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ABSTRACT: Here we report the first unambiguous
identification of the chemical structures of the precursor
species involving metal (Au and Ag) ions and Te-
containing ligands in the Brust—Schiffrin syntheses of
the respective metal nanoparticles, through which the
different reaction pathways involved are delineated.

he two-phase Brust—Schiffrin method (BSM) for

synthesizing dodecanethiolate-protected gold nanopar-
ticles (NPs), which was published in 1994, opened a new
paradigm for rather facile syntheses of small (<5 nm) metal
NPs stabilized by organic ligands whose yield could reach the
gram level. Most research has focused on thiolate-protected
metal NPs,”~'® in which sulfur acts as an anchoring element of
the capping ligands that bind to the metal core. Quantum
calculations have suggested that if heavier chalcogens (e.g., Se
or Te) were used as the anchors, they would increase the
conductance between the metal and the anchored ligamd,11 a
parameter that is critically important in developing molecular
electronics.'””> However, as in two-dimensional (2D) self-
assembled monolayers (SAMs) on metal surfaces, there have
been only a few studies of metal NPs protected by Te-
containing ligands,B_15 which are the 3D analogues of the 2D
SAMs. The first synthesis of Au NPs protected by Te-
containing ligands was reported by Brust et al,,'* but their NPs
were unstable, allowing no characterization other than a
Langmuir isotherm plot.

Our group previously reported successful syntheses of stable
Au NPs using (CgH;;Te), as a ligand precursor through the
BSM'* and its later improvement.'> In terms of the
corresponding Au NP formation chemistry, it was initially
conjectured that polymeric [Au(I)—TeR], species were formed
before the final reduction to Au NPs.'* This was based on the
observation of a colorless solution obtained after mixing of
(RTe), with a Au(III) solution analogous to that obtained after
adding RSH to a typical wine-red Au(III) solution. The
consensus at that time was that the latter consisted of polymeric
[Au(1)—SR],.”"® However, more recent work by Goulet and
Lennox'® and by us'*'” showed that the intermediate species of
Au ions in a typical BSM synthesis with thiols is not polymeric
[Au(I)—SR], but rather a [TOA*][Au(I)X,] complex (TOA* =
tetraoctylammonium cation; X = Cl, Br). This led us to revisit
the conjecture of polymeric [Au(I)TeR], species in the BSM
synthesis of tellurate-protected Au NPs simply because a clear
identification of the chemical structures of the precursor species
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involving metal ions and Te-containing ligands would provide
mechanistic information that is critical for the control of the
size and size distribution of the synthesized metal NPs.'”'®

In this communication, we report 'H NMR, Raman, and X-
ray photoelectron spectroscopy (XPS) investigations of
reaction intermediates aided by density functional theory
(DFT) calculations that have enabled us to determine the
chemical structures of the species involved. The reaction
intermediates were prepared by adding (RTe), to the benzene
layer of Au(III) or Ag(I) after phase transfer with
tetraoctylammonium bromide (TOAB). In the typical BSM
synthesis, we found that (RTe), reduced Au(III) to Au(I) with
no formation of a Te—Au bond, while no reaction occurred at
all between (RTe), and Ag(1).

