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Abstract The solubility of hexadecyltrimethylammonium

tetrachloroaurate (CTA�AuCl4) in water was measured at

different temperatures of 288.2, 293.2, 298.2, 303.2, and

308.2 K. The enthalpy change associated with the forma-

tion of the CTA�AuCl4 precipitate was estimated on the

basis of the van’t Hoff equation and was found to be

-42.5 ± 2.8 kJ mol-1 at 298.2 K. The calorimetric

enthalpy change for the CTA�AuCl4 precipitate formation

was directly determined by isothermal titration calorimetry

performed at 298.2 K and was found to agree well with that

estimated from the van’t Hoff equation.
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Introduction

Metal nanoparticles show unique properties that are dif-

ferent from bulk metals [1]. Recently various kinds of

metal [2–7], metal oxide [8, 9], and metal sulfide [10]

nanoparticles have been synthesized and characterized.

Gold nanoparticles differing in both size and shape have

been frequently synthesized by reducing the AuCl4
- ion in

the presence of surfactants acting as protective agents or

templates in the synthesis [2–7]. When alkyltrimethylam-

monium (RTA?) halides are used as the protective agents,

ion–pair precursors are formed, designated as [(RTA)-

m(AuCl4)n]m–n (m C n C 1), which are then transformed

into gold nanoparticles by way of a reduction process.

Among the precursor species, solubility of the RTA�AuCl4
species (m = 1, n = 1) in water is low, and the solubility

of the precursors increases with increasing m/n ratio. We

consider that both the size and the shape of the synthe-

sized nanoparticles are affected by both the m/n ratio and

the reduction potential of the precursors [(RTA)-

m(AuCl4)n]m–n. From this viewpoint, a study on the inter-

actions between the ions of RTA? and AuCl4
- is

important to understand the mechanism of the gold

nanoparticle formation.

In this study, the solubility of one of the ion–pair

precursor species, hexadecyltrimethylammonium tetra-

chloroaurate (CTA�AuCl4), in water was determined at

various temperatures using UV absorption measurements,

and the van’t Hoff enthalpy for the formation of

CTA�AuCl4 was estimated from the temperature depen-

dence of the solubility. In addition, the enthalpy change

associated with the CTA�AuCl4 precipitate formation was

directly determined with isothermal titration calorimetry

(ITC).

Experimental

Sodium tetrachloroaurate dihydrate (NaAuCl4�2H2O, Nacalai

Tesque, guaranteed reagent) was used without further purifi-

cation. Hexadecyltrimethyl-ammonium chloride (CTAC,
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Tokyo Kasei, extra pure reagent) was recrystallized four times

with a methanol/acetone mixture. Water used in this study was

obtained by distilling de-ionized water twice.

The exact number of water molecules in the purchased

NaAuCl4�2H2O was determined to be 2.4-mol H2O per

mole of NaAuCl4 using a themogravimetry apparatus

(Rigaku, TG8120). On this basis, the molar extinction

coefficient of the AuCl4
- anion was determined at the UV

absorption band maximum at 213 nm. The UV absorption

measurements were performed with Hitachi spectropho-

tometer (U-3310). When the absorbance was plotted

against the NaAuCl4 concentration, a good straight line

was obtained up to the concentration of 5.0 9 10-5 M

(1 M = 1 mol L-1), and the molar extinction coefficient

of AuCl4
- was estimated to be 1.65 ± 0.05 9 104

M-1 cm-1.

In order to prepare the precursor CTA�AuCl4 (m = 1,

n = 1) precipitate, CTAC aqueous solution and NaAuCl4
aqueous solution were mixed at an equimolar amount. The

precipitate recovered by filtration was then washed with

water three times. The solubility of the CTA�AuCl4 pre-

cipitate in water at different temperatures was determined

with the molar extinction coefficient of AuCl4
- at a

wavelength of 213 nm. In this experiment, the CTA�AuCl4
precipitate was stirred for at least 3 days in a water ther-

mostat maintained at desired temperatures of 288.2, 293.2,

298.2, 303.2, and 308.2 K, respectively, and was then

stored for 3 days in the water thermostat kept at the

respective temperatures. Undissolved precipitate was

removed by filtration using a cellulose acetate membrane

of 0.45 lm pores (Advantec, DISMIC-45cs), after which

UV absorption measurements were made.

