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Abstract Gold nanoparticles (Au NPs) were prepared by
the reduction of HAuCl, acid incorporated into the polar
core of poly(styrene)-block-poly(2-vinylpyridine) (PS-b-
P2VP) copolymer micelles dissolved in toluene. The for-
mation of Au NPs was controlled using three reducing
agents with different strengths: hydrazine (HA), triethyl-
silane (TES), and potassium triethylborohydride (PTB).
The formation of Au NPs was followed by transmission
electron microscopy, UV-Vis spectroscopy, isothermal
titration calorimetry (ITC), and dynamic light scattering
(DLS). It was found that the strength of the reducing agent
determined both the size and the rate of formation of the
Au NPs. The average diameters of the Au NPs prepared by
reduction with HA, TES, and PTB were 1.7, 2.6, and 8 nm,
respectively. The reduction of Au(IIl) was rapid with HA
and PTB. TES proved to be a mild reducing agent for the
synthesis of Au NPs. DLS measurements demonstrated
swelling of the PS-b-P2VP micelles due to the incorpora-
tion of HAuCl, and the reducing agents. The original
micellar structure rearranged during the reduction with
PTB. ITC measurements revealed that some chemical
reactions besides Au NPs formation also occurred in the
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course of the reduction process. The enthalpy of formation
of Au NPs in PS-b-P2VP micelles reduced by HA was
determined.
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Introduction

In consequence of their numerous applications (as catalysis
or biosensors and in many fields of nanotechnology), gold
nanoparticles (Au NPs) have attracted considerable atten-
tion and interest [1-3]. The best-known method for Au NP
synthesis is the Turkevich reduction method, published in
1951 [4]. The number of publications on the synthesis of
Au NPs has grown steadily ever since [4-7]. Various
procedures yield Au NPs with specific sizes and geome-
tries. In order to be able to control the Au NPs size and
geometry, it is necessary to be acquainted with the mech-
anism of Au NPs formation, which is, therefore, studied by
an ever increasing number of research groups [8—12]. Au
NPs formation can be monitored by different experimental
methods. Since Au NPs have a characteristic absorption
maximum in the visible wavelength range, the simplest
method for monitoring their formation is UV-Vis spec-
troscopy. Changes in the size, geometry, size distribution,
and concentration of Au NPs can be determined from the
position and intensity of the absorption maximum. Infor-
mation is thereby obtained on the nucleation, growth, and
aggregation processes, and an Au NPs formation mecha-
nism can be formulated [13]. The Mie theory and its
developed versions even allow calculation of Au NPs [14].
Sato et al. synthetized Au NPs in aqueous medium, using
Surfynol 465 as stabilizer and reducing agent. They
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confirmed the formation of a colourless Au(I)-Surfynol
complex in the induction period preceding the appearance
of Au NPs and established that the reaction is slower in the
micellar than in the monomeric system [15]. Yang et al.
generated Au NPs by UV irradiation and studied the effects
of pH on their growth. They showed that different photo-
chemical processes take place at different pH values and,
as a consequence, the kinetics of Au(IIl) nucleation and
growth also vary [16]. We earlier studied the homogeneous
and heterogeneous nucleation of Ag and Pd NPs in aqueous
medium [17, 18]. We found that the slow continuous
nucleation of Ag NPs was followed by a rapid autocatalytic
growth phase. The rate of reduction was decelerated by
stabilizing polymers in each case, whereas reduction was
accelerated by increasing precursor ion concentration.

Structural rearrangements taking place during NPs syn-
thesis can be studied well through in situ dynamic light
scattering (DLS) measurements. With this method, aggre-
gation processes can be evaluated on the basis of the col-
lective size of the NPs and the stabilizer molecules
surrounding them [19-21]. NPs can be visualized by electron
microscopy and various scanning probe microscopic tech-
niques; the disadvantage of these methods, however, is that
they can be applied only to NPs films. Relatively slow
reduction processes and aggregation can be visualized by
periodic freezing of the process and film preparation [17].

