
Introduction

Recently much attention has been paid to bimetallic

nanoparticles for applications in the fields of cataly-

sis, magnetism, optics, etc. [1–3]. For these applica-

tions, bimetallic nanoparticles, in which each particle

is composed of two kinds of metal elements, become

more important year by year [4–6]. The bimetallic

nanoparticles have several kinds of structures, such as

random alloy (solid solution type), cluster-in-cluster,

layered structure, core/shell structure, and so on.

Structural control of bimetallic nanoparticles is one of

the important issues for the researchers on metal

nanoparticles. For example, the core/shell structure of

Pd/Pt bimetallic nanoparticles, prepared by a simulta-

neous reduction of both metal ions with refluxing al-

cohol, was first proved by an extended X-ray absorp-

tion fine structure (EXAFS) technique in 1991 by the

present authors [7]. Since then many examples of

preparation of core/shell-structured bimetallic nano-

particles have been reported by simultaneous reduc-

tion not only with refluxing alcohol [4–6, 8–12] but

also with sonochemical reaction and so on [13–19]. A

sacrificial hydrogen reduction method was also devel-

oped to control the core/shell structure [20]. Recently

we have found that physical mixing of poly(N-vi-

nyl-2-pyrrolidone)(PVP)-protected Ag nanoparticles

with PVP-protected Rh nanoparticles in solution at

room temperature can produce a pseudo-core/shell

structure by self-organization, as shown in Fig. 1 [21].

At first sight, this is a very peculier and interesting phe-

nomenon. This kind of formation of core/shell-struc-

tured bimetallic nanoparticles just by mixing the con-

stituent metal nanoparticles had never been reported

before. It could be probable because nanoparticles can

be so reactive as to behave like metal atoms. However,

the thermodynamic or kinetic aspects of this self-orga-

nization reaction are not known at all.

Isothermal titration calorimetry (ITC) is a sensi-

tive technique that measures the heat of reaction of

two solutions when one is titrated against the other. It

became a powerful tool for studying the thermody-

namic as well as kinetic aspects of interaction of

chemical species in solution. Aside from a recent

study on binding of DNA bases to nanoparticles [22],
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Fig. 1 Preparation of bimetallic nanoparticles by mixing of

two kinds of monometallic nanoparticles prepared in-

dependently by refluxing in water/ethanol
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to our knowledge, ITC has never been applied for

metal nanoparticle research.

Here we examine the interaction between PVP-

protected Ag nanoparticles and three kinds of noble

metals (Rh, Pd and Pt) nanoparticles by ITC for the

first time. The results reveal a strong exothermic in-

teraction between those nanoparticles.

Experimental

Materials

Silver perchlorate and palladium(II) acetate were re-

ceived from Kojima Chemicals Co., Ltd. Rhodium(III)

chloride, hexachloroplatinic(IV) acid and ethanol were

supplied by Wako Pure Chemical Industries, Ltd.

Poly(N-vinyl-2-pyrrolidone) (PVP, K-30, average mo-

lecular mass 40,000; Wako Pure Chemical Industries,

Ltd.) was used without further purification as the pro-

tective polymer for metal nanoparticles.

Preparation of metal nanoparticles

A typical procedure [23] to prepare polymer-protected

monometallic nanoparticles is as follows: A solution of

noble-metal salts (silver perchlorate, rhodium(III) chlo-

ride, palladium(II) acetate or hexachloroplatinic(IV)

acid) (0.66 mM) in 500 mL of ethanol/water (1/9, v/v)

was heated with refluxing for a few hours under nitro-

gen in the presence of PVP (13.2 mmol) as protecting

polymer. PVP-protected metal nanoparticles thus pre-

pared were purified by filtration with ultra filter to re-

move byproduced ions and then dried under vacuum.

The dried metal nanoparticles were dispersed in pure

ethanol. Dispersions of the Ag and noble metal (Rh,

Pd or Pt) nanoparticles, prepared separately with the

same concentration of PVP, were mixed to form bi-

metallic at room temperature, the process of which

was followed by ITC.

