
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 8
:1

8:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The significance
aSchool of Chemistry, University of Manche

robert.dryfe@manchester.ac.uk
bDivision of Nuclear Engineering Science, Re

Kumatori, Sennan, Osaka, 590-0494, Japan
cDiamond Light Source Ltd., Didcot, Oxford
dSynchrotron Soleil, L'Orme des Merisiers, S

France
eDivision of Sustainable Energy and Environ

Engineering, Osaka University, Suita, Osaka
fMaterials Sciences Research Center, Japan

Tokai, Naka, Ibaraki, 319-1195, Japan
gDepartment of Materials Chemistry, Facu

University, Otsu, Shiga 520-2194, Japan
hSchool of Chemical and Process Engineerin

† Electronic supplementary informa
10.1039/c7sc03266h

Cite this: Chem. Sci., 2017, 8, 7954

Received 27th July 2017
Accepted 26th September 2017

DOI: 10.1039/c7sc03266h

rsc.li/chemical-science

7954 | Chem. Sci., 2017, 8, 7954–7962
of bromide in the Brust–Schiffrin
synthesis of thiol protected gold nanoparticles†

S. G. Booth, a A. Uehara, *b S.-Y. Chang,c C. La Fontaine,d T. Fujii,e Y. Okamoto,f

T. Imai,g S. L. M. Schroeder ch and R. A. W. Dryfe *a

The mechanism of the two-phase Brust–Schiffrin synthesis of alkane thiol protected metal nanoparticles is

known to be highly sensitive to the precursor species and reactant conditions. In this work X-ray absorption

spectroscopy is used in conjunctionwith liquid/liquid electrochemistry to highlight the significance of Br� in

the reaction mechanism. The species [AuBr4]
� is shown to be a preferable precursor in the Brust–Schiffrin

method as it is more resistant to the formation of Au(I) thiolate species than [AuCl4]
�. Previous literature has

demonstrated that avoidance of the Au(I) thiolate is critical to achieving a good yield of nanoparticles, as

[Au(I)X2]
� species are more readily reduced by NaBH4. We propose that the observed behavior of

[AuBr4]
� species described herein explains the discrepancies in reported behavior present in the

literature to date. This new mechanistic understanding should enable nanoparticle synthesis with

a higher yield and reduce particle size polydispersity.
Introduction

There have been numerous publications on the synthesis, sta-
bilisation and manipulation of metal nanoparticles in order to
exploit their size-tuneable properties. These open up the pros-
pect of applications including therapeutics, catalysis and plas-
monic devices. Due to the stability of the material, gold
nanoparticles have drawn the most interest. Whilst numerous
synthetic procedures exist, the two most signicant methods to
produce spherical particles are those of Turkevich and Frens,1,2

to produce citrate protected particles in an aqueous suspension,
and Brust, Schiffrin and co-workers,3,4 to produce thiol pro-
tected particles stable in an organic suspension.

The publication by Brust et al., describing a simple 2-phase
reaction to produce alkane thiol coated nanoparticles was
a landmark in the eld of metal nanoparticle synthesis.3,5 The
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method produces spherical Au nanoparticles where the mean
particle diameter can be tailored across the range 1–6 nm by
varying the thiol : Au ratio. The particles have a very uniform
size distribution and can be dried and re-suspended in
numerous organic solvents without aggregation. The initial
method has been further rened to produce a single phase
approach, extended to various metals (including Ag, Cu and Pd),
and modied through post-synthetic methods to exchange the
surface ligands on the nanoparticles, or rene the dispersions
to formmetal clusters with a uniform composition.4–12 Recently,
the reaction mechanism has been a focus of research as it has
been found to be signicantly more complex than was initially
suggested.13 The net reaction involves the transfer of a Au(III)
salt from water to toluene through the use of a phase transfer
catalyst. This is followed by the removal of the initial aqueous
solution. Subsequent addition of an alkane thiol and NaBH4

then reduces the Au(III) species in the organic phase, resulting
in the formation of thiol protected particles, Fig. 1.

However, further investigation has been required to under-
stand the possible complications at each stage of the reaction.
Mechanistic studies have now led to a consensus on the reac-
tions involved in each step of the original synthesis. Initially
TOA+Br� (tetraoctylammonium bromide), oen written as
TOAB, in toluene is brought into contact with the aqueous
[AuCl4]

� solution to facilitate transfer into the organic phase.
The use of TOA+Br� means that halide ion exchange is possible,
leading to a mixed halide gold species, [AuX4]

�
(org), of unknown

composition. (X represents either Cl� or Br� when the exact
identity is unknown.)

