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Abstract

We present a new type of spherical polymer brush particles that consist of a solid poly(styrene) core (diameter: ca. 100 nm) onto which chains
of a bottlebrush polymer have been densely grafted. These systems were prepared in aqueous dispersion by photo emulsion-polymerization using
the macromonomer poly(ethylene glycol) methacrylate (PEGMA). In opposite to conventional spherical polyelectrolyte brushes carrying linear
polymer chains, the system prepared here has a shell consisting of regularly branched chains (‘nano-tree’-type morphology). The branches consist
of oligo(ethylene glycol) chains (n=13) terminated by a hydroxyl group. We demonstrate that these particles can be used as nanoreactors for the
generation and immobilization of well-defined silver nanoparticles. Cryo-TEM and FESEM images show that Ag nanoparticles with diameter of
~7.5+2 nm are homogeneously embedded into the PS-PEGMA brushes. Moreover, the composite particles exhibit an excellent colloidal
stability. The catalytic activity is investigated by monitoring the reduction of 4-nitrophenol by NaBH, in presence of these silver nano-composite
particles. The rate constant k,,, was found to be strictly proportional to the total surface of the nanoparticles in the system. The study of the

temperature dependence shows that the rate constants k,p, obtained at different temperatures leads to an activation energy of 62 kJ/mol.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticles consisting of noble metals have recently
attracted much attention because such particles may exhibit
properties differing strongly from the properties of the bulk
metal [1]. Thus, such nanoparticles have interesting perspectives
in the applications as catalysts [1-5], sensors [6], and
electronics. However, the metallic nanoparticles must be
stabilized in solution in order to prevent aggregation.
Application in catalysis hence requires immobilization in
suitable carrier systems such as dendrimers [7-9], latex particles
[10-14], microgels [15-22], or other polymers [23,24]. In
principle, suitable carrier systems may be used as a ‘nanor-
eactor’, in which the metal nanoparticles can be immobilized
and used for the purpose at hand. Thus, Crook’s group [25,26]
reported that dendrimers can act as both templates and porous
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nanoreactors and the dendrimer-encapsulated noble metal
clusters show highly catalytic activity.

Recently, spherical polyelectrolyte brushes have been
introduced as carrier system of metal nanoparticles [27,28].
These systems consist of a solid poly(styrene) core onto which
long anionic or cationic polyelectrolyte chains are densely
grafted. The use of the cationic spherical polyelectrolyte
brushes as nanoreactors has a number of clear advantages.
The surface of nearly monodisperse core particles is well
defined and approximately 95% of the counter-ions are
confined in the brush layer [29]. Hence, metal ions can be
confined as counterions within the brush layer. Subsequent
reduction of the metal salt within the ‘nanoreactors’ thus
defined leads to gold, platinum or palladium nanoparticles
[27,28]. For these metals well-defined particles with narrow
size distribution have been obtained. However, using the
spherical polyelectrolyte for the generation of silver nano-
particles leads to unsatisfactory results. We found that the
Ag-nanoparticles partially coagulate to form much larger
particles that exhibit a broad size distribution. Obviously, the
nanoparticles formed at first possess enough diffusional
mobility and their immobilization within a conventional
spherical brush is not sufficient.
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Fig. 1. Model for the ‘nano-tree’ type PS-PEGMA brushes prepared by the macromonomer of hydroxy poly(ethylene glycol) methacrylate (PEGMA) (n=13).