Measurements

Ultraviolet and visible (UV-Vis) spectra were ob-

tained at room temperature using a Shimadzu 2500PC

recording spectrophotometer equipped with a 10 mm

quartz cell. Transmission electron microscopy (TEM)

was used to characterize the monometallic and bime-

tallic nanoparticles employed here. For this purpose

we used a JEOL JEM-1230 electron microscope oper-

ated at 80 kV. Samples for TEM measurement were

prepared by placing a drop of the colloidal dispersion

of metal nanoparticles onto a carbon-coated copper

microgrid, followed by naturally evaporating the sol-

vent. The mean diameter and standard deviation were

calculated by counting the diameters of ca. 200 parti-

cles with a magnifier (10 times) on the TEM photo-

graph of 100,000 magnifications. Isothermal titration

calorimetric (ITC) experiments were performed using

a MicroCal MCS-ITC instrument at 30°C, wherein

50 mL of a 0.66 mM ethanol solution of metal nano-

particle dispersions were injected in equal steps of

2.5 mL into 1.34 mL of a 0.66 mM ethanol solution of

another nanoparticle dispersion. All the samples used

for calorimetric measurement were purified by re-

moving the byproducts, produced during the prepara-

tion of metal nanoparticles, with an Ultra Filter sepa-

ration system.

Results and discussion

Formation of core/shell-structured bimetallic
nanoparticles

Transformation of metal ions to dispersions of mono-

metallic nanoparticles was confirmed by disappear-

ance of bands attributed to metal ions in UV-Vis ab-

sorption spectra. Based on the TEM observation of

the produced dispersions, the Ag, Rh, Pd, and Pt

nanoparticles are reasonably monodispersed and have

the average diameters of 10.6, 2.4, 2.3 and 2.4 nm, re-

spectively, as Fig. 2 shows. When the dispersions of

Ag and noble metal nanoparticles are mixed at a mo-

lar ratio of 1:1, the surface plasmon absorption at near

420 nm, which is characteristic of Ag nanoparticles,

gradually disappears with progress of time, as shown

in Fig. 3.This observation has suggested that the sur-

face of Ag nanoparticles (Fig. 4b) is covered with Rh

nanoparticle (Fig. 4a) to form pseudo-core/shell-

structured bimetallic nanoparticles (Fig. 4c). This
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Fig. 2 Transmission electron micrographs and particle size

distribution histograms of noble metal nanoparticles:

a – PVP-Ag, b – PVP-Rh, c – PVP-Pd, d – PVP-Pt.

Dav=average diameter, σ =standard deviation



kind of gathered structures were also observed in

TEM photographs after mixing Ag and Rh nano-

particles [21]. Recently we have found that the aggre-

gate structures can be rearranged just by keeping the

mixed dispersions at room temperature to form a rea-

sonably monodispersed core/shell-structured bimetal-

lic nanoparticles (Fig. 4d) with a smaller size than the

original Ag nanoparticles. Details will be published

elsewhere.

Calorimetric measurement of an interaction between
silver and noble metal nanoparticles

As for the formation of pseudo-core/shell structured

bimetallic nanoparticles, as shown in Fig. 4c, the first

step of the reaction should be an interaction between

the two monometallic nanoparticles. Thus, we evalu-

ate the degree of interaction between the two by iso-

thermal titration calorimetric (ITC) measurements.

For this purpose, an amount of the alcoholic disper-

sion of PVP-protected nanoparticles of noble metal

like Rh, Pd or Pt was added into the alcoholic disper-

sion of PVP-protected Ag nanoparticles at a constant

interval. We also reversed the titrant and the titrate.

