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An u-ﬂuorine-labeled oxyethylene thiol ligand, F(CH2CH2O)2CH2CH2SH, was synthesized,
characterized and incorporated into mixed self-assembled monolayers with CH3(OCH2CH2)3SH onto
a planar gold substrate and onto 2 nm gold nanoclusters. The ﬂuorine-labeled nanocluster was selfassembled onto gold substrates using alkane dithiol (HS(CH2)nSH; n ¼ 5, 8, 11) and oxyethylene
dithiol (HS(CH2CH2O)nCH2CH2SH; n ¼ 1, 2, 3) linking agents with equivalent chain lengths for
comparative purposes. X-ray photoelectron spectroscopy (XPS) was used to track the ﬂuorine-label in
the self-assembly operations and to evaluate the effectiveness of the dithiols. For adequate XPS
sensitivity at least 10% of the monolayer-forming molecules should be functionalized with this ﬂuorinelabel. In the comparative self-assembly of the ﬂuorine-labeled gold nanoclusters in chloroform
solution, the alkane dithiols were observed to be the more effective linking agents. This effectiveness
correlates with the XPS analysis of alkane dithiols self-assembling onto the gold substrates with
a higher packing density and with a larger fraction of molecules having one thiol group as opposed to
two bonded to the gold surface. The oxyethylene dithiols self-assemble with a smaller packing density
and a smaller fraction of molecules with an unbonded thiol group available for self-assembly.

Introduction
Fluorine-labeling of ligand-stabilized metal nanoclusters may
serve as a useful analytical diagnostic for the effectiveness of
procedures used to self-assemble such nanoparticles onto
surfaces. Facile diagnostics for self-assembly procedures have
important roles to play in the transition of this methodology to
a materials and device fabrication technology. The graduation of
self-assembly from a scientiﬁc endeavor to a manufacturing
technology has been assessed as having feasibility but is reported
to be difﬁcult to evaluate due to the lack of experimental
demonstrations of many key underlying concepts.1 The underlying conceptions come from new-knowledge-seeking science for
which the self-assembly literature is replete with many excellent
reviews,2 but the engineering of demonstrations with a sufﬁcient
level of control and replication over the number density and
orientation of molecules and/or nanoparticles on a large scale
along with attendant characterization have yet to be achieved.1
The development of diagnostics that can provide such characterization and that can be adapted to large areal sizes would be
an important step in ﬁelding engineering demonstrations. The
most widely utilized diagnostics for the assembly of nanoparticles in two- and three-dimensional arrays are images from
scanning and transmission electron microscopies (SEM and
TEM)2–9 and proximal probe microscopies (STM and AFM).8–11
While this characterization is excellent for isolated nanoscale
detail, it does not integrate well over large surface areas (e.g. mm2
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or mm2). The development of additional characterization tools
for analysis of self-assembled depositions has been identiﬁed as
a signiﬁcant opportunity for future fundamental research as
well.2h Additional tools used to investigate gold nanoparticle
depositions include electronic absorption spectroscopy,2e,3,5,7,8,9,12
optical reﬂectometry,13 spectroscopic ellipsometry,4,9,11,14 contact
angle goniometry9 and X-ray photoelectron spectroscopy
(XPS).7 Of these, only absorption spectroscopy is capable of
quantifying a surface deposition without being cumbersome,
time-consuming and expensive, but a transparent substrate is
required. The next simplest and most informative technique is
XPS. To characterize a number density of self-assembled nanoparticles on an opaque substrate, a particular element, which is
not a constituent of the substrate or a ubiquitous contaminant
and which has preferably a high sensitivity factor is needed. It is
in this context that we hypothesize that a ﬂuorine atom
substituted into the structure of a few monolayer-forming
molecules might be sufﬁcient to act as a label to quantify the
density of the deposition as detected by the XPS spectrum
without perturbing the chemistry of the monolayer.
The objective of the present work is to design and demonstrate
a ﬂuorine-labeled organic thiol ligand that can be employed to
provide analytical information about its self-assembly and about
the self-assembly of labeled metal nanoclusters onto substrate
surfaces. The future utility of such a diagnostic resides not only in
information about the reproducibility of self-assembled nanostructures on a large scale but also in its use for the development
of self-assembly procedures (e.g. selection of cluster linking
agents and deposition conditions).
In this work a ﬂuorine-labeled thiol ligand is synthesized,
characterized, examined for XPS sensitivity in a diluted selfassembled monolayer and substituted by ligand exchange onto
This journal is ª The Royal Society of Chemistry 2009

View Online

gold nanoclusters. These ﬂuorine-labeled gold nanoclusters are
used to assess the effectiveness of a series of dithiol coupling
agents with different chain structures and chain lengths for selfassembly of the gold nanoclusters onto a gold surface. The result
of this coupling agent experiment is counterintuitive to expectations for the effects of dithiol chain structure and chain length.

Results
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Fluorine-labeled ligand
The structure of the ﬂuorine-labeled thiol ligand consists of
a single ﬂuorine substituent at the end of an oxyethylene chain as
depicted in Fig. 1. This F(CH2CH2O)2CH2CH2SH (1) structure
was selected to mimic an unlabeled methoxy-terminated oxyethylene thiol, CH3(OCH2CH2)3SH (2), which has been used as
a stabilizing ligand for previous gold cluster work involving
synthesis,15 chemical sensors16 and self-assembly.17 The oxyethylene chain structure imparts solubility in both water and
organic solvents for both the ligand and corresponding gold
clusters which makes it a very versatile ligand for self-assembly
operations. Its chain length of 10 atoms (excluding sulfur) is
a good compromise in the thickness for a gold cluster ligand shell
between stability against aggregation and electron transport
between adjacent clusters. The absence of an ionic charge facilitates measurement and interpretation of electrical conductivity
on ensembles of clusters. The ﬂuorine-labeling in effect shortens
the chain by one atom and replaces the methoxy group of 2 with
a ﬂuorine substituent but maintains the linear streamline structure. This does represent a perturbation in chain length and in
polarity of the terminal group. There is no evidence that oxyethylene chains of this length have a tightly packed morphology
in monolayers, thus the chain length effect should be nominal.
The –CH2F group dipole moment (1.81 D) is a little larger than
that of the –CH2OCH3 group (1.30 D),18 so the concentration of