In this paper, we describe a new type of colloidal spherical
polymer brush system synthesized by photo-emulsionpolymer-
ization of the macromonomer poly(ethylene glycol) methacry-
late (PEGMA). Using this method, the bottlebrush chains are
affixed to colloidal poly(styrene) sphere by a ‘grafting from’
technique [30-32]. The poly(ethylene oxide) (PEO) macro-
monomer has recently been used repeatedly to prepare defined
comb- or star-like polymers [33,34], or as reactive stabilizer to
prepare well-defined polymeric microspheres [35,36]. In the
present work, the hydrophilic w-hydroxy PEO macromonomer
is used as the monomer for photo-polymerization. Fig. 1 shows
the structure of these particles in a schematic fashion: the
surface of colloidal core particles is covered by highly
branched polymer chains. Hence, a ‘nano-tree’-type
morphology can be achieved for the brush layer attached to
the core particles. Moreover, the hydrophilic hydroxyl end
groups from the macromonomer will functionalize the polymer
brushes, and further modification of the polymer brush or
combination of the polymer brush particles into hydrogels will
become possible [37].

As shown in Fig. 2, the synthesis of these particles can be
carried out in three steps: in the first step, PS core particles are
prepared by a conventional emulsion polymerization [38]. In a
second emulsionpolymerization, these core particles will be
covered by a thin layer of the photo-initiator HMEM, which is
a monomer at the same time (Fig. 2). In the third step, the
photo-emulsionpolymerization is started by UV irradiation
onto the suspension of these latex particles. Thus, radicals are
generated on their surface, which start the radical poly-
merization of water-soluble macromonomer PEGMA in
aqueous solution. By this grafting-from strategy highly
branched polymer brushes are generated on the surface of the
core particles [38].

Here, we demonstrate that these particles may be used as
well-defined nanoreactors for the generation of stable
Ag-nanoparticles. Cryogenic transmission electron microscopy
(cryo-TEM) [39—41] is used to investigate the morphology of
the resulting composite particles in situ, that is, in aqueous
phase. The morphology of the Ag-composite particles obtained
here is compared to the Ag nanoparticles, which were prepared
by using cationic or anionic polyelectrolyte brushes as
template. Moreover, the catalytic activity of silver nanocom-
posites has been investigated using the reduction reaction of
4-nitrophenol by sodium borohydride as a benchmark reaction
[3,28,42].

2. Experimental part
2.1. Materials

Macromonomer hydroxy poly (ethylene glycol) methacry-
late (PEGMA, M,,=527; Aldrich), sodium dodecyl sulfate
(SDS; Fluka), and potassium peroxodisulfate (KPS; Fluka)
were used as received. Styrene (BASF) was destabilized by
Al,O3 column and stored in the refrigerator. 2-[p-(2-Hydroxy-
2-methylpropiophenone)]-ethyleneglycol methacrylate
(HMEM) was used as the photo-initiator. The synthesis of
this compound has been described previously [38,43]. Silver
nitrate (AgNO3) and sodium borohydride (NaBH,) (p.A.) were
purchased from Aldrich and used as received. 4-Nitrophenol
(p.A.) was obtained from Aldrich and used as received.

2.2. Methods

Photo-emulsion polymerization was done in a UV-reactor
(Heraeus TQ 150 Z3, range of wavelengths 200—-600 nm).
Cryogenic transmission electron microscopy (cryo-TEM)
specimens were prepared by vitrification of thin liquid films
supported on a TEM copper grid (600 mesh, Science Services,
Munich, Germany) in liquid ethane at its freezing point. The
specimen was inserted into a cryotransfer holder (CT3500,
Gatan, Munich, Germany) and transferred to a Zeiss EM922
EFTEM (Zeiss NTS GmbH, Oberkochen, Germany). Exami-
nations were carried out at temperatures around 90 K. The
TEM was operated at an acceleration voltage of 200 kV. All
images were recorded digitally by a bottom-mounted CCD
camera system (UltraScan 1000, Gatan, Munich, Germany)
and processed with a digital imaging processing system
(Digital Micrograph 3.9 for GMS 1.4, Gatan, Munich,
Germany) [41].

