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We propose a novel synthetic approach for cationic charged
platinum nanoparticles by the autocatalytic hydrolysis of
acetylthiocholine. This method can be extended to platinum
group of metals.

In recent years, significant advances have been made
toward the development of metallic nanoparticles (NPs)' having a
controlled size, shape, and composition for applications in
photonicsf’3 electronics,* medicine,” and catalysis.6’7 For these
applications, it is imperative to control the size of the metal NPs, and
several molecules such as amines, mercaptans, and polymers have
been used as stabilizers caused by their good coordination
properties.'

Recently, the self-organization of monodisperse metal NPs
has been extensively investigated to considerably broaden the
spectrum of their applications.® Several methods have been reported
for assembling NPs into superstructures, including the interaction
between NPs*!? as well as that between NPs and other host materials
such as inorganic nanosheets,'"'? cavitands,'* and DNA.'"*!* Such
organization between NPs and/or hosts can be achieved through van
der Waals, dipole—dipole, and electrostatic interactions as well as
other interactions. Moreover, self-assembly can also be achieved by
the effect of external electrical'® field, irradiation,!” and magnetic18
field. The regular superstructures of NPs thus obtained can offer
unique possibilities such as the control of the coupling between
excitons and plasmons'? and the transfer of excitation energies.”’

A major approach for the formation of NP assemblies is by
exploiting electrostatic interactions,”'*?' where the charged NPs
attach to oppositely charged NPs or hosts via electrostatic
interactions and forms superstructures. This self-assembly requires
the use of charged NPs; however, reports of the synthesis of cationic
charged metal NPs* are quite limited as compared with those of the
synthesis of anionic charged NPs, such as those stabilized by
mercaptoundecanoic  acid,”  mercaptopropionic  acid,**  or
glutathione.” The scarcity of the reports on cationic charged NPs
possibly originates from the low availability and selectability of
cationic charged organic stabilizers containing mercapto groups.
Meanwhile, cationic charged ligands such as
cetyltrimethylammonium bromide have been used as the stabilizing
reagent for metal NPs. The mechanism for stabilization involves the
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formation of a micelle; hence, as compared to thiol-stabilized
systems, the resultant structure is not as stable.?® Moreover, if an
easy and facile approach can be developed for the synthesis of thiol-
stabilized cationic NPs, the chemistry of supramolecular NP
assembly will accelerate, and the synthetic strategies for such
structures will considerably broaden.

Herein, we report the synthesis of cationic charged Pt NPs
by a novel approach based on organic chemistry. Typically, the
synthesis of metal NPs only utilizes metal ions as the metal source,
while in our new approach, the Pt ion is used as the metal source and
the Pt NPs formed initially act as autocatalysts for the hydrolysis of
the mercaptan precursor, namely, acetylthiocholine. By employing
this strategy, we can eliminate the chemical synthesis of mercaptan;
furthermore, this approach can be widely applicable to a wide
variety of metals in the platinum group. To the best of our
knowledge, this is the first report of the synthesis of metal NPs by
the autocatalytic reaction of a ligand precursor by the formed NPs.

Cl- Cl-
Pt nanoparticles

+ +
S—(CHy),—N— HS=(CH,),~N—

O=< Base

Scheme Hydrolysis from acetylthiocholine to thiocholine.

Cationic charged platinum NPs (Pt NPs) were obtained by
the chemical reduction of H,PtClgs with acetylthiocholine (ATC) and
NaBH,. The one-pot synthesis of cationic Pt NPs was performed as
follows. First, 5 mL of an H,PtCls solution (10 mM in methanol)
was added into 5 mL of an ATC aqueous solution (10, 20, or 30
mM). Next, the solution mixture immediately turned colloidal, and it
was stirred for 30 min. To evaluate transparency, absorption spectra
of the solutions were recorded without dilution by using a 1 mm
quartz cell (Fig. 1). By the addition of ATC, the absorption of
platinum ions at 456 nm (black line) almost disappeared, and large
scattering was observed in the whole wavelength region (blue line),
which is attributed to the colloidal species formed by the ion
complex of PtCl,>” and ATC". To the colloidal suspension, 1.7 mL
of a freshly prepared NaBH, aqueous solution (0.4 M) was slowly
a d d e d a t t h e
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Fig. 1 Absorption spectra of (a) H,PtCl, solution in methanol, (b)
after the addition of an acetylthiocholine (ATC) aqueous solution to
a, (c) after addition of the NaBH,; aqueous solution to b. All
measurements were performed using a 1 mm quartz cell without
dilution.