Isothermal titration microcalorimetry was first used to
track the formation of NPs by Liveri and co-workers in the
early 1990s. They synthetized Au and Pd NPs in a water/
AOT/n-heptane microemulsion [22, 23]. They established
that the duration of nucleation is a few nanoseconds, whereas
NP growth spans a time period of minutes. Their results
showed that the formation (i.e., reduction of precursor ions)
is an exothermic process (AH; ~ —250to —500 kJ mol_l);
the extent of exothermicity increases with the NP size.
Patakfalvi and Dékany [24] studied the nucleation and
growth of Ag NPs in aqueous medium with sodium citrate as
stabilizer and hydroquinone as reducing agent. They estab-
lished that the heat effect detected is basically determined by
the ratio of Ag' to hydroquinone. They divided the NP
formation into three phases: an initial nucleation phase,
which is essentially exothermic; an endothermic growth
phase; and a subsequent exothermic aggregation process.
Kanemaru et al. synthetized bimetal particles by titrating
PVP-stabilized Ag NPs with Rh, Pd, and Pt NPs that were
also stabilized by PVP, and vice versa. The strong exother-
mic interparticle interaction led to the spontaneous devel-
opment of a pseudo-core/shell structure [25].

Block copolymers are widely utilized for the synthesis
of metal NPs [19, 26-29]. In selective solvents, amphi-
philic diblock copolymers are known to form colloid-size
aggregates or micelles, within which NPs can be synthe-
tized. The size and geometry of the micelles can be
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controlled through variation of the copolymer composition
and block length. A prerequisite for the successful syn-
thesis of metal NPs is that the metal salt should be insol-
uble in the solvent, and enter into interaction (usually of
coordination type) with the polymer block forming the
micelle core. NP size can be controlled through selection of
the block copolymer used, the strength of the reducing
agent, and the concentration of the precursor. Antonietti
et al. [27] reported, that for the slowly reacting triethylsi-
lane (TES), a single NP is usually formed in each micelle,
whereas rapid reduction (with NaBH,, superhydrides) leads
to the formation of many small NPs per micelle; the former
situation was termed cherry morphology and the latter
raspberry morphology. Spatz et al. [28] stated that slow
reduction allows the exchange of polymers during the
collision of micelles, leading to an uneven distribution of
the NP.

In this study, Au NPs in poly(styrene)-block-poly(2-
vinylpyridine) (PS-b-P2VP) copolymer micelles were
investigated by UV—-Vis spectroscopy, transmission elec-
tron microscopy (TEM), and DLS measurements. In
addition, microcalorimetry was used to investigate NP
formation in the copolymer micelles. Thermodynamic
studies of NP formation in reverse copolymer micelles do
not appear to have been reported previously.

Experimental section
Materials

PS(350)-b-P2VP(50) block copolymer (the numbers in the
parentheses indicate the block lengths) were synthetized by
anionic polymerization according to Ref. [29]. The block
copolymer was stirred in dry toluene (99.94%, Molar
Chemicals Ltd., Hungary) to prepare the micellar solution.
The precursor tetrachloroauric acid (HAuCly-3H,O) was
obtained from Aldrich. The reducing agents used were:
potassium triethylborohydride (PTB) [KB(C,Hs);H,
Aldrich, 1 M in tetrahydrofuran, THF], hydrazine (HA)
(N,Hy, Aldrich, 1 M in THF) and triethylsilane (TES)
[(C,Hs);SiH, Fluka, >97%].

Silicon wafers (CrysTec) were cut into pieces
(1 cm x 1 cm) and cleaned in an ultrasonic bath with
acetone (Reanal, a.r.), distilled water, and 2-propanol
(Reanal, a.r.). After the cleaning procedure, the substrates
were dried in a nitrogen flow.