Field-emission scanning electron microscopy (FESEM) was
performed using a LEO Gemini microscope equipped with a
field emission cathode. Dynamic light scattering measurements
were done using an ALV 4000 light scattering goniometer
(Peters) at different temperatures at a scattering angle of 90°.
The UV-spectra were measured by Lambda 25 spectrometer
supplied by Perkin—Elmer. The silver content was determined
by thermogravimetric analysis (TGA) using a Mettler Toledo
STARe system. After drying in the vacuum overnight, the
silver composites were heated to 800 °C with a heating rate of
10 °C/min under N,. The theoretical specific surface area of
silver particles was estimated from these TGA results, and the
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Fig. 2. Schematic representation of the preparation of PS-PEGMA brushes. In the first step, poly(styrene) (PS) core particles were prepared by a conventional
emulsion polymerization. In a second step, the PS-cores were covered with a thin layer of photo-initiator HMEM. In the third step, the shell of highly branched
brushes was formed by photo-emulsionpolymerization: shining light on the aqueous suspension of these particles generates radicals at their surface which initiate the
radical polymerization of the macromonomer PEGMA on the surface of the core particles.

particle size was obtained from cryo-TEM. For this calculation,
the density of bulk silver was used (p=10.5 g/cm3).

2.3. Synthesis of the ‘nano-tree’ type spherical polymer
brushes

The ‘nano-tree’-type polymer brush particles were synthesized
as shown in Fig. 2. First, PS core covered with a thin layer of photo
initiator was prepared by conventional emulsion polymerization.
In a typical run, 2.07 g SDS was dissolved in 820 g water under
stirring. Then 208 g styrene was added. The polymerization was
started by adding the initiator (0.44 g KPS dissolved in 20 g water
in advance) into the solution. The reaction was run at 80 °C for 1 h,
and then the temperature was lowered to 70 °C. 10.64 g HMEM
dissolved in 9 g acetone was added under starved conditions at
70 °C. The slow addition (0.5 ml/min) ensured that the monomer
HMEM does not form new particles [38]. After the last addition,
the latex was cooled down to room temperature and purified by
serum replacement against the 10-fold volume of pure water.

The PS-PEGMA brush was prepared by photo-emulsion-
polymerization [38]. Diluted PS core solution (2.5 wt%) was
mixed with defined amount of macromonomer hydroxy
poly(ethylene glycol) methacrylate (PEGMA (15 mol% with
regard to the amount of styrene)) under stirring. The whole
reactor was degassed by repeated evacuation and subsequent
addition of nitrogen at least 5 times. Photo polymerization was

done by use of UV/vis-radiation at room temperature for 1 h.
Vigorous stirring ensured homogeneous conditions. To remove
possible coagulum the latex was filtered over glass wool.

All pertinent parameters, namely, the core radius R and the
thickness L of the attached chains as determined by dynamic
light scattering are shown in Table 1.

2.4. Preparation of the silver nanocomposites

The preparation of silver nanoparticles in an aqueous
solution was carried out by the chemical reduction of silver
salt—polymeric brush mixture with sodium borohydride as
shown in Fig. 3. For a typical experiment, 1.2 ml AgNO;
(0.1 M) solution was added to 95 g diluted polymer brush
aqueous solution (solid content 0.093 wt%), and the mixture
was stirred for 30 min under N,. Thereafter, sodium
borohydride (0.092 g dissolved in 5 g water) was quickly
added to the solution under stirring for 1 h. Thereafter, the silver
nanocomposite particles were cleaned by serum replacement
against purified water (membrane: cellulose nitrate with 100 nm
pore size supplied by Schleicher and Schuell).

2.5. Catalytic reduction of 4-nitrophenol

0.5 ml sodium borohydride solution (60 mmol/l) was added
to 2.5 ml 4-nitrophenol solution (0.12 mmol/l) contained in a

Table 1

Characterization of the spherical polymeric brushes

Label PS core (g)* PEGMA (g) Water (g) Reore (nm)° L (nm)b o (nm™%)°
PS-PEGMA 305.8 14.2 460 73.4 73 ca. 0.03

# Solid content for PS core dispersion is 6.12 wt%.
® Reore and L are measured by DLS at 25 °C.

¢ o is the estimated grafting density of PEGMA chains on the PS core surface.
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Fig. 3. Preparation of PS-PEGMA-Ag composite particles: Ag-ions are adsorbed by the brush particles in aqueous phase. Subsequent reduction leads to well-defined

Ag-nanoparticles immobilized in the dense surface layer of the particles.

glass vessel. After that a given amount of the composite
particles was added. Immediately after addition of composite-
particles, UV spectra of the sample were taken every 30 s in the
range of 250-550 nm. The rate constant of the reaction was
determined by measuring the change in intensity of the peak at
400 nm with time [42].