As an alternative, TOA+Cl� (tetraoctylammonium chloride)
may be used to avoid this halide exchange. The phase transfer
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of the steps involved in the two phase
synthesis method. In the illustration the aqueous phase is drawn as
blue and the toluene phase as yellow. Step 1 is the Au phase transfer,
step 2 shows the halide ion exchange process, step 3 shows the
addition of alkane thiol causing a reduction to Au(I), and step 4 is the
phase transfer process occurring on addition of NaBH4 leading to
nanoparticle formation.
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has been shown to occur through an ion pair process14,15 rather
than the previously proposed reverse micelle formation.16–21 The
addition of alkane thiol, added as a capping agent, has been
shown to cause the reduction of Au(III) to Au(I).22 Preliminary
studies initially assumed that the identity of the Au(I) species
was a polymeric Au–SR species. This species is visible as a white
precipitate at the liquid/liquid interface if the aqueous phase is
retained. The important work of Goulet and Lennox disputed
this and proposed that in the absence of water, the intermediate
species was in fact [AuX2]

�. This was the only intermediate
species observed in their reaction.13 Subsequent work has
however shown that formation of Au(I)SR in a single phase is
indeed possible, normally as a minor component.23–25
This journal is © The Royal Society of Chemistry 2017
The Au-thiolate species form if (a) the aqueous phase is
retained during the reaction; (b) at high reactant concentra-
tions; and (c) at thiol : Au ratios greater than 2 : 1.16,23,24 Whilst
the soluble Au(I)SR species can be reduced by BH4

� it appears
that the insoluble polymeric species are not readily reduced,
leading to greater polydispersity and a lower yield of the
nanoparticles if the thiolate is formed.25 Finally, when the
organic AuX2/Au(I)SR solution is brought into contact with
aqueous NaBH4, the BH4

� ion is transferred to the organic
phase by the excess TOA+, added to transfer the [AuCl4]

� species
from the aqueous to the organic phase.25–27 Following BH4

�

phase transfer, the reduction of Au(I) to Au(0) by BH4
� to form

the metal nanoparticles occurs in the bulk organic phase.
A variety of techniques have been applied to discern the

processes involved in the Brust–Schiffrin synthesis, which in
combination have been able to draw out a thorough picture of
the reaction. These include spectroscopy (NMR and Raman),
DFT calculations, XAFS (X-ray absorption ne structure) and
electrochemistry.10,13,18,25,28,29 XAFS can provide clear informa-
tion on the oxidation state (through the XANES – X-ray
absorption near edge structure) and local bonding (through
the EXAFS – extended X-ray absorption ne structure) around
a target absorber. In the case of the Au L3-edge, excitation of
core 2p electrons into unoccupied 5d/6s orbitals takes place.
The absorption coefficient for this process provides information
about the local unoccupied density of states, which correlates
with the oxidation state of the absorber. In addition, the XANES
is also sensitive to multiple scattering of the excited photo-
electron waves, leading to additional sensitivity to changes in
oxidation state, local bonding and geometric conformation
changes of the complex. An incisive understanding of the
composition of samples can be achieved through linear
combination tting using standard reference spectra. The
EXAFS can provide the local structure around the absorber
through iterative curve tting to a calculated EXAFS model. One
of the complications that has limited the usefulness of EXAFS in
regard to the Brust–Schiffrin synthesis is the similarity of the
electron scattering cross sections of Cl and S. As the two
elements are located side by side in the periodic table their
atomic cores have the same number of electrons, leading to
indistinguishable backscattering behavior in EXAFS when their
bond lengths to the X-ray absorber are similar. Therefore, when
examining mixed component systems, where the Cl/S ratio was
not certain, it was not possible to separate the contributions of
M–Cl and M–S scattering with certainty. However, when the
heavier halide ion is substituted ([AuBr4]

� instead of [AuCl4]
�),

there is a clear variation in bond length and backscattering
properties between M–Br and M–S, permitting more denitive
examination of the chemical variations.