Preparation of gold particle-loaded copolymer micellar
systems

The stock solution of the block copolymer micelles loaded
with tetrachloroauric acid (gold ion-loaded micellar
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solution: GILMS) was prepared as described previously
[19]. A 0.5 wt% solution of PS(350)-b-P2VP(50) block
copolymer in dry toluene (unloaded micellar solution:
ULMS) was mixed with 0.5 equiv of HAuCl;-3H,0 per
pyridine unit. The mixture was stirred for at least 24 h to
allow complete solubilization of the acid in the cores of the
block copolymer micelles. Though gold compounds are not
soluble in toluene, their solubilization in block copolymer
solutions proceeds reasonably quickly (during several
hours) due to coordination with the pyridine units.

This transparent yellow solution was diluted with a
5-fold volume of toluene and reduced with HA, PTB, or
TES. The reductants were dissolved in THF and used in a
30-fold excess with respect to the Au(Ill). The experiments
were performed under intensive stirring.

Methods
UV—vis spectrophotometry

The formation of Au NPs was followed with an Ocean
Optics Chem2000-UV-VIS diode array spectrophotometer
at wavelengths in the range 400-800 nm. The absorbance
spectrum was recorded every 2 s for 60 min, starting at the
moment of the addition of the reducing agent. During the
reduction, the reaction mixture was stirred with a micro-
magnetic stirrer.

Atomic force microscopy

The AFM images were recorded by Nanoscope III (Digital
Instruments, USA). A previously cleaned silicon wafer
measuring 1 cm x 1 cm was dipped into the micellar
solution containing the gold precursor (GILMS) and after
10 s, raised out of the solution at a constant rate of
10 mm min~"'. The film was left to dry in air at room
temperature and studied. The tapping mode images were
scanned with an etched silicon tip (RTSP tips from Veeco
Gmbh).

Isothermal titration microcalorimetry

The experiments were performed at 25 °C, with a thermal
activity monitor (TAM) isothermal heat-flow microcalo-
rimeter (Thermometric LKB 2277, Lund, Sweden). For the
measurements, 2 mL of GILMS was initially added to a
4-mL stainless steel cell and stirred at 60 rpm. The
reducing agent was placed in a 500 pL Hamilton syringe,
and aliquots (50 pL) were injected into the cell, controlled
by a 612 Lund Syringe Pump. The interval between two
injections was long enough for the signal to return to the
baseline. The heat of each injection was calculated by the
Thermometric Digitam 3 software program. In an effort to

discriminate the enthalpy of formation of Au NPs from
other heat effects, control experiments were performed
simultaneously. In this case, the titration was carried out as
described above, except that the cell did not contain
Au(IIl). The concentrations of HA, TES, and PTB were
0.3, 0.6, and 0.04 mM, respectively.

Dynamic light scattering

In order to determine the micelle size and size distribution,
DLS measurements were carried out at 25 °C at a fixed
angle of 173°, by using a Zetasizer Nano ZS (Malvern
Instruments) equipped with a He—Ne laser (wavelength
633 nm) and a digital autocorrelator. Solutions were fil-
tered through nylon filters with a pore size of 0.4 um
(Milex-GN). The particle mean diameter and the polydis-
persity index (PDI) were obtained by cumulants analysis of
DLS correlation function using the DTS V. 5.02 software.

Transmission electron microscopy

Transmission electron micrographs were recorded in a
Philips CM-10 transmission electron microscope equipped
with a Megaview II digital camera at accelerating voltage
of 100 kV. TEM grids were prepared by placing one drop
of undiluted sol on a Formwar foil-covered copper grid.
The excess sol was removed with filter paper and the
sample was then allowed to dry in the air. The size dis-
tribution of the NPs was determined by using the
UTHSCSA Image Tool 2.00 software.

Results and discussion

Spatz et al. [29] have shown that diblock copolymer
micelles may form hexagonal structures on supports with
smooth surfaces. Figure 1 presents an AFM image of PS-b-
P2VP micelles assembled on a silicon surface. The image
confirms that a monomicellar layer was formed on the
surface of the support, and some of the micelles appear to
be arranged in a quasi-hexagonal pattern. The height profile
was determined along the horizontal line crossing several
micelles, seen in panel b. Cross-sectional analysis indicated
a micelle diameter of 20-30 nm.

