COMMUNICATION

JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Mechanistic Insights into the Brust—Schiffrin Two-Phase Synthesis of
Organo-chalcogenate-Protected Metal Nanoparticles

Ying Li, Oksana Zaluzhna, Bolian Xu, Yuan Gao, Jacob M. Modest, and YuYe J. Tong*

Department of Chemistry, Georgetown University, 37th and O Streets NW, Washington, D.C. 20057, United States

e Supporting Information

ABSTRACT: New insights into the formation chemistry of
chalcogenate-protected metal nanoparticles (NPs) synthe-
sized via the well-known Brust—Schiffrin two-phase method
are presented here. On the basis of Raman, NMR, and sur-
face plasmon resonance characterizations, it is concluded that,
before the formation of any metal—chalcogen bonds, metal
nucleation centers/NPs are first formed inside the inverse
micelles of the tetrabutylammonium bromide in the organic
solvent, where the metal ions are reduced by NaBH,. The
ensuing formation of the metal—chalcogen bonds between
the naked metal NPs inside the micelles and the organo-
chalcogen ligands in the organic solvent is the mechanism by
which the further growth of the metal core can be controlled.
This proposed mechanism is further examined in the forma-
tion of Ag and Cu NPs.

ince the first synthesis of thiolate-protected Au NPs reported

in 1994, the Brust—Schiffrin (BS) two-phase synthetic method
has become the most widely used synthesis of small Au NPs* > as
well as Ag, Cu, and other metal NPs.°" ™ Since it was shown by
quantum calculations that other chalcogen—metal contacts
might achieve better conductance than S,'* Au NPs with Se or
Te as anchoring element have also been prepared by the revised
BS method."* " In order to obtain uniform metal NPs with size
control, extensive efforts have been devoted to the stepwise
investigation of the BS two-phase synthesis. Many groups'’~ *°
tried to identify the precursors of metal ions prior to the addition
of NaBH,, but their exact form remains debatable. The widely
accepted assumption has been that the addition of thiol reduces
Au(III) to Au(I) and forms [Au(I)SR],-like polyrners.4’5 Yet the
most recent, thought-provokin§ results from Lennox and co-
workers have shown otherwise.”” On the basis of a quantitative
solution "H NMR study of the metal salts, the phase-transfer
agent tetrabutylammonium bromide (TOAB), and the thiol,
they have demonstrated that the metal precursor before the addi-
tion of the reductant is TOA metal(I) halide complex [TOA]-
[AuX,], and not [M(I)SR], like polymers. However, since the
former does not involve a metal (M) —sulfur (S) bond, what happens
and at what stage the Au—S bond is formed after the addition of
NaBH, during the BS synthesis remain largely unresolved.

We report here detailed Raman, NMR, and surface plasmon
resonance (SPR) spectroscopic studies of the reaction solutions
after the sequential additions of thiol (or ligands in general) and
NaBH, after the phase transfer and separation. Since our sys-
tematic Raman study showed no M—S bond formation in the
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reaction solutions before the NaBH, addition, we confirmed that
the [M(I)SR],-like polymers in which a M—S bond is expected
are not the metal-ion precursors. While this observation renders
strong support to Lennox’s proposition,*” it nonetheless raises an
intriguing but also fundamentally important question as to when
the M—S bond is formed, because this is the key step by which the
metal NP growth and size are controlled. To answer this question,
a reversed synthetic route in which reduction by NaBH, takes
place before the addition of thiols (or other ligands) was devised
and employed. This reversed (with resIIJect to the original BS
synthesis) procedure was inspired by the 'H NMR observation of
the possible existence of inversed micelles in the reaction solutions
(vide infra). A time variable between the NP formation right after
the reduction and the subsequent binding of the ligand was thus
introduced and expected to help delineate the process. On the
basis of careful analysis of the comparative spectroscopic results
obtained in both the reversed and the BS syntheses of metal NPs,
we propose a general metal NP formation mechanism for the
latter, as outlined in Scheme 1. Its salient point is that the M—S
bond is formed after the formation of the metal NPs in the inverse
micelles. This general mechanism is shown to apply also to the
formation of the Ag and Cu NPs. As we will show below, un-
raveling this mechanism makes it possible to use the stirring time
prior to the addition of thiol to control the sizes of metal NPs.
The reversed synthetic route also works with Se- and Te-con-
taining ligands.