The anionic and cationic spherical polyelectrolyte brushes
used for comparison in this study have been prepared as
described in Ref. [28]. Table 2 summarized the characteristic
data of these particles.

3. Results and discussion
3.1. Silver nanocomposite particles

The synthesis of PS core particles by emulsion
polymerization, and polyelectrolyte brushes by photo-
emulsionpolymerization has been reported recently by us
[27,38,43]. For anionic or cationic polyelectrolyte brushes,
water-soluble monomers such as sodium styrenesulfonate
(NaSS), (2-methylpropenoyloxyethyl) trimethylammonium
chloride, have been used giving spherical polyelectrolyte
brushes with negative or positive charge, respectively. Here,
the macromonomer PEGMA was chosen to be used as the
water-soluble monomer for preparation of polymer brushes.
Photo-polymerization of this macromonomer was carried out
as described previously [38,43]. Thus, the radicals formed
by photolysis of the HMEM groups on the surface of the
core particles will start the radical polymerization of shell.
The formation of the brush was confirmed by the increase
in particle size followed by dynamic light scattering as
shown in Fig. 4. Since the radius of the PS core particles is
known, DLS leads directly the thickness L of the brush
layer. From Table 1, L=73 nm has been obtained for the
PS-PEGMA brush particles when 15 mol% macromonomer
was used for photo-polymerization, which indicates the
formation of polymer brushes on the core surface. More-
over, the grafting density of PEGMA brush has been
estimated to be of the order of 0.03 nm~ 2 (cf. also Ref.

Table 2
Characterization of the spherical polyelectrolyte brushes

[38,43]). This demonstrates the dense grafting of the
PEGMA chains on the PS cores. Fig. 5 presents the typical
FESEM image and cryo-TEM image for PS-PEGMA latex
particles, respectively. From the FESEM image, it can be
clearly seen that practically monodisperse PS-PEGMA
particles can be prepared by photo-emulsionpolymerization.
Cryo-TEM image has been taken by shock-freezing the
aqueous suspension of the particles. No staining of any sort
was used to enhance contrast. Fig. 5(b) displays a typical
cryo-TEM micrograph. The PEGMA brush affixed onto the
PS cores can be seen directly on these micrographs.

The ‘nano-tree’-type PS—-PEGMA spherical brushes can
now be used as templates for the generation and immobiliz-
ation of silver nanoparticles. In order to compare the influence
of polymer template on the morphology of the resulting silver
composite particles, anionic and cationic polyelectrolyte
brushes have also been used as the carrier systems. Fig. 6
shows the TEM images of the silver nano-composite particles,
which are prepared in the presence of anionic, of cationic or of
‘nano-tree’ type polymer brushes, respectively. For the TEM
measurements, the evaporation of water will induce the
shrinkage of the spherical polymer particle partially, but will
not influence the morphology of silver nanoparticles. From
Fig. 6, it can be observed clearly that silver nanocomposite
particles with totally different morphology are formed when
different kinds of polymer brush are used as the template: when
anionic spherical polyelectrolyte brushes have been used as
template, monodisperse Ag nanoparticles can be found mostly
in the vicinity of the polyelectrolyte brush particles. This may
due to the reason that although in the initial period positive
charged Ag™ ions can be absorbed into anionic polyelectrolyte
brushes. However, after the reduction of silver ions with
sodium borohydride, borohydride ions will adsorb onto the
surface of silver particles leading to a negatively charged
surface of the Ag nanoparticles [44,45]. Thus, these Ag
nanoparticles will be expelled from the anionic polyelectrolyte
brushes due to the electrostatic forces as shown schematically
in Fig. 7(a).

