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A definitive description of metal-sulfur bonding in alkylthiol
self-assembled monolayers (SAMs) formed on gold surfaces is
central to understanding issues related to chain order, thermal
stability, and formation kinetics.1 Suggested bonding modes
include gold thiolates (RS-)1 and dialkyl disulfides.2 The
evidence for the existence of either a thiolate or a disulfide is
inferential and ambiguous.2,3 This fundamental structural issue
remains as yet unresolved because many of the surface
characterization techniques applied to these monolayers are
unable to differentiate surface bonding states. The most
commonly used organic structural tool, NMR, cannot however
be applied to monolayers on planar substrates for sensitivity
reasons. We have therefore sought a high surface area analog
to the planar SAMs which is amenable to a detailed NMR
structural study. In this regard, we and others have been
attracted to the RS/Au nanoparticle system prepared by Schiffrin
and co-workers.4-9 A direct link between planar and these
nanoparticle SAMs has been made as (i) there is an excellent
correspondence between the chainlength-dependent order/
disorder phase transitions observed in the two systems,5,10 (ii)
the nanoparticles are highly faceted with (111) and (100) single
crystal faces,8 and (iii) FT-IR studies report very similar gauche
bond population distributions along the alkyl chains.5a,c,6b The
RS/Au interactions in these two systems are evidently closely
related given that surface bonding controls features such as alkyl
chain spacing, chain tilt, and cooperative phenomena which lead
to chain order/disorder transitions.5,10 XPS data suggests that
the RS/Au bonding is the same in these two systems.4a,8a,9,11

The solid-state13C NMR spectra of unlabeled short-chain (C4)
and isotopically-labeled long-chain (C14) alkylthiols bound to
gold nanoparticles are shown in Figure 1; the chemical shifts
are summarized in Table 1. Selective13C labeling of carbons
1 and 2 was necessary to both enhance and resolve these signals
which are weak as a result of extensive line broadening.5a,b In
the [1-13C]- and [2-13C] labeled C14S/Au nanoparticles, broad
resonances are observed which are shifteddownfieldby 18 ppm
for C1 and 12 ppm for C2 compared to the free thiol values.
The C1 and C2 shift values allow one to rule out the occurrence
of weakly associated organosulfur species which may either be
byproducts of the synthesis, such as simple thiolates (RS-Na+

form)4 and alkyl disulfides,11 or air oxidation products, such as
alkylsulfonates.12 A physisorbed thiolate is ruled out since the
downfield shifts, from the free thiol, of C1 (1.7 ppm) and C2
(5.2 ppm) of the C14 thiolate salt are much smaller than those
observed for the Au/SC14 colloids. Likewise, the13C chemical
shift trend of the C1 and C2 methylenes allows us to eliminate
the possibility of a weakly bound disulfide or sulfonate.
Whereas C2 isupfield from C1 by 9.6 ppm in the C14 disulfide
and by 22.9 ppm in the sulfonate, C2 is 4 ppmdownfieldfrom
C1 in the Au/CS14 nanoparticles.
Given these NMR data, what is the origin of the striking C1

shift in the thiol-derivatized nanoparticles? We considered that
the large C1 shift in these nanoparticles may have a contribution
from the conduction electrons of the gold core (Knight shift).
For metals such as Pt and Pd, adsorbate Knight shifts are
identifiable when (i) the relaxation follows the Korringa law
and (ii) the13C shifts are much greater than the normal chemical
shift range of diamagnetic organometallic compounds.13 In
these modified nanoparticles, the C1 spin-lattice relaxation time
(T1) does not exhibit Korringa behavior, which manifests itself
as a linear relationship betweenT1 and temperature. Instead,
the observedT1 temperature dependence is typical of dipolar
relaxation in the slow limit side of the correlation timeVs T1
curve.14 In order to definitively exclude a large metallic
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Figure 1. Solid-state (67.92 MHz) CPMAS13C NMR spectra of (A)
[1-13C]- and [2-13C]-labeled CH3(CH2)12CH2S/Au nanoparticles and
[Au{SC14H29}]n complexes. (B) C4H9S/Au nanoparticles and the [Au-
{SC4H9}]n complex. Inset: 13C CPMAS spectrum of13C-Au/SC14
colloids with selective irradiation.19
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contribution to the C1 shift, the NMR properties of diamagnetic
Au(I) alkylthiolates, [Au(I){SCnH2n+1}]n, were also studied. The
vast majority of Au(I) thiolates have been reported to be
2-coordinate with linear polymeric or ring structures.15 The C1
and C2 resonances in the [Au(I){SC14H29}]n and [Au(I)-
{SC4H9}]n complexes are coincident (δ ≈ 40 ppm) and shifted
downfieldfrom the free thiol values by∼16 ppm for C1 and
∼4-5 ppm for C2 (Table 1). The striking similarity of the
13C shifts between the [Au(I)SR]n complexes and the Au/SR
nanoparticles (Figure 1) allows us to use these molecular
complexes as structural analogues and rule out a metallic
contribution. Thus, the large downfield chemical shifts observed
for C1 and C2 originate from the Au-S interaction.
We therefore ask: what formdoesthe Au-S interaction take?

The C1 shifts in the Au(I) alkylthiolate complexes (40 ppm)
and Au/SC14 particles (42 ppm) are close to that of unbound
dialkyldisulfides (39 ppm). This could mean that the organo-
sulfur is in the form of a disulfide in the complex and, by
inference, in the colloid. However, very similar13C shifts are
observed in (AgSR)n complexes where the bridging organosulfur
is exclusively in the thiolate and not the disulfide form.16 In
addition, Raman spectra of the Au(I) thiolates are not consistent
with the presence of a bridging disulfide. The coincidence of
the C1 chemical shifts of unbound dialkyl disulfides and Au(I)
alkylthiolates is apparently fortuitous. We conclude that a
chemisorbed disulfide in the colloid system is very unlikely.
These relationships instead support a metal-thiolate bond.
Another noteworthy feature of the carbon NMR spectra is

the broadness (ν1/2 ≈ 1000-1300 Hz) of the C1 and C2
resonances of the RS/Au nanoparticles. The C1 and C2 line
widths, which vary linearly with field strength, are only partially
reduced by magic angle spinning (MAS). The residual linewidth
in the solid-state which is not averaged out by MAS must be
due to a shift or shift-like distribution.17,18 MAS eliminates the
chemical shift anisotropyand the isotropic bulk magnetic

susceptibility (BMS) broadening. However, adistribution of
isotropic shifts will not be averaged by MAS. A hole burning
experiment19 of the [13C2]-C14S/Au nanoparticles with MAS
(Figure 1, inset) confirms that these resonances are heteroge-
neously broadened. Broadening of the C1 and C2 resonances
most probably arises from a distribution of shifts due to different
chemisorption sites and/or nonspherical particle shapes. The
highly faceted morphology of the thiol-derivatized gold nano-
particles would give rise to an inhomogeneously broadened line
since thiolates adsorbed on either of the face types of the small
crystallites will exhibit different average chemical or BMS shift
values compared to thiolates adsorbed in less symmetrical sites
at edges and corners. The linewidth values for the short-chain
and 13C-labeled long-chain thiols (Table 1) reveal that the
broadening interaction drops off sharply along the alkyl chain.
Since the BMS effect drops off more gradually along the chain,
a chemical shift distribution is probably the major contributor
to the line broadening.18

In summary, the chemisorbed species on the gold nanoparticle
surface is most probably a thiolate, not a disulfide, given the
similarity in the13C chemical shifts of the Au/SR colloids and
Au(I) alkylthiolates. The interactions responsible for the line
broadening of the C1 and C2 sites are consistent with the
particles being faceted. No evidence for a Knight shift
contribution to the C1 shift is observed. The excellent corre-
spondance observed thus far, between the properties of thiols
absorbed on planar and colloid surfaces, indicates that conclu-
sions based on13C NMR studies of gold-sulfur interactions in
the nanoparticle system are transferable to the planar RS/Au
SAMs.
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Table 1. Carbon-13 Chemical Shifts (δ (ppm)) for R) C4H9S and C14H29S

thiol thiolate disulfide sulfonate complex nanoparticles

C4H9 C4H9SHa C4H9SNaa (C4H9S)2b Au(I)SC4H9
c Au/SC4H9

c

C1 24.1 24.1 38.9 40.1(sh at 38)d ∼46e 1115f

C2 35.9 38.6 31.4 40.1d ∼46e 1115f

C3 21.3 21.6 21.7 23.4 25.2 285f

C4 13.3 13.1 13.7 14.7 15.0 265f

C14H29 C14H29SHa C14H29SNaa (C14H29S)2a C12H25SO3Naa Au(I)SC14H29
c Au/SC14Hc

C1 24.5 26.2 39.2 52.74 40.1(sh at 38)g,h ∼42h 1300f

C2 33.9 39.1 29.6 29.87 39.4h ∼46h 1015f

a Solution spectrum.b From Sadtler Handbook of Carbon-13 Spectra. c Solid-state spectrum.dDeconvolution yields two peaks integrating at
3:1. e Integration yields two carbons.f Values are given inν1/2 (Hz). g Two peaks integrate as 1:1.h From 13C-labeled thiol.
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