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The formation of self-assembled monolayers (SAMs) of thiols
on gold surfaces has developed into a mature science with important \‘\\
interdisciplinary implications ranging from corrosion science to H s)is/
molecular recognition and nanotechnoldgyurprisingly, the nature m ok
of the thiol-gold bond is still subject to controversy, although

numerous studies covering virtually all applicable characterization y

techniques have been reportédThe thiol-gold bond is most (CraHasS),

commonly described as a surface bound thiolate. The sulfur-bound \H\ /J.HJ

hydrogen is generally assumed to be absent in these systems. In H

contrast, Nuzzo et al. reported that methanethiol under UHV condi- Ay — P \\}\

tions adsorbs to gold under hydrogen retenidtecent ab initio CraHasSH \ s

calculations of methanethielyold surface and methanethiejold (q"”é@ m t\\ + /
cluster systems by Andreoni and co-workers indicate that indeed a v A SH

number of different scenarios are energetically posSilesides Figure 1. Reaction scheme of ligand addition and replacement reactions
chemisorbed thiolates on “bridge” sites these include aisact on the cluster surface. For clarity no more than two ligands are shown.

thiols on “atop” sites, and thiolates plus atomic hydrogen adsorbed The first step consists of the uptake of thiol (see Figure 2b) followed by

to the metal surface. The presence of adsorbed disulfides as hagither slow desorption of thioether and/or, after addition of excess disulfide,

b ted f ) . le X U ti rapid replacement of ligand shell under release of free thiol and thioether (see
€en suggested irom grazmg angle -ray S ) ms energet- Figure 2c). Stoichiometry of replacement reaction is not necessarily 1:1.

cally less favored.Most experimental studies of thiehold systems

to date have been carried out on SAMs on macroscopic planar gold

surfaces produced by immersion of the substrate in a solution of

the thiol1t-4f Since the development of monolayer protected clus- (a)
ters (MPCs) a broader range of techniques has become applicable 0.-CHz (R2S) B-CHz (R2S)
and MPCs have been used successfully as model systems for SAMs N

on planar surfaceslt has been shown by Murray and co-workers,

that such ligand place exchange reactions proceed via an associative (b)
mechanisn?? This implies that the hydrogen of the incoming thiol
can be removed easily during the replacement step by binding to N

the leaving thiolate ligand. This reaction is therefore different from CH2 (RSS
the initial binding step of thiols to a “clean” gold surface where no o (RSSR)
obvious mechanism for hydrogen removal is available.

In this communication the first experimental evidenceifbact (e)
thiols adsorbed to gold clusters is presented. It is shown that the - CHa (RSH)
loss of hydrogen can be prevented to some extent as long as there w
is no easy reaction path for hydrogen removal. The consequences Ppm 2.6 2.2 1.8 1.4 -0 0.6
of the presence of the hydrogen for the appearance dHMR Figure 2. 'H NMR spectra of (a) dodecyl sulfide-capped gold clusters in

spectra of the clusters are demonstrated. The materials studiedPerdeuterated benzene (4 mg clusters in 0.5 mL solvent), (b) clusters after

; ; e addition and uptake of 2 molar equiv of dodecanethiol with respect to
consist of gold clusters of-25 nm diameter stabilized by dodecyl thioether in the ligand shell, and (c) after ligand shell replacement and release

sulfide. This quite weakly adsorbed thioether was found to be ¢ free dodecanethiob¢methylene quartet centered at 2.18 and-Sriplet
readily replaced by both thiols and disulfides, but unlike thiolates, at1.10 ppm) and dodecy! sulfide-nethylene triplet at 2.44 ppm) following
it will not act readily as a proton acceptor during this process. The addition of excess dodecyl disulfide{nethylene triplet at 2.58 ppm).

ligand replacement, reactions and their p,rOdUCtS, are shoyvn ip Figureand redissolved, but tended to aggregate irreversibly when stored
L The corresponding spectroscopic evidence IS given in Figure 2'as a dry product. Elemental analysis of our preparations gave C
Thioether-capped clusters were prepared follgwmg a recen_t re_'ports_s%’ H 0.9%, and Au 92.6%. An average empirical formula of
by Huskens and co-workefsThese clusters dissolved readily in Au4(CasHae)>S would require C 5.65%, H 0.99%, and Au 92.73%.