The reduction of Au(Ill) and the formation of NPs can
be conveniently monitored by UV—Vis spectroscopy. The
spectra continuously recorded during the reaction are pre-
sented in Fig. 2a—c. The originally yellow GILMS at once
turned dark-red on the addition of HA, indicating that
nucleation commenced immediately. This is clearly visible
in the spectrum series in Fig. 2a. The absorption maximum
characteristic of the surface plasmon resonance of Au
NPs appeared at 552 nm, and its intensity increased

@ Springer



868

S. Papp et al.

Fig. 1 a AFM image

(1 pm x 1 pm) and b the cross-
sectional analysis of a
monomicellar film cast from
GILMS onto a P-doped Si wafer

continuously. Figure 2d illustrates the changes in absor-
bance read at A,,,. The initially rapid reaction decelerated
continuously, but hardly changed after 60 s. Reduction
with TES exhibited different kinetics. The absorption peak
characteristic of the NPs (at 530 nm) appeared only
~1 min after the addition of the reducing agent. The
optical density first increased slowly, then at 120 s started
to rise sharply, and finally slowed down continuously until
the reaction stopped. The sigmoid curve is shown in
Fig. 2d. The spectra recorded during the reaction driven by
PTB are shown in Fig. 2c. The resulting sol was brownish-
red. The characteristic absorption peak of the Au NPs was
at 488 nm, pointing to a smaller NP size than the one
after reduction with HA (this was supported by TEM
measurements).

The size of the Au NPs formed was determined on the
basis of TEM images. Samples were withdrawn from the sols
under preparation after 0.5, 1.5, and 60 min following the
addition of the reducing agent. Reduction with HA yielded
Au NPs with an average diameter of 8§ nm (Fig. 3a, b). Most
often there was one NP per micelle, but empty micelles also
appeared in the image. There was no significant change in the
size and arrangement of the NPs at 60 min. This may be due
to a change in size as the samples dried. It was reported
earlier [19] that, on reduction with anhydrous HA dissolved
in toluene, the micelles undergo coagulation in time, and the
NPs thereby join together. Images of Au sol generated by
reduction with TES are presented in Fig. 3c and d; this
yielded smaller NPs (dtgy = 2.6nm). Each micelle con-
tained one or two NPs, but empty micelles were also seen on
TEM. An hour after the addition of the reducing agent, the
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number of NPs had increased several-fold. This accords with
UV-Vis results, which revealed that reduction with TES
accelerates after an induction period. The average NP size
increased from 2.2 nm to only 2.6 nm in 1 h. The TEM
images in Fig. 3e and f demonstrate the effect of reduction
with PTB. The original micellar structure underwent a sig-
nificant rearrangement. Figure 3e depicts the state of the
sample at 30 s after the injection of PTB; the original
micelles have been replaced by large droplets, and NPs are
floating free in the reaction medium, or located on the
interfaces of the droplets. The state observed 60 min later is
shown in Fig. 3f: the structure of the sol is altered; many
smaller droplets/micelles are to be seen. This was confirmed
by the DLS measurements. The majority of the NPs were
situated within the smaller droplets/micelles, or are attached
to the edges of the larger droplets/vesicles. The smallest NPs
were formed on reduction with PTB: the average size
changed from 1.1 to 1.7 nmin 1 h.

