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Preparation of platinum nanoparticles that are
dispersible in water over a wide pH range

Takanori Imai1, Yoshimoto Abe1, Keishi Nishio2, Ryuji Tamura2, Hirobumi Shibata3, Tohru Kineri4 and
Takahiro Gunji1

Platinum nanoparticles stabilized by linear polyethyleneimine (LPEI) were prepared by the liquid-phase reduction of

chloroplatinic(IV) acid with sodium borohydride. The average radii of particles were 3.26 and 1.76 nm when the molecular

weights of LPEI were 25 000 and 2150, respectively. These nanoparticles were well dispersed in water in the pH range

of 1–6. Branched polyethyleneimine also provided nanoparticles that dispersed in water in the pH range of 0–8. Linear

poly(ethyleneimine-co-N-methylethyleneimine) gave nanoparticles that dispersed in water in the pH range of �1 to 15.

The dispersibility of the nanoparticles decreased with increasing content of the N-methyl group.
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INTRODUCTION

Platinum is known as a highly durable and high-activity catalyst1–4 in
both synthetic organic chemistry and environmental science and is
widely used in these scientific areas. Platinum nanoparticles (PtNPs)
are also used as an environmental catalyst for cleaning the exhaust
gases from automobiles and factories.5,6 To date, many PtNPs have
been prepared using various methods that fall into three main
categories: reduction of hexachloroplatinic(IV) acid in the presence
of poly(methacrylic acid);7 reduction of hexachloroplatinic(IV)
acid in the presence of polyvinylpyrrolidone;8 and reduction of
potassium tetrachloroplatinate(II) in the presence of polyamidoa-
mine dendrimers.9 In the first method, PtNPs are prepared by the
chemical modification of the acrylic acid group to platinum during
the reduction process. The yield of PtNPs is low when the particle size
distribution is narrow. In the second method, PtNPs are prepared by
the coordination of the carbonyl group to platinum during the
reduction process. The PtNPs are formed with a high yield and
dispersed in water in the pH range from 2 to 7. In the third method,
PtNPs are prepared by the modification of dendrimers. The PtNPs
show low stability under acidic conditions.

When the PtNPs are applied to a catalyst, they are often supported
on the surface of silica or alumina gel. In recent years, platinum
catalysts have been prepared by deposition on the surface of a
mesoporous silica support that is formed in a honeycomb structure
by the accumulation of long silica channels.10 The PtNP-supported
mesoporous silica catalyst is prepared by two pathways. The first
pathway consists of the immersion of mesoporous silica in a solution

of PtNPs. Alternatively, the first pathway can be performed by a sol-
gel reaction of alkoxysilanes in the presence of a surfactant and PtNPs
under acidic conditions to assist in the hydrolytic polycondensation of
alkoxysilanes. In the second pathway, the preparation of mesoporous
silica and the installation of PtNPs are performed in a parallel
manner, which means that the PtNPs are deposited on the silica
surface during the formation of the silica gel. Because such a sol-gel
reaction is performed under acidic conditions, the PtNPs have to be
stable at a low pH, such as a pH of o1. Polyvinylpyrrolidone-
modified PtNPs are disadvantageous for the preparation of
platinum–silica catalysts because of their low stability under acidic
conditions, leading to precipitation of the platinum metal that is not
supported on the surface of the silica gel.10 The low stability of
polyvinylpyrrolidone-modified PtNPs is due to the low stability of the
coordination of the pyrrolidone moiety to platinum under acidic
conditions. For the preparation of such PtNPs, a chemical modifier
stronger than polyvinylpyrrolidone is necessary. For example, the
chemical modification of platinum using the coordination of the
nitrogen atom is one of the candidate approaches for forming a
stronger coordination bond with platinum compared with that
formed by coordination with an oxygen atom.11

In this work, therefore, nitrogen-containing polymer chemical
modifiers were selected for the preparation of PtNPs. Namely, the
preparation of PtNPs using linear polyethyleneimine (LPEI), branched
polyethyleneimine (BPEI) and a copolymer of ethyleneimine and
N-methylethyleneimine (poly(EI-co-NMEI)) was studied according
to Scheme 1.
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EXPERIMENTAL PROCEDURE

Reagents
Hexachloroplatinic(IV) acid hexahydrate, BPEI (MW 1800), sodium borohy-

dride, formic acid, formaldehyde and ethanol (Wako Pure Chemical Co, Ltd,

Tokyo, Japan) were used as received. Poly(2-ethyl-2-oxazoline) (MW 5000) and

LPEI (MW 25 000) (Alfa Aesar Co, Ltd, Ward Hill, MA, USA) were also used as

received.