rate of 1 drop per minute, and the stirring of the mixture was
continued for another 3 h. With the addition of several drops, the
colour of the suspension started to turn black (red line; Fig. 1),
indicating the reduction of Pt ions and the formation of Pt NPs.
Notably, NaBH, does not catalyze the hydrolysis of ATC. Typically,
as catalytic hydrolysis by Pt proceeds under alkaline conditions, the
slow addition of NaBH,; would simultaneously suppress the rapid
formation of NPs and enhance the catalytic hydrolysis of ATC to
thiocholine (TC).

For transmission electron microscopy (TEM) analysis, the
obtained suspension of the Pt NPs was purified by
ultracentrifugation. By centrifugation at 150,000 rpm for 3 h, the
impurities remained in the supernatant and Pt NPs precipitated out.
Furthermore, after repeated ultracentrifugation (3 times) by the
addition of pure water to each cycle, purified Pt NPs were obtained.
The Pt NPs were then redispersed into water and methanol, and the
TEM sample was prepared by dropping an aqueous dispersion of Pt
NPs onto a carbon-coated Cu grid. Fig. 2 shows the TEM images
and the size distribution of the obtained Pt NPs at a 1:3 mol ratio of
Pt:ATC. Highly monodisperse spherical NPs were observed, and the
distribution histogram was well described by the Gaussian
distribution. The average diameter of the obtained NPs was 2.3 nm.
Moreover, at a lower ATC concentration (Pt:ATC = 1:1 and 1:2),
slightly larger NPs were obtained (both 2.4 nm). In this study, the
change of diameter with ligand concentrations was not significant,
and it was within error. This small change is attributed to the
synthetic mechanism, where the ATC ligands attached to Pt ions (as
an ion complex) can only act as a stabilizer immediately after the
addition of NaBH,, suggesting that the actual concentration of ATC
near Pt ions is the same under different ATC concentrations. Thus,
the ATC-Pt ion complex is the actual precursor for the synthesis of
Pt NPs in this system, and the obtained size of Pt NPs is thus almost
constant under different ATC concentrations.

To clarify whether the catalytic hydrolysis of ATC to TC
proceeded as we expected, "H-NMR (400 MHz) measurements were
performed. All spectra were recorded in D,O. Fig. 3a shows the 'H-
NMR spectrum of ATC. A sharp singlet peak was observed at 2.4
ppm, corresponding to the methyl group of ACT. Under several
relaxation time conditions, no peaks were observed for the purified
Pt NPs, caused by the attachment of organic ligands onto the NP
surfaces. Typically, treatment by I, is employed to extract
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mercaptans from metal NPs via the formation of disulfides.”” Hence,
Pt NPs were treated with I,. The treatment involved the addition of 1
m g 0 f I 2
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Fig. 2 TEM images and size distribution histogram of Pt
nanoparticles prepared at a 1:3 mol ratio of Pt:acetylthiocholine
(ATO).

powder into 5 mL of an aqueous suspension containing 1 mg of Pt
NPs. A black precipitate formed instantly. The supernatant was dried
under vacuum, and the powder obtained was then dissolved in D,0O
for "H-NMR measurement (Fig. 3b). The characteristic singlet of
ATC disappeared, indicating the hydrolysis of ATC to TC.
Moreover, we chemically synthesized TC by the hydrolysis of ATC
in the presence of HBr according to a previous paper.”® The synthetic
TC thus exhibited an NMR spectrum (Fig. 3c) similar to that of the
extracted TC by I, treatment (3b). Thus, we can conclude that the
synthesis of cationic Pt NPs was successfully achieved by the
hydrolysis of ATC. FT-IR spectra of ATC, synthetic TC and Pt NPs
also support the discussion (see Figure S1 in supporting
information). A characteristic C=O stretching vibration of ATC
observed at 1680 cm™ disappeared in Pt NPs.