Light scattering techniques have the advantage of
allowing in situ study of the structural transition of micelles
on loading with HAuCl, and during the reduction process,
to supplement the spectroscopic and electron microscopic
data. Figure 4a presents the intensity distribution for the
micellar systems. The mean hydrodynamic diameter of the
empty PS-b-P2VP micelles in toluene was 12 nm
(PDI = 0.197). The size of the micelles increased to 54 nm
(PDI = 0.302) following the incorporation of HAuCly.
Other authors have reported a decrease in micelle size
following the addition of HAuCl, which they explained by
the development of a more compact micellar structure [21].
On reduction with HA, the micelle size increased to 64 nm
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(PDI = 0.215). This can be explained by the swelling of
the micelles as a consequence of the incorporation of the
HA/THF solution into the polar core of the micelles.
Reduction with TES led to a slightly increased micelle size.
The micellar structure was retained following the reduction
with either HA or TES. Reduction with PTB resulted in the
development of a complex colloid system. Rearrangement
of the original structure was indicated by the TEM images.
In the course of the disintegration, joining, and swelling of
micelles, large droplets of various sizes were formed. After
the addition of PTB, the average diameter dpLs was
1,100 nm (PDI = 0.852), which steadily decreased to
105 nm (PDI = 0.270) at 24 h (Fig. 4b). After some time,
the large droplets presumably fall apart, their material
arranging itself around the Au NPs formed and enclosing
them in smaller micelles. Since the reducing agents were
dissolved in THF before their addition to the polymer
solution, we studied the effects of THF on the micelle size.
Immediately after mixing, at ®yr = 0.01 (corresponding
to the volume fraction of THF added together with the
reducing agent), dpLs was 275 nm (PDI = 0.143) which
decreased to 29 nm (PDI = 0.390) at 60 min.

Microcalorimetry is known to be a sensitive technique
with which to demonstrate the formation and possible
growth of NPs [21-24]. The heat of formation of Au NPs
was earlier determined by Liveri and co-workers [22] by
reducing HAuCl, with hydrazine sulphate in a water/AOT/
n-heptane microemulsion.

Figure 5Sa—c illustrates the heat changes accompanying
NP formation. The enthalpy changes caused by the addition
of the three different reducing agents differed appreciably.
It is important to note that the thermal processes taking
place within the calorimeter jointly produce the values of
AH determined experimentally; the individual processes
cannot be separated on the basis of the enthalpogram, and
the individual partial processes must therefore be measured
in separate experiments. Reference measurements were
also performed in the absence of Au(Ill) (Fig. Sa—c).

The enthalpograms of reduction with HA and the refer-
ence reaction are shown in Fig. 5a. Addition of HA to
GILMS resulted in heat release relating to reduction only in
the first three titration steps and then remains constant. The
reduction of Au(Ill) was, therefore, completed by the addi-
tion of 3 x 50 pL of reducing agent ((HA]/[Au] = 20.25).
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Fig. 3 TEM images of Au nanoparticles in PS-b-P2VP micelles
reduced with HA: a f,eq = 30 s, drpm = 8.2 nm and b 7.4 = 60 min,
drgm =9 nm; TES: € teq =905, drgy =22nm, and d fq =
60 min, drey = 2.6 nm; and PTB: e t,.q = 30 s, dtegm = 1.1 nm, and
f t,eq = 60 min, drgy = 1.7 nm

The heat quantities measured in the subsequent titration steps
were equal to those observed on mixing of the polymer
dissolved in toluene with THF (not shown). The sharp peak
indicating reduction in the enthalpogram was followed by a
distinct shoulder; this slow exothermic process which took
~3 h to be completed was identified as the aggregation of
Au NPs.

When TES was added to GILMS, an initial endothermic
effect was observed (Fig. 5b). The same endothermic
reaction was observed in the reference measurements
without Au(IIl), and, consequently, it is not associated with
NP formation. The endothermic process occurs presumably
due to the demicellization of diblock copolymer micelles
through the incorporation of TES. After reduction process,
diblock copolymer molecules rearranged similar to an
adsorption protecting layer around Au NPs. This endo-
thermic reaction delays the formation of Au particles and is
responsible for the induction period identified by UV-Vis
spectroscopy. An exothermic process also occured in par-
allel with the endothermic process. When the micelles also
contained Au(IIl), an intensive exothermic effect accom-
panied its reduction. In the first titration step, the combined
heat produced by the exothermic processes was AH, =
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Fig. 4 a Hydrodynamic diameter distribution of PS-b-P2VP
micelles: ULMS (filled circle), GILMS (open circle), GILMS (open
square) reduced with HA and TES (filled square). b The effect of the
reduction with PTB on hydrodynamic diameter distribution for
GILMS: GILMS (multi symbol), directly (filled circle), 10 min (open
circle), 30 min (open square), and 24 h (filled triangle) after the
addition of PTB