Preparation of ligand agents
LPEI (MW 2150) was synthesized by the hydrolysis of poly(2-ethyl-2-oxazo-

line) (MW 5000) according to the method described in the literature.12

Poly(EI-co-NMEI)s (17–100% of methylation) were synthesized by

Eschweiler–Clarke reaction of LPEI (MW 2150) using formaldehyde and

formic acid according to the method described in the literature.13

Preparation of LPEI (MW 25 000)-protected PtNPs
LPEI (MW 25 000) (596 mg, 0.024 mmol) and water (80 ml) were charged in a

100-ml flask and heated at 60 1C for 10 min. After cooling to 25 1C,

chloroplatinic(IV) acid hexahydrate (594 mg, 1.25 mmol) was added. An

excess amount of sodium borohydride was then added, and the solution was

heated at 90 1C for 1 h Solid materials were removed by filtration, and the

filtrate was added to ethanol. The precipitate was recovered by filtration and

subjected to evaporation to provide LPEI-protected PtNPs as a brown powder.

Preparation of LPEI (MW 2150)-protected PtNPs
LPEI (MW 2150) (267 mg, 0.12 mmol), ethanol (80 ml) and chloroplatinic(IV)

acid hexahydrate (25.5 mg, 0.052 mmol) were charged in a 100-ml flask and

heated at 90 1C for 4 h After cooling to 25 1C, an excess amount of sodium

borohydride was added. The solid materials were removed by ultrafiltration.

The filtrate was concentrated and poured into hexane. The precipitate was

recovered by filtration and subjected to evaporation to provide LPEI-protected

PtNPs as a brown powder.

Preparation of LPEI/BPEI-protected PtNPs
LPEI (MW 2150) (143.2 mg, 0.067 mmol), BPEI (154.8 mg, 0.086 mmol) and

ethanol (80 ml) were combined. Chloroplatinic(IV) acid hexahydrate (10.7 mg,

0.022 mmol) was added, and the solution was subjected to heating at 90 1C for

4 h. After cooling to 25 1C, an excess amount of sodium borohydride was

added, and the solution was then heated at 90 1C for 10 min. The solid

materials were removed by filtration. The filtrate was subjected to ultracen-

trifugation, ultrafiltration and drying under a reduced pressure to provide

LPEI/BPEI-protected PtNPs as a highly viscous black liquid.

Other LPEI/BPEI-protected PtNPs were prepared using LPEI (MW 2150)

(91.7 mg, 0.043 mmol) and BPEI (210.3 mg, 0.12 mmol) or BPEI (306.4 mg,

0.17 mmol) only.

Preparation of poly(EI-co-NMEI)-protected PtNPs
Poly(EI-co-NMEI) (N-methyl 17%) (152 mg, 0.067 mmol) and ethanol (80 ml)

were combined. Chloroplatinic(IV) acid hexahydrate (15.0 mg, 0.031 mmol)

was added, and the solution was subjected to heating at 90 1C for 4 h. After

cooling to 25 1C, an excess amount of sodium borohydride was added, and the

solution was then heated at 90 1C for 10 min. After filtration, ultrafiltration and

drying under a reduced pressure, poly(EI-co-NMEI)-protected PtNPs were

obtained as a brown liquid.

Other poly(EI-co-NMEI)-protected PtNPs were prepared by using poly(EI-

co-NMEI)s with different levels of methylation: 40% (151 mg, 0.062 mmol),

56% (149 mg, 0.059 mmol), 88% (131 mg, 0.047 mmol) and 100% (151 mg,

0.053 mmol).

Evaluation of the dispersibility of polymer-protected PtNPs
PtNPs were mixed in a vial container with hydrochloric acid or a sodium

hydroxide solution, and the mixtures were adjusted to an objective pH range of

�1 to 15. The samples were left to stand at room temperature, and the state of

the solution was evaluated visually.