Whether or not the M—S bonds were formed in the reaction
solution of a typical BS two-phase reaction before the addition of
NaBH, was monitored by Raman spectroscopy. The typical
procedure for mixing all precursors is as follows: a hydrogen
tetrachloroaurate (HAuCl,, 0.0S mmol) aqueous solution
(0.35 mL) was mixed with a TOAB (0.15 mmol) toluene solu-
tion (5.0 mL) and stirred until the color of the aqueous phase
disappeared. The bottom colorless layer was then discarded, and
dodecanethiol (C;,SH, 0.10 mmol) was added to the separated
wine-red toluene (or benzene) layer. After being stirred for 1 h, a
clear, colorless solution was obtained, even in the cases of higher
RSH/Au(III) ratios (such as RSH/Au = 3 or S), which is dif-
ferent from Whetten’s procedure in which no phase separation
was done before the addition of thiols and NaBH,.° Before the
Raman measurement, most solvent was removed by rotary evapo-
ration under vacuum. The Raman spectrum of the fresh mix-
ture, i.e., the concentrated organic solution of HAuCly, 3 equiv of
TOAB, and 2 equiv of dodecanethiol, is compared with those of
relevant reference materials in Figure 1. The absence of the peak at
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Scheme 1. Mechanism for Chalcogenate-Protected Metal
NP Synthesis by the Brust—Schiffrin Method
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~327 cm” ', which is a manifestation of the Au—S$ bond for-
mation as demonstrated clearly in Figure 1c of the self-assembled
dodecanethiol on the rough Au electrode and Figure 1d of the
[Au(I)SR],-like polymer obtained by following Lee’s one-phase
method,”" demonstrates convincingly that the addition of thiol to
the separated Au(III) + TOAB solution did not form any Au—S$
bond. The disappearance of the S—H vibration at 2568 cm™ ' and
the new tiny peak at 525 cm ' of C12S— SC12 (Figure 1le),
together with the new peak at 2.57 ppm in the "H NMR spectrum
(Figure Sla, see Supporting Information, SI), indicate that the
reduction of Au(IH) by RSH did occur as suggested in Whetten’s
early work."® The peak at 209 cm™ " can be assigned to the Au—
Br, stretching vibration.”” Since no Au—S vibrational peak was
observed (also see Figures S2 and S3 in the SI for the Ag and Cu
systems, respectively), it confirms that the metal-ion precursor
after the addition of thiol was not a [M(I)SR],-like polymer, but a
[TOA][M(I)X,] complex.*

The "H NMR spectra of the TOAB + Au(1II) solutions with
different TOAB/Au(I1I) ratios were also recorded (Figure 2) to
provide further structural information about the solutions. The
large downfield shift of the H,O peaks in spectra c—f as com-
pared to the free H,O peaks (spectra a and h) was indicative of
the encapsulation of H,O in the inverse micelle structures
formed by TOAB. In addition, the peaks observed in the DLS
spectra of the TOAB + Au(Ill) solutions before and after the
addition of thiols (Figure S4, SI) are consistent with the existence
of the inverse micelle structures, although these peaks were usually
assigned to [M(I)SR],-like polymers in the literature."’