Electrochemistry at a liquid/liquid interface is likewise very
sensitive to the structural composition of intermediate species,
and thereby provides complementary information. As the Gibbs
energy of transfer varies depending on the speciation of an ion
it is possible to observe the different species and to measure
relative concentrations through analysis of the current
response. This method has been utilized in order to successfully
follow a number of different deposition procedures.30–35 A
Chem. Sci., 2017, 8, 7954–7962 | 7955
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micro-scale liquid/liquid interface is utilised in order to expand
the potential window and minimise the inuence of water on
the system. It has recently been reported that toluene can be
used as the organic phase in a micro-liquid/liquid system36

therefore enabling us to conrm the relevance of the results to
the original Brust–Schiffrin reaction.

In the following we will demonstrate that by examining the
Au speciation during the reduction procedure by combined
XAFS and liquid/liquid electrochemistry we can conrm the
signicance of Br� in the reduction protocol suggested by
Goulet and Lennox.13 The measurements conducted using
either TOA+Br� or TOA+Cl� as the phase transfer catalyst
demonstrate that the reduction pathway is signicantly inu-
enced by the presence of Br�.
Experimental
Chemicals

All reagents were used as purchased from the manufacturers
without further purication. HAuCl4 (99.99%) and NaAuBr4
(99.99%) were purchased from Alfa-Aesar (Heysham, UK).
Toluene (99.8%, anhydrous), aaa-triuorotoluene (TFT, $99%,
anhydrous), 1,2-dichloroethane (99.8%, anhydrous), tetraocty-
lammonium chloride (TOA+Cl�, $97%), tetraoctylammonium
bromide (TOA+Br�, 98%), 1-dodecane thiol ($98%) and sodium
borohydride ($98%) were purchased from Sigma-Aldrich
(Dorset, UK). In order to form organic phase solutions of the
metal salts, 10 mM aqueous solutions were brought into contact
with the organic TFT phase containing TOA+Cl� for the chloride
complexes, or TOA+Br� for the bromide complexes, to avoid the
formation of mixed halide species, and shaken to induce phase
transfer. Further details were described in ref 25. All glassware
was cleaned with Piranha (H2O2/H2SO4 – CAUTION, handle with
care) solution prior to use. Ultrapure water (Milli-q, 18.2 MU

cm) was used to prepare all aqueous solutions.
XAFS measurements

Measurements were conducted on the quick EXAFS (QEXAFS)
beamline ROCK37 at the Synchrotron SOLEIL facility (Saint
Aubin, France) and EXAFS beamline BL27B at the photon
factory of high energy accelerator research organisation KEK
(Tsukuba, Japan). At Soleil, the synchrotron operates at 2.75
GeV. The channel-cut crystal Si(111) monochromator was used
with an oscillation frequency of 0.5 Hz over 1.1� amplitude in
order to gather a complete Au L3 EXAFS spectrum. Au L3-edge
measurements were conducted in transmission mode using
ionisation chambers (Oken) as detectors. At KEK, the synchro-
tron operates at 2.5 GeV. The beamline utilises a Si(111) double-
crystal monochromator. Au L3-edge measurements were con-
ducted in transmission mode using a gas ionisation detector.

Data analysis was conducted using the Demeter soware
package.38 All spectra were initially calibrated to a reference foil
sample collected alongside the sample measurement. These
were calibrated to 11 919 eV for the Au L3 edge. The spectra were
normalised and background-subtracted by tting a spline to the
pre-edge and post-edge regions. EXAFS data were tted in
7956 | Chem. Sci., 2017, 8, 7954–7962
Artemis to standards generated by FEFF8.39 The data was tted
simultaneously to k1, k2 and k3 weighted data across a k-range of
3–12 Å.
Liquid/liquid electrochemistry

Electrochemical measurements were performed using a micro-
liquid/liquid interface as reported previously.40–42 Measure-
ments were performed with either toluene or 1,2-dichloro-
ethane (DCE) as the organic solvent. The supporting electrolyte
used in the DCE phase was TOA+TFPB� (tetraoctylammonium
tetrakis[3,5-bis(triuoromethyl)phenyl]borate). To examine the
heterogeneous Br� exchange process an aqueous solution
containing 0.5 mM [AuCl4]

�, was brought into contact with an
organic DCE phase containing x mM TOA+Br� (whereby x ¼ 0,
0.5, 1, or 2 mM). Aer phase separation, voltammetry was
measured at the interface between a fresh aqueous phase con-
taining 10 mM HCl and the DCE phase. For the homogenous
process, TOA+Br� and TOA+[AuCl4]

�were initially present in the
organic DCE phase. The organic electrolyte was added directly
before measurement in both cases.