Specifically, the intermediate solutions were prepared as
follows. For the synthesis of Au NPs, 0.07 mL of HAuCl,
aqueous solution (0.1421 M) was mixed with 0.03 mmol of
TOAB in 0.8 mL of benzene (or C¢Dy). After the mixture was
stirred for 30 min, the organic layer was collected, and 0.0033
mmol of (C,,H,;Te), dissolved in 0.2 mL of benzene (or
Cg¢Dg) was added to the preseparated organic layer. The initial
wine-red color of the solution started fading away. After the
mixture was stirred for 1 h, a clear, colorless intermediate
solution was obtained. The amount of (RTe), used was
critically important. When less (RTe), was used, the solution
turned yellow; when more (RTe), was used, an unstable brown
solution formed that led to a golden precipitate. For the
synthesis of Ag NPs, 1 mmol of AgNO; was dissolved in 1 mL
of H,0O and then mixed with 3 mmol of TOAB dissolved in 25
mL of benzene. After the mixture was vigorously stirred
overnight, a two-layer, clear, colorless solution was obtained.
That all of the Ag(I) ions had been transferred to the organic
layer was verified by addition of NaBH, powder to the
separated bottom aqueous layer, whereupon no color change or
reaction was observed. The top organic layer was collected as a
Ag(I) stock solution (0.04 M). (C;,H,5Te), (0.025 mmol) was
dissolved in 0.49 mL of benzene (or C4Dy) and then added to
0.310 mL of Ag(I) stock solution, and the color of the mixture
changed to slightly yellow. After the solution was vigorously
stirred for 1 h, no color change occurred, and a clear yellow
intermediate solution was obtained. The solvent was removed
by rotary evaporation, and the dried intermediates were used
for Raman and XPS measurements. The fresh dried
intermediates could be redispersed well in benzene. In cases
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where C¢D¢ was used as the solvent, the intermediate solutions
were used for '"H NMR studies. Finally, after addition of 10
equiv of NaBH, to the two intermediate solutions, 3.44 + 0.51
nm Au NPs and 2.86 + 0.30 nm Ag NPs were obtained [Figure
S1 in the Supporting Information (SI)].

The Raman spectra of the Au system intermediate [ie.,
3TOAB + HAuCl, + 0.33(Cj,H,sTe),] (Figure la), the pure
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Figure 1. Raman spectra of (a) dried intermediate of the Au system
lie, 3TOAB + HAuCl, + 0.33(C;,H,sTe),], (b) (C;,H,sTe),, (c)
[TOA][AuBr,], and (d) TOAB.

ligand (Figure 1b), TOAB (Figure 1d), and a reference
compound ([TOA][AuBr,]) are shown in Figure 1. Upon
comparison with the spectrum of (C;,H,;Te), (Figure 1b), the
peak at 194 cm™’, which can be assigned to the RTe—TeR
vibration according to our DFT calculations (see Table SI in
the SI), was found to be absent from the spectrum of the
intermediate (Figure la). The absence of this vibrational band
indicates that (RTe), reacted with Au(IIl). Upon comparison
with the reference spectra (Figure lc,d), the peaks in the
spectrum of the intermediate from Au(I)Br,” (209 cm™),'>"?
TOAB, and benzene (991 cm™), respectively, can be identified
first. Interestingly, no peak due to the vibration of Te—Au (see
the SI) appears in the spectrum of the intermediate. This
implies that no Te—Au bonding occurred in the intermediate,
which is very similar to what we have observed in the BSM
synthesis of thiolate-protected Au NPs."> Therefore, we
propose that the Au ions after the addition of (RTe), were
in the form of [TOA][AuX,], as identified in the thiol
systems."”'”'® In regard to the broad peak at 280 cm™, our
DFT calculations (Table S1) suggest that it has to do with Te—
X (X = Cl, Br) vibrations (dominated by those of Te—Cl in
terms of Raman intensity).

Figure 2 (for the spectra with full peaks, see Figure S2)
presents the '"H NMR spectra of the corresponding Au
intermediate solution (Figure 2a), the separated organic layer
right after phase transfer (3TOAB + HAuCl,) (Figure 2b), pure
ligand (C;,H,sTe), (Figure 2c), and the solution obtained by
adding 2 equiv of C;,H,sSH to the solution in (b) (Figure 2d).
In addition to the peaks of [TOA'] (see the SI for the chemical
shift values), Figure 2b contains most noticeably a peak at 2.63
ppm from encapsulated water.'” The addition of (C;,H,;Te),
to the organic layer of Figure 2b led to the intermediate
solution of Figure 2a, where the characteristic proton peak of
ditelluride at 2.95 ppm (Figure 2c) disappeared. The latter
observation indicates that the Te—Te bond was broken, which
is consistent with the Raman results pointing to Te—Te bond
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Figure 2. "H NMR spectra (in C¢Dg) of (a) the intermediate solution
of the Au system [i.e., 3TOAB + HAuCl, + 0.33(C,,H,sTe),], (b) the
organic phase after phase transfer (i.e, 3TOAB + HAuCl,), (c)
(C1,HysTe),, and (d) the solution formed by addition of 2 equiv of
C,,H,5SH to the solution in (b). The concentration of each chemical
was kept the same in all samples.

breaking after the addition of (RTe), to the organic layer
containing Au(III).