Now the questions become at what stage in the BS synthesis
are the Au—S bonds formed and how are they formed? Just as
some previous literature showed,”** we have observed that the
addition of NaBH, to the mixture of TOAB and HAuCl, without
the presence of any ligand can also form metal NPs due to the
presence of micelles,™ despite a lack of long-term stability.
Therefore, the observation of micelle-encapsulated water in the
"H NMR spectra (Figure 2) in the separated organic phase led us
to hypothesize that the following may happen stepwise in the BS
two-phase synthesis after the addition of NaBH,. As shown
above, the organic layer after the phase separation and the thiol
addition contains the TOAB micelles of [TOA][M(I)X,] com-
plex. The subsequent addition of NaBH, first reduces the metal
ions that form the “naked”, micelle-encapsulated (but not TOAB
directly capped) Au NPs. The ligands (the thiolate generated
from the reduction of disulfide and the unreacted thiol) in the
organic solvent then diffuse through the TOA shell and form the
Au—S bonds at the water/organic solvent interface, by which
the ligand-protected metal NPs are formed, as illustrated in
Scheme 1.
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Figure 1. Raman spectra of (a) dodecanethiol, (b) didodecyl disulfide,
(c) dodecanethiol self-assembled on rough Au electrode, (d) synthe-
sized [AuSR],-like polymer, (e) the concentrated CsHj layer of HAuCl,
and 3 equiv of TOAB after the addition of 2 equiv of dodecanethiol,
(f) synthesized [TOA][AuBr,] complex, (g) TOAB, and (h) CsHs.
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Figure 2. '"H NMR spectra of (a) [TOA][AuBr,] complex (0.025
mmol) in C4Dg; of the organic layer of TOAB (0.03 mmol) in C4Dg
mixed with (b) HAuCl, (0.03 mmol) aqueous solution (0.21 mL), (c)
HAuCl, (0.01S mmol) aqueous solution (0.105 mL of H,0), (d)
HAuCl, (0.01 mmol) aqueous solution (0.07 mL), and (e) HAuCl,
(0.006 mmol) aqueous solution (0.042 mL); (f) of the organic layer of
TOAB (0.03 mmol) in C4Dg mixed with 0.105 mL of H,0; (g) of
TOAB (0.03 mmol) in C¢Dg; and (h) of the organic layer of C4D¢ mixed
with 0.105 mL of H,0. (Note: 0.80 mL of C4Dg for each sample and
0.1421 M of the stock HAuCl, aqueous solution were used.)

To test the above hypothesis, we employed a reversed syn-
thetic route for the metal NPs formation as follows. A HAuCl,
(0.1 mmol) aqueous solution (0.7 mL) was first mixed with a
TOAB (0.3 mmol) toluene solution (10 mL) and stirred until
the aqueous phase became colorless. As shown in Figure 2,
micelles were formed in this mixture. A fresh NaBH, aqueous
solution (1 mL) was then poured into the mixture. After 10 s of
stirring, as the color of the mixture changed from the initial
wine-red to red-brown, which indicated the formation of the
micelle-encapsulated Au NPs. A C,,SH (0.3 mmol) toluene
solution (2 mL) was added quickly into the solution to form
the final stable, ligand-protected ultrasmall Au NPs with good
size distribution (1.7 £ 0.3 nm), as confirmed by the SPR
spectrum and the TEM image (Figure 3a). Notice that if the BS
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Figure 3. TEM images with size distribution and UV—visible spectra of
the dodecanethiolate-protected Au nanoparticles obtained through our
reversed synthetic route with stirring times of (a)10's, (b) 10 min, and
(c) 24 h before the addition of thiols.

two-phase method was followed with exactly the same amount
of materials, Au NPs of the same size were obtained (Figure SS,
SI), strongly suggesting that they follow the same NP formation
mechanism.

If the proposed mechanism is correct, then increasing the stirr-
ing time before the thiol addition while keeping other parameters
constant is expected to increase the probability of collision be-
tween micelles,”® in which the initially formed smaller Au NPs
would grow larger. This was indeed observed when the stirring
time was increased from 10 s to 10 min and 24 h: larger Au NPs
(2.5 4 0.7 and 4.8 = 1.1 nm, respectively) were formed, as shown
by the corresponding SPR spectra and TEM images (Figure 3b,c).
The same procedure was also applied to forming the Ag and Cu
NPs (Figure S6, SI). As observed for the Au NPs, the UV—vis
spectra of Ag and Cu NPs also showed the same SPR peaks as
those prepared via the typical BS two-phase synthesis (Figure S7,
SI), suggesting strongly again the same NP formation mechanism
in both synthetic routes. The NP size controlling effect of the
thiol/Au ratio that has been widely used in the BS two-phase syn-
thesis>'® can also be achieved in the reversed route, as illustrated in
Figures S8 and S9 (SI).