nonpolar organic solvents to give beautiful, intensely red-colored The stoichiometry of the ligand addition and exchange experiments
solutions, which could be evaporated on flat substrates to spontane+g pased on this formula Experiments were carried out by adding

ously form lustrous golden thin films. The clusters could be dried aliquots of dodecanethiol and dodecy! disulfide to samples contain-
* Address correspondence to this author. E-mail: M.Brust@liv.ac.uk. ing 4 mg of thioether-capped clusters dissolved in 0.5 mL of per-
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deuterated benzene. No precautions were taken to exclude oxygenthat at lower thiol coverage hydrogen is rapidly removed from the
The attachment of thiol to the clusters followed by the exchange system within the time scale of the NMR experiment, probably due
of the ligand shell by addition of a 5-fold excess of disulfide was to a comparatively high mobility of adsorbed atomic hydrogen on
monitored by!H NMR spectroscopy (Bruker Avance 400 MHz) the cluster surface, which is less crowded with ligands than in the
(Figure 2). Cluster-bound and solution-free species can easily becase of higher thiol loading. This suggestion is consistent with the
distinguished using this technique by the sharpness of the multipletstheoretical prediction that hydrogen cleavage is energetically favored
and their chemical shifts (referenced to benzene). The peaks cor-when a path for formation of molecular hydrogen is proviéed.
responding to the-methylene protons of the cluster-bound species  In conclusion it has been shown experimentally that thguld
are significantly broadened and their multiplicity can no longer be systems in whiclntactthiols are still present can be prepared under
determined. In the case of thiolate ligands thenethylene peaks  certain conditions and are easily characterized By NMR
disappear completely. The reasons for the peak broadening, whichspectroscopy. The route for hydrogen removal might thus be an
impedes an exact quantitative analysis, are still subject to discdssion. important parameter that could influence formation kinetics,
The first observation immediately after addition of the thiol (2 structure, and stability of SAMs of thiols on gold. Thioether-capped
molar equiv with respect to the thioether present in the ligand shell) clusters seem to provide an interesting new model system for
is the appearance of two additional broad peaks in the NMR spec- macroscopic gold surfaces.
trum at 2.19 and 1.17 ppm (Figure 2b), which are proposed, onthe = Acknowledgment. The authors thank Serge Palacin for helpful
basis of chemical shift comparisons, to correspond tatmeeth- discussions and for drawing our attention to refs 3a and 3b as well
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tion). The release of thioether could be related to the movement of  Supporting Information Available: H NMR spectra in perdeu-
some of the adsorbed thiols from “atop” to “bridge” sites and might terated benzene of (a) dodecy! sulfide (20 mM), (b) dodecanethiol (30
be accompanied by loss of hydrogen. This is at present purely mM), (c) dodecyl disulfide (20 mM), (d) dodecy! sulfide-capped clusters
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dynamics are needed. To show clearly that adsoiizdt thiols addition), and (e) the same clusters after addition of excess dodecyl
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addition of 5 molar equiv of disulfide. This led to the formation of

contained 4 mg of clusters in 0.5 mL solvent] (PDF). This material is

the well-known thiolate-capped clusters under immediate release@vailable free of charge via the Internet at http:/pubs.acs.org.

of freeintact thiol and thioether (Figure 2¢)A slightly decreased
amount of thiol is released even if the disulfide is added 18 h after
the addition of the thiol, indicating that the loss of hydrogen is
very slow in these systems. The elemental composition of the final
ligand-exchanged product was not detectably different from that
of the starting material, which shows that the surface coverage by
thioether is comparable to that by thiolates, although with ap-
proximately only half the number of sulftAu interactions. The
sulfur content has not been determined in this work. The broad
features at 2.19 and 1.17 ppm in Figure 2b are converted after ligand
replacement to the characteristic sharmethylene quartet centered

at 2.18 ppm and the-SH triplet at 1.10 ppm of the free thiol in
solution, indicating that the hydrogen must have been present even
in the adsorbed species. It is noteworthy that the adsorbed species
of both intact thiols and thioethers give rise to such broad peaks
corresponding to the respectigemethylene protons, while these
features are absent in the final thiolate-capped product.

It is at present not possible to discriminate between hydrogen
still bound to the sulfur or adsorbed on the gold surface. A combi-
nation of both seems the most likely scendrithe desorption of
molecular hydrogen via adsorbed atomic hydrogen is, in fact, a
feasible mechanism of hydrogen loss in these systems as well as
in SAMs on macroscopic surfaces. This is supported by experiments
in which less then 2 molar equiv of thiol were added. One equivalent
(see Supporting Information) gives qualitatively the same result as
two, i.e., initial quantitative attachment followed by desorption of
thioether and finally recovery of some free thiol after ligand exchange
with disulfide. Half an equivalent of thiol or less leads, however,
to complete uptake of thiol under loss of hydrogen. No broad peaks
at 2.19 or 1.17 ppm can be detected, and no free thiol appears in
solution after ligand exchange with excess disulfide. This suggests
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In this case of replacement by a compound of identical chain length it is
impossible to judge whether replacement of the thiol by disulfides occurs
with retention of the hydrogen on the displaced thiol chain or with transfer
to the incoming disulfide leaving a thiolate on the surface and a free thiol
molecule derived from the disulfide. Preliminary experiments in which
adsorbed benzyl mercaptan was replaced by dodecyl disulfide indicate
that the former is the case, i.e., free benzyl mercaptan is formed.
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