—201 kJ (mol TES)”. The heat release was slower than in
the case of reduction with HA or PTB: there were two steps
in the ascending branch of the peak. Reduction was
accompanied by another exothermic process taking ~ 6 h),
which appeared in the enthalpogram in each titration step.
Thus, a chemical reaction was brought about by the addi-
tion of each new 50 pL dose of TES to the cell, in spite of
the fact that all Au(IIl) present was already reduced by the
first 50 pL of TES ([TES]J/[Au] = 6.8).
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Fig. 5 The enthalpogram of the thermometric titration of ULMS
(upper line) and GILMS (lower line) with a HA, b TES, and ¢ PTB

The enthalpograms of reduction with PTB and of the
reference process are shown in Fig. Sc. The addition of
PTB to ULMS elicited heat release; the amount of heat
generated decreased continuously, and then remained
nearly constant until the end of the titration. This

exothermic process is probably a chemical reaction
between the polymer and PTB, since PTB is capable of
reducing the pyridine group of the polymer to piperidine
[30]. The enthalpy of this reaction was determined to be
AH, = —72 kJ (mol PTB)™".

The calculated enthalpy changes for the reaction of PTB
with GILMS were equal for each titration step [AH, =
—146 kJ (mol PTB)_I]. This heat release was continuous
with each addition and did not decrease in spite of all the
Au(IIT) having already been reduced in the first titration
step ([PTB]/[Au] = 1.4). This suggests that an additional
chemical reaction dependent on the presence of Au NPs
may take place. These chemical reactions accompanied by
the release of large amounts of heat may be responsible for
the rearrangement of the original micellar structure indi-
cated by the light scattering measurements and TEM
images.

The calorimetric measurements clearly demonstrated
that chemical reactions take place in the course of reduc-
tion with TES and PTB, which cannot be distinguished
calorimetrically from the formation of the Au NPs by
reference measurements. It is possible to calculate the
enthalpies of formation of Au NPs in the case of reduction
with HA. Thus, the change in enthalpy of particle forma-
tion can be calculated by means of the expression:
AH; = AH,,; — AH,;y, where AH,, is the total enthalpy
change measured in the reduction process and AH,,; is the
enthalpy of mixing measured in the reference experiment.
When the data are normalized to the amount of Au(IlI)
present in the solution, the molar enthalpy of the reduction
of Au(IIl) is obtained. Plots of the molar enthalpy plotted
against the molar ratio of HA and Au(Ill) are shown in
Fig. 6. The heat of formation of Au NPs in the case of
reduction with HA is AH; = —195 kJ mol .

250

200

—

wn

S
|

> AH,/kJ mol”
S
(=)
|

50+

0 \ \ \ \
0 20 40 60 80

[HAJ/[Au®] molar ratio

Fig. 6 Plots of the molar enthalpy of formation of Au NPs against the
molar ratio of HA and Au(III)
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Conclusions

This complex study of the formation of Au NPs in micelles of
PS-b-P2VP copolymer by UV-Vis spectroscopy, TEM,
DLS, and ITC yielded a fairly detailed insight into Au NPs
formation. The effects of the reducing agents HA, TES, and
PTB were compared in the experiments. The gold sols pro-
duced were stable for up to several months in all the cases.
The rates of reduction with HA and PTB were nearly iden-
tical. The use of HA led to the formation of larger NPs
(drem = 8 nm) and that of PTB to smaller NPs (drgy =
1.7nm). In the course of reduction with PTB, a large exo-
thermic effect was observed. During this process, the origi-
nal micellar structure underwent rearrangement. With TES
as reducing agent, an endothermic reaction was detected at
the beginning of the process, which resulted in an induction
period of NP growth. Calorimetric measurements revealed
that chemical reactions other than the reduction of Au(IlI)
and the aggregation of the Au NPs also take place. The heat
of formation of Au NPs could be determined only for
reduction with HA: AH; = —195 kJ mol ™.
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