Label Charge Rcore (nm) L (nm) M,, (g/mol) L. (nm) LJ/R
SPB-30 Positive 46 145 150,800 182 3.96
LQ-9 Negative 58 47 49,200 60 1.03

R.ore, core radius of polystyrene; L, thickness of the polyelectrolyte brush measured by DLS, the ionic strength in solution was 0.007 mol/L for the cationic system
SPB-30 and 0.084 mol/L for the anionic system LQ-9; M,,, molecular weight of grafted chains as determined by viscosimetry; L., contour length of grafted chains

determined by M.
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Fig. 4. Increase of the particle size of PS-PEGMA brushes with UV irradiation
time measured by DLS at 25 °C.

When cationic polyelectrolyte brush has been used as the
template, a different situation arises: the nucleation of silver
particles will now occur in the solution as Ag™ ions cannot be
absorbed into cationic polyelectrolyte brushes. The silver
nanoparticles resulting from the reduction of the silver ions will
aggregate and will be stabilized only when negatively charged
Ag particles are absorbed onto the cationic polyelectrolyte
brush surface. This is shown schematically in Fig. 7(b). Hence,
as shown in Fig. 6(b) large silver aggregates are resulting from
this uncontrolled aggregation when using cationic polyelec-
trolyte brushes as template.

It has been reported that polar head groups, such as the
hydroxyl, thiol, amine, and nitrile groups, on the surface of the
polymer microspheres had a high affinity for metal nano-
particles [11,24,46,47]. Thus, when polymer brush prepared by
functional macromonomer PEGMA was used as the template,
the hydroxyl groups on the polymer brushes will have a high
affinity for Ag™ and silver nanoparticles. Moreover, the highly
branched polymer brush will prevent the release and
aggregation of the immobilized silver nanoparticles by steric
hindrance and thus exert control of the growth process by

Signal A=InLens Signal= 1.000
Signal B=InLens
Fike Marwe = PS-PLONA 0714

EHT™= ZOOKV

100nm
Mag= 50.00K X S S

diffusion control. From this point of view, this kind of ‘nano-
tree’ type PS-PEGMA polymer brush will be a suitable carrier
system for the controlled generation of silver nanoparticles.
Moreover, as the PEGMA brush chains in this case are neutral,
the negative charge from the obtained silver nanoparticles will
not affect the stability of the composites. From Fig. 6(c) it can
be seen clearly that silver nanoparticles are homogeneously
embedded into the polymer brushes.

From this comparison, we can conclude that the architecture
of polymer brush plays an important role in the preparation of
silver nanocomposite particles. The TEM image (Fig. 6(c))
demonstrates that the ‘nano-tree’-type PS-PEGMA particles
are the system of choice for the generation and immobilization
of well-defined silver nanoparticles.

In order to study the morphology of PS-PEGMA-Ag
composite particles in situ, cryogenic transmission electron
microscopy (cryo-TEM) has been employed. Fig. 8 displays
the cryo-TEM images for silver nano-composites prepared by
using PS-PEGMA brush as the template. In Fig. 8, dark
spherical area indicates the PS cores whereas the light lines
affixed on the dark core are PEGMA brushes. It is shown that
silver nanoparticles are homogeneously embedded into the
spherical PS-PEGMA brushes. This is also accord with the
results from TGA measurement that 15.2 wt% silver has been
incorporated. The analysis of the cryo-TEM images indicates
that silver nanoparticles are relatively narrow dispersed with
the diameter of ~7.5+£2 nm. The particle size distribution
histogram of Ag nanoparticles evaluated from cryo-TEM
images is shown in Fig. 8(c). FESEM image made for the silver
composite particles in back scattered electron (BSE) mode is
shown in Fig. 9. In this case, the metal nanoparticles show up as
bright dots in the dark image. From Fig. 9, small bright silver
particles can be seen to be rather homogeneously distributed
over the PS particle surface in accord with micrographs
obtained from cryo-TEM.