That the wine-red-colored Au(III) solution became colorless
after the addition of (RTe), indicates a reduction of Au(III) to
Au(I). However, comparison with Figure 2d, which is the
spectrum of the solution obtained by adding 2 equiv of thiol to
the solution of Figure 2b, shows that the intermediate does not
contain encapsulated H;O", indicating that no proton/water
was involved in the reaction. On the other hand, the Raman
data and DFT calculations suggest the formation of a Te—
halide bond, implying that the Te acts as a reductant, which was
further confirmed by the XPS measurements carried out on the
dried intermediate (Figure 3).
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Figure 3. (a) Au 4f and (b) Te 3d XPS spectra of the dry intermediate
of the Au system [i.e, 3TOAB + HAuCl, + 0.33(C;,H,sTe),].

On the basis of the available literature values for Au(I),>%*'
the Au 4f peak at 84.75 eV in Figure 3a confirms that the
oxidation state of the Au ion in the intermediate is indeed +1.
Moreover, the Te 3d peak at 576.25 eV agrees with the
reported Te 3d binding energy of C,HyTeBr,,>* which suggests
that the oxidation state of Te is +2. Therefore, we propose the
following stoichiometric reaction for the reduction of Au(III)
to Au(I) by the ditelluride, whose oxidation state changes
accordingly from —1 to +2:

1
[TOA™][Au(IIT)X,] + ngTez

2
— [TOAT[Au(1)X,] + gRTeX3 W
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where X represents a halide. The presence of RTeX; as a
product of eq 1 was further confirmed by the observation of a
new 'H peak at 4.21 ppm in Figure 2a that can be assigned to
a-CH, in C,H,;TeX; on the basis of the reported chemical
shift of a-CH, in C,HTeCl,.>*">*

For comparison, we also investigated the BSM intermediate
of a Ag system with (RTe),. Its '"H NMR spectrum (Figure
S3a) appears to be a linear combination of the spectra of the
individual components, namely, the organic layer after the
phase transfer of AgNO; with 3 equiv of TOAB (Figure S3b)
and the added R,Te, (Figure S3c). The characteristic proton
peak of ditelluride at 2.95 ppm remained intact in the spectrum
of the intermediate, and no new peaks were observed. This
indicates that (RTe), did not react with Ag(I), a conclusion
that is further supported by analysis of the Raman spectra
(Figure S4). The Raman spectrum of the intermediate (Figure
S4a) is clearly also a linear combination of those of the
individual components, the RTe—TeR vibration at 194 cm™
(Figure S4b) and the Ag(I)Br,” vibration at 147 cm™' (Figure
S4c). No new Raman peaks were observed. That is, no reaction
took place between the added (RTe), and the Ag ions in
[TOA"][Ag(I)Br,].

In summary, we have identified the chemical structures of the
intermediate species of both Te-containing ligand and metal
ions (Au or Ag) when (RTe), is used in place of thiol in a
typical BSM synthesis. Via careful and detailed 'H NMR,
Raman, and XPS characterizations as well as comparison to
DFT calculations of the reaction intermediates obtained in
typical BSM syntheses before the addition of NaBH,, we
conclude that for the Au system, the added (RTe), reduces
Au(III) to Au(I) with concurrent Te—Te bond breaking and
the formation of RTeX; (eq 1). However, no formation of a
Au—Te bond was observed. For the Ag system, on the other
hand, no evidence of a reaction between Ag(I) and (RTe),
could be observed. The aforementioned difference is
summarized in Scheme 1. We believe that these new

Scheme 1. Chemical Behavior of (RTe), in the BSM
Syntheses of Au and Ag NPs

3TOAB (in CeHg) phase transfer
I —

[TOAJ[AuX,] + 2TOAX
(C:H; layer) d

+
HAuCI, aq. l +1/3R,Te,

[TOA][AuX,] + 2/3 RTeX,

3TOAB (in C¢Hg) phase transfer

OA][AgBr,;] + 2TOAX
(CzHg layer) [TOAllAgBI;]

+
AgNO; aq. l +1/2R,Te,

no reaction

mechanistic insights will open the door to the exploration of

ligand-protected metal NPs with Te as an anchoring element.
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