A question that still remains is whether Pt ions or the Pt
NPs that are formed initially catalyze the hydrolysis of ATC. To
answer this question, a solution mixture containing H,PtCls and
ATC was stirred with NaOH instead of NaBH,. This experiment
aims to clarify whether Pt ions can act as a catalyst for the hydrolysis
of ATC to TC, as NaOH does not reduce Pt ions but only increases
the solution pH, similar to that observed for NaBH, systems. After
stirring for 3 h, the solution mixture containing H,PtCls, ATC, and
NaOH was dried, and the residue was dissolved in DMSO-d; for 'H-
NMR measurement. All peaks for ATC were observed in the 'H-
NMR spectrum (Figure S2). Hence, the results from this experiment
clearly indicate that the Pt NPs formed initially, not Pt ions, catalyze
the hydrolysis of ATC.
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Fig. 3 'H-NMR (400 MHz) spectra of (a) acetylthiocholine (ATC),
(b) ligand of Pt NPs that was extracted by I, treatment, (c)
synthesized thiocholine (TC) treated with I,. All measurements were
performed in D,0.

As this synthesis depends on the catalytic ability of Pt, it
can be extended to other metals in the platinum group, such as Pd.
On the other hand, this synthetic route cannot be applied to metals
that do not catalyze hydrolysis reactions. To examine the generality
of this method for other metals, we examined the synthesis of Pd and
Au NPs by using H,PdCl, and HAuCly, respectively, as the metal
sources in the presence of ATC. Figs. 4a—4c show TEM images and
size distribution histograms of the Pd and Au NPs thus prepared at a
1:3 mol ratio of metal: ATC. The Pd NPs thus obtained had a small
size, with the average NP size being 2.0 nm + 0.6 nm. On the other
hand, Au NPs exhibited large aggregates in sizes ranging from 30 to
200 nm. These results clearly indicate that Pd, not Au, can catalyze
the hydrolysis of ATC, indicating that only metals in the platinum
group can be used for the autocatalysis of thioacetyl compounds.
Our previous study on the synthesis of Au NPs having a diameter of
2.7 nm by using TC as a stabilizer also supports this conclusion.?®
(a) Pd (b) (c) Au
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Fig. 4 (a) TEM image of Pd NPs, (b) size distribution histogram of
Pd NPs, and (¢) TEM image of Au NPs. Pd and Au NPs were
prepared at a 1:3 mol ratio of metal:acetylthiocholine (ATC).

In conclusion, we described a novel approach for
preparing cationic charged Pt NPs by the autocatalytic
hydrolysis of acetylthiocholine. Typically, the synthesis of
metal NPs uses only a metal ion as the metal source, while in
our proposed approach, the Pt ion is used as the metal source
and the Pt NPs formed initially serve as autocatalysts for the
hydrolysis of the mercaptan precursor. This strategy eliminates
the chemical synthesis of mercaptan; furthermore, it can be
applied to a wide variety of metals in the platinum group.
Charged, especially cationic charged NPs, thiol-stabilized metal
NPs are fascinating as building blocks for supramolecular NP
assemblies. Regular NP superstructures can offer unique
possibilities, such as exciton—plasmon coupling, magnetic
enhancement, as well as the utilization of excitation energy;
hence, this study can serve as a novel, simple synthetic approach
for broadening the scope of NPs.

Experimental Section

The details of the synthesis of platinum nanoparticles
(Pt NPs) are provided in the results and discussion section.
H,PtCls, PdCl,, and HAuCl,; were purchased from Kojima
Chemicals (Japan), and acetylthiocholine iodide was purchased
from Aldrich. NaBH, was obtained from Kanto Chemical. The
counter ion of acetylthiocholine iodide was converted to the
corresponding chloride by using an ion-exchange column
(Organo Amberlite IRA400JCL) before the use.
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