RESULTS AND DISCUSSION

Preparation of LPEI-protected PtNPs
We confirmed the preparation of PtNPs based on the color change of
the solution from transparent to black as the duration of heating was
increased. The results of the preparation of LPEI-protected PtNPs are
summarized in Table 1. LPEI (MW 25 000)-protected PtNPs (no. 1)
were obtained with a yield of 691 mg. Because the platinum content
of PtNPs was measured by thermogravimetry analysis to be 14.7%,
the percentage of the reactivity of hexachloroplatinic(IV) acid was
calculated as 45.4%. The infrared spectrum is shown in Figure 1. The
spectrum showed absorption bands due to nOH, nCH, dNH, dCH and
nCN, which belong to the ethylenediamino group of PtNPs. The
differential thermal-analysis thermogravimetry under an air atmo-
sphere, as shown in Figure 2, showed a small endothermic peak at
approximately 300 1C and a large exothermic peak at approximately
400 1C with weight losses, and the residue at 1000 1C was platinum. In
the ultraviolet-visible absorption spectrum of LPEI (MW 25 000)-
protected PtNPs in water, the absorption peak at 262 nm due to
hexachloroplatinic(IV) acid disappeared, which supports the hypoth-
esis that platinum(IV) ion was reduced to platinum(0). The LPEI
(MW 25 000)-protected PtNPs were mixed with hydrochloric acid or
sodium hydroxide solution in order to observe the stability under
various pH values as shown in Figure 3. The nanoparticles were stable
and well dispersed in water in the pH range 1–6, while they
precipitated when the pH was o1 or 47.

In contrast, LPEI (MW 2150)-protected PtNPs (No. 2) were
obtained with a yield of 52.2 mg. The content of platinum and the
percentage of the reactivity of hexachloroplatinic(IV) acid were 18.1
and 84.4%, respectively. These nanoparticles were well dispersed in
methanol, ethanol and water in the pH range of 1–6.

The transmission electron microscopy images of LPEI-protected
PtNPs nos. 1 and 2 are shown in Figure 4. The average sizes of the
nanoparticles are summarized in Table 2. The size of PtNP was
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Scheme 1 A schematic figure describing the preparation of polymer-protected PtNPs.
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evaluated by measuring the diameter of nanoparticles in the
transmission electron microscopy images. The average sizes of PtNPs
nos. 1 and 2 were 3.26±0.45 and 1.76±0.52 nm, respectively. These
data suggest that the diameter of PtNPs is dependent on the
molecular weight of LPEI.

Preparation of LPEI/BPEI-protected PtNPs
LPEI/BPEI-protected PtNPs were prepared using LPEI and BPEI as
protecting polymers, and the results of the preparation are summar-
ized in Table 3. The mass ratio of LPEI and BPEI polymer, LPEI:BPEI,
showed values of 5:5, 3:7 or 0:10. The LPEI/BPEI-protected PtNPs
were obtained in 20.1 mg (no. 3), 13.6 mg (no. 4) and 9.1 mg (no. 5),
whereas the platinum contents were 10.9% (no. 3), 28.2% (no. 4) and
27.9% (no. 5). The platinum yield was calculated as 20.5% (no. 3),
33.9% (no. 4) and 22.5% (no. 5). The LPEI/BPEI-protected PtNPs
were a highly viscous black liquid. These nanoparticles were dispersed

Table 1 Results on the preparation of LPEI-protected PtNPs

No.

Mw of

LPEI

Yield

(mg)

Pt contenta

(%) State

pH range to be

dispersed in waterb

1 25000c 691.0 14.7 Brown powder 1–6

2 2150d 52.2 18.1 Brown powder 1–6

Abbreviations: LPEI, linear polyethyleneimine; Pt, platinum; PtNP, platinum nanoparticle.
aCalculated based on the thermogravimetry.
bDispersibility was evaluated after standing for 24h at room temperature.
cScale in operation: H2PtCl6 6H2O 594 mg, LPEI (Mw 25000) 596mg.
dScale in operation: H2PtCl6 6H2O 25.5mg, LPEI (Mw 2150) 267mg.

Figure 1 Fourier-transform infrared absorption spectrum of LPEI

(Mw 25 000)-protected PtNPs (KBr disk method).

Figure 2 Results on the thermogravimetric/differential thermal analysis of

LPEI (Mw 25 000)-protected PtNPs under an air atmosphere.

Figure 3 A photograph of LPEI (Mw 25000)-protected PtNPs dispersed in

water at pH 4 (left) and precipitation at pH 7 (right).

Figure 4 A transmission electron micrograph of LPEI (Mw 25 000)-protected

PtNPs at pH 6.

