M1 in Co-deposited SAMs

%M1 %M9 error (n � 3)

3:1 M1:M9 89% 11% �5%
1:1 M1:M9 70% 30% �5%
1:3 M1:M9 56% 44% �2%
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Grazing incidence FTIR spectra of M1 and M9 SAMs
were obtained from 800 to 4000 cm�1, a subset of
which are shown in Figure 7A. Peaks in the region be-
tween 2500 and 2700 cm�1 are attributed to B�H
stretches.67 The presence of an absorption in this re-
gion is characteristic of the carboranes and is often used
as a marker for these species due to the intensity of
the B�H absorption and the lack of spectral interfer-
ence. Figure 7B shows an overlay of the carboranethi-
olate SAM spectra. We observe distinct features in the

B�H stretching region; both isomers display two main
peaks with associated shoulders, an overlay of which is
shown in Figure 7B. This IR region is generally reported
to be broad and featureless in solution.67 While it is
tempting to attribute the differences in intensity and
energy to nonequivalence of the B�H stretches, Leites
et al. have observed fine structure in the B�H region for
carboranes with bulky substituents and instead attrib-
uted it to correlation field splitting.67�70

The M1 peak at 2585 cm�1 is the only well-resolved
peak in a mixed monolayer and represents a spectro-
scopic handle for which we can design an experiment
estimating relative coverage of the two isomers in a
competitive assembly environment. We deposited
SAMs from ethanolic solutions of M1 and M9 such
that the total carboranethiol concentration was 1 mM
at 1:3, 1:1, and 3:1 ratios; representative spectra of each
are shown in Figure 8. These spectra show features of
both M1 and M9. The 2585 cm�1 peak area in coad-
sorbed SAMs was measured and compared to the cor-
responding peak area in the pure M1 SAM to estimate
the coverage of M1 in the mixed monolayers. Similarly,
we examined the peak at 2629 cm�1, a peak character-
istic of M9; however, for this peak, there is significant
spectral overlap with the M1 species peak at 2629 cm�1,
which causes systematic errors in favor of M9. This ef-
fect exists for M1 but is of sufficiently low magnitude to

be within the errors of our measurement. Cal-
culated coverage values are compiled in Table
2. Peak-fitting and deconvolution strategies
were considered, but incomplete peak assign-
ments and unknown orientations led us to fa-
vor a simple analysis of relative peak areas. In all
three cases, M1 dominates the surface cover-
age. Even at a 1:3 M1:M9 ratio, the SAM is still
composed of approximately 56% M1. We un-
derstand this result by taking into account the
dipole�dipole interactions between molecules
in the M1 and M9 SAMs (see Figure 6). While
the M9 carboranethiol carries a larger dipole, it
is oriented nominally perpendicular to the sur-
face. In contrast, the dipole in the M1 SAM is
parallel to the surface and can orient in a head-
to-tail fashion. We hypothesize that these fa-
vorable dipole�dipole interactions between
molecules drive the tendency for M1 to domi-
nate the surface coverage in a competitive
environment.

We monitor the exchange of carboranethi-
olate SAMs with C12 by STM and grazing inci-
dence FTIR to determine the relative resistance
to exchange for the two isomers. Figure 9
shows grazing incidence FTIR spectra between
2500 and 3100 cm�1. Single-component M1
and M9 SAMs were immersed in 1 mM solu-
tions of n-dodecanethiol for 24 h intervals. At
the end of each interval, spectra were collected,

Figure 9. Spectral evolution of (A) M1 and (B) M9 SAMs during exposure to C12.
Prefabricated M1 and M9 SAMs were exposed to a 1 mM ethanolic C12 solution
and measured by grazing incidence FTIR at 24 h intervals (offset for clarity). B�H
stretches centered around 2600 cm�1 decrease in intensity over the course of the
reaction, with corresponding intensity increase to C�H stretches centered around
2900 cm�1. Absolute C12 coverage is estimated by taking the ratio of the interval
2877 cm�1 peak area and the area of a SAM at full coverage. The results of 4 days of
exposure are shown in C. The M1 (red) is never fully displaced by the C12, but af-
ter 4 days, the M9 (blue) displacement has approached completion. This is attrib-
uted to favorable intermolecular interactions between M1 molecules that are
greatly reduced for M9.