the ﬂuorine-label will contribute a small amount of additional
polarity.
The synthesis of the ﬂuorine-labeled oxyethylene thiol ligand,
1, was conducted by two routes as depicted in Fig. 2. Both routes
start with triethylene glycol, 3, and make use of alcohol-tosylatethiol and alcohol-tosylate-ﬂuoride transformations. The alcoholtosylate-thiol conversion works well with the oxyethylene chain
molecules19–21 while the alcohol-tosylate-ﬂuoride reaction
sequence was adopted from reported successful conversions of
alkyltosylates.22,23 The statistical synthesis route consists of two
steps. It converts the triethylene glycol, 3, to the ditosylate, 4,
which then proceeds through a one-pot two-sequence step using
stoichiometric quantities of tetrabutylammonium ﬂuoride to
displace half of the tosylate groups with the ﬂuoride followed by
addition of thiourea and subsequent hydrolysis of the adduct to
convert the remaining tosylate groups to the thiol. The crude
product is a statistical distribution of the ﬂuorine-terminated
oxyethylene thiol product, 1, and dithiol- and diﬂuoro-terminated oxyethylene byproducts. After chromatography, an
overall 11% yield is obtained although a small amount of the
diﬂuoro-byproduct is difﬁcult to completely separate. The
sequential synthesis route takes advantage of a facile separation
of the monotosylated triethylene glycol, 5, from the triethylene
glycol.20 The tosylate is then displaced with ﬂuorine to yield the
ﬂuorine-terminated triethylene glycol, 6. This intermediate is
tosylated to yield 7 which is then converted via thiourea and
hydrolysis to the ﬂuorine-terminated oxyethylene thiol product,
1. Although four steps as opposed to two are required, the overall
yield is 48%, and there are no symmetrical byproduct contaminants. This product and the intermediates were characterized by
NMR and IR spectroscopies as well as elemental analysis (see
Experimental and ESI†). The 19F NMR spectrum of the ﬂuorine
terminated compounds displays a triplet of triplets at 223 ppm
which is a characteristic signature of the –CH2CH2F substructure,24 and this spectrum readily detects any of the symmetrical
bis(ﬂuoro)-byproduct (from transformation of 4 to 1) by a small
but resolved chemical shift for this symmetrical contaminant.
Fluorine-labeled ligand monolayer – XPS sensitivity

Fig. 1 Structures of ﬂuorine-labeled oxyethylene thiol ligand (1) and
methyl-terminated tri-ethoxyethylene thiol ligand (2) and a representation of the gold cluster labeled with the ﬂuorine-substituted ligand.

To address the question of XPS sensitivity to the ﬂuorine-labeled
ligand in a monolayer assembly an experiment was conducted
where varying quantities of 1 and 2 were co-mixed and selfassembled onto a gold surface. Fig. 3a depicts an XPS survey
spectrum of a monolayer of 1 on a gold substrate. Peaks at
binding energies of 285, 532, 686, 165 and 229 eV correspond to

Fig. 2 Synthetic routes for synthesis of the ﬂuorine-labeled oxyethylene thiol ligand (1).
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Fig. 3 (a) XPS survey spectrum of a self-assembled monolayer of 1 onto
a gold surface. The inset is a high-resolution scan of the Au4s and F1s
region. (b) XPS F1s, O1s, C1s and S2p high-resolution spectra of a selfassembled monolayer of 1 onto a gold surface. The experimental data in
the spectra are represented by dots and the deconvoluted spectra by
continuous lines.

the respective C1s, O1s, F1s, S2p and S2s emissions of the
constituent elements. Fig. 3b presents the high-resolution spectra
of these elements. Integration of high-resolution scans of the C1s,
O1s, S2p and F1s regions yields a sensitivity factor corrected
C:O:S:F area ratio of 6.4:2.6:1.2:1.0 which is consistent with the
corresponding 6:2:1:1 stoichiometric composition ratio of 1. The
C1s in the high-resolution scan displays a distribution of binding
energy peaks at 284.2, 285.8 and 287.2 eV in an intensity ratio
that corresponds to 1 C–S: 4 C–O: 1 C–F bonded carbon atoms
in the structure of 1. This result was obtained by removal of
carbon and oxygen contamination from the gold substrate
surface by argon sputtering immediately prior to deposition of
self-assembled 1. When contamination is present, to obtain
a good stoichiometric XPS analysis requires that the deposited
monolayer displace carbon contamination from the substrate
surface as has been previously deduced or assumed by earlier
workers for analyses of monolayer composition.25 Our efforts to
obtain a good analysis utilizing only the chemical cleaning
procedures described in the Experimental resulted in the
observation of residual C and O contamination remaining on the
Au surface. After self-assembled deposition of 1 on such
1792 | Analyst, 2009, 134, 1790–1801

contaminated surfaces, a signiﬁcant excess of O (a factor up to
2.4) relative to its C:O:S:F composition remained although the
relative compositions of C, S and F were consistent with the
6:2:1:1 stoichiometry.
Also depicted in Fig. 3a are emissions associated with the
binding energies for gold atoms of the substrate. These Au
emissions may be used as a reference to quantify the amount of
ﬂuorine present in the mixed monolayers of 1 and 2. A series of
mixed monolayers were self-assembled onto gold substrates from
chloroform solutions. The percentage of the ﬂuorine-labeled
thiol, 1, mixed with the unlabeled analog, 2, varied from 100–50–
20–10–5–2–1%, and the corresponding F1s emission gradually
disappeared in the noise as the percentage of 1 fell below 10%. A
plot of the F:Au ratio against the mole fraction of 1 in the selfassembly deposition mixture is shown in Fig. 4. Extrapolation to
the x-intercept yields an XPS detection limit of 8 ﬂuorine-labeled
molecules per 100 in the monolayer, which assumes the monolayer composition reﬂects the relative concentrations of ligands
in the solution from which it was deposited. This assumption
seems reasonable based on the similar structure and solubility
characteristics of 1 and 2. Both are low viscosity liquids with
relatively short chain lengths that would have little tendency to
form highly ordered monolayers that might segregate on
a surface. The plot is nonlinear which might reﬂect a kinetic
difference for adsorption and bonding to the gold surface. The
Au4s emission was used as the reference for the F:Au ratio on the
basis of a similarity with the F1s emission intensity, binding
energy – penetration depth and orbital symmetry factor recommended for calculating elemental ratios26 (see inset of Fig 3).
Using the Au4f7/2 emission yields a sensitivity plot with slightly
more curvature but the same detection limit.
The series of mixed monolayers of 1 and 2 described above was
further characterized by water contact angle measurements to
assess differences in wetting (Fig. 5). As the composition varies
from the 100% –CH2F terminated oxyethylene thiol to the 100%
–CH2OCH3 terminated oxyethylene thiol, the contact angle
increases from 67 to 73 . This 6 difference is small and correlates with the dipole moment difference associated with these
structures indicated above. The slightly larger polarity of –CH2F
terminal group in the monolayer is consistent with a modest

Fig. 4 XPS F:Au ratio as a function of monolayer composition of
ﬂuorine-labeled thiol (1) in methoxy-terminated thiol (2).
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Fig. 5 Water contact angle as a function of monolayer composition of
ﬂuorine-labeled thiol (1) in methoxy-terminated thiol (2).

increase in wetting as this group predominates in the mixed
monolayer.

of the displaced ligands. This cluster was characterized by NMR
and IR spectroscopies (see ESI†) for comparison of spectral
features with those of the free ligands). The 1H NMR spectrum
consisted of a broad resonance at 3–4 ppm corresponding to the
oxyethylene protons and a broadened doublet at d ¼ 4.51 ppm
corresponding to the terminal –CH2F group. There is a correspondence in chemical shifts of these broad resonances from the
cluster with the sharp ones from the free thiol ligands as depicted
in the ESI.† The 19F NMR spectrum of the ﬂuorine-labeled
cluster displays a broad resonance at 222.6 ppm which has an
analogous correspondence with that of the free thiol triplet of
triplets at d ¼ 223.30 as is also depicted in the ESI.† An XPS
spectrum of this cluster (see Fig. 6) was obtained from a ﬁlm
deposited on SiO2 by evaporation of a droplet of the cluster in
chloroform solution. The F1s peak was observed at 687 eV, and
the C1s peak was observed at 285 eV with partially resolved
shoulder at 287 eV characteristic of the terminal –CH2F
structure in the labeled thiol. This batch of ﬂuorine-labeled
nanocluster was used in all subsequent experiments involving its
self-assembly onto gold substrates with various dithiols.
Self-assembly of ﬂuorine-labeled gold clusters

Fluorine-labeled gold clusters
The ﬂuorine-labeled gold cluster is depicted in Fig. 1. The
objective in its preparation was to substitute a sufﬁcient number
of ﬂuorine-labeled ligands onto the gold nanocluster such that
they would be detectable in the XPS spectrum but that they have
minimal effect on other properties. Using Fig. 4 as a guide for
XPS sensitivity to ﬂuorine in a mixed monolayer of 1 in 2, a 30%
degree of substitution was targeted for the ﬂuorine-labeling. The
precursor cluster had a 2 nm gold core stabilized by a shell
composed of 2 and was prepared from a hexanethiol stabilized
cluster as previously reported.16 The ﬂuorine-labeled cluster was
prepared in a single-step ligand exchange reaction between the
precursor cluster and free ﬂuorine-labeled thiol 1 as reported in
the Experimental. The degree of substitution was quantiﬁed by
NMR analyses of displaced ligands after treatment with tetraethyl ammonium cyanide and was calculated at 29% from
integration of the –CH2F and –OCH3 terminal group resonances

The following gold nanocluster self-assembly experiment was
designed to use the ﬂuorine-label as a diagnostic for the effectiveness of two series of a,u-dithiols to serve as linking agents
between a gold substrate and the gold cluster stabilized by the
oxyethylene thiol ligand shell. The two series of a,u-dithiols
consist of alkane chains and oxyethylene chains with chain
lengths of 5, 8 and 11 atoms between the thiol functional
groups. These dithiols are depicted in Table 1, and a representation of the self-assembly is illustrated in Fig. 7. There are two
hypotheses to be tested by these series. The ﬁrst concerns the
effect of chain length. A reasonable expectation would be that
dithiols of longer chain length would be more effective in
penetrating a nanocluster ligand shell to displace a monothiol
from the gold core surface while at the same time being bonded
to the gold substrate by the other thiol group. In previous work
on multilayered self-assemblies of gold nanoclusters with alkanedithiols of chain lengths ranging from 6 to 12 methylene
groups this expectation appeared to be consistent with the
longer chain dithiols being more effective in promoting the

Table 1 XPS analysisa of self-assembled ﬂuorine-labeled nanoclusters
Dithiol linking agents
alkane dithiols
HS(CH2)5SH
HS(CH2)8SH
HS(CH2)11SH
oxyethylene dithiols
HS(CH2CH2O)1CH2CH2SH
HS(CH2CH2O)2CH2CH2SH
HS(CH2CH2O)3CH2CH2SH
control experiments
no dithiol in ﬁrst step
monothiol 2 in ﬁrst step
Fig. 6 XPS survey spectrum of a solution evaporated ﬁlm of ﬂuorinelabeled gold clusters supported on a SiO2 surface. The insets are a highresolution scans of the F1s and C1s regions.
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F:Au

F:C

C:Au

0.051
0.037
0.046

0.037
0.032
0.025

1.37
1.14
1.87

0.029
0.030
0.022

0.032
0.031
0.020

0.91
0.97
1.12

0.054
0.005

0.054
0.008

1.00
0.64

a
The precision of the XPS measurements is an estimated 5% and the
ratios are corrected for element sensitivity factors.

Analyst, 2009, 134, 1790–1801 | 1793

Downloaded by Naval Research Laboratory - Washington on 09 November 2010
Published on 10 July 2009 on http://pubs.rsc.org | doi:10.1039/B906510P

View Online

Fig. 7 Representation of the two step procedure for self-assembly of ﬂuorine-labeled gold nanoclusters to a gold surface with dithiol linking agents.

self-assembly.27 The diagnostic in this previous work was an
electrical conductivity increase with increasing numbers of
cluster depositions, and, when the dithiol passed a threshold
chain length, electrical conductivity of the ensemble was no
longer a valid diagnostic of self-assembly efﬁciency. The second
hypothesis addresses the effect of chain structure. In this case
the expectation is that an oxyethylene dithiol in comparison
with an alkanedithiol would have more chemical compatibility
with the oxyethylene thiol ligands of the nanocluster shell. This
would have a more facile diffusion through the ligand shell to
the gold core and thus promote a more effective linking of the
nanocluster to the gold substrate. While not examined here, the
role of the solvent in expanding the hydrodynamic volume of
the ligand shell and promoting diffusion through it could affect
the two systems differently.
For each of the six dithiols the self-assembly procedure as
represented in Fig. 7 involved a two step treatment of a gold
substrate with dithiol and ﬂuorine-labeled cluster solutions.
The freshly cleaned gold substrate was successively immersed
15 min in a 1% solution of dithiol in chloroform then immersed
15 min in a 0.5% solution of the ﬂuorine-labeled clusters in
chloroform. The 15 min immersion times were selected for two
reasons. This deposition condition had been used previously
with success in the preparation of multilayer ﬁlms of clusters,17,27 and a relatively short immersion time is more likely to
discriminate a rapid effective self-assembly process from a slow
one.
These self-assembled preparations were analyzed by XPS for
the F:Au, F:C and C:Au composition ratios as determined from
integration of the F1s, Au4f7/2 and C1s peaks. The results are
presented in Table 1. These ratios correlate with quantity of
clusters deposited on the Au substrate and with the type of
dithiol coupling agent used: the source of the ﬂuorine being the
clusters alone via the labels attached to their shells; the source of
the gold being either the cluster’s core or the substrate; and the
source of the carbon being the thiol ligands of the cluster’s shell
and the dithiol coupling agent used. The F:Au ratios for the
alkane dithiol system are all larger than those for the oxyethylene
dithiol system. The indication is that more of the ﬂuorine-labeled
clusters are bonded to the gold surface by the alkane dithiol
system. This result appears to be independent of chain length in
either system. The C:Au ratios for the alkane dithiol system
1794 | Analyst, 2009, 134, 1790–1801

exceed those for the oxyethylene system. This result is also
consistent with the alkane dithiol system bonding a larger
number of nanoclusters to the gold surface than does the oxyethylene dithiol system although there may be some contribution
from the alkane dithiol coupling agent which is more carbon rich
than the oxyethylene dithiol coupling agent. The F:C ratio does
not reﬂect a signiﬁcant difference between the alkane dithiol and
oxyethylene dithiol systems, but within each system there
appears to be a small diminishing trend with increasing chain
length of the dithiol. For the clusters alone this ratio should be
constant, however, with the dithiol coupling agents present on
the Au substrate surface, their contribution to the F:C ratio has
the effect of diminishing it as the dithiol chain lengthens. This
effect is small as depicted in Table 1.
Overall, within each dithiol system, the composition ratios do
not appear to reﬂect a signiﬁcant or regular dependence on chain
length of the dithiol as reﬂected mainly by the F:Au ratio and to
some extent the C:Au ratio. These results are not what were
anticipated according to the two hypotheses described above. In
seeking additional information, two control experiments were
conducted to assess the effects of nonspeciﬁc adsorption of the
nanoclusters. In the ﬁrst, the dithiol compound was simply
eliminated from the self-assembly procedure, and a direct
observation of non-speciﬁc adsorption of the cluster was made.
The F:Au ratio of 0.054 for this control experiment is signiﬁcant
as it equivalent or greater that the F:Au values for the other
experiments where dithiols were employed. This observation
clearly indicates the presence of active sites in the freshly cleaned
Au substrate that can adsorb the oxyethylene thiol stabilized
cluster without the dithiol serving to make a linkage between
cluster and substrate. Although not often discussed in the
literature, such observations have been made with regard to
both SiO2 and Au surfaces.17d,27 While the nature of such active
sites is not understood, when these sites are passivated, the nonspeciﬁc adsorption is diminished and the nanocluster adsorption
can be attributed to the dithiol. This is demonstrated in the
second control experiment where the oxyethylene monothiol 2 is
used in place of the dithiol in the two-step self-assembly. The
non-speciﬁc adsorption diminishes to one tenth of its initial
value. Thus, the dithiols in Table 1 can similarly passivate the
non-speciﬁc active sites and be responsible for the cluster
adsorption.
This journal is ª The Royal Society of Chemistry 2009
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Self-assembled dithiol molecular packing and surface bonding
The self-assembly results in Table 1 lead to a questioning of the
extent of formation of the monolayer and to the nature of its
morphology when the dithiols are adsorbed on the gold substrate
surface. The self-assembly of a,u-alkanedithiols onto clean gold
surfaces has been studied. With some dependence on chain
length, alkanedithiol monolayers have been reported to bond to
planar gold surfaces with one or both thiol groups and to orient
in an upright, ﬂat or looped positions.28 In the absence of a good
study of a homologous series of alkanedithiol monolayers, the
trend indicated by this literature appears to be: (1) short chain
length dithiols (e.g. hexanedithiol) form well ordered monolayers
where both thiol groups bond to the surface and the chain is
parallel to the surface;28h (2) intermediate chain length dithiols
(e.g. octanedithiol, nonanedithiol) form monolayers where thiol
group bonding and chain orientation are similar to that of the
short chain dithiols28c,d,e,f,l,m and/or where one thiol group bonds
to the surface and the chain is oriented upright to the surface with
the second thiol group projecting outward;28b,g,i,l,m (3) long chain
length dithiols (e.g. dodecanedithiol) in some cases form less
ordered monolayers where the bonding involves both thiol
groups with the chain in a looped conformation28g,j and in other
cases form more ordered monolayer structures with a single thiol
group bonded to the substrate and the chain extending outward.28a The foregoing makes it difﬁcult to assess the availability
of an alkanedithiol’s u-thiol group for linking to a nanocluster
while the a-thiol group is bonded to a planar substrate. Ideally,
the u-thiol group would be at the outer surface of a loosely
packed amorphous monolayer and on a long enough tether so
that diffusion of this u-thiol group through the shell of an
incoming cluster to form a bond with the core would be a facile
process. If both thiol groups are bonded to substrate atoms as
indicated for short chain dithiols above, then the dithiol’s ability
to participate in self-assembly would require that one of the S–
Au bonds have a dynamic nature (rapid dissociation and reformation). As the dithiol chain lengthens to an intermediate size,
the kinetics and thermodynamics are less favorable toward loop
formation with the substrate surface, and the dithiol monolayer
might be envisioned as an amorphous mixture of looped and
tethered molecules loosely packed on the surface. An interesting
morphology has been proposed from AFM images for the 1,8octanedithiol on Au system where isolated protrusions of single
thiolate attached ‘‘standing molecules’’ are interspersed in a ﬁlm
of predominantly ‘‘lying down molecules’’ with both thiolate
groups bonded to the Au surface.28m Such a coupling agent
morphology could be consistent with a subsequent deposition of
low density of cluster. Graduating from intermediate to long
dithiol chain lengths, lateral interactions between adjacent chains
in a self-assembled monolayer deposition become signiﬁcantly
stronger, and a dense packing of extended chains with the 30 tilt
angle from a surface normal characteristic of a monofunctional
alkanethiol can result. The transition from an amorphous loosely
packed monolayer to a densely packed extended chain
morphology at a threshold chain length of 10 or greater methylene groups is classic behavior for monofunctional alkanethiols
and is attributable to the van der Waals lateral interactions
This journal is ª The Royal Society of Chemistry 2009

between the long methylene chains to promote the densely
packed crystalline morphology.29 Some reports of insertion of
a,u-alkanedithiols into pre-formed self-assembled monolayers
of monofunctional alkanethiols claim that the dithiol is bonded
to the gold surface in an upright orientation with a free thiol
group extending outward.30 The claim is supported primarily by
STM and AFM images and does not quantitatively address the
degree of dithiol-monothiol exchange or large areas of the
substrate.
With regard to oxyethylene dithiols, comparable work
characterizing their self-assembled monolayer formation and
its morphology has not been reported. However, signiﬁcant
work has been reported for oxyethylene monothiols31 and for
alkane thiols terminated with short32 and long33 oxyethylene
chains. For self-assembled monolayers in the oxyethylene thiol
series, HS(CH2CH2O)nCH3, n ¼ 3, 4, 5, 6, a transition occurs
from a disordered amorphous morphology to an ordered
morphology of oxyethylene chains in helical conformations at
chain lengths of n $ 5.31 For oxyethylene chains as a terminal
segment on an alkanethiol in a self-assembled monolayer, the
shorter oxyethylene chain lengths tend to be amorphous or
liquid-like although a crystalline packing can be achieved if
the alkane chain part of the molecule is long enough to form
a close packed crystalline base that can induce order into the
oxyethylene segments in the terminal groups.2h,32 The oxyethylene chain itself is more ﬂexible than an alkane chain and
much less likely to crystallize. As such, the oxyethylene
dithiols with a lower tendency toward crystalline packing
could have a greater tendency to orient in a horizontal or
looped position on the Au substrate. This might explain their
lower effectiveness to form linkages between the substrate and
clusters in solution as reﬂected by the comparative F:Au
ratios in Table 1.
In considering the oxyethylene- and alkanedithiol selfassembled depositions alone on a gold surface, the XPS
measurements of the C:Au ratios for the six dithiols (Table 2)
appear to offer some insight. With the exception of the
HS(CH2)11SH deposition, the value of this ratio is very similar
for the three oxyethylene dithiols and other two alkane dithiols.
The C:Au ratio of 1.21 for the undecanedithiol is twice that of
the other dithiols and initially appeared to be anomalous.
However, with respect to the alkanethiol and a,u-alkanedithiol
systems discussed above, their chain length passes that

Table 2 XPS analysisa of C:Au ratio for dithiol self-assembled depositions
Dithiol linking agents
alkane dithiols
HS(CH2)5SH
HS(CH2)8SH
HS(CH2)11SH
oxyethylene dithiols
HS(CH2CH2O)1CH2CH2SH
HS(CH2CH2O)2CH2CH2SH
HS(CH2CH2O)3CH2CH2SH

C:Au

0.60
0.59
1.21
0.59
0.63
0.68

a
The precision of the XPS measurements is an estimated 5% and the
ratio corrected for element sensitivity factors.
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threshold of 10 or more methylene groups where lateral interactions between adjacent alkanedithiols stabilize a closely
packed monolayer, and at that threshold or longer the
constituent molecules start to assume an extended chain
conformation with one free thiol group oriented away from the
surface. To interpret the data in Table 2 we speculate that the
ﬁve dithiol depositions with the C:Au ratio in the 0.60 to 0.70
range are loosely packed with chains more parallel to the
substrate surface while, the undecanedithiol deposition is more
densely packed with a larger fraction of molecules in a more
efﬁciently packed conformation (e.g. partial chain extension or
conically shaped coil) and more oriented away from the
substrate surface.
A more in-depth comparative analysis of the molecular
packing density and thiol bonding was conducted on selfassembled depositions of ﬂuorine-labeled monothiol 1, and the
11-atom chain length oxyethylene- and alkanedithiols. This
involved preparation of self-assembled samples of these thiol
compounds on gold substrates that were treated with argon
sputtering to remove carbon and oxygen contamination as
described above and obtaining high resolution XPS S2p
spectra (see Fig. 8). Previous XPS studies of alkanethiols on
gold have shown that the S2p region consists of a doublet
assigned to the S2p3/2 and S2p1/2 peaks separated by 1.2 eV
with a 2:1 area ratio.34 When the sulfur is bonded as a thiolate
to gold, the S2p3/2 binding energy is at 162 eV, and, when the
sulfur is present as a free thiol, the S2p3/2 binding energy is at
164 eV.34 The spectra in Fig. 8 were analyzed using this
doublet spectral shape and 2:1 area ratio to obtain an optimized ﬁt for each of the three thiol compounds. The vertical
dashed lines represent binding energy where the maximum
occurred for the S2p3/2 peaks of the dithiol spectra. The areas
of the S2p peaks are entered in Table 3, as is the area ratio of
gold-bonded sulfur to free thiol (S2p(Au):S2p(H)). These ratios
(7.4:1 for the oxyethylenedithiol and 4.8:1 for the alkanedithiol) indicate most of the sulfur of both dithiols in these
self-assembled depositions is bonded to the gold surface
although the number of free thiol groups is larger for the
undecanedithiol. In the literature there are examples of
measurement of these S2p(Au) and S2p(H) XPS peaks for
determination of Au-bound and free thiol groups in selfassembled depositions.28b,d,g,k While not quantiﬁed into a ratio,
three different studies28b,g,k of octanedithiol report very
different results. Clearly, this characterization is dependent on
deposition time, dithiol concentration, solvent used, substrate
morphology and surface preparation treatment, etc.
In addition to assessing the relative amount of unbound thiol
groups in a self-assembled dithiol deposition, the molecular
packing or surface density of the dithiol on the gold surface is
also an important factor in understanding the use of a dithiol as
a coupling agent. Included in Table 3 are integrated areas of the
Au4f7/2 substrate peak in the XPS spectrum and the S2p/
Au4f7/2 area ratio. This S2p/Au4f7/2 area ratio has been used
to characterize the packing density of alkanethiol compounds
self-assembled on gold35,36 and appears to be applicable here.
The thickness of a self-assembled deposition and variations in
elemental composition have attenuating effects on the Au peak
intensity and need to be taken into account for determination of
absolute numbers.37 This attenuation of the Au peak intensity is
1796 | Analyst, 2009, 134, 1790–1801

Fig. 8 High resolution XPS S2p spectra of self-assembled depositions of
the
ﬂuorine
labeled
oxyethylene
thiol
1,
and
the
HS(CH2CH2O)3CH2CH2SH and HS(CH2)11SH dithiols. The spectra
were deconvoluted by ﬁtting the S2p doublets with a spin–orbit splitting
of 1.2 eV and a 2:1 area ratio. In the case of the dithiols, the ﬁt was
conducted with two S2p doublets to obtain values for the relative
quantity of Au-bound and free thiol. The raw XPS data (dots) have been
deconvoluted to represent the S2p3/2 and S2p1/2 peaks (dashed lines)
using a mix of Gaussian and Lorenzian line shapes and ﬁt to a composite
spectrum (solid line). The deconvoluted spectra of the individual S2p
peaks are offset below the experimental baseline for clarity. Binding
energies for the Au-bound S2p3/2 and unbound S2p1/2 peaks are161.9
eV and 164.2 eV respectively.
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Table 3 XPS analysisa of the S2p peak intensity and deconvolution for the ﬂuorine-labeled thiol 1 and the 11 atom length oxyethylene and alkane
dithiols self-assembled ﬁlms
S2p(Au)
self-assemble ﬁlms (thiol precursor)

161.9 eV
(counts$eV)

163.1 eV
(counts$eV)

164.2 eV
(counts$eV)

165.4 eV
(counts$eV)

S2p(Au):S2p(H)
ratio

Au4f7/2 83.8eV
(counts$eV)

S2p/Au4f7/2
ratio

HS(CH2CH2O)2CH2CH2F
HS(CH2CH2O)3CH2CH2SH
HS(CH2)11SH

478
545
739

255
272
369

—
74
152

—
37
76

—
7.4
4.8

61096
74838
55666

0.0120
0.0124
0.0240

a
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S2p(H)

These measurements are an average of data taken from three different spots on the substrate and are not corrected for element sensitivity factors.

evident in Table 3 and is consistent with the undecanedithiol
being the most densely packed or thickest deposition.
Combined with a more intense S2p peak, the S2p/Au4f7/2 ratio
is signiﬁcantly larger for the undecanedithiol. Quantitatively,
this ratio is a factor of two larger than that for the comparable
oxyethylenedithiol (Table 3). Thus, the undecanedithiol, in
addition to having a larger fraction of free thiol groups available for bonding to gold nanoparticles, also appears to have
a higher packing density. This higher packing density correlates
with a smaller conformation size for the undecanedithiol
compared with that for an oxyethylenedithiol chain structure.38
In a solvent such as chloroform where attractive interactions
with the oxyethylene structure would be stronger those with the
alkane chain, there would be an expectation of a larger
hydrodynamic volume for an oxyethylene chain of sufﬁcient
length to coil. In the self-assembly process this larger volume
would leave a less densely packed monomolecular layer after
solvent evaporation.

Conclusion
Fluorine-labeling at the u-position of an oligo-oxyethylene
thiol ligand is a potentially useful diagnostic for the tracking of
this thiol and of a metal nanocluster functionalized with
this taggant in self-assembly operations. Synthesis of this
ﬂuorine-labeled ligand is readily accomplished using alcoholtosylate-ﬂuoride and alcohol-tosylate-thiol terminal group
transformations. This molecule has very similar self-assembly
properties to those of the non-labeled analogs and readily forms
mixed monolayers. The sensitivity limit, when using XPS as the
analytical diagnostic, requires incorporation of the ﬂuorinelabeled molecule into the self-assembled entity at a degree of
substitution of not less than 10% relative to the non-labeled
molecular analogs.
With regard to using alkane- and oxyethylenedithiols as selfassembled depositions for coupling gold nanoparticles to gold
substrates under the self-assembly conditions reported here, the
alkanedithiols are more effective coupling agents irrespective of
dithiol chain length. The alkanedithiol’s higher packing density
on the gold surface and their greater fraction of free thiol groups
within the self-assembled deposition result in larger quantities of
gold nanoparticles being self-assembled to the substrate. Of
particular note is a two-fold greater dithiol packing density for
the eleven atom alkanedithiol versus the oxyethylene dithiol
analog.
This journal is ª The Royal Society of Chemistry 2009

Experimental
Materials
The following reagents were obtained from Aldrich: triethylene
glycol (3), tetraethylene glycol, 1,5-pentanedithiol (8), 1,8-octanedithiol (9), 1,11-dibromoundecane, 2-mercaptoethyl ether
(11), p-toluenesulfonyl chloride, tetrabutylammonium ﬂuoride,
1.0 M THF (TBAF), sodium hydroxide, thiourea, magnesium
sulfate, sodium chloride, sodium sulfate and lithium aluminum
hydride, tetraethyl ammonium cyanide. 3,6,9-trioxodecane-1thiol (2), 1,8-bis(tosyloxy)-3,6-dioxooctane (4) and 3,6-dioxooctane-1,8-dithiol (12) were prepared as reported in ref. 19.
Solvents were obtained from Fisher Scientiﬁc and used as
received unless otherwise speciﬁed.
Synthesis of 1-ﬂuoro-3,6-dioxooctan-1-thiol (1)
a-Fluoro-u-tosyl triethylene glycol, 7, (6.323 g, 20.64 mmol),
thiourea (1.590 g, 20.89 mmol), ethanol (12.5 mL) and water
(0.938 g) were added to a 50 mL round bottom ﬂask ﬁtted with
a condenser, nitrogen inlet and stirring bar. The mixture was
reﬂuxed for 3 hr under nitrogen. A solution of NaOH (1.131 g,
28.27 mmol) in water (16.3 g) was added and the reﬂux continued
for 4 hr. The reaction was worked up by concentrating at reduced
pressure to a 20 mL volume to remove the ethanol, adding 5 mL
water followed by dropwise addition of conc. HCl until mixture
just becomes acidic. The mixture is extracted 2 with 25 ml
methylene chloride, extracts are combined, dried over Na2SO4,
ﬁltered, concentrated at reduced pressure (50  C/20 mm) and
vacuum dried (23  C/<1 mm) to yield 3.751 g of a light amber
liquid crude product. The product was vacuum distilled (107–108

C/7 mm) to yield a colorless liquid product (3.288 g, 95%). Anal.
Calcd for C6H13O2SF: C, 42.84; H, 7.79; S, 19.06; F, 11.29.
Found: C, 42.81; H, 8.00; S, 19.13; F, 11.13. IR (neat): nmax/cm1
2869, 2555, 1457, 1351, 1294, 1237, 1114, 1045, 935, 874 cm1.
dH(300 MHz; CDCl3; Me4Si) 1.53 (t, 3JHH ¼ 8 Hz, 1H), 2.65 (q,
2H), 3.5–3.8 (m, 8H), 4.52 (d 2JHF ¼ 46 Hz of t 3JHH ¼ 4 Hz, 2H).
dC(75 MHz; CDCl3; Me4Si) 24.16, 70.15, 70.22, 70.64, 72.82,
83.07. dF(282 MHz; CDCl3; CFCl3) 223.30 (t 2JFH ¼ 48 Hz of
t 3JFH ¼ 31 Hz).
Synthesis of 8-tosyloxy-3,6-dioxooctan-1-ol (5)
This compound was prepared by a slight modiﬁcation of the
procedure of Kuijpers.20 Brieﬂy, p-toluenesulfonyl chloride (7.50
g, 40.0 mmol) was added to a solution of triethylene glycol (60.0 g,
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40.0 mmol) in pyridine (6.5 mL) and dichloromethane (400 mL)
and under nitrogen. After stirring for 18 hr at room temperature,
the solvent was concentrated under reduced pressure. The residue
was dissolved in ethyl acetate (200 mL) and washed with aq. NaCl
solution (3  200 mL). The aq. extract was back extracted with
ethyl acetate (2  100 mL), and the combined ethyl acetate phases
were dried over MgSO4. After ﬁltering and evaporating to dryness
the product was puriﬁed on a silica column to yield a clear oil
(9.30 g, 75%). IR (neat): nmax/cm1 3421, 2886, 1594, 1358, 1169,
664. dH(300 MHz; CDCl3; Me4Si) 7.82 (d, 3JHH ¼ 8.1 Hz, 2H),
7.36 (d, 3JHH ¼ 8.1 Hz, 2H), 7.19 (t, 3JHH ¼ 3.6 Hz, 2H), 3.59–3.78
(m, 10H), 2.47 (s, 3H). dC(75 MHz; CDCl3; Me4Si) 144.86,
132.93, 129.82, 127.96, 72.48, 70.77, 70.34, 69.13, 68.70, 61.74,
21.62.
Synthesis of 1-ﬂuoro-3,6-dioxooctan-1-ol (6)
A 3-neck 100 mL reaction ﬂask was ﬁtted with a dropping funnel,
thermometer, stirring bar and nitrogen inlet and purged with dry
nitrogen. The triethylene glycol monotosylate, 5, (10.016 g, 32.9
mmol) was weighed into the reaction ﬂask followed by pipette
addition of dry THF (31.0 mL). After dissolution, TBAF
(37. 0 mL 1.0 M/THF, 37.0 mmol) was transferred to the dropping funnel and added dropwise to the stirred reaction mixture.
The reaction was stirred at 22  C for 11 hr under N2 and
developed a dark brown coloration. The reaction was worked up
by rotary evaporator concentration (50  C/20 mm) to remove
THF then vacuum distilled (105–115  C/5 mm) to collect 3.58 g
of an amber liquid. This crude product was redistilled (114–116

C/4 mm) to yield 3.327 g (67% yield) of product as a colorless
liquid. IR (neat): nmax/cm1 3450, 2885, 1358, 1014 cm1. dH(300
MHz; CDCl3; Me4Si) 2.95 (s, 1H), 3.5–3.8 (m, 10H), 4.52 (d 2JHF
¼ 51 Hz of t 3JHH ¼ 4 Hz, 2H). dC(75 MHz; CDCl3; Me4Si)
61.54, 70.19, 70.38, 70.66, 72.45, 82.95. dF(282 MHz; CDCl3;
CFCl3) 223.33 (t 2JFH ¼ 48 Hz of t 3JFH ¼ 31 Hz). CI MS: m/z
153 (MH+).
Synthesis of 1-ﬂuoro-8-tosyloxy-3,6-dioxooctane (7)
To a 3-neck 50 mL reaction ﬂask was ﬁtted with a dropping
funnel, thermometer, stirring bar and nitrogen inlet were added
a solution of a-ﬂuoro-u-hydroxy triethylene glycol, 6, (3.681 g,
24.2 mmol) in THF (7.4 mL) followed by a solution of NaOH
(1.386 g, 34.6 mmol) in water (7.4 mL). The stirred reaction
mixture was cooled to 5  C. A solution of p-toluenesulfonyl
chloride (4.603 g, 24.1 mmol) in dry THF (7.4 mL) was transferred to the dropping funnel and added dropwise under N2 with
rapid stirring and maintaining 5–8  C over a 10 min period. The
reaction continued for 4.5 hr at 5  C and for an additional 1.5 hr
as it warmed to room temperature. The two-phase reaction
mixture was transferred to a sep funnel with addition of 10 mL
diethyl ether, ether phase separated and aqueous phase extracted
3 with 10 mL quantities of ether. The combined ether extracts
were back extracted with 10 mL quantities of water until neutral
(pH paper) – 4 extractions needed. The ether phase was dried
over anh Na2SO4, ﬁltered, concentrated to dryness and vacuum
dried (23  C/<1 mm/12 hr) to yield a clear liquid (6.232 g, 85.3%).
IR (neat): nmax/cm1 2885, 1595, 1358, 1169, 1014, 640. dH(300
MHz; CDCl3; Me4Si) 2.40 (s, 3H), 3.5–3.8 (m, 8H), 4.12 (t 3JHH
1798 | Analyst, 2009, 134, 1790–1801

¼ 5 Hz, 2H), 4.51 (d 2JHF ¼ 51 Hz of t 3JHH ¼ 4 Hz, 2H), 7.32 (d,
2H), 7.78 (d, 2H). dC(75 MHz; CDCl3; Me4Si) 21.64, 68.72,
69.26, 70.57, 70.72, 70.76, 83.12, 127.97, 129.84, 132.92, 144.86.
dF(282 MHz; CDCl3; CFCl3) 223.37 (t 2JFH ¼ 51 Hz of t 3JFH ¼
31 Hz).
Synthesis of 1,11-undecanedithiol (10)
This compound was prepared from the corresponding dibromide
using a general procedure for conversion of an alkyl bromide to
thiol via a thiourea adduct39 adapted to a,u-dibromoalkanes.27
To a 50 mL reaction ﬂask ﬁtted with a condenser, nitrogen inlet
and stirring bar were added 1,11-dibromoundecane (3.03 g, 9.65
mmol), thiourea (1.45 g, 19.04 mmol), ethanol (7 mL) and water
(0.4 mL). After purging with nitrogen for several minutes, the
mixture was reﬂuxed for 3 hr after which a solution of NaOH
(1.05 g, 26.2 mmol) in water (9.0 mL) was added and the reﬂux
continued for 3 additional hr. On cooling a small quantity of oil
formed and was separated. The aqueous phase was concentrated,
neutralized by dropwise addition of conc. HCl and extracted 2
with methylene chloride. The extracts were combined with the
oil, back extracted 2 with water, dried over MgSO4, ﬁltered and
evaporated to dryness and vacuum dried (20  C/1 mm) to yield
a clear liquid (0.9786 g, 47%). mp 4  C (lit. 5.4 C40). nD22
1.4933 (lit. 1.493140). IR (neat): nmax/cm1 2929, 2848, 2554, 1460,
1273, 724. dH(300 MHz; CDCl3; Me4Si) 1.2–1.4 (br, 8H; includes
S–H triplet at 1.28), 1.56 (p, 2H), 2.47 (q, 2H). dC(75 MHz;
CDCl3; Me4Si) 24.6, 28.3, 29.0, 29.4, 34.0.
Synthesis of 3,6,9-trioxooctane-1,11-dithiol (13)
This compound was prepared from tetraethylene glycol by
a procedure analogous to that for the preparation of 12.19 Brieﬂy,
the ditosylate of tetraethylene glycol intermediate was prepared
by reacting a mixture of tetraethylene glycol (1.8590 g, 9.57
mmol) in THF (5 mL) and NaOH (1.1790 g, 29.5 mmol) in water
(5 mL) with a solution of p-toluenesulfonyl chloride (3.6489 g,
19.1 mmol) in dry THF (5 mL) affording a crystalline product
(3.8516 g, 80%). This intermediate (3.8516, 7.66 mmol) was then
reacted with thiourea (1.1650 g, 15.3 mmol) in ethanol (10 mL)
solution followed by addition of NaOH (0.7790 g, 19.5 mmol) in
water (2 mL). The crude product was distilled (115  C/1 mm) to
yield the trioxyethylene dithiol product (0.8448 g, 40%). IR
(neat): nmax/cm1 2866, 2556, 1103 cm1. dH(300 MHz; CDCl3;
Me4Si) 1.60 (t, 1H), 2.71 (q, 2H), 3.67 (m, 6H). dC(75 MHz;
CDCl3; Me4Si) 24.2, 70.2, 70.5, 72.8.
Preparation of self-assembled mixed monolayer of 1 and 2 on
gold
Substrates consisted of gold (500 Å) and chromium (50 Å) layers
evaporated onto a silicon wafer which were cut into pieces of
approximately 4 mm width by 20 mm length. These substrates
were cleaned immediately before immersion in the self-assembly
solution. The cleaning procedure consisted of successive 2 min
immersions of the substrate in methylene chloride and 2-propanol followed by a UV-ozone treatment (Samco International,
Inc., Model UV-1 UV-Ozone stripper/cleaner) of 12 min at
150  C with a 0.50 L/min O2 ﬂow rate. The self-assembly of 1 and
mixtures of 1 and 2 was conducted by immersion of the substrate
This journal is ª The Royal Society of Chemistry 2009
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into a chloroform (HPLC grade) solution with a total thiol
concentration of 10.0 mg thiol/g CHCl3 solution and with the
relative quantities of 1 and 2 varied for each particular monolayer preparation. The mole fraction of 1 in 2 was varied in the
following series 1.00, 0.50, 0.20, 0.10, 0.05, 0.02, 0.01 of
decreasing concentrations. The immersion times were 15 min
after which substrates were rinsed in by two successive immersions in CHCl3, then dried and stored in a desiccator. XPS
analyses were conducted on the same day of preparation.

were treated by successive 2 min immersions in CH2Cl2 and
2-propanol followed by a UV-ozone treatment (Samco International, Inc., Model UV-1 UV-Ozone stripper/cleaner) of 12 min
at 150  C with a 0.50 L/min O2 ﬂow rate. They were then
transferred to the XPS vacuum chamber and sputtered with
argon until the carbon and oxygen contamination was no longer
visible in the XPS. The cleaned substrates were removed from the
vacuum chamber and immediately with minimal atmospheric
exposure immersed in 10 mM solutions of the thiol compound in
ethanol for 16 hr.
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Preparation of ﬂuorine-labeled gold clusters
The ﬂuorine-labeled Au nanoclusters were prepared by a ligand
substitution reaction where a precursor gold cluster having
a 2 nm core and an oxyethylene thiol shell composed of 216
undergoes a partial exchange of its unlabeled thiol ligands with
the ﬂuorine-labeled free thiol ligand 1. To a 25 mL roundbottomed ﬂask ﬁtted with a N2 inlet and a stirring bar, the
oxyethylene precursor gold nanocluster (54.1 mg; corresponds to
0.07 mmol of –S(CH2CH2O)3CH3 surface ligand) was dissolved in 5 mL CH2Cl2 followed by addition of 1 (9.8 mg; 0.06
mmol). This solution was stirred under N2 for 15 h at 20  C. The
reaction was worked up by concentrating at reduced pressure to
1 mL, precipitating by dropwise addition into 50 mL of stirred
heptane and collecting by centrifugation (3000 rpm; 5 min). A
second precipitation was conducted by redissolving the product
in 1 mL of CH2Cl2, reprecipitating into 50 mL of heptane and
collecting by centrifugation followed by vacuum drying to yield
42.1 mg of product. IR (neat): nmax/cm1) 2869, 1451, 1351, 1104,
1044, 874. dH(300 MHz; CDCl3; Me4Si) 3.38 (br), 3.66 (br), 4.55
(br d). dF(282 MHz; CDCl3; CFCl3) 222.6 (br). See ESI† for
depiction of spectra.
Quantiﬁcation of gold cluster ligand substitution
The composition of 1 and 2 in the cluster ligand shell was
determined from NMR analyses of displaced ligands after
a cyanide ion induced decomposition reaction in a procedure
modiﬁed from one reported earlier.41 In a 20 mL vial equipped
with a stir bar, ﬂuorine-labeled gold cluster product (18.4 mg;
corresponds to 0.02 mmol of surface ligand) was dissolved in
approximately 5 mL of CH2Cl2 to form a deep red solution. The
Et4NCN (40.0 mg; 0.26 mmol) was dissolved in approximately 5
mL of CH2Cl2 and added to the vial, and the solution stirred at
room temperature for 60 h. At this point the color had changed
to a clear, golden yellow. The solution was concentrated to
1mL and added dropwise to 60 mL of heptane producing
a colorless supernatant and several drops of insoluble orange oil.
The heptane was decanted and evaporated to yield a small
quantity of colorless oil. 1H NMR of this heptane soluble fraction was consistent with a mixture of CH3(OCH2CH2)3S– and
F(CH2CH2O)2(CH2)2S– moieties. A nanocluster encapsulating
shell composition of 29% 1 and 71% CH3(OCH2CH2)3S– was
calculated from integration of the –CH3 and –CH2F resonances.
Preparation of self-assembled thiol compounds for XPS analysis
Substrates consisted of gold (500 Å) and chromium (50 Å) layers
evaporated onto a silicon wafer which were cut into pieces of
approximately 4 mm width by 20 mm length. These substrates
This journal is ª The Royal Society of Chemistry 2009

Instrumentation and analyses
NMR (1H, 13C, and 19F) spectra were recorded on a Bruker
Advance 300 NMR system operating at 300, 75.5, and 282
MHz, respectively. Spectra were referenced to TMS using the
residual proton or carbon signal of CDCl3 at d 7.23 or 77.0
ppm, respectively, while 19F NMR spectra were referenced to
CFCl3 internal standard at d 0.0 ppm. FTIR spectra were
recorded on a Nicolet Magna 750 FTIR spectrometer from thin
ﬁlm samples on a NaCl window. The 4  C melting point of 10
was determined from the onset of a melting exotherm of
a Differential Scanning Calorimetry thermogram recorded on
a Du Pont Instruments TA 2100 and DSC 910. The refractive
index of 10 was determined with a Bausch & Lomb ABBE-3L
refractometer at the sodium D line (l ¼ 589 nm). Elemental
analyses were performed by Schwarzkopf Microanalytical
Laboratory.
Contact angle measurements were made using an ASC Products 2500 video contact angle system and software, from AST
Products, Inc. VCA Version 1.90.0.9 which calculates the contact
angle from 5 points on the image of the drop proﬁle. A 1 mm
diameter droplet of triple distilled water was deposited onto
a self-assembled monolayer coated substrate via syringe. The
image was captured 10 sec after deposition and contact angle
determined using the vendor software. Measurements on each
sample were made in triplicate and error bar determined from the
standard deviation.
XPS spectra were obtained with a monochromatic Al Ka
X-ray source operating at 150 W with a spot size of 500 mm.
This large spot size was selected to avoid effect of microscopic
inhomogeneities on the composition measurement of the selfassembled ﬁlms. The precision of the XPS measurements is an
estimated 5%. The silicon wafer substrate samples were
neutralized to the chamber ground potential through the use of
Cu–Be clips of the sample holder. Pass energies were 100 eV for
the survey scans, 46 eV for the F:Au composition of mixed
monolayers and ﬂuorine-labeled nanoclusters (Figs. 3a, 4, 6 and
Table 1) and for the C:Au composition self-assembled dithiols
(Table 2), and 20 eV for the high-resolution scans (Figs. 3b, 8,
and Table 3). All spectra were collected at a takeoff angle of
90 . The binding energies were referenced to Au4f7/2 peak (84.0
eV). Samples were analyzed on the same day as their preparation. This is an important procedural point as illustrated using
the octanedithiol for self-assembly with the ﬂuorine-labeled
gold clusters. Storage of the same samples under ambient
conditions for eight days resulted F:Au, F:C and C:Au ratios of
0.029, 0.024 and 1.20 respectively which compare with
0.037, 0.032 and 1.14 (See Table 1) while the octanedithiol
Analyst, 2009, 134, 1790–1801 | 1799
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self-assembly alone after eight days storage maintained an C:Au
ratio of 0.59 unchanged from the value measured on the same
day of preparation (See Table 2). For the XPS S2p analyses
standard curve ﬁtting software (PHI Multipak) employing
a combination Gaussian and Lorenzian proﬁles was used to
obtain a best ﬁt. The model for ﬁtting employs constraints of
the S2p doublet having a 2:1 S2p3/2:S2p1/2 area ratio and a 1.2
eV splitting. The binding energy maxima of the S2p3/2 peak of
these doublets occurs at 161.9 and 164.2 eV for the respective
gold-thiolate and unbound thiol sulfur emissions as ﬁrst
described by Castner.34
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