Additionally, it was observed that disulfide could also be used
as ligand in both synthetic routes and produced Au NPs of similar
size (Figure S10, SI), which was different from that obtained using
thiol as ligands and with the same S/Au ratio. Consequently, the
fact that thiol and disulfide coexist before the reduction with
NaBHj in a typical BS two-phase synthesis”® more likely one of the
major reasons why the size distribution of the fresh NPs synthe-
sized by the BS two-phase method is not narrow and postsynthetic
treatment is needed.*> Moreover, since disulfide cannot reduce
Au(III), these results showed that Au(I) is not a necessary precursor
for forming Au NPs.

We next compared the Au NPs formation processes using
dialkyl diselenide (RSeSeR) and dialkyl ditelluride (RTeTeR) as
ligands in the BS two-phase and the reversed synthetic routes.
The "H NMR spectra of the reaction solution after adding RSeSeR
or RTeTeR were recorded (Figure S11, SI). The disappearance of
the triplet peak at 2.75 (2.95) ppm due to the proton in —CH,—
Se(Te)— suggested strongly that the RSe—SeR (RTe—TeR)
bond was broken via reacting with Au(III). Although the exact
chemical state of the organo-chalcogen species after the bond
breaking is currently under investigation, the similar proton NMR
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Figure 4. TEM images with size distributions and UV—vis spectra of Au
nanoparticles protected with (ab) Se-containing ligands and (c,d) Te-
containing ligands by Brust—Schiffrin two-phase method (dot line) vs our
reversed synthetic route (solid line). (Note: (c) after centrifugation.)

spectra (Figure S11c,e,g) of the respective reaction solutions after
the addition of the ligands suggest that all of them had a similar
precursor species of Au ions, i.e.,, [TOA][AuX,]. It has also been
observed that the BS two-phase method generally fails to produce
<2 nm Au NPs with ditelluride, and the size distribution is usually
poor for diselenide (Figure 4a,c, 3.4 £+ 0.5 and 3.1 £ 1.2 nm,
respectively). On the other hand, the reversed synthetic route
shows a superior performance in these cases and can easily
produce <2 nm Au NPs with good size distribution (Figure 4b,d
14 £ 03 and 1.5 & 0.2 nm, respectively).

In summary, we have reported above several observations of
general importance in understanding how metal NPs are formed
in the popular BS two-phase synthesis. First, our Raman spectro-
scopic investigation (Figure 1) showed that, after thiol addition,
no M—S bonds were formed. This was demonstrated by the
control experiment of Raman measurement on the synthesized
[M(I)SR],like polymers. Notably, the Raman measurement
showed that the [M(I)SR],-like polymers did involve the
M—S bonds (Figure 1d). These observations provide indepen-
dent spectroscozpic confirmation of the recent work by Lennox
and co-workers” in which they elegantly showed that the metal
precursor before the NaBH, reduction in the BS two-phase
method is not the generally believed [M(I)SR],-like polymer
but the [TOA][MX,] complex. Second, on the basis of the
observation of the micelle-encapsulated water that hosts the
metal ion complex (Figures 2 and S4) and the success of the
reversed synthetic route (Figures 3 and 4), we have proposed a
general metal NPs formation mechanism applicable to the BS
two-phase method as illustrated in Scheme 1. In other words,
it is basically an inverse micelle-based synthetic procedure. Third,
we have also shown that the reversed synthetic route generally
offers better control in forming different metal (Au, Ag, and Cu)
NPs with different organo-chalcogen ligands as the stabilizers. A
similar process was reported previously, but digestive ripening was
necessary to obtain the homogeneous larger (~ S nm) Au NPs.2
The emergence of these new mechanistic insights will help
synthesize organo-chalcogen-stabilized metal NPs with better
control.
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© Supporting Information. Experimental and synthetic
details, DLS spectra, Raman spectra, UV—vis spectra, '"H NMR
spectra, and TEM images. This material is available free of charge
via the Internet at http://pubs.acs.org.
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