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Their catalytic properties in the aqueous phase were investigated using 
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Facile preparation of water soluble CuPt nanorods with controlled aspect
ratio and study on their catalytic properties in water†
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CuPt nanorods, originally nonpolar, were modified by ligand exchange to become soluble in water.

Three different CuPt nanorods with aspect ratios (ARs) of 1, 6, and 11 were produced with high

monodispersity by a thermal decomposition method and a subsequent purification process. The

synthesized nanorods were initially dispersed in nonpolar solvents such as hexane. Thiol-terminated

poly(ethyleneoxide) (PEO-SH) was synthesized and attached to the surface of CuPt nanorods to impart

water solubility. The nanorods were completely transferred to the aqueous phase. Their catalytic

properties in the aqueous phase were investigated using a peroxidase-like reaction of o-

phenylenediamine (OPD) oxidation. CuPt nanorods showed high activity for the reaction,

demonstrating the excellent dispersion of nanorods in an aqueous solution. The effect of AR on the

catalytic properties of nanorods was also studied.
Introduction

Metal nanoparticles have attracted a great deal of attention due

to their potential in various applications such as electronic

devices,1,2 magnetic storage,3 optical devices,4–7 surfactants8–10

and catalysis.11–14 For these applications, precise control of both

particle size and shape is critically important, since the properties

of nanoparticles are strongly dependent on their size and shape.15

In addition, because their separation is extremely difficult,

synthetic methods that can produce nanoparticles with a uniform

distribution of size and shape are highly desirable.

Metal nanoparticles can be synthesized by several methods,

including photoreduction,16–18 radiolytic reduction,19,20 alcohol

reduction21 and polymer/surfactant reduction.22,23 Of particular

interest is the thermal decomposition method that can produce

nanoparticles with excellent control over the size and uniformity,

and in a relatively larger quantity.24 This method requires

nonpolar organic materials such as oleic acid or oleylamine as

surface-stabilizing agents, which stabilize nanoparticles and

prevent their aggregations. However, at the same time, such

surface stabilizers on the nanoparticle behave as an insulating

barrier and hinder access of other molecules to the surface of the

particle, which is detrimental for catalytic applications. In

addition, many applications—particularly in biological
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Instituted Science and Technology (KAIST), Daejeon, 305-701, Korea.
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systems—require nanoparticles to be fully dispersed in a hydro-

philic solvent or water without degradation of their properties.

To overcome these problems, the surface modification of the as-

synthesized nanoparticles is required to control their polarity,

typically by replacing the original nonpolar stabilizers with the

polar ones via a ligand-exchange process.25–31 For example,

hydrophilic polyvinyl pyrrolidone (PVP) has been widely used to

replace the organic stabilizers on the particles and disperse them

in polar solvents.32,33 The ligand exchange procedure requires

that PVP should have stronger binding to the nanoparticle

surface than the original organic ligands. However, PVP mole-

cules have a relatively weak C]O binding group compared to

oleylamine.32 Furthermore, PVP has long chain, which kineti-

cally hinders the replacement of the oleylamine and oleic acid

ligands on the nanoparticle via ligand exchange.34 Therefore, it is

difficult to achieve phase transfer of nanoparticles and ensure

their stability in polar or aqueous media via ligand exchange with

these molecules.

Herein, we report a simple route for producing water-soluble

nanoparticles using thiol end-functionalized polymer ligands.

First, we synthesized water-soluble and biocompatible poly

(ethyleneoxide) (PEO) with a thiol end-group via a three-step

reaction. It is well-known that the thiol group has a much

stronger affinity to many metal surfaces including Au, Ag, Pt,

etc. than oleylamine and oleic acid.35–38 To show the versatility of

our approach, we have applied thiol-terminated PEO chains

(PEO-SH) to coat CuPt nanorods with various aspect ratios in

the range of 1 to 11, which were originally dispersible only in

nonpolar solvents such as hexane. The aspect ratios were care-

fully controlled by tuning the ratio between oleic acid and

oleylamine. After ligand exchange, the nanorods were completely

transferred to the aqueous phase. To demonstrate excellent
This journal is ª The Royal Society of Chemistry 2011
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dispersion, and stability of nanorods in water, their catalytic