In order to examine the inuence of thiol, an aqueous phase
containing 10 mM HCl was brought into contact with the
toluene phase. The organic phase contained the background
electrolyte, bis(triphenylphosphoranylidene)ammonium tetra-
kis [3,5-bis(triuoromethyl)phenyl]borate (BTPPA+TFPB�)
along with 0.5 mM TOA+[AuCl4]

� or TOA+[AuBr4]
� and y mM 1-

dodecane thiol (where y ¼ 0, 0.2, 0.5, 1, 1.5 or 2 mM). N. B.
BTPPA+TFPB� was used in the toluene systems due to the
solubility of the electrolyte.36 Voltammetry was performed
directly aer addition of the supporting electrolyte to the
toluene phase in order to avoid the reaction between Au species
and BTPPA+. Experiments were performed on an Ivium “Com-
pactstat” (supplied by Alvatek, UK). There was no additional iR
compensation.
Nanoparticle synthesis

Tetraoctylammonium salts of [AuCl4]
� and [AuBr4]

� were syn-
thesised by mixing equimolar quantities of Na+[AuX4]

� and
TOA+X� in methanol and recrystallising as reported previ-
ously.13,43 In each case, X was either Br or Cl for both salt species.
The TOA+[AuX4]

� (0.5 mM) species was mixed with 1-dodecane
thiol (0, 0.5 or 1.5 mM) in a single organic phase. Following
reduction to Au(I), which can be followed by the loss of solution
color, BH4

� (10 mM) was added slowly with stirring. BH4
� was

added either as NaBH4 in an aqueous solution or as TBA+BH4
�

in DCE (DCE was used as the solubility of TBA+BH4
� in toluene

was too low).
TEM measurements

Transmission electron micrographs of the nanoparticle
samples were collected using a JEM-2100 TEM (JOEL). The
nanoparticle solutions were drop-cast onto holey carbon lm
TEM grids (300 mesh copper grid, Agar Scientic). The particle
size distribution analysis was conducted using ImageJ.44
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Fitted EXAFS response following the phase transfer of
[AuCl4]

� by increasing equivalents of TOA+Br�. Measurements of the
organic phase were performed after mixing 50 mM HAuCl4 in water
with 0, 50, 100, 150, 200 or 250 mM TOA+Br� in toluene. (b) Variation
in Cl� and Br� coordination to the gold species on increasing TOA+Br�

ratio from EXAFS fitting.

Table 1 Fitting parameters for the two species used in Fig. 2a

Fitting parameters [AuBr4]
� [AuCl4]

�

DE0/eV 2.51 � 0.43 As for [AuBr4]
�

s2/Å2 0.00256 � 0.00012 0.00243 � 0.00027
R/Å 2.41 � 0.0016 2.26 � 0.0035

a DE0 is the energy shi parameter, s2 is the Debye–Waller factor and R
is the path length. S0

2 was xed at 0.835. The R-factor for the t was
0.0138.
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Results
Extent of Br� exchange during [AuCl4]

� phase transfer

The method developed by Brust and co-workers involves the
transfer of [AuCl4]

�, originally present in an aqueous solution,
into an adjacent immiscible organic phase.3 The organic solvent is
usually toluene, whilst other solvents have also been shown to
work effectively. The Au can be transferred to the organic phase
using a phase transfer catalyst by simply shaking the two phases
together to drive Au ion exchange. The charge distribution
between the two phases is balanced as the more hydrophilic
halide ion present in the phase transfer catalyst partitions into the
aqueous phase as the Au transfers to the organic (eqn (1), Fig. 1(i)).

TOA+Br�org + H+[AuCl4]
�
aq / TOA+[AuCl4]

�
org + H+Br�aq

(1)

The phase transfer catalyst can be either the bromide salt
TOA+Br� as in the original synthesis, or the chloride salt
TOA+Cl�. Alternatively, ion exchange can be performed in
methanol and the ion-exchanged product recrystallised as
TOA+[AuCl4]

� or TOA+[AuBr4]
�.13,43 If the reaction is performed

with [AuCl4]
� and TOA+Br� it results in some exchange of halide

ligands on the gold complex (eqn (2), Fig. 1(ii)).

xTOA+Br�org + TOA+[AuCl4]
�
org /

TOA+[AuCl4�xBrx]
�
org + xTOA+Cl�org (x ¼ 1–4) (2)