Table 2 Average radius of LPEI-protected PtNPs

No. Number of measured PtNPs Average radius (nm)

1 611 3.26±0.45

2 502 1.76±0.52

Abbreviations: LPEI, linear polyethyleneimine; PtNP, platinum nanoparticle.
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in water in the pH range of 0–8 or 0–9. The secondary and tertiary
nitrogen atoms in polyethyleneimine established the stronger coordi-
nation to the platinum atoms to increase the pH range of dispersion
in water. In addition, the stable pH range for the dispersion of
PtNPs could be controlled easily by modifying the amount of
tertiary nitrogen atoms in the polyethyleneimine chain. The average
sizes of LPEI/BPEI-protected PtNPs were 1.64±0.21 nm (no. 3),
3.09±0.72 nm (no. 4) and 1.74±0.20 nm (no. 5); however, there was
no trend for the particle size of PtNPs.

Preparation of poly(EI-co-NMEI)-protected PtNPs
To confirm the effect of the introduction of tertiary nitrogen atoms in
the polyethyleneimine chain, some nitrogen atoms in LPEI were
methylated by the Eschweiler–Clarke reaction to give poly(EI-co-
NMEI) with various degrees of methylation. In this reaction, the
methyl group derived from formaldehyde is introduced to nitrogen
atoms in polyethyleneimine in approximately quantitative yield, and
the degree of methylation is controlled by the molar ratio of
formaldehyde to the corresponding structural unit of ethyleneimine
in polyethyleneimine. Based on this property, poly(EI-co-NMEI)-
protected PtNPs with 17, 40, 56, 88, and 100% N-methylations were
prepared, and the results are summarized in Table 4. The following
amounts of poly(EI-co-NMEI)-protected PtNPs were obtained:
6.3 mg (no. 6), 8.6 mg (no. 7) and 4.5 mg (no. 8), whereas the
platinum contents were 13.5% (no. 6), 9.8% (no. 7) and 10.6%
(no. 8). The platinum yield was calculated as 15.2% (no. 6), 15.1%
(no. 7) and 8.5% (no. 8). When the N-methylations were 17, 40 and
56% (nos 6–8), the poly(EI-co-NMEI)-protected PtNPs were a
viscous brown liquid and dispersed in hydrochloric acid or sodium
hydroxide solution in the pH range of �1 to 15. In contrast, when

the N-methylations were 88 and 100% (nos 9 and 10), brown solids
were obtained that showed no dispersion in water or various organic
solvents. In contrast, a black precipitate of platinum was formed
when these poly(EI-co-NMEI)-protected PtNPs were mixed with
aqueous ammonia. The average sizes of poly(EI-co-NMEI)-protected
PtNPs were 2.17±0.40 nm (no. 6), 2.38±0.43 nm (no. 7) and
3.24±0.64 nm (no. 8). When the percentage of N-methylations of
poly(EI-co-NMEI) increased, sizes of PtNPs increased accordingly.

The preparation of LPEI, BPEI or poly(EI-co-NMEI)-protected
PtNPs can be summarized as follows: (1) the PtNPs are formed by the
coordination of both secondary-amino nitrogen atoms and tertiary-
amino nitrogen atoms. (2) The size of PtNPs decreases when a
protecting polymer with small molecular weight is used. (3) The
secondary-amino nitrogen atoms coordinate more rapidly and stiffly
compared with the tertiary-amino nitrogen atoms to provide PtNPs.
(4) The pH value required to disperse PtNPs under acidic conditions
decreases when more tertiary-amino nitrogen atoms are introduced.
(5) The pH value required to disperse nanoparticles under basic
conditions increases with the introduction of tertiary-amino nitrogen
atoms.

The size of PtNPs is affected by the molecular weight and the
composition of secondary- and tertiary-amino nitrogen atoms in
LPEI, BPEI and poly(EI-co-NMEI). The polyethyleneimines with low
molecular weights coordinate to the platinum more rapidly than
those with high molecular weights, producing smaller nanoparticles.
Another factor that affects the size of PtNPs is the greater basicity of
the tertiary-amino nitrogen atom compared with that of the
secondary-amino nitrogen atom: when the LPEI, BPEI or poly(EI-
co-NMEI)-protected PtNPs are dispersed in acidic media, the
secondary-amino nitrogen atoms are protonated more easily than

Table 3 Results on the preparation of LPEI/BPEI-protected PtNPs

No.