properties in the aqueous phase were investigated using

a peroxidase-like reaction of o-phenylenediamine (OPD) oxida-

tion. In addition, the effect of aspect ratio on the catalytic

performance was also carefully investigated. It was found that

the spherical CuPt particles with aspect ratio (AR) of 1.0 showed

the highest catalytic activity, while the longer CuPt nanorods

(AR ¼ 5.6 and 11.1) had lower activity, showing that the reac-

tivity of nanorods was proportional to the amount of

platinum atoms on the surface. These results clearly demon-

strated that PEO functionalized CuPt nanorods not only were

dispersed in water, but also retained a high catalytic activity in

water.
Experimental section

Materials

Copper acetylacetonate (Cu(acac)2, Sigma-Aldrich), platinum

acetylacetonate (Pt(acac)2, Sigma-Aldrich), 1,2-hexadecanediol

(Sigma-Aldrich), oleic acid (OA, Sigma-Aldrich), oleylamine

(OLA, Sigma-Aldrich), 1-octadecene (Sigma-Aldrich), poly

(ethyleneoxide) (PEO-OH) (molecular weight (Mn) ¼ 2.4 kg

mol�1, polydispersity index (PDI) ¼ 1.05, Polymer Source),

triethylamine (Sigma-Aldrich), dichloromethane (DCM, anhy-

drous, Sigma-Aldrich), methanesulfonyl chloride (Sigma-

Aldrich), MgSO4 (Sigma-Aldrich), tetrahydrofuran (THF,

anhydrous, Junsei), potassium thioacetate (Sigma-

Aldrich), concentrated HCl, chloroform, hydrogen peroxide

(H2O2) and o-phenylenediamine (OPD, Sigma-Aldrich) were

used as received.
Synthesis of CuPt nanorods with various aspect ratios

CuPt nanorods were synthesized by the thermal degradation

method with the standard air free technique.39 Typically, 24 mg

Cu(acac)2 and 43 mg Pt(acac)2 were dissolved in 5 ml 1-octade-

cene. OA and OLA as capping agents (1.5 ml OA for spherical

nanoparticles, 0.6 ml OLA and 0.8 ml OA for short nanorods,

0.8 ml OLA and 1.2 ml OA for long nanorods) and 1,2-hex-

adecanediol as the reducing agent (105 mg) were added to the

reaction mixture. The solution was heated and stirred at 120 �C
under a nitrogen atmosphere for 20 min to melt the precursors.

The temperature was then increased to 225 �C and maintained

for 30 min to prepare the product. The solution was cooled down

to room temperature, and the product was precipitated in

ethanol by centrifugation at 3600 rpm for 10 min. This sequence

of steps afforded a precipitate that could be dispersed in hexane,

cyclohexane and toluene.
Fig. 1 (a) TEM image of CuPt nanorods synthesized with the volume

ratio of OA to OLA ¼ 2 : 3. (b) Histogram of the aspect ratio of as-

synthesized CuPt nanorods. The statistics were obtained from image

analysis of more than 700 particles.
Ligand exchange to form PEO-coated CuPt nanoparticles

First, PEO-SH was prepared via a three-step reaction by

following a modified procedure from the literature40

(Scheme S1†). As-prepared CuPt nanoparticles and PEO-SH

(9 mg and 27 mg for spherical nanoparticles, 15 mg and 24 mg for

short NRs, 13 mg and 19 mg for long NRs, respectively), which

was equimolar with oleic acid and oleylamine ligands, were

mixed with anhydrous THF (10 ml) at 40 �C for 6 hours.
This journal is ª The Royal Society of Chemistry 2011
Oxidation reaction of o-phenylenediamine