Figure 8. Grazing incidence FTIR spectra of codeposited M1
and M9 at 1:3, 1:1, and 3:1 ratios prepared such that the to-
tal concentration of carboranethiol in each case was 1 mM.
The 2585 cm�1 peak is well-resolved and is representative of
the M1 isomer. Comparisons of this peak area in a pure M1
SAM to the corresponding peak areas in the spectra of co-
deposited SAMs’ enable estimation of M1 coverages. In all
cases, the M1 dominates the surface coverage in competi-
tive environments.
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and the sample was returned to solution. Over the

course of 96 h, the intensity of the B�H stretches near

2600 cm�1 decreased, with an accompanying increase

in the intensity of C�H peaks between 2800 and 3000

cm�1 as the coverage of aliphatic chains increased rela-

tive to the coverage of the carboranethiolate. All of

the characteristic aliphatic stretches are observed, nota-

bly the CH2 symmetric and asymmetric stretches at

2850 and 2911 cm�1, the CH3 asymmetric stretch at

2963 cm�1, and the CH3 symmetric stretch at 2877

cm�1.74 Coverage of C12 is determined by monitoring

the area of the CH3 symmetric stretch at 2877 cm�1. The

area of this peak is used as an analytical marker for cov-

erage as it is less sensitive to the orientation of the mol-

ecules than the other characteristic peaks of an al-

kanethiolate SAM, and there is only one methyl

terminus per molecule. The results of this analysis are

shown in Figure 9C. Snapshots of the exchange process

were also taken using STM; an example of a partially dis-

placed M1 SAM is depicted in Figure 10. We observe

patches of C12 (protruding) and M1 (less protruding).

The icosahedral cage structure of carboranethiols

lends itself to direct comparison to the aliphatic cage

molecule, 1-adamantanethiol (AD), which we have

studied previously in the context of SAM displacement

reactions.10,11,28,29,71�73 These AD SAMs are similar in

many ways to SAMs of M1 and M9 in terms of size, thiol

attachment to the gold surface, and well-ordered hex-

agonal packing. In contrast to what we have found for

carboranethiol SAMs, AD SAMs undergo rapid displace-

ment in the presence of a solution of an n-alkanethiol.29

Rapid AD SAM displacement is due to the availability

of defect sites in which alkanethiols may insert and

nucleate island growth;28,73 islands rapidly propagate

due to lower Au�S bond density and weak intermo-

lecular forces in AD SAMs relative to n-alkanethiolate

SAMs;73 the process is driven to completion by the in-

creased Au�S bond density and the lattice mismatch

between the labile AD SAM and the resulting

n-alkanethiolate SAM.28 Considering the structural simi-

larities of adamantanethiol to the carboranethiols, we

initially expected rapid and complete displacement by

n-alkanethiols through the same mechanism. In con-

trast, for M1 and M9, we observe slow exchange pro-

cesses. The exchange of M9 with C12 nearly reached

completion after 4 days, significantly faster than the ex-

change of M1, but much slower than AD. After 4 days

of exposure to C12, the M1 sample surface had reached

just 50% C12 coverage. These slow rates of exchange

are more akin to solution exchange of SAMs in a lattice-

matched octadecanethiol system than lattice-

mismatched systems like those of carboranethiolate or

AD and C12.28,29,74 We attribute this difference to the

low defect density in carboranethiol SAMs, lower sus-

ceptibility of the carboranethiol to oxidation and reduc-

tion relative to alkanethiols, and stronger intermolecu-

lar interactions within the SAM. Adamantanethiolate

SAMs have domain boundaries that enable substrate

access from solution.28,29,75 The tightly packed domain

boundaries in M1 and M9 SAMs (shown in Figure 3) are

inferred to be less accessible as binding sites for the dis-

placing molecules in solution, thereby slowing the ini-

tiation of the displacement reactions. The carborane-

thiols are both more acidic than alkylthiols, vide supra,

the M1 isomer considerably so. Conjugated thiols with

large molecular dipoles have been shown to generate

stronger Au�S bonds than alkanethiolates, consistent

with stabilizing the carboranethiolates with respect to

exchange by C12.76 In understanding the difference in

displacement rates for M1 and M9, we infer that since

both molecules assume the same lattice, the difference

in rates arises from interactions of dipoles in the SAMs.

For the same reasons that M1 was the preferred species

in mixed monolayers, the favorable dipole�dipole in-

teractions between M1 molecules (with dipoles nomi-

nally parallel to the surface) stabilize the monolayer

relative to exchange. The strong dipoles normal to the

surface in M9 SAMs do not stabilize the SAM and thus

make it more susceptible to exchange than M1.

CONCLUSIONS AND PROSPECTS
We have characterized SAMs composed of two car-

boranethiol isomers, M1 and M9, and found that, while

they are geometrically similar, they have very different

molecular dipoles. This has allowed us to separate the

effects of geometry and molecular dipole. The M1 and

M9 form hexagonally close-packed SAMs on Au{111},

assuming (�19 � �19)R23.4° unit cells. The work func-

tions of the modified surfaces and calculated dipole

moments for the free molecules indicate the orienta-

tions of the dipole momentsOnominally normal to the

surface in the case of M9 and parallel to it in the case

of M1. The orientations of the dipoles in the monolay-

ers emerged as the critical variable in determining the

properties of the SAM.

Figure 10. STM image showing M1 SAM after 48 h of expo-
sure to a 1 mM ethanolic solution of C12. The large area scan
shows patches of C12 (protruding) and domains of M1 (de-
pressed). C12 domains are resolved with molecular resolu-
tion (black arrow). The enhanced contrast in the inset em-
phasizes the carboranethiolate molecules (white arrow).

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 3 ▪ 527–536 ▪ 2009 533



When designing molecules for self-assembly, the abil-
ity to tune the geometry and intermolecular interactions
confers a new level of control over the system. In the case

of the carboranethiols, it has led to stable monolayers
with substantially different degrees of molecular ex-
change and behavior in competitive environments.

EXPERIMENTAL METHODS
Materials. The chemicals m-1-carboranethiol, m-9-

carboranethiol, n-dodecanethiol, thiourea, diethyl ether, anhy-
drous magnesium sulfate, sodium hydroxide, silica gel (70�230
mesh), anhydrous hexanes (Sigma-Aldrich, St. Louis, MO),
1-bromododecane-d25 (Cambridge Isotopes, Andover, MA), and
200-proof ethanol (Pharmco, Brookfield, CT) were used as re-
ceived. 1-Dodecanethiol-d25 was prepared as described previ-
ously.77 All carboranethiol monolayers were fabricated by im-
mersing flame-annealed Au{111} on mica substrates (Agilent
Technology, Tempe, AZ) into gravimetrically prepared 1 mM eth-
anolic solutions. Perdeuterated n-dodecanethiolate SAMs used
as background references for the normalization of FTIR spectra,
as well as n-dodecanethiol SAMs, were prepared from 1 mM so-
lutions overnight. After deposition from solution for 24 h, sub-
strates were rinsed thoroughly with neat ethanol and were
blown dry using ultrahigh purity argon.

STM Measurements. All STM measurements were conducted us-
ing a custom beetle-style STM under ambient conditions.56 Pi-
ezoelectric scanner gains were calibrated using the lattice spac-
ing of a known adsorbate, 1-dodecanethiolate on Au{111}. This
lattice spacing was measured before and/or after scanning the
unknown carboranethiolate SAMs. In both cases, the measured
spacings of the alkanethiolate SAMs were measured in a variety
of scanning directions. Carboranethiolate lattice spacings were
measured from Fourier transforms of single-domain images. The
vertical scale was calibrated using the monatomic step heights
of the Au{111} substrate in subsequent images.

Dipole Moment Calculations. The dipole moments of isolated car-
boranethiol molecules in vacuum were calculated using the
Gaussian 03 package and GaussView81 on a cluster of PCs at
Penn State’s Materials Simulation Center. Molecular dipole mo-
ment calculations using ab initio density functional theory were
performed for M1 and M9 using the 6-31G basis set. Calculations
were performed at the B3LYP level, which combines the three-
parameter exchange functional, developed by Becke,78 with the
Lee, Yang, and Parr correlation functional79 and Vosko, Wilk, and
Nusair local correlational functional.80 For comparison, calcula-
tions were also performed at the Hartree�Fock (HF) and MP2
levels, both with the 6-31G basis set.81 The detailed results are
given in the Supporting Information.

Contact Angle Goniometry. Contact angle measurements were
made using a custom apparatus with a CCD camera (Hitachi Den-
shin America, Ltd., Woodbury, NY) equipped with an InfiniStix
0.50� magnification, 94 mm focal length lens (Infinity, Boulder,
CO), using a National Instruments IMAQ-PCI card (National In-
struments, Austin, TX) for data acquisition. Images were captured
using National Instruments Measurements and Automation soft-
ware. Reproducible 5 �L droplets were deposited from a 2 mL
Gilmont micrometer syringe using a blunt-tip 32 gauge needle
(VWR Inc., West Chester, PA). The volume was increased to 10 �L
for the advancing contact angle measurement. The drop size
was increased to 20 �L and then decreased to 10 �L for the re-
ceding contact angle measurement. The contact angles were de-
termined from images using Scion Image (Scion Corp., Freder-
ick, MD), and each data point was an average of three
measurements on each side of three static drops.

Grazing Incidence FTIR Spectroscopy. Infrared spectra were col-
lected using a Nicolet 6700 FTIR spectrometer (Thermo Electron
Corp., Waltham, MA), equipped with a liquid-nitrogen-cooled
mercury�cadmium�telluride detector and a Seagull variable-
angle reflection accessory (Harrick Scientific, Inc., Ossining, NY).
A FTIR Purge Gas Generator (Parker-Balston, Cleveland, OH) re-
moved water and CO2 from the gas stream used to purge the
spectrometer and its accessory. The data were collected at graz-
ing incidence reflection (82° relative to the surface normal) with
p-polarized light and a mirror speed of 1.27 cm/s, with a resolu-

tion of 2 cm�1. All spectra were averaged over 1024 scans. Scans
were normalized with spectra of perdeuterated
n-dodecanethiolate monolayers on Au{111}.

Kelvin Probe Force Microscopy. Kelvin probe force microscope ex-
periments were conducted on a JEOL JSPM-4500A instrument
operated in ultrahigh vacuum (UHV) with a base pressure
�5 � 10�10 Torr. The scanning probe microscope was equipped
with RHK SPM 100 electronics and a PLL Pro universal AFM con-
troller (RHK technologies, Troy, MI). A conducting Pt�Ir-coated Si
cantilever (PPP-NCHPt, Nanosensors, Switzerland) was used as a
KPFM probe. Prior to being loaded into the system, the probe
was thoroughly rinsed with anhydrous dichloromethane and ab-
solute ethanol to remove organic contamination from the sur-
face and then blown dry by nitrogen gas. After loading into the
UHV system, the tip was degassed at 150 °C for 2 h by radiative
heating from a nearby tungsten filament. The typical spring con-
stant and resonant frequency of the cantilever were 40 N/m
and 330 kHz. The Q-factor of the cantilever in UHV was 	30 000.
A clean Au{111} surface was measured before and after charac-
terization of each SAM-modified surface to ensure that the tip
condition was the same.
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