This ligand exchange has been widely reported, although the
extent of halide exchange and its signicance for the reaction
has not been determined. Here, we probe the exchange process
by examining the EXAFS response on increasing the
TOA+Br� : [AuCl4]

� ratio (Fig. 2, Table 1). The EXAFS response
for [AuCl4]

� and [AuBr4]
� is similar as they both form a square

planar structure. As mentioned in the introduction, however, it
is possible to differentiate the two species as there is a signi-
cant change in bond length of �0.15 Å. The data were therefore
t using two scattering paths for each species: the single scat-
tering path Au–X and the linear multi-scattering path Au–X–Au–
X–Au. The spectrum of a reference [AuBr4]

� solution was also
tted in order to obtain the overall amplitude factor S0

2, which
was then xed at 0.835 for all other tted spectra.

The tted EXAFS data show a clear increase in the exchange
of Cl� for Br� at higher TOA+Br� concentrations. This exchange
appears to reach a plateau at 4 or 5 equivalents of TOA+Br�, with
a value that corresponds to an exchange of 3 Cl� indicating the
presence of an average composition [AuClBr3]

� as the mixed
halide species. Indeed, in the original Brust–Schiffrin synthesis
4.44 equivalents of TOA+Br� were used, therefore suggesting
that [AuClBr3]

� is the major species present during the reduc-
tion process.3

Liquid/liquid electrochemistry conducted during the ligand
exchange process conrms these results. In this case,
measurements were conducted to examine the phase transfer
reaction between [AuCl4]

� in H+[AuCl4]
�
(aq) and Br� in

TOA+Br�(org), as eqn (1), and the ligand exchange reaction
between [AuCl4]

� of TOA+[AuCl4]
�
(org) and Br� of TOA+Br�(org)
This journal is © The Royal Society of Chemistry 2017
as eqn (2). The voltammetric responses indicated that the
ligand exchange process can occur in the organic phase (Fig. 3)
or as a phase transfer process at a liquid/liquid interface and
ligand exchange process (Fig. S1†).

The formation of [AuBr4]
� was detected electrochemically as

the exchange of Cl� for Br� results in the formation of species
with different Gibbs energies of ion transfer. The reaction was
performed with a range of TOA+Br�/Au ratios using either
H+AuCl4

� as the starting species in the aqueous phase or
TOA+AuCl4

� in the organic phase. This identies whether the
Chem. Sci., 2017, 8, 7954–7962 | 7957
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Fig. 3 (a) Voltammetry recorded at the interface between 10 mM HCl
in water and 0.2 mM TOA+[AuCl4]

� with 0, 0.2, 0.4, 0.6 or 0.8 mM
TOA+Br� and 1 mM TOATFPB background electrolyte in DCE. 0.2 mM
TOA+[AuBr4]

� was measured as a reference sample (green line). (b)
Shift in half wave potential in the liquid/liquid voltammetry on
increasing TOA+Br� : Au ratio.
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exchange occurs in the bulk phase following transfer, or
whether it also occurs across the liquid/liquid interface. Fig. 3
shows the variation in the half wave potential (E1/2) for each
sample, the voltammetric results are included in Fig. 3 (a). The
current wave from �0.3 V corresponds to the transfer of Cl�

from DCE to water, which was formed through the ligand
exchange reaction, whilst the 2nd current wave at E1/2 approxi-
mately 0.15–0.25 V corresponds to the transfer of the anionic Au
complex. The position of the latter's half wave potential
depends on the degree of halide ligand exchange on the
complex. In the presence of TOA+Br� (eqn (2)) the E1/2 for the
2nd wave shis to higher values with increasing replacement of
Cl by Br ligands. At 4 equivalents of TOA+Br�, the E1/2 was
identical to that of the reference species [AuBr4]

� (Fig. 3),
indicating that ligand exchange of Cl� for Br� has reached
stoichiometry. The ion transfer potential of [AuBr4]

� is more
positive than that of [AuCl4]

� due to the increased hydrophi-
licity of the chloride species. When [AuCl4]

� was added initially
into the aqueous phase, [AuBr4]

� formation was attained at 5
equivalents of TOA+Br� through the phase transfer and ligand
exchange reactions (Fig. S1†).