Three different types of PEO-coated CuPt nanorods were used as

catalysts for the oxidation reaction of OPD in the presence of

H2O2. 100 ml of 30% H2O2 and 50 ml of 0.02 M OPD were added

to H2O. Each type of CuPt aqueous solution (sphere, short rod,

long rod) was added to the mixture. The amount of platinum in

the solution was kept constant at 26.5 mM, and the total volume

was maintained at 3 ml. The progress of the oxidation reaction

was monitored at room temperature by recording UV-Vis

absorption spectra at 2 min intervals using the scanning kinetics

mode.
Results and discussions

Synthesis of CuPt nanorods with different aspect ratios

CuPt nanorods with different ARs were synthesized by tuning

the ratio of OA to OLA. It is well-known that the AR of inor-

ganic nanorods can be influenced by the choice of the capping

agent that attracts specific atoms.41 In this study, an increase in

the OLA/OA ratio results in higher AR of nanorods.

For example, TEM image in Fig. 1(a) depicts CuPt nanorods

synthesized with the OA/OLA ratio of 2 : 3. Histogram in Fig. 1

(b) represents the statistical distribution of nanorod AR, which

was obtained from image analysis of more than 700 nanorods.

However, even with very careful control of the OLA/OA ratio

during synthesis, the as-synthesized product had a very broad

distribution of nanorod AR, as shown in Fig. 1. In addition,

a fraction of spherical particles was also present in the product,

which required further purification. Two different steps were

performed to obtain highly monodisperse nanorods. In the first

step, the soluble/insoluble solvent mixing method, as-synthesized

nanorods were dispersed in a 50 : 50 mixture of hexane and

acetone and the desired product was separated by precipitation.39

In the second step, complete purification of nanorods was ach-

ieved using the density-gradient method,42 which utilizes the

mass difference between short and long NRs. By adding nano-

rods to solvent layers of different densities, nanorods can be

separated by aspect ratio. Accordingly, to purify our nanorods,

we mixed DCM (r ¼ 1.33 g ml�1) and cyclohexane (r ¼ 0.779 g

ml�1) to produce five layers with different densities. Because it is

easier for the heavier CuPt NRs to pass through different density

layers than the lighter spherical CuPt nanoparticles to do so,

CuPt NRs were located in the bottom layer after the centrifu-

gation at 20 000 rpm for 3 h, as shown in Fig. 2.
J. Mater. Chem., 2011, 21, 11956–11960 | 11957
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Fig. 3 TEM image of CuPt nanorods with three different ARs after

purification. The AR of the nanorods was controlled by adding different

ratios of OA to OLA in the synthesis. (a) Spherical CuPt nanoparticles

(AR ¼ 1.0) (CuPt-S). (b) Short CuPt nanorods (AR ¼ 5.6 � 1.6) (CuPt-

SR). (c) Long CuPt nanorods (AR ¼ 11.1 � 3.3) (CuPt-LR). The scale

bar is 20 nm. The plots on the right side represent the statistical distri-

bution of the ARs obtained from corresponding TEM images.
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Fig. 3 represents the TEM images of the purified CuPt nano-

rods with three different ARs ranging from 1 to 11. As evident

from Fig. 3, nanorod purification was performed properly for all

three nanorods. For convenience, the spherical CuPt (AR¼ 1.0),

the short CuPt (AR ¼ 5.6) and the long CuPt (AR ¼ 11.1)

nanoparticles are denoted as CuPt-S, CuPt-SR and CuPt-LR,

respectively. It should be noted that while the long axis increases

from 2.5, 14.0 to 27.4 nm for CuPt-S, CuPt-SR and CuPt-LR,

respectively, the short axis for all nanorods remains constant at

2.5 nm. Therefore, our system is ideal for investigating the effect

of AR on the properties of the nanorods.

Synthesis of PEO-SH and PEO coated CuPt nanorods

In this study, PEO-SH polymers were synthesized from

hydroxyl-terminated PEO. A three-step reaction was performed

to produce a well-defined thiol group at the end of the PEO

chain. The molecular weight (Mn) of PEO chain was designed to

be low in order to alleviate the steric hindrance effect and allow

efficient ligand replacement by PEO-SH on the CuPt nanorods.

The completion of the reaction after each reaction step was

confirmed by NMR analysis, as shown in Fig. 4. After the first

step to form PEO-SO3CH3, the peak corresponding to the CH3

protons appears at 3.1 ppm, while the peak for the –OH proton

around 2.6 ppm disappears completely (Fig. 4(b)). In the second

step, a new peak for PEO-SCOCH3 appears at 2.4 ppm, while the

peak for PEO-SO3CH3 disappears. Finally, a unique multiplet of

peaks corresponding to the –SH protons is detected around

2.7 ppm. From these results, it was concluded that a complete

exchange of the functional end-group had taken place.

The synthesized PEO-SH polymers were used in a ligand

exchange of the CuPt nanorod surface. It is well-known that

a thiol-terminated polymer can bind to the surface of various

inorganic nanoparticles (i.e. Au, Ag, Pt, etc.) more strongly than
Fig. 2 The process of nanorod separation by the density gradient

method. Digital image of ultracentrifuge vessel containing five layers of

DCM and cyclohexane solutions with different volume

ratios and densities. DCM : cyclohexane volume ratio: (a) 50 : 50 in layer

(1.055 g ml�1), (b) 60 : 40 in layer (1.110 g ml�1), (c) 70 : 30 in

layer (1.165 g ml�1), (d) 80 : 20 in layer (1.224 g ml�1) and (e) 90 : 10 in

layer (1.275 g ml�1). CuPt nanorods in toluene were added to the top of

the first layer. After centrifugation at 20 000 rpm for 3 h, the bottom layer

(e) in the tube contained purified CuPt nanorods. The inset TEM images

represent the CuPt nanorods in each layer after separation.

11958 | J. Mater. Chem., 2011, 21, 11956–11960
polymers with other functional end groups.43,44 As shown in

Fig. 5, OA and OLA ligands were initially present on the CuPt

nanorods. And the photograph image in Fig. 5(a) showed that

OA and OLA-coated CuPt nanorods were well-dispersed in the

nonpolar solvent of hexane. In contrast, after ligand exchange,

CuPt nanorods were completely transferred to the water phase

with good dispersion, which indicates that the ligand exchange

by PEO-SH was performed successfully (Fig. 5(b)).
Fig. 4 1H-NMR data of (a) PEO-OH, (b) PEO-SO3CH3, (c) PEO-

SCOCH3 and (d) PEO-SH. PEO-SH was synthesized from PEO-OH via

a three-step reaction.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Schematic diagrams of (a) OA/OLA-coated CuPt nanorods and

(b) PEO-coated CuPt nanorods. As can be visualized in two different

photographs, the OA/OLA coated CuPt nanorods are soluble in the

hexane phase, whereas the PEO-coated CuPt nanorods are well-dispersed

in the water phase.

Fig. 7 OPD oxidation reaction using three different CuPt nanorods as

catalyst was monitored by UV-Vis absorbance measurements at 425 nm

as a function of reaction time (CuPt-S (squares), CuPt-LR (circles),

CuPt-SR (triangles)).
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Furthermore, the corresponding TEM images provide additional

evidence of ligand exchange, demonstrating that PEO-coated

CuPt nanorods including CuPt-S (AR ¼ 1.0), CuPt-SR

(AR ¼ 5.6) and CuPt-LR (AR ¼ 11.1) were well-dispersed in the

water phase without aggregation (Fig. 6).
Table 1 Characteristics of PEO-coated CuPt nanorods. The bulk
composition in the nanorods was estimated by ICP measurements, while
the surface composition was determined by XPS measurements.
Comparison of Pt mole ratio between ICP and XPS results clearly shows
that all nanorods have a Pt-rich surface

CuPt-PEO Aspect ratio

Pt mole ratio in nanorods

ICP (bulk) XPS (surface)

CuPt-S 1.0 0.512 0.667
CuPt-SR 5.6 0.485 0.630
CuPt-LR 11.1 0.464 0.645
Catalytic properties of CuPt nanorods in water