ITC was performed using a high-precision VP-ITC

titration calorimeter of a heat compensation type (Microcal

Inc., Northampton, MA) at 298.2 K. The instrument was

electrically calibrated, at the sensitivity range under

investigation, internally using the VP-ITC’s integral elec-

tric heater, as recommended by the manufacturers. In this

calorimetric experiment, 10 lL (0.1 lmol CTAC) of

10-mM CTAC aqueous solution in the injection syringe

was injected stepwise into the calorimetric cell containing

0.5-mM NaAuCl4 solution (cell volume 1.429 mL). Prior

to this titration, to obtain the heat of dilution for 0.5-mM

NaAuCl4 aqueous solution, we performed stepwise injec-

tions of a desired amount of water into the cell containing

the NaAuCl4 solution. In addition, both the heat of dis-

ruption of the CTAC micelles and the critical micelle

concentration (CMC) of the surfactant were investigated by

injecting stepwise a desired amount of 10-mM CTAC

solution in the syringe into the cell containing distilled

water. The data were processed using Origin software

provided with the equipment.

Results and discussion

Solubility and the van’t Hoff enthalpy for the formation

of the CTA�AuCl4 precipitate

The precipitate formation/dissolution equilibrium is

expressed as

CTA � AuCl4solid !
S

K
CTAþaq þ AuCl�4aq ð1Þ

where the solid state CTA�AuCl4solid is in equilibrium with

CTA�AuCl4 in a saturated aqueous solution and is assumed

to completely dissociate into CTA? and AuCl4
- ions in the

saturated solution, S is the solubility product, and K is the

precipitate formation constant that is the reciprocal of S.

Molar concentrations of AuCl4
- in saturated solutions

were determined at 288.2, 293.2, 298.2, 303.2, and 308.2 K

with the molar extinction coefficient of AuCl4
-. The

resultant solubility values are given in Table 1 together

with the K values. The ln K values are plotted in Fig. 1

against the reciprocal temperature, where fairly good

linearity is observed. From the fitted straight line, we

estimated the van’t Hoff enthalpy, DH0, for the formation

of the CTA�AuCl4 precipitate according to Eq. 2

o ln K

o 1=Tð Þ

� �
P

¼ �DH0

R
ð2Þ

where R is the gas constant, and T is the absolute tem-

perature. The resultant value of DH0 is found to be -

42.5 ± 2.8 kJ mol-1.

Careful examination of Fig. 1, however, shows that the

experimental points are concave downward. Using the

empirical equation [11, 12]

DG0 ¼ �RT ln K ¼ A0 þ A1T þ A2T2 ð3Þ

we obtained the values 1.140 9 105, 1.081 9 103

kJ mol-1 K-1, and 1.763 kJ mol-1 K-2 for A0, A1, and A2,

respectively. DH0 values were calculated using the relation

DH0 ¼ A0 � A1T2 ð4Þ

The DH0 values obtained at respective temperatures are

listed in Table 2. The absolute values of the exothermic

Table 1 Solubility of CTA�AuCl4 in water and the precipitate

formation constant K

T/K [CTA�AuCl4]/Ma K/M2

288.2 2.26 9 10-5 1.96 9 109

293.2 2.66 9 10-5 1.41 9 109

298.2 2.92 9 10-5 1.17 9 109

303.2 3.42 9 10-5 0.85 9 109

308.2 4.04 9 10-5 0.61 9 109

a 1 M = 1 mol L-1
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enthalpy are seen to decrease with decreasing temperature.

This must reflect the hydrophobic hydration of the alkyl

chain of the CTA? ion in water. The same tendency is well

known for the solubility of long-chain alkanols and

alkylbenzenes (water–organic liquid equilibrium) [13]

and the temperature dependence of the CMC (water–

micelle equilibrium) [14–18].