In summary, XAFS has allowed us to characterise the ligand
exchange equilibrium in the bulk phase, while voltammetry
reveals that the corresponding interfacial process follows
approximately the same [TOA+Br�] dependence. There are
7958 | Chem. Sci., 2017, 8, 7954–7962
slight differences between the XAFS- and voltammetry-derived
compositions, which may stem from the use of different
organic solvents for the two experiments and different reactant
concentrations.

Single phase reaction of [AuBr4]
� and thiol

Having conrmed the presence of Br� in the Au(III) complex
following phase transfer, we can now proceed to examine how it
inuences the reduction protocol. In previous work, we used
XAFS to characterise the inuence of increasing the 1-dodecane
thiol : Au ratio on the reaction with [AuCl4]

� in a Br free
system.25 Here we use a similar approach based on [AuBr4]

� as
the reaction precursor. First, XAFS was performed on solutions
containing a number of different thiol : Au ratios in order to
follow the variation in oxidation state and bonding. Speciation
in these solutions was then determined using standard spectra
for [AuBr4]

�, [AuBr2]
�, and Au(I)SR, to examine the relative

concentration of each species. We have previously reported the
susceptibility of [AuCl2]

� to beam induced disproportionation
in solution.45 Therefore to avoid the risk of this process, the
[AuBr2]

� reference spectrum was collected as a solid pellet.
In the case of [AuCl4]

�, the reduction of Au(III) to Au(I) is
almost complete at 2 equivalents of thiol. At low thiol concen-
tration (0.5 and 1 eq.) the main product was [AuCl2]

�, while at
higher thiol concentrations (2 and 5 eq.) the reaction tended
towards Au(I) thiolate formation as the major component.25 In
contrast, when [AuBr4]

� is used as the reaction precursor there
is no evidence for the formation of Au(I) thiolate species, even at
high thiol concentrations. Using standards for [AuBr4]

� and
[AuBr2]

� it can be seen that the majority of the Au(III) has again
been reduced to Au(I) at 2 equivalents of thiol (Fig. 4), matching
the reaction stoichiometry. Any further excess of thiol causes
little variation in the spectral response. Thus in the presence of
Br�, the reaction clearly follows the pathway proposed by Goulet
and Lennox, with the reaction leading to the formation of the
disulde species (eqn (3)).13,28

TOA+[AuBr4]
� + 2RSH / TOA+[AuBr2]

� + RSSR + 2HBr

(3)

Au(I) thiolate formation has been shown to adversely affect
the homogeneity and yield of particles formed in the Brust–
Schiffrin synthesis.13,25 The observation that they are not formed
when [AuBr4]

� is used as the precursor species would indicate
that the use of the bromo Au(III) complex should be recom-
mended for the synthesis of gold nanoparticles.

Our observations thus go some way to resolving the
discrepancies in the existing literature about Au(I)SR oligomer
formation following reduction by alkane thiol. There have been
a number of reports on the mechanism of the 2-step synthesis
which have shown either the presence23–25 or absence13,18 of Au(I)
SR formation. We propose that this variability is down to the
difference in response for [AuCl4]

� and [AuBr4]
� established

here. If [AuCl4]
� is used with TOA+Cl� for phase transfer then

Au(I)SR formation will occur on addition of thiol. If the original
aqueous phase is retained, for either [AuCl4]

� or [AuBr4]
�,
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Variation in XANES response on increasing thiol to [AuBr4]
�

ratio in a single TFT (trifluorotoluene) solution. 5 mM TOA+[AuBr4]
�

was mixed with 2, 5, 10 or 50 mM thiol (a) data and linear combination
fitting to standards for [AuBr4]

� and [AuBr2]
�. The standard for Au(I)SR

is included from ref. 25 (b) the component ratios as a function of thiol
equivalents from the linear combination fitting in (a).

Fig. 5 (a) EXAFS fitting for 5 mM TOA+[AuBr4]
� with the additions of 0,

0.4, 1, 2 and 10 equivalents of thiol. (b) Ratio of [AuBr4]
� to [AuBr2]

� as
a function of thiol concentration.

Table 2 Fitting parameters for the 2 species used in Fig. 5a

Fitting parameters [AuBr4]
� [AuBr2]

�

S0
2 0.896 � 0.087 As for [AuBr4]

�

DE0/eV 7.72 � 0.94 As for [AuBr4]
�

s2/Å2 0.00230 � 0.00056 0.00267 � 0.00058
R/Å 2.42 � 0.0025 2.39 � 0.0049
N 4 (xed) 2 (xed)

a S0
2 is the amplitude reduction factor, DE0 is the energy shi

parameter, s2 is the Debye–Waller factor, R is the bond length and N
is the path degeneracy. The R-factor for the t was 0.0270.
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polymeric Au(I)SR can be observed on reduction by thiol – as the
aqueous phase acts as a sink for the HX species formed. The
mixed halide species may also form Au(I)SR species at higher
thiol : Au ratios in a more polar organic solvent than toluene,
such as deuterated chloroform.24 The difference between Au–S
and Au–Br bond lengths allows us to follow the reduction by thiol
within the EXAFS, and to determine the formation of interme-
diate species. As in the EXAFS analysis of the TOA+Br� reaction
with [AuCl4]

�, the data was considered using the single scattering
path Au–Br and the multiple scattering path Au–Br–Au–Br–Au.
The data and ts plotted in R-space are shown in Fig. 5 with the
parameters used in the EXAFS tting recorded in Table 2.

The tting model that produced the best agreement with the
experimental data suggests, as with the linear combination
tting to the XANES region (Fig. 4), that the only species present
are [AuBr4]

� and [AuBr2]
�. The variation in [AuBr4]

� and
[AuBr2]

� obtained through EXAFS and XANES analysis agree
well, and indicate that there is no signicant Au(I) thiol olig-
omer formation in a single organic phase. However, if the
aqueous phase is retained then the white precipitate species
characteristic of (Au(I)SR)n formation can be observed in both
cases. The reaction with thiol was also characterised through
the use of cyclic voltammetry at a micro-liquid/liquid interface.
This journal is © The Royal Society of Chemistry 2017
Measurements were conducted on samples aer 30 minutes
and 12 hours of mixing the thiol and [AuBr4]

� solution. In both
cases there was no evidence for Au(I)SR formation (Fig. 6) as
there was no current at negative potentials that would corre-
spond to the transfer of Br� dissociated from [AuBr2]

� during
the formation of [Au(I)SR]n in toluene as in the reaction
(TOAAuBr2 + HSR % Au(I)SR + HBr + TOA+Br�). The formation
of [AuBr2]

� was detected electrochemically at a more negative
potential than [AuBr4]

� transfer due to the reduction by thiol
which results in the formation of species with a different Gibbs
energy of ion transfer, Fig. 6 (a). The concentration of [AuBr4]

�

and [AuBr2]
� was determined from the limiting currents in the

voltammogram (Fig. 6 (b) and S2†). There is little variation
Chem. Sci., 2017, 8, 7954–7962 | 7959
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Fig. 6 (a) Voltammetry at a micro-liquid/liquid interface. The toluene
phase contained 0.5 mM TOA+[AuBr4]

� and 0, 0.2, 0.5, 1, 1.5 or 2
equivalents of thiol, mixed for 12 hours. The electrolytes (10 mMHCl in
water and 10 mM BTPPATFPB in toluene) were added directly before
themeasurements were conducted. (b) Concentration of [AuBr4]

� and
[AuBr2]

� determined from the limiting current in the voltammogram.

Fig. 7 UV-Vis response for nanoparticles following reduction by BH4
�

formed at different thiol : Au ratios.
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between the two measurements, indicating that the reaction
between [AuBr4]

� and thiol has reached completion aer
30 min. This is much more rapid than the interaction between
thiol and [AuCl4]

� examined previously.25 It was found that
[AuBr4]

� was quantitatively reduced by 2 equivalents of thiol to
[AuBr2]

�, which agreed with the results of both the XANES and
EXAFS analyses.
Fig. 8 TEM micrographs of the reduction products using (a) [AuCl4]
�

and (b) [AuBr4]
�. 0.5 mM TOA+ Au salt was mixed with 1.5 mM 1-

dodecane thiol in toluene and contacted with a solution containing
20 mM TBA+BH4

� in DCE.
Reduction of [AuBr2]
� by NaBH4

Whilst the only intermediate species formed from [AuBr4]
� is

[AuBr2]
�, the inuence that the ratio of thiol to Au has on the

properties of the product nanoparticles remains to be exam-
ined. The variations between products was therefore charac-
terised at different thiol concentrations by UV-Visible
spectroscopy (Fig. 7). NaBH4 solution was brought into contact
with toluene containing different thiol : Au ratios, 24 h aer
mixing. Images of the solutions before and aer the reduction
are included in the ESI (Fig. S3 and S5†). It is noteworthy that
following NaBH4 addition, Au nanoparticles are formed in
toluene even in the absence of thiol. Whilst the concentration is
lower than for the other samples this is nonetheless a striking
observation, as there is no ligand present to stabilise this
7960 | Chem. Sci., 2017, 8, 7954–7962
suspension by passivating the surface of the particles. TEM of
the particles formed in this system are included in Fig. S6.† At
present we can only propose that there is some form of elec-
trostatic stabilisation provided by surface adsorption of the Br�

