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Abstract: A revised view of Brust—Schiffrin metal nanopatrticle
syntheses is presented here. Precursor species of these reactions
are identified and quantified for Au, Ag, and Cu systems. Contrary
to the assumptions of previous reports, tetraalkylammonium metal
complexes are shown to be precursors of the two-phase reac-
tions, whereas M(I) thiolates are shown to be precursors of the
one-phase reactions. A new scheme is outlined for the two-phase
synthesis, and the implications of this scheme are discussed. A
new synthetic strategy employing well-defined precursors is also
introduced. Finally, M(I) thiolate formation, and its impact on
nanoparticle synthesis, is discussed. It is expected that the results
presented here will lead to modifications in the manner in which
these important syntheses are conducted.

The two-phase Brust—Schiffrin method® for the synthesis of
thiolate-protected gold nanoparticles has been tremendously influ-
entia in nanomaterials chemistry. It hasinspired a number of related
approaches and remains widely employed more than 15 years after
its initial publication.®® It reliably produces large quantities of
relatively monodisperse samples of small nanocrystals (1—6 nm).
These readily undergo ligand exchange and can be conveniently
dried, purified, and redissolved. Brust et al.* also developed arelated
one-phase method that is carried out in polar solvent and shares
the positive attributes of the two-phase approach. Both of these
approaches have since been successfully applied to other metals,
including Ag and Cu.>~** Although these reactions have been
studied extensively by many groups, and their products have been
thoroughly characterized,”®%2*2 there remain significant ques-
tions regarding their detailed mechanisms. In particular, there is
little definitively known regarding the precursor species present in
solution prior to reduction with NaBH,. When the precursor
question has been addressed, researchers have generally assumed
the formation of M(l) thiolate polymers in both the one- and two-
phase reactions (where M = Au, Ag, or Cu). Given that the size
and properties of the products of these syntheses are dependent
upon the reaction conditions,**** and thus implicitly upon the
reaction intermediates, it is necessary to establish clearly the
composition of precursor solutions.

We report here the identification and quantification of the
precursor species of Au, Ag, and Cu Brust—Schiffrin nanoparticle
syntheses. A particular focus is placed upon the two-phase Au
synthesis, asit is the most widely employed variant. We conclude
that, contrary to the assumptions of previous reports, Au(l) thiolate
([AUSRY,) is not ameasurable (*H NMR) precursor in this reaction
when it is performed under typical conditions.>*? Rather, Au(l)-
and Au(l11)- tetraalkylammonium complexes are the relevant Au
speciesin solution prior to reduction with NaBH,. The intermediate
step in this method is shown to follow reaction 1 rather than the
oft-stated reaction 2.%*° In accordance with this, a revised view of
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Scheme 1. Revised View of the Two-Phase Brust—Schiffrin Au
Nanoparticle Synthesis
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the two-phase Brust—Schiffrin reaction is outlined (Scheme 1), and
itsimplications are discussed. This general reaction motif is shown
to also apply to two-phase syntheses employing Ag and Cu, as
well as to those where the phase-transfer agent or thiol have been
substituted. This information is utilized toward the development
of a new synthetic strategy employing well-defined precursor
species. A discussion is presented regarding the formation of M(l)
thiolate species and the potential impact of this on nanoparticle
syntheses.

[INR,][AUX,] + 2R'SH — [NR,J[AUX,] + RSSR’ + 2HX
(1)

[NRJ[AUX,] + 3R'SH — [AUSR],, + RSSR’ +
NRX + 3HX (2

The stoichiometry of the reduction of [NRy[AuX,] to
[NRJJ[AUX;] (AU to Au'™) was confirmed by monitoring the
disappearance of the 402 nm absorption band of the Au®*" upon
addition of alkanethiol (with the solution going from intense orange
to colorless). Asin atypica two-phase Brust—Schiffrin reaction,
tetraoctylammonium bromide (TOAB, 3 equiv) in toluene was
rapidly stirred with hydrogen tetrachloroaurate (HAUCI,, 1 equiv)
in water until all Au®" was transferred to the organic phase. The
[TOA][AuUX,4] complex formed, likely with amix of Cl~ and Br~
ions. After discarding the agueous phase, aliquots of dodecanethiol
were titrated into the isolated toluene phase. After each addition,
the solution was stirred until reaction was complete, and its
UV —visible absorption spectrum was recorded. Complete reduction
from Au*™ to Au'' occurs with the addition of 2 equiv of
dodecanethiol (Figure S1). This is consistent with reaction 1 and
inconsistent with Au(l) thiolate formation proceeding via reaction
2. Further addition of alkanethiol produces no additional change
in color or apparent precipitation.