The resulting ITC responses recovered during titra-

tions of PVP-protected Rh nanoparticles into PVP-

protected Ag nanoparticles are shown in Fig. 5a. In

order to avoid the thermal effect due to dilution with

solvent the concentrations of PVP in both dispersions

of Ag and Rh nanoparticles were kept constant. The

heat evolved by each titration is plotted vs. t the total

amount of the injectant, as shown in Fig. 5b. As is

typical to ITC in general, the first data point is always

of undersize due to dilution of the sample at the tip of

the syringe needle. In the present case, however, it re-

quires a few more shots before the peak size settles

down. Our experience of titrating a solution of bio-

polymers indicates that multiple injections are neces-

sary at times. This may hint that some rheological

complication might be at work in the narrow space of

syringe needle, and a number of shots of titration may

be necessary to reach a steady state so that a constant

volume is delivered. The colloidal dispersion is in-

deed notorious in this respect. While we have no pre-

cise reason for this observation, we ignore the first

several points. By extrapolating the plots in Fig. 5b,

the calorific value per molar injectant at the infinite

dilution was calculated. The results are shown in Ta-

bles 1 and 2. Table 1 summarizes the results for calo-

rific values between the same metal nanoparticles, in-

dicating no interactions between the same metal

nanoparticles. Even in the case of the injection of

PVP-protected metal nanoparticles into PVP solution

with the same concentration of PVP negligible inter-

action was observed. In contract, calorific values be-

tween different kinds of metal nanoparticles are

strongly exothermic, as Table 2 shows. Furthermore,
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Fig. 3 Quenching of Ag surface plasmon absorption by addi-

tion of noble metal nanoparticles

Fig. 4 Schematic presentation of formation of Ag-core/Rh-shell

structures by mixing dispersions of Rh and Ag nano-

particles

Fig. 5 a – The calorific value per time at the time of titration

of PVP-protected Rh nanoparticles into PVP-protected

Ag nanoparticles and b – the relation with the injectant

concentration in molar ratio

Table 1 Molar enthalpy obtained with ITC by injecting a
particle dispersion into PVP solution or the same
particle dispersion

Injection particles Particles in cell ∆H/kJ mol–1

PVP-Ag PVP+Ethanol –4.2

PVP-Rh PVP-Rh –14

PVP-Pd PVP-Pd –5.9

PVP-Pt PVP-Pt –3

PVP-Ag PVP-Ag 1.7



the degree of exothermic interaction increases in the

order of Ag/Pt<Ag/Pd<Ag/Rh. This means that the

interaction between Ag and Rh nanoparticles is stron-

ger than that between Ag and Pt or Pd.

In Table 2, we calculated also the enthalpy per

particle of injectant, assuming that the density of each

nanoparticle is the same as that of the bulk metal.

Thus, when injectant is reversed the enthalpy of inter-

action per injectant particle become by some 30-fold

larger. This is probably due to the size discrepancy

between Ag and noble metal nanoparticles such as Rh

nanoparticles. Namely, when a trace amount of small

Rh nanoparticles are injected into a large amount of

large Ag nanoparticles, each Rh nanoparticles can in-

teract with only one Ag nanoparticle, as Fig. 6a

shows. In contract, a trace amount of large Ag nano-

particles are injected into a large amount of small Rh

nanoparticles, Ag nanoparticles interact with a plural

number of Rh nanoparticles (Fig. 6b). Thus, the re-

sults in the last column of Table 2 suggest that the to-

tal number of interaction between particles increases

by some 30-fold. This argument is based on the as-

sumption that the density of each nanoparticle is the

same as that bulk metal, which is questionable in view

of high reactivity of these nanoparticles. Neverthe-

less, the order of the exothermic interaction remains

unchanged by reversing the injectant.

Conclusions

Physical mixing of the dispersion of poly(N-vi-

nyl-2-pyrrolidone)(PVP)-protected Ag nanoparticles

with that of PVP-protected noble metal (Rh, Pd and Pt)

nanoparticles in ethanol can produce pseudo-core/shell

structured bimetallic nanoparticles, which have been

confirmed by disappearance of the plasmon absorption

of Ag nanoparticles with progress of time. Isothermal

titration calorimetric (ITC) measurements have re-

vealed the strong exothermic interaction between Ag

nanoparticles and noble metal nanoparticles. The

strength of the interaction between a pair of metals in-

creases in the order of Ag/Pt<Ag/Pd<Ag/Rh. This

strong exothermic interaction is no doubt a driving

force for spontaneous formation of bimetallic

nanoparticles with a pseudo-core/shell structure. The

detailed mechanism is still under investigation.
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