After the addition of NaBH, into the system the color
of the solution changed to yellow immediately, which is a

Fig. 5. FESEM image (a) and cryo-TEM image (b) of PS-PEGMA latex particles, respectively.
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Fig. 6. TEM images for the silver nano-composite particles prepared by using anionic (a), cationic (b) polyelectrolyte brush as the template, and cryo-TEM image for
the silver nano-composite particles prepared by using PS-PEGMA brush (c) as the template.

typical color for silver nanoparticles. This indicates that
monodisperse silver nanoparticles are formed in the system.
In order to investigate the surface plasmon absorption of the
sample, UV spectra have been taken for the solution before
and after reduction, which are shown in Fig. 10. From
Fig. 10, it can be observed that the surface plasmon
absorption band of the PS-PEGMA-Ag composites is quite
sharp and a peak at 410 nm can be obtained. Similar results
have been also reported by other groups [48]. Moreover, it is
worth noting that the dispersion of silver composite particles
is quite stable. Neither obvious sedimentation nor the shift of
the maximal of the surface plasmon absorption band has
been found for the purified samples after storing for months,
which is due to the effective protection of silver
nanoparticles against aggregation or release by the ‘nano-
tree’ type polymer brushes.

3.2. Catalytic reduction of 4-nitrophenol

The kinetics of the prepared silver nano-composite particles
to serve as catalyst for the reduction of 4-nitrophenol to
4-aminophenol has been studied by UV/vis spectroscopy.
Fig. 11 shows the typical UV spectra for the reduction of
4-nitrophenol measured at different times. The rate constant
can be obtained from the decrease of peak intensity at 400 nm
with time. This peak is attributed to the 4-nitrophenate ions in
the system, which appear immediately after addition of NaBH,
to the system. After addition of silver nanocomposite particles,
the peak at 400 nm decreases gradually with time and a new
peak appears at 290 nm. This peak can be attributed to the
product 4-aminophenol [49,50]. The conversion of the
reduction reaction can be directly read off these curves
inasmuch the ratio of the concentration ¢, of the 4-nitrophenol
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Fig. 7. Model for the preparation of Ag composite particles by using anionic (a) or cationic (b) spherical polyelectrolyte brushes as the template, respectively.

at time 7 to its value ¢ at =20 is directly be given by the ratio of
the respective absorbance A/Ay. Moreover, it is worth pointing
out that two points can be observed in the UV spectra where all
spectra intersect each other (see arrows in Fig. 11). This
indicates that 4-aminophenol is the only product which is
formed by the catalytic reduction reaction of 4-nitrophenol
[22].

The concentration of sodium borohydride was adjusted to
largely exceed the concentration of 4-nitrophenol. Therefore,
reaction rates can be assumed to be independent of borohydride
concentration. So in this case a first order rate kinetics with
regard to the 4-nitrophenol concentrations could be used to
evaluate the catalytic rate. Furthermore, the apparent rate
constant k,p, will certainly be proportional to the total surface S
of the metal nanoparticles present in the system [22,28]

_% = kappct = klsct (1)
where ¢, is concentration of 4-nitrophenol at time ¢, k; is the
rate constant normalized to S, the surface area of Ag
nanoparticles normalized to the unit volume of the system.
As shown in Fig. 12, a linear relation between In(c/c)
versus time ¢ has been obtained in all cases. Moreover, a delay
time #, was found for the catalytic reductions, which were made
under air. A similar behavior has been observed by other
groups as well [3,8,42]. In order to investigate the reason for
the delay time f, in the system, catalytic reductions have been
also made after removal of oxygen. In this case, no delay time
of 1y has been observed as shown in Fig. 12. Furthermore, the
kinetic curves measured after removal of oxygen at each silver
concentration have the similar slope as that was made in the
presence of oxygen, but just the starting point was shifted to the
t=0 s. Thus, the delay time 7, of the catalytic reductions is
caused by the reduction of oxygen present in the system.

