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We report the fabrication of a new class of inorganic self-
assembled monolayers (SAMs) prepared by the spontaneous
adsorption of the polyhedral borane derivative,closo-B12H11S3-,
onto gold. Although conventional SAMs composed of organ-
othiolates have been widely heralded for their potential application
in sensors and nanoelectronics, they have many undesirable
characteristics; they oxidize easily upon exposure to air,1-4

decompose at moderately elevated temperatures,5 and desorb when
immersed in organic solvents.6,7 Consequently, we have prepared
and characterizedcloso-B12H11S3- SAMs as potentially more
robust alternatives capable of bringing structure-function rela-
tionships not available by other means to surface chemistry and
nanoarchitectures.8 In this communication, we show thatcloso-
B12H11S3- monolayers form spontaneously when gold substrates
are exposed to solutions of Cs2[closo-B12H11SH]. We also
demonstrate that the adsorption process is remarkably similar to
that of organothiol self-assembly on gold; adsorption occurs
through the sulfur atom and is accompanied by cleavage of the
S-H bond and the formation of a strong polar covalent sulfur-
gold bond. closo-B12H11S3- monolayers represent a new class
of SAMs that extend self-assembly and thin film architectures
into previously unexplored areas of structure and bonding.

Thecloso-B12H11S3- monolayers were prepared by immersing
electrochemically roughened polycrystalline gold electrodes in a
5 mM aqueous solution of Cs2[closo-B12H11SH] for ca. 17 h.9,10

The electrodes were then removed and thoroughly rinsed with
water to ensure complete removal of any physisorbed Cs2[closo-
B12H11SH]. The monolayers were characterized by surface-
enhanced Raman spectroscopy (SERS) using 735-nm excitation.

Figure 1 presents the Raman spectrum of solid Cs2[closo-
B12H11SH] (a) and the SER spectrum of the monolayer-coated
electrode (b). All of the bands in the SER spectrum are assignable
to vibrational modes of adsorbedcloso-B12H11S3-. Although the
infrared and Raman spectra of both Cs2[closo-B12H12] and
Cs2[closo-B12H11SH] have been published, complete vibrational
assignments have not been reported for the latter.11-15 Table 1

(Supporting Information) contains our preliminary vibrational
assignments based on published spectra and assignments for M2-
[closo-B12H11X] derivatives (X) F, Cl, Br, and I).16,17 The bands
near 575, 744, and 947 cm-1 are assigned to B-B bending and
stretching modes, and the group of bands near 2500 cm-1 to the
signature B-H stretching modes.18 The sharp band at 622 cm-1

is assigned toδ(B-B-S). The group of bands between 810 and
852 cm-1 contains contributions fromν(B-S);19 although the
exact assignments are not certain, they are known to be substitu-
ent-related because they are absent from the spectrum of Cs2-
[closo-B12H12], appear only upon monosubstitution, and shift with
changing mass of the substituent.16 The ν(B-S)-related bands
at 813 and 845 cm-1 are significantly enhanced relative to other
bands in the SER spectrum, indicating proximity to the metal.20

In the spectrum of solid Cs2[closo-B12H11SH], there is a very
intense band at 2573 cm-1 arising from theν(S-H) mode. This
band is absent from the monolayer SER spectrum, showing that
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Figure 1. (a) Raman spectrum of solid Cs2[closo-B12H11SH]. (b) SER
spectrum of a monolayer prepared by immersing a roughened gold
electrode in 5 mM aqueous Cs2[closo-B12H11SH]. (c) Raman spectrum
of solid Cs4[closo-B12H11S]2. (d) SER spectrum of a monolayer prepared
by immersing a roughened gold electrode in 5 mM aqueous Cs4[closo-
B12H11S]2.
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the S-H band has cleaved upon adsorption, just as when
organothiols adsorb on gold.21 Repeated rinsing of the monolayer
with water causes no change in the SER spectrum (data not
shown). This is evidence that a reasonably strong sulfur-gold
bond has formed. The lack of both an S-H stretching vibration
and any changes upon rinsing shows that there is only a monolayer
on the surface, not multilayers.

To confirm that adsorption ofcloso-B12H11S3- occurs through
the sulfur atom and not the borate cage, we deposited thin films
of Cs2[closo-B12H12], Na2[closo-B12H11I], and Cs2[closo-B12H11-
SH] by evaporating solutions onto roughened gold electrodes and
acquired SER spectra both before and after rinsing with water. If
adsorption occurred through the cage, one would expect similar
adhesion in all three cases. As shown in parts a and b of Figure
2, Cs2[closo-B12H12] and Na2[closo-B12H11I] are completely
removed by rinsing. Neither the underivatized dodecaborate nor
the monosubstituted cage adheres to gold. Figure 2c shows the
results of the same experiment conducted with Cs2[closo-B12H11-
SH]. In this case, rinsing removes physisorbed thiol, leaving the
chemisorbed thiolate monolayer intact. Thus, only when the
dodecaborate cage is modified with a thiol group do these
molecules adhere to gold.

Last, we investigated the adsorption of the disulfide derivative
of Cs2[closo-B12H11SH] onto gold. It is well-known that orga-

nothiolate SAMs can be formed from dialkyl disulfides, although
longer formation times are required to achieve densely packed,
well-ordered monolayers.22 Parts c and d of Figure 1 show the
Raman spectra of solid Cs4[closo-(B12H11S)2] and the SER
spectrum obtained after immersing a roughened gold electrode
in 5 mM aqueous Cs4[closo-(B12H11S)2]. Spectrum 1d shows that
we form a monolayer whose structure is noteworthy. Theν(S-
S) vibration at 500 cm-1 is conspicuous in the Raman spectrum
(Figure 1c) but is completely absent from the SER spectrum of
the monolayer (Figure 1d). We have shown previously that with
SERS we can detect as little as 5% monolayer coverage of
disulfide.4 The absence of this band from the monolayer spectrum
provides direct evidence that the S-S bond cleaves upon
adsorption, just as when dialkyl disulfides adsorb on gold.22,23

Comparison of the SER spectrum of the monolayer formed from
Cs4[closo-(B12H11S)2] (Figure 1d) with that of the monolayer
prepared from Cs2[closo-B12H11SH] (Figure 1b) shows the two
spectra to be nearly identical. The slight differences in relative
intensities and bandwidth are within normal experimental vari-
ability from monolayer to monolayer; the origins of these
differences will be described elsewhere.24 The key observation
is that monolayers prepared from either Cs4[closo-(B12H11S)2] or
Cs2[closo-B12H11SH] produce the same SER spectra and that both
species adsorb as the thiolate.25

We have demonstrated that inorganic monolayers can be
formed by self-assembly of thiol-supported borane clusters such
as Cs2[closo-B12H11SH] and Cs4[closo-(B12H11S)2] onto gold,
thereby opening a new realm of SAM structure and function.
Qualitative vibrational assignments for the free thiol and adsorbed
thiolate have been presented. The self-assembly process is
analogous to that of organothiols and disulfides on gold; cleavage
of S-H or S-S bond occurs, and a new covalent link is formed
between the sulfur atom and gold surface. These new monolayer
components are unique in their size, aspect ratio, and electronic
structure and thus represent novel model systems for probing the
steric and electronic requirements of the self-assembly process
and the chemical interactions that lead to adhesion. The hydo-
drophilicity, delocalized negative charge, and presence of cations
in the adlayer24 make the [closo-B12H11S]3- monolayers funda-
mentally distinct from hydrocarbon thiolate SAMs. The size of
the borate cages can be varied, and they are easily functionalized,
providing routes toward completely new types of monolayers and
thin film architectures. Such monolayers may offer improved
stability since the aromatic borate cages are unusually robust.12

We are currently evaluating the thermal and oxidative stability
of [closo-B12H11S]3- monolayers and determining their packing
arrangement and degree of order.

Supporting Information Available: Table of Raman and SER spectra
(2 pages, print/PDF). See any current masthead page for ordering
information and Web access instructions.
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Thus, we find no evidence for oxidation of the thiol to the disulfide under
our conditions.

Figure 2. (a) Top, surface Raman spectrum of a multilayer of Cs2[closo-
B12H12] on a roughened gold electrode; bottom, spectrum obtained after
rinsing with water. (b) Top, surface Raman spectrum of a multilayer of
Na2[closo-B12H11I] on a roughened gold electrode; bottom, spectrum
obtained after rinsing the same electrode with water. (c) Top, surface
Raman spectrum of a multilayer of Cs2[closo-B12H11SH] on a roughened
gold electrode; bottom, spectrum obtained after rinsing the same electrode
with water.
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