To examine the catalytic properties of CuPt nanorods in water,

a peroxidase-like reaction of OPD oxidation was performed by

using PEO-coated CuPt nanorods as catalysts. Pt alloy nano-

particles are known to catalyze the decomposition of superoxide

free radicals and H2O2.
45 Since this type of enzyme-mimicking

reaction occurs only in the aqueous phase, the phase transfer of

shape-controlled nanoparticles into the water phase is a prereq-

uisite for their application as catalysts. OPD is oxidized into

a yellow solution of 2,3-diaminophenazine during the reaction;

therefore, the progress of the OPD reaction can be monitored

with UV-Vis absorbance spectroscopy by measuring the increase

in peak intensity at 425 nm. In addition, to investigate the effect

of AR on the catalytic activity, three different OPD reactions

were performed using CuPt-S, CuPt-SR and CuPt-LR. The

CuPt-S particles showed highest catalytic activity, and CuPt-SR

and CuPt-LR nanorods had lower activities, as shown in Fig. 7.

To understand the difference in activity of CuPt nanorods with

various ARs, the bulk and surface composition of CuPt nano-

rods was measured by inductively coupled plasma (ICP) and

X-ray photoelectron spectroscopy (XPS), respectively. Table 1

shows that there is a difference between the bulk and surface

composition of CuPt nanorods. Specifically, the Pt mole ratio

appears to be larger at the surface than in the bulk, indicating

that the surface of CuPt nanorods is rich in Pt.

Furthermore, the number of Pt atoms (NPt) at the surface and

in the bulk was calculated based on the amount of platinum

(0.0795 mg) used, the nanorod size, and the bulk and surface
Fig. 6 TEM images of PEO-coated CuPt nanorods dispersed in water:

(a) CuPt-S, (b) CuPt-SR and (c) CuPt-LR. The scale bar is 20 nm.

This journal is ª The Royal Society of Chemistry 2011
compositions. The atomic composition on the very top surface

was calculated from XPS data46 although it should be noted that

XPS is not a perfectly surface-sensitive technique. The number

was determined to be 1.86 � 1014 for CuPt-S, 1.40 � 1014 for

CuPt-SR, and 1.39 � 1014 for CuPt-LR, respectively. There is

little difference in the number of surface Pt atoms for the short

and long nanorods, but both have only 75% of the surface Pt

atoms compared to spheres. Since Cu atoms in the CuPt nano-

rods do not have any reactivity in the OPD oxidation, this

difference in surface Pt atoms between spheres and rods can be

correlated to the difference in oxidation activity shown in Fig. 7.

CuPt-S nanoparticles exhibited higher catalytic activity due to

the presence of a higher number of surface Pt atoms. Efficient

catalytic oxidation of OPD in the aqueous phase clearly

demonstrates that CuPt nanorods are well-dispersed in the water

phase, and the metal surface is accessible for catalytic surface

reaction.
Conclusions

CuPt nanorods with various ARs were synthesized by thermal

decomposition in the presence of nonpolar surface-stabilizing

organic molecules (OA and OLA), and subsequently purified by

the density-gradient method. The prepared CuPt-S with AR of

1.0, CuPt-SR with AR of 5.6, and CuPt-LR with AR of 11.1

exhibited high shape monodispersity and a short axis with the

same length, making this system ideal for investigating the effect
J. Mater. Chem., 2011, 21, 11956–11960 | 11959
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of AR on the properties of nanorod. Complete phase transfer

was achieved by exchanging nonpolar surface-stabilizing organic

molecules with a water-soluble PEO-SH polymer. In addition,

water-soluble nanorods were investigated for their activity in

a peroxidase-like reaction of OPD oxidation in water. The PEO-

coated nanorods showed a high activity for OPD oxidation in the

aqueous phase, indicating that the nanorods were well-dispersed

in water, and their metal surfaces were available for surface

reactions. The spheres with the greatest amount of surface Pt

atoms showed the highest catalytic activity.
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