LPEI/BPEI

(mass ratio) Yield (mg) Pt contenta (%) Average radius (nm) State

pH range to be dispersed

in waterb

3 5/5c 20.1 10.9 1.64±0.21 Black and highly viscous liquid 0–8

4 3/7d 13.6 28.2 3.09±0.72 Black and highly viscous liquid 0–8

5 0/10e 9.1 27.9 1.74±0.20 Black and highly viscous liquid 0–9

Abbreviations: BPEI, branched polyethyleneimine; LPEI, linear polyethyleneimine; Pt, platinum; PtNP, platinum nanoparticle.
aCalculated based on the thermogravimetry.
bDispersibility was evaluated after standing for 24h at room temperature.
cScale in operation: H2PtCl6 6H2O 25.0 mg (0.052 mmol), LPEI (Mw 2150) 143.2mg (0.067 mmol), BPEI 154.8mg (0.086 mmol).
dScale in operation: H2PtCl6 6H2O 25.0mg (0.052mmol), LPEI (Mw 2150) 91.7 mg (0.043 mmol), BPEI 210.3mg (0.12mmol).
eScale in operation: H2PtCl6 6H2O 25.0 mg (0.052 mmol), BPEI 306.4mg (0.17mmol).

Table 4 Results on the preparation of poly(EI-co-NMEI)-protected PtNPs

No.

Percentage of

methylation (%) Yield (mg) Pt contenta (%) Average radius (nm) State

pH range to be dispersed

in waterb

6 17c 6.3 13.5 2.17±0.40 Brown liquid �1 to 15

7 40d 8.6 9.8 2.38±0.43 Brown liquid �1 to 15

8 56e 4.5 10.6 3.24±0.64 Brown liquid �1 to 15

9 80f — — — Brown solid � (Precipitation)

10 100g — — — Brown solid � (Precipitation)

Abbreviations: poly(EI-co-NMEI), copolymer of ethyleneimine and N-methylethyleneimine; Pt, platinum.
aCalculated based on the thermogravimetry.
bDispersibility was evaluated after standing for 24h at room temperature.
cScale in operation: H2PtCl6 6H2O 15.0 mg (0.052 mmol), poly(EI-co-NMEI) 152 mg (0.067 mmol).
dScale in operation: H2PtCl6 6H2O 15.0mg (0.052mmol), poly(EI-co-NMEI) 151 mg (0.062 mmol).
eScale in operation: H2PtCl6 6H2O 15.0 mg (0.052 mmol), poly(EI-co-NMEI) 149 mg (0.059 mmol).
fScale in operation: H2PtCl6 6H2O 15.0 mg (0.052 mmol), poly(EI-co-NMEI) 131 mg (0.047 mmol).
gScale in operation: H2PtCl6 6H2O 15.0 mg (0.052 mmol), poly(EI-co-NMEI) 151 mg (0.053 mmol).
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the tertiary-amino nitrogen atoms, and then, they separate from the
nanoparticles, allowing the nanoparticles to coagulate as precipitates.
In contrast, when the nanoparticles are dispersed in basic media, the
relatively acidic secondary-amino nitrogen atoms would be neutra-
lized more easily than the tertiary-amino nitrogen atoms, thus
losing their ability to coordinate and facilitate the coagulation of
nanoparticles as precipitates. As a result, the pH range to disperse
nanoparticles stably in water is broadened by the moderate introduc-
tion of tertiary-amino nitrogen atoms into the protecting agent.

CONCLUSIONS

PtNPs stabilized by LPEI were prepared by the liquid-phase reduction
of chloroplatinic(IV) acid with sodium borohydride. The particle sizes
were 3.26 and 1.76 nm when the molecular weights of LPEI were
25 000 and 2150, respectively. These nanoparticles were well dispersed
in water in the pH range of 1–6. BPEI also provided nanoparticles
that dispersed in water in the pH range of 0–8. Linear poly(ethyle-
neimine-co-N-methylethyleneimine) produced nanoparticles that dis-
persed in water in the pH range of �1 to 15, with dispersion
decreasing as the number of N-methyl groups increased. The
dispersion of nanoparticles was well established by using smaller
PtNPs, which were prepared from the protecting agent with lower
molecular weights. The nanoparticles were also stabilized over a wide
pH range by moderate mixing of the secondary- and tertiary-amino
nitrogen atoms in the protecting agent.
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