Obviously, the reduction of O, proceeds much faster than
the one of the nitrophenol also present in the solution. The
reduction reaction of nitrophenol only starts after all the
oxygen in the system has been reacted. As the sodium
borohydride is present in a large excess, its consummation by
oxygen will not alter its concentration notably. It is also
interesting to note that the delay time #, observed for present
system is much longer than the other reported system [28]. This
may be caused by a better solubility of oxygen in presence of
the carrier system. This point is under further consideration
now.

Fig. 13 shows the values of the apparent rate constant Ky,
measured with and without oxygen in the system as a function
of concentration of Ag-composite particles and theoretical
specific area of Ag particles, respectively. As shown in Fig. 13,
the increase of the concentration of the silver nanoparticles in
the system leads to rapid increase of the rate constant.
Moreover, a strictly linear relation between k., and the
surface of the silver nanoparticles can be observed. This is
obvious when we consider that the catalysis takes place on the
surface of the metal nanoparticles. Therefore, the catalytic
activity at given temperature must depend on the total surface
area S of the metal nanoparticles immobilized per unit volume
of the system. Moreover, the rate constant k,p, follows the
same linear function before and after removal of oxygen in the
system, which indicates that the presence of oxygen will not
influence the rate constant of the reduction reaction but just
increase the t;. Hence, the reduction reactions of O, and
nitrophenol proceed strictly in sequence and do not interfere
with each other.

In order to compare the specific turnover frequencies (TOF)
of silver nanocomposites with other composite systems, the
rate constant normalized to the surface area of Ag
nanoparticles in the unit volume of the system has been
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Fig. 8. Cryo-TEM images for PSSPEGMA-Ag composite particles (a) and an example for one silver composite particle (b), respectively, and the particle size
distribution histogram of Ag particles evaluated from the cryo-TEM image (c). The solid line in (c) is the Gaussian fit of the data.
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Fig. 11. UV/vis absorption spectra of solutions of 4-nitrophenol measured at
different time ¢ indicated in the graph. Arrows mark the points where all spectra
intersect.

calculated. For the PS-PEGMA-Ag composite particles
(Fig. 13(b)) we obtain k;=7.27X10"%s~ 'm~21. Table 3
gives the data of the catalytic activity of different metal
nanoparticles, which have been reported in the reduction
reaction of 4-nitrophenol with a large excess of NaBH, that is,
under exactly the same conditions. Table 3 demonstrates that
the silver nanoparticles in the PS-PEGMA—-Ag composites
exhibit the highest catalytic activity. This may due to the fact
that the Ag particle prepared in present system is relatively
smaller than the Ag particle prepared by the other carrier
systems. Hence, the above result would indicate that smaller
particles exhibit a considerably higher activity. Pt and Pd
nanoparticles have also been used as the catalyst, which exhibit
a higher catalytic activity than Ag nanoparticles. The reasons
for these marked differences are not yet clear.

Fig. 14 shows the dependence of the rate of reaction on
temperature. Again the pseudo-first order kinetics can be

cey

T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
t(s)
Fig. 12. Influence of Ag-composite particles (PS-PEGMA-Ag) concentration
on the reduction of 4-nitrophenol. The concentration of the reactants was as
follows: [4-nitrophenol]=0.1 mmol/l, [NaBH4]= 10 mmol/l, T=20 °C.
Parameter of the different curves is the concentration of composite particles
in the solution. Quadrangles, 2.28 mg/l; circles, 3.42 mg/l; triangles, 4.56 mg/1;

diamonds, 5.70 mg/l. Open symbols, measurements made under air; filled
symbols, measurements made under N».
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Fig. 13. Rate constant k,,, as function of concentration of Ag-composite
particles (a) and as function of the surface area S of Ag nanoparticles
normalized to the unit volume of the system (b), respectively. Quadrangