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ABSTRACT

We find that hydrogen is formed (slowly) in the reaction of “naked gold” with thiols in toluene, thereby
establishing the fate of a significant fraction of the thiol H when thiols react with gold nanoparticles to
yield monolayer-protected clusters. The far-infrared spectra of 2-nm alkane-thiolate-capped Au nano-
particles have been determined in order to probe the binding of alkanethiols (pentane, hexane, decane,
dodecane, hexadecane, and octadecane) to the particle surface. Bands due to the Au-S stretch were
observed in the range 170-270 cm™!, with most samples exhibiting two bands in this region. The Au-
S stretch frequencies observed here are similar to those found from HREELS of alkanethiol SAMs on
Au(111) (J. Phys. Chem. B 106 (2002) 9655) and are consistent with recent descriptions of the surface

Keywords:

Gold nanoparticles
Capping mode

Far IR

Thiol hydrogen

as being stabilized by Au(I)-bridged thiolate “staples” (Science 318 (2007) 407).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembled monolayers (SAMs) of thiols on gold and other
metals are widely used to tailor the surfaces of crystals/electrodes
and nanoparticles under a wide range of synthetic conditions [1,2].
Gold nanoparticles capped with alkanethiols have been studied
extensively [3,4]. There is now general agreement [3] that this cap-
ping material is bound as “thiolate” R-S, although instances are
known in which some of the coordination sites are occupied by
thiol R-SH [5]. For a 2-nm nanoparticle an Au-S bond length of
2.31 A has been inferred from X-ray absorption fine structure spec-
troscopy (EXAFS) studies [6]. A combined EXAFS/transmission
electron microscopy (TEM) study indicates thiolate-binding to a
threefold site and an Au-S distance of 2.31 A, with ca. two-thirds
of the surface Au atoms bound to RS [7]. However, much confusion
has remained as to the nature of the metal-thiolate bond and the
nature of the thiol adsorption process in both two-dimensional
(SAM) and three-dimensional (nanoparticle assemblies). Denoting
the Au SAM or nanoparticle as Au,(Au-S-R),, where the Au, are in
the bulk or core and Au,, are on the surface, an oxidative adsorp-
tion mechanism (e.g. Eq. (1))

AUy, +m RSH — Au,(Au—S—R),, + mH" 4 me~ (1)
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has been invoked for spontaneous self-assembly [8,9] and for the
electrochemically assisted formation of thiol SAMs on Au [10,11]
and Pt [12]. (For the former case dioxygen or adventitious impuri-
ties serve as oxidant; for the latter, the oxidation is electrochemi-
cal). In addition there is evidence for

Au,.m +m RSH — Au,(Au—S—R),, + m/2 H, (2)

conversion of thiol H to dihydrogen [1,2]. On the other hand, in
HREELS studies of methanethiol on Au(11 1), the SH stretch was de-
tected, indicating binding of thiol, not thiolate [13]. In temperature-
programmed-desorption studies of alkanethiols on Au(111) H, was
found to desorb below the desorption temperature of the parent
thiol for octanethiol (at 280 K), but not for lower thiols [14]. In
2002 Hasan et al. detected bound S-H by proton NMR on 2-5-nm
particles and provided the first direct evidence for this bonding
mode on nanoparticles [5]. The approach used exploited “place-ex-
change” of thioether ligands, which, unlike thiols, provide no suit-
able site for the H of the incoming thiol.

What has remained unclear is whether in the preparation of
SAMs or monolayer-protected clusters, the thiol H is lost as H',
as H" + e~ by reaction with O,, or as Hj. For self-assembled mono-
layers, the amount of material - and hydrogen gas that would be
evolved - are very small, complicating any determination of the
amount of hydrogen produced. In contrast, the availability of
high-surface-area nanoparticles in mg-g quantities provides an
opportunity for a conventional analytical approach to hydrogen
determination. For example, for “naked gold” particles stabilized
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Fig. 1. R-S-Au-S-R “staple” adapted from Ref. [23].
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by tetraoctylammonium bromide (TOAB), the fraction of Au atoms
on the surface ranges from 25% (5 nm particles of 3800 total with
950 atoms on the surface) to 60% (2-nm particles of 300 total Au
atoms with 180 on the surface). In the present work, we report
determination of H, from the reaction of “naked gold” nanoparti-
cles with octadecanethiol and 4-methylthiophenol by gas chroma-
tography under reaction conditions similar to those of the Brust
et al. [15] synthesis, except that no aqueous phase containing so-
dium borohydride is present.

In the second part of this study we use far-infrared spectros-
copy to probe the binding of thiolate to the surface of 2-nm Au
nanoparticles. Though many studies have examined the properties
of the hydrocarbon portion of the capping material and the self-
assembly of the nanoparticles, the Au-S bond itself has received
less attention. Previous IR and Raman studies [16-18] of gold
nanoparticles and self-assembled monolayers focused on the
structural defects of the alkanethiol chain seen in the mid-IR range
and not the sulfur binding. Characterization of the Au-S bond by
far-IR spectroscopy offers the possibility of elucidating the nature
of surface interaction with this ligand and of also probing the nat-
ure of the surface of the nanoparticle itself, since information on
the environment of the surface gold atoms can be extracted. Such
an examination is particularly relevant in the context of recent
structural studies that have led to revision of the description of
these surfaces. Thus, a model of the clusters and SAMs as a metallic
gold core encapsulated by a gold thiolate oligomers —-SR-Au-SR- or
-SR-AuSR-Au-SR) is emerging [19]. Recent studies of octanethiol
[20] and benzenethiol [21] bonding to Au(111), probed by scan-
ning tunneling spectroscopy (STM), implicate PhS-Au-SPh com-
plexes in which one gold is an adatom and the other is a surface
Au atom. Crystallographic study of Aujgy(MBA)4, (MBA = merca-
ptobenzoic acid) [22] reveals a “staple” R-S-Au-SR motif (Fig. 1)
in which the thiol sulfur is bound to a core and to a bridging Au
atom [23], as does [TOA"][Au,s5(SCH,CH,Ph);;], where
TOA" = N(CgHi7); [24,25].

In the present study, the nanoparticles were prepared using the
Brust method, which has very recently been shown to yield mainly
Ausg and Auyy species [26]. Six different gold nanoparticle sam-
ples were prepared with the capping material ranging from pen-
tane thiol (Cs) up to octadecanethiol (C;g) to observe the effect of
the carbon chain on the binding and the samples were studied
by far-infrared (far IR) spectroscopy.

2. Experimental

“Naked gold” particles stabilized by tetraoctylammonium bro-
mide were prepared by reduction of HAuCl, (phase-transferred
into toluene) with sodium borohydride [27]. The resulting toluene
solution was washed with MilliQ water and dried with Na,SO4 and
stored until use in a refrigerator. The rate of reaction of the parti-
cles with dodecane thiol was surveyed by monitoring the decrease
in intensity of the plasmon band in a 1 mM gold solution. The
absorbance change appeared biphasic, with a first half-life of ca.
1 h, followed by a ca. three times slower decrease. For the H, deter-
minations portions of the “naked gold” solution were deaerated
with argon and transferred to an Ar-filled glove box. Typically
0.5 mL gold stock solution was diluted with 2.0 mL 0.01 M TOAB
in toluene, then 0.5mL of 5mM thiol in toluene containing

0.01 M TOAB was added and the stopcock was closed. The capped
assemblies were removed from the glove box to determine H, The
H, in the head space of the cuvettes was determined by gas chro-
matography on molecular sieve 5 A (Ar carrier) [28].

The “naked gold” particles were transferred to D,0 as described
by Gittins and Caruso [29] and their near-infrared-visible spectrum
is presented in Fig. 2.

For the far-infrared studies the thiolate-protected gold nano-
particles were synthesized by the method of Brust et al. [15] and
“annealed” as described by Murray and co-workers [31]. Solid
samples were made for each of the different alkanethiols and the
size distribution was calculated based on the TEM images obtained
for each. The alkanethiols used (Aldrich, used without further puri-
fication) were pentane (Cs), hexane (Cg), decane (C,o), dodecane
(Cq2), hexadecane (Ci6), and octadecane (Cqg). The nanoparticle
samples were stored as dried powders in the refrigerator. UV-Vis
spectra of the samples are given in Fig. 3.

For the infrared work, the nanoparticle films were made just be-
fore use by applying a concentrated colloidal solution (addition of
methylene chloride to the dried powder sample) dropwise onto
1 mil polyethylene film mounted in a standard FTIR sample holder
and allowed to dry completely under Ar. The far-IR spectra were
collected on a dry-air purged Bruker IFS-66 spectrometer equipped
with a T222 mylar beamsplitter and a Far-IR DTGS detector and ob-
tained from 200 scans at 1 cm™! resolution recorded between 700
and 70 cm~! at room temperature.

The transmission electron microscopy (TEM) was performed
using a JEOL 100CXII instrument. As shown in Fig. 4, the average
size of each of the thiolate-capped nanoparticle samples was
~2 nm in diameter, except that the decanethiol sample had a lar-
ger size (up to 20 nm) distribution than the other samples imaged.

3. Hydrogen formation in thiolate-nanoparticle assembly

Hydrogen-determination data are given in Table S1 and illus-
trated in Fig. 5. The reaction of the aromatic thiol, 4-methylthio-
phenol, was considerably more rapid than that of the Cig
alkanethiol. In neither case is the yield quantitative: for 5-nm par-
ticles 2H,/Au (Eq. (2)) should be 0.17 and for 3-nm particles 0.29 is
expected, but the highest value we measured was 0.1.

300 . , . ,

250 AuTOAB in toluene

0.1 MDMAP in D,O

150

-1
g, Mcm

100

50 -
toluene, 0.1 M TOAB

0.5 1.0 15
E(hv), eV

Fig. 2. Comparison of the spectra of 1-3 nm gold particles stabilized by tetraocty-
lammonium bromide in toluene and by dimethylaminopyridine (DMAP) in deute-
rium oxide. This provides evidence of only weak electronic interaction between
dimethylaminopyridine adsorbate and the surface gold [30].
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Fig. 3. UV-Vis spectra of the nanoparticles: (a) absorbance versus wavelength and (b) absorbance versus energy. The low intensity of the plasmon band indicates the size of

the particle is very small. Species Auy44(SR)39 and Auz4(SR),4 have recently been found to predominate in the Brust prep [26]. From the electronic spectra (see Fig. 7 in Ref.
[32]) Auy44 is prevalent, consistent with ca. 2-nm particles.

1-Pentanethiol (Cs) 1-Hexanethiol (Cg) 1-Decanethiol (C,g)

-

Ry

ey T

Fig. 4. TEM images of the nanoparticles.

There have now been several studies of thiolate/thiolate’  Auyr(PPH3),;Cls + HSR — Auj00(SR)44 + ?H,? 3)
replacement and thiolate-phosphine displacement on gold nano-
particles. For 1.5-nm “Au;;(PPH3),1Cls” displacement of the phos- For monolayer-protected clusters of aromatic thiols (HSArX) Ausg

phine ligand was fastest for small alkanethiols (HSR), with (SArX),4 and Auy40(SArX)ss, the relatively rapid initial 25% exchange
multiphasic kinetics [33], but the fate of the hydrogen ion or atom (second-order rate constant order of 10~ M~! s~!) was attributed to
is not known. associative substitution at edge/defect sites [34]. The overall process
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Fig. 5. Dihydrogen yield versus time for 0.8 mM thiol and 0.9 mM gold (total) in
toluene containing 0.01 M TOAB.

somehow involves transfer of a proton/H-atom from the incoming to
the outgoing thiol

Auss(SArX),,HSATX' — Ausg(SArX'),, + HSArX. (4)

The reaction studied here involves substitution of thiol on the
Au surface, with redox to give H,. The bi- or multiphasic nature
of the process we observed is consistent with different reactivities
for different kinds of sites on the surface, consistent with the place-
exchange kinetics. The reaction is very slow, consistent with the
high overvoltage for hydrogen evolution on gold [35-37]. Dihydro-
gen formation is much slower than the formation of thiolate-pro-
tected particles in the biphasic synthesis [15]; however, our
solutions are much more dilute and thus our observations are
not inconsistent with H, formation by the same path being opera-
tive under the synthesis conditions.

4. Far-infrared spectra of thiolate-capped nanoparticles

Fig. 6 shows the far-infrared spectrum of the C;5 nanoparticle
sample. Although the peaks are broad and the sharp bands below
400 cm~! due to rotational bands of background water [38] are
apparent (more apparent in some spectra than others), the peaks
can still be assigned.

The slight shoulder at 642 cm™! can be assigned as the C-S
stretch, while the bands at 474 cm™! are assigned to the C-C-C
deformation and the OOP (out of plane) C-C-C deformation is
attributed to the 428 cm~! absorption. The S-C-C deformation is
assigned to the weak band at 350 cm~!. The main band at
279 cm~! is attributed to the Au-S stretch.

The assignments for this sample and the other alkanethiol sam-
ples are listed in Table 1, along with data reported for KBr pellets
[16] of 1.4-2.8-nm diameter gold nanoparticles of the same alkan-
ethiols (curly brackets) and for the Au-S stretch determined by
HREELS for self-assembled monolayers [39] prepared from the thi-
ols in ethanol (square brackets).

The peaks for the C-S stretch and the deformations do not vary
much with the change in the carbon chain length and they are very
similar to those reported by the Murray group [16] for KBr pellets
of nanoparticles of similar size. The Au-S stretching region is
shown in Fig. 7 for the remaining five samples. This region shows
multiple peaks at ~260, 210, and 150 cm™ .

The IR spectra of the nanoparticles exhibit rather broad bands
for peaks associated with binding near the nanoparticle surface

[16]. They are broad (half-width ca. 50 cm~!) compared to those
of coordination complexes (typically 20 cm™! or less). The group
vibrations occurring in the far-IR region, such as the Au-S stretch,
as well as the C-S stretch, the C-C-C and S-C-C deformations, are
all within a bond or so away from the particle surface. Possibly the
broad bands reflect local heterogeneities for different kinds of
binding sites on the particle surface. A nanoparticle surface con-
tains various types of defect sites, which can include edge, ledge,
step, or kink, among others. For a 2 nm cubooctahedral particle
[16], almost half (43%) of the surface atoms are proposed defect
site atoms.

The far-infrared bands attributable to vays lie in the range 170-
270 cm™!, with most samples exhibiting two bands in this region.
For gold alkanethiolates Au(S—R), or Au(S-R)(L)", vays values of
220-240 [41], 280 [42], 288 (L=SCN™) [43], 268 (L = thiourea)
cm~! By contrast for polymeric gold(I) thiolates AuS-R the gold-
sulfur stretching bands have been assigned to a higher frequency
region — between 300 and 350 cm ™' [44]. Vibrational spectra of
small gold clusters have recently been reported to lie in the region
50-180cm™!, consistent with the low-frequency assignment
(88 cm™!, vau_au) in Table 1, but also indicating that the next high-
er frequencies (170, 180 cm™! in the C;¢ and C;5 species) could also
arise from va,_ay in the gold backbone [45]. Raman bands at ~270-
290 and ~110 cm ! have been reported for [ Au,s(SCH,CH,Ph )]~
clusters [46]. The nanoparticle properties can be compared with
those of 2D self-assembled monolayers (SAMs) [39,47-50]. Elec-
tron diffraction studies [51] and STM/AFM [52] have implicated
thiol binding at the threefold hollow sites on Au(111). High-reso-
lution electron energy loss spectroscopy (HREELS) studies of gold
self-assembled monolayers implicate va,_s of 220 and 240 cm ™!
for methanethiol [13] (bound as thiol, not thiolate) and octadeca-
nethiol [53,54], respectively, for self-assembled monolayers on
Au(111). Avalue of 225 cm™! was recently obtained from inelastic
electron tunneling spectroscopy [55]. In the most comprehensive
study to date Kato et al. obtained HREELS data for alkanethiolate
SAMs ranging from C, to Cyg [39]. The SAMs were prepared by
immersion of the gold in an ethanol solution of the thiol and lack
the S-H stretch. The va,_s were found in the range 170-
280 cm™!, with most SAMs exhibiting two or three peaks, attrib-
uted by the authors to multiple adsorption sites [39]. The reported
values are listed in Table 1 (values in square brackets) for compar-
ison with the present results. It appears that 2D and 3D thiolates
exhibit similar behavior in the va,_s region; the observation of

0.6

Absorbance
o
N

o
N

0.0 s 1 s 1 s 1 s 1 s 1 s
700 600 500 400 300 200 100

wavenumber (cm™")

Fig. 6. Far-infrared spectrum of C;¢ thiolate nanoparticle film on polyethylene.
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Table 1
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Far-IR peak assignments for the alkanethiol-capped Au nanoparticles on polyethylene and comparisons with literature data for KBr pellets [16] of the nanoparticles and HREELS

data [39] for self-assembled monolayers of the thiols on Au.

Assignment Cs Cs Cio Ci2 Cis Cig
C-S stretch 678° 642 642 642 642 640
640 608? 602 604
{640}° {642)° {640}° [40]° {645)°
Overtones? 569 532 547 506 554
535
C-C-C deformation 454 477, 454 476 475 474 472
{457)° {482)° {457)° {467)° {463)° {461}°
OOP C-C-C deformation 423 442 438 428 408
397 419 385 374
366
S-C-C deformation 311 304 310 320 350 329
AusS stretch 270 266 263 271 279 257
176 150 (?) 170 185 210
[220]¢ [230]¢ [250]° [265]¢ [245]¢
[215]¢ [230]¢ [170]¢
[180]°
Au-Au stretch? 88 89
2 Defect site [16].
b KBr pellet; see Ref. [16].
€ HREELS data from Ref. [39].
v(C-S) o C-C-C o C-C-C
~O)e
C-C,+ C-C-C;) (OOP C-C-C -C- -
V(C-S)D V(C-S)D ( v \j) ( 5) o S-C-C v Au-S
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Fig. 7. Far-infrared spectra of alkanethiolate nanoparticle films on polyethylene.

multiple peaks could be associated with the recently proposed
“staple” structures in which both bridging and terminal Au-SR
bonds occur.

5. Concluding remarks

Hydrogen is formed (slowly) in the reaction of “naked gold”
with thiols in toluene, establishing the fate of a significant fraction
of the thiol H when thiols react with gold nanoparticles to yield
monolayer-protected clusters. The far-infrared spectra of alkane-
thiolate-capped 2-nm gold nanoparticles exhibit multiple broad
peaks in the Au-S stretch region leading to the conclusion of multi-
ple binding sites or configurations of the sulfur atom to the surface

gold atoms. The nanoparticles exhibit va,_s very similar to those
reported for 2D SAMs and for Au(S—R); or Au(S-R)(L)~ complexes
consistent with recent structural models featuring an R-S(Au'(S-R)
“staple” motif.
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