although this is not yet fully understood. The intensity of the
SPR peak at �520 nm matches well with the variation in
nanoparticle size on increasing thiol concentration that was
reported previously.26
Control over nanoparticle shape and size

The proposed improvements in the synthetic protocol have
been examined through TEM and UV-Vis analysis of the reac-
tion products. As reported by Haiss et al.46 UV-Vis does not give
an accurate measure of nanoparticle size for particles below
�5 nm, so size distribution information was obtained using
TEM. The reduction of [AuCl4]

� and [AuBr4]
� was carried out

using 1 : 1 and 3 : 1 eq. thiol : Au. Following reduction by thiol,
BH4

� was added either in the form of aqueous NaBH4 or as
TBA+BH4

� in DCE. Fig. 8 shows the results for [AuCl4]
� and

[AuBr4]
� reduction by TBA+BH4

�. As can be seen, [AuBr4]
�

results in a slightly larger deposition product 3.0 nm instead of
2.0 nm which is similar to previously reported data.15 We
suggest that the smaller size of nanoparticles in the Cl system
This journal is © The Royal Society of Chemistry 2017
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relates to the presence of Au(I)SR species prior to the addition of
BH4

� which enables more rapid passivation of the nano-
particles during growth.

Whilst the standard deviation in particle diameter is the same
for both species, it can be seen from the histogram that there is
a more uniform distribution for the [AuBr4]

� nanoparticles than
for the [AuCl4]

� particles. The UV-Vis response also indicates
a higher concentration of nanoparticles when the bromoaurate
precursor species is used (Fig. S8†). Fig. S6† shows the TEM
micrographs for the formation of nanoparticles at 0 eq. thiol, at
a 1 : 1 ratio and through reduction by NaBH4.

Conclusions

The signicant inuence of Br� on the Brust–Schiffrin synthesis
of gold nanoparticles has been examined quantitatively. The
possible reaction pathways are provided in Fig. 1 and S8† for the
presence and absence of Br�, respectively. We have veried that
the use of TOA+Br� as the phase transfer catalyst results in the
formation of a mixed halide gold complex through exchange of
Br� for Cl� ligands. In the Brust–Schiffrin protocol a 5-fold
excess, or greater, of TOA+Br� over the Au precursor was neces-
sary to obtain a high yield of nanoparticles. 1 equivalent of
TOA+Br� is required in order to transfer [AuCl4]

� from the
aqueous phase to the organic. Subsequently, 4 equivalents of
TOA+Br� are consumed through halide exchange from [AuCl4]

�

to [AuBr4]
�. The [AuBr4]

� is reduced to [AuBr2]
�, which is fairly

stable even at high thiol concentration, whereas [AuCl2]
� species

have a propensity to form a white precipitate of Au(I)SR at high
thiol concentration, which tends to oligomerise. The insoluble
Au(I) thiolate species is not readily reduced by NaBH4. When
[AuBr4]

� is used as the Au precursor then there is no formation of
Au(I)SR species in toluene, TFT or DCE, which may be related to
the higher thermodynamic stability (as reected in a lower
reduction potential) of the gold bromides, compared to gold
chlorides. We note that K[AuBr4] is not classied as an irritant,
unlike K[AuCl4], which implies more convenient handling of the
synthesis in the laboratory. The use of [AuBr4]

� also ensures that
TOA+Br� is only used during the phase transfer process. Elec-
trochemical measurements indicated that the reduction of Au(III)
complexes with higher bromo ligand content proceeds more
rapidly than for the chloro complexes. If the aqueous phase is
retained then polymeric Au(I) thiolate species are observed in all
cases. As Au(I) thiolate formation can be fully avoided, the yield of
metal nanoparticles in the synthesis can be increased. We
propose that the synthetic procedure utilising TOA+[AuBr4]

� as
the gold precursor and addition of an organic solution of BH4

�

will result in the most robust synthetic protocol.
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