The species present during this reaction were quantitatively
monitored by 'H NMR spectroscopy. A solution of TOAX and
[TOA][AUX,4] was prepared by phase transfer of AuCl,~ (1 equiv)
into deuterated toluene with TOAB (2.5 equiv). After sufficient
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Figure 1. *H NMR spectra of TOAX + [TOA][AuX,] solutions with (a)
0, (b) 1, (c) 2, (d) 3, and (€) 4 equiv of dodecanethiol added. Also shown,
for comparison, are the 'H NMR spectra of pure solutions of (f) TOAB,
(g) dodecanethiol, and (h) dodecyl disulfide. * indicates water and solvent
peaks.

stirring, the phases were alowed to separate (ca. 2 min). The toluene
phase was then transferred to a new reaction vessel using a Pasteur
pipet, and the water phase was discarded. Dodecanethiol was added
to each of five equal aliquots of the toluene solution (0, 1, 2, 3, or
4 equiv relative to the Au in each aiquot). These samples were
stirred until reaction was complete, and *H NMR spectra were
obtained (Figure 1). Comparison with spectra of pure samples of
TOAB, dodecanethiol, and dodecyl disulfide reveds that the
spectrum of the mixture of TOAX and [TOA][AuX,] (Figure 1a)
is similar to that of pure TOAB (Figure 1f). There are, however,
significant shifts of all the resonance peaks due to the association
with the AuX,~ anion. TOA™ peaks are not observed for each of
the anions, but rather a single averaged peak is observed for each
of the different chemical environments of the cation. This is
consistent with a fast anion exchange process.

After the reaction of 1 equiv of dodecanethiol (Figure 1b), 0.5
equiv of dodecyl disulfideis generated through complete oxidation
of the added thiol. Correspondingly, 0.5 equiv of [TOA][AuX;] is
produced, leading to further shifts of the TOA™ peaks. Addition of
2 equiv of dodecanethiol to TOAX and [TOA][AuX,] (Figure 1c),
on the other hand, generates 1 equiv of dodecyl disulfide. All of
the Au®t is reduced to Au'", again producing shifts in the peaks
of the TOA™ cation and leaving a colorless solution. Finally,
addition of 3 and 4 equiv of the thiol (Figure 1d and le,
respectively) resultsin all of the [TOA][AuX,] being converted to
[TOA][AuUX;] with the associated generation of 1 equiv of the
disulfide. However, in these cases, 1 and 2 equiv of free thial,
respectively, are also observed (a0 CH, at ca. 2.18 ppm and SH at
ca. 1.06 ppm as per pure dodecanethiol). These results clearly show
that polymeric Au(l) thiolate species are not generated in measurable
quantities (i.e., reaction 2 is not operative). Rather, the intermediate
step of the Brust—Schiffrin synthesis proceeds viareaction 1, where
Au(l) and Au(l11) tetraalkylammonium complexes are the relevant
Au precursors.

With this information, the complications associated with the
phase transfer step of the Brust—Schiffrin synthesis can be avoided
by simply carrying out these reactions with pure samples of
[TOA][AuBr,] and [TOA][AUBTr;]. These are readily prepared via
a modified literature approach.*® Addition of 3 equiv of dode-
canethiol to 1 equiv of [TOA][AuBr,] in deuterated toluene
generates a single equivalent of dodecyl disulfide (Figure S2). All
[TOA][AUBr,] is reduced to [TOA][AUBr,], and 1 equiv of thiol
remains unreacted. Furthermore, when 3 equiv of dodecanethiol
are added to 1 equiv of [TOA][AuBTr;], no reaction occurs and 3
equiv of free thiol are observed. These experiments reinforce the
fact that the intermediate step in the two-phase Brust—Schiffrin
reaction indeed proceeds via reaction 1. Importantly, they aso
suggest a new synthetic strategy with control over well-defined
precursor species.

When Ag and Cu are used in the Brust—Schiffrin reaction, as
[TOA][AQBr;] and [TOA],[CuBr,] respectively, similar behavior
to the Au case is observed (Figures S3 and $4). [TOA][AgBr] is
prepared by codissolving TOAB (5 equiv) and AgNO; (1 equiv)
in toluene, without signs of AgBr precipitate formation. No reaction
occurs when this complex, with Ag already in a+1 oxidation state,
is mixed with dodecanethiol. On the other hand, the reaction of
[TOA],[CuBr,], prepared according to a modified literature pro-
cedure,*” with dodecanethiol, leads to a one-electron reduction via
reaction 3. As in the Au case, the formation of Ag(l) and Cu(l)
alkanethiolate polymers® 2! is prevented by the stabilization
afforded by the TOA™ cation.

[TOA],[CuBr,] + RSH — 1/2 RSSR + [TOAI[CuBr,] +
TOAB + HBr (3)

Phosphonium salts demonstrate chemical behavior analogous to
that of ammonium salts. Tetraoctylphosphonium cation (TOP") is
thus substituted for TOA* in a modified Brust—Schiffrin reaction.
[TOP|[AuBr,] is readily synthesized according to a modified
literature procedure,*® dissolved in deuterated toluene (1 equiv),
and reacted with 3 equiv of dodecanethiol. As expected, this leads
to the production of 1 equiv of dodecyl disulfide, while 1 equiv
of thiol remains unreacted (Figure S5). Correspondingly, all
[TOP][AuBr,] present is reduced to [TOP][AuBr,], leading to
significant shifts of the TOP" peaks and a complete loss of the
solution’s intense orange color. Thus, TOP' behavior clearly
parallels that of TOA™ in modified Brust—Schiffrin reactions.