ITC and calorimetric enthalpy change for the formation

of the CTA�AuCl4 precipitate

The present microcalorimetric titration experiments were

performed only for a temperature at 298.2 K. Figure 2a

shows the heat flow curves obtained upon stepwise injec-

tions of 5 lL of 10-mM CTAC solution into the cell

containing only water, thus, in the absence of NaAuCl4. As

shown in Fig. 2a, a large endothermic peak, which is due to

a rupture of the micelles into monomers, was observed up

to injections of the first 20 aliquots. After this, the peak

gradually becomes smaller in area. In Fig. 2b, the cumu-

lative enthalpy change (DH) obtained from Fig. 2a is

plotted against the CTAC concentration (C) and is shown

to increase linearly up to around 0.74 mM, after which the

DH curve increases gently and then reaches a plateau (thus,

becomes parallel to the abscissa). The slope of the straight

line of DH versus C curve gives the molar enthalpy change

associated with the de-micellization of CTAC. The resul-

tant value of DH is 1.71 kJ mol-1, which is somewhat

smaller than values of 2.3 kJ mol-1 [19] and 4.4 kJ mol-1

[20] reported by other workers. On the other hand, the

CMC of CTAC was determined graphically by extrapo-

lating the two straight lines, one from 0 to 0.74 mM and the

other from 1.14 to 1.82 mM [21, 22]. Thus, the concen-

tration of the intersection point for the extrapolated lines

(dashed lines) gives a CMC of CTAC. The resultant CMC

of CTAC was 0.83 mM, which is a little smaller than the

generally accepted value of 1.2 mM [20, 23, 24].

Figure 3a shows the calorimetric titration profile due to

injections of 10-mM CTAC solution into the cell contain-

ing 0.5-mM NaAuCl4 solution. In Fig. 3b, the exothermic

heats per mole of CTAC obtained for each injection are

plotted as a function of molar ratio of CTA? to AuCl4
- in

the calorimeter cell. In order to obtain both the enthalpy
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Fig. 1 Formation constant of the CTA�AuCl4 precipitate in water as

a function of temperature

Table 2 Temperature dependence of DH0

T/K DH0/kJ mol-1

288.2 -32.5

293.2 -37.6

298.2 -42.8

303.2 -48.1

308.2 -53.5
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Fig. 2 ITC experiment for de-micellization of CTAC at 298.2 K. Heat

flow peaks obtained upon injection of a series of 5-lL aliquots of

10-mM CTAC solution into 1.442-mL water in the calorimeter cell (a).

The cumulative enthalpy change for demicellization of CTAC as a

function of the CTAC concentration in the calorimeter cell (b)
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change (DH0) and the equilibrium constant (K0) for the

CTA�AuCl4 precipitate formation, the theoretical curve

best fitted to experimental data was determined using a

computer program (Origin) supplied with the Microcal

calorimeter, and the resultant theoretical curve gave DH0

(i.e., calorimetric enthalpy) of -43.3 kJ per mole of

CTA�AuCl4 and K0 value of 9.5 9 104 M-1. A point to be

noted is that the calorimetric enthalpy (-43.3 kJ mol-1) is

very close to the van’t Hoff enthalpy (-42.5 kJ mol-1)

obtained from the solubility measurements. It has been

reported that the van’t Hoff enthalpy and calorimetric

enthalpy do not agree with each other [25]. In the present

system, however, the one phase is a solid phase having unit

activity and the other phase of saturated solution is a very

dilute aqueous solution where the activity coefficients of

both CTA? and AuCl4
- ions are close to one. This fact

would be related to the agreement of the van’t Hoff

enthalpy and the calorimetric enthalpy obtained in this

study.

We are in the process to determine the equilibrium

constants between species, [(CTA)m(AuCl4)]m-1, where

the m value is changed from 1 to 2, 3, and larger. This

study is a first step to obtain information to clarify the

mechanism of the nanoparticle formation.

Conclusions

The solubility of CTA�AuCl4 was measured over the

temperatures ranging from 288.2 to 308.2 K, and the

enthalpy change (van’t Hoff enthalpy) for the formation of

the CTA�AuCl4 precipitate was obtained. The enthalpy

change for the formation of the CTA�AuCl4 precipitate was

also obtained directly by ITC measurements at 298.2 K and

showed a good agreement with the van’t Hoff enthalpy at

the same temperature. The results obtained in this study are

expected to provide useful information in understanding

the mechanism of gold nanoparticle formation.
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