Finally, reaction 1 is also operative when phenylethanethiol
(PET) is used in the Brust—Schiffrin reaction (Figure S6).22~ 24
Reaction of [TOA][AuBr,] (1 equiv) in deuterated toluene with
PET (5 equiv) yields 1 equiv of disulfide, and 3 equiv of thiol
remain unreacted. [TOA][AuBr,] is quantitatively reduced to
[TOA][AUBr,], with a corresponding color loss. There is no
evidence of Au(l) thiolate formation, even when this reaction is
carried out following the low temperature procedure of Zhu et al.?®
The method of Zhu et a.? is reported to generate Au(l) thiolate
intermediates that, upon further reduction, produce Auss clusters
in high yield. This discrepancy may be explained by water
remaining in the reaction, which promotes the generation of thiolate
aggregates (vide infra).

The identification and quantification of precursor species provide
key information for understanding and controlling these reactions.
The thiol-to-metal ratio influences the size and properties of the
products.8*>1* However, the mechanistic origins of this effect
remain unclear. Here, we have shown explicitly how altering the
thiol-to-metal ratio also alterstheratios of different metal precursors
and adsorbates. These ratios may be important determinants of the
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kinetics of nanoparticle formation. The new synthetic strategy
presented here, with well-defined precursors, provides a key tool
for disentangling these two factors (i.e., the redox and passivation
kinetics).

The intermediate step in two-phase Brust-Schiffrin reactions was
previously believed to involve the generation of soluble M(I)
alkanethiolate species. However, these materials have been studied
by severa groups'®19252¢ and have been shown to be insoluble
in common solvents, including toluene. In fact, the poor solubility
of M(l) thiolates, in general, is well-known, and has been attributed
to intermolecular interactions between adjacent polymer units,
including metallophilic interactions?®?*2527—3% Accordingly, in
these reactions, precipitation should be viewed as an important
indicator that polymeric M(l) thiolate species are forming. Cor-
respondingly, alack of precipitate is an indicator that it is unlikely
that they are forming.

M(l) thiolate species form in significant amounts in the inter-
mediate step of the two-phase Brust-Schiffrin reaction when larger
quantities of water are present (though typical conditions, with small
amounts of water present, do not lead to measurable quantities of
M(I) thiolates). This occurs both with and without a quaternary
cation being present. M(1) thiolates also form (as white precipitates)
if the precursor M(I) solutions are exposed to water, or if toluene
is removed. Other polar solvents (methanol, ethanol) are aso
capable of promoting the formation of M(l) thiolate polymers. This
is attributed to the breaking or absence of the metal anion-quaternary
cation ion-pairs that form in nonpolar solvents, including toluene.
Drying toluene solutions prior to thiol addition could prove useful
in minimizing M(1) thiolate formation in two-phase reactions. One-
phase Brust-Schiffrin reactions carried out in polar solvents (THF,
ethanol, methanol) without phase transfer agents also generate M (1)
thiolate precipitates. These results suggest that M(I) thiolate
formation is likely to occur when Au, Ag, or Cu salts are exposed
to thiols in the presence of highly polar solvents where ion-pairs
are not prevalent. This general conclusion is supported by observa-
tions reported in the literature. 23134

Some M(l) thiolate formation is likely to commonly occur when
excess water is not removed, or when aqueous NaBH, solutions
are added very slowly, or a low concentration, in two-phase
Brust—Schiffrin syntheses. This aso occurs when one-phase
nanoparticle syntheses are carried out with thiols?#323% The
consequences of this are not yet fully understood for the wide
variety of synthetic methods that exist. However, it can be
reasonably expected to produce poor synthetic outcomes in some
cases. Partial M(1) thiolate formation generates unknown mixtures
of multiple metal precursors with different redox potentials and
states of aggregation. It also produces mixtures of ligands with
different adsorption properties. The heterogeneous reaction of
insoluble M(1) thiolates with reductants can be very slow and, in
some cases, may not occur at all. These factors are likely to lead
to higher polydispersity, reduced yields, and insoluble metal and
M(l) thiolate byproducts.?%2434:35

In summary, a revised view of Brust—Schiffrin nanoparticle
syntheses has been detailed here. Precursor species of these reactions
have been identified and quantified. Tetraalkylammonium metal
complexes are shown to be precursors of two-phase reactions, while
M(l) thiolates are shown to be precursors of one-phase reactions
conducted in polar solvents. A new synthetic strategy employing
well-defined precursors was introduced. M(l) thiolate formation,
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and its impact on nanoparticle synthesis, was also discussed.
Strategies for avoiding the production of these insoluble species
were suggested. It is expected that the results presented here will
lead to modifications in the way that these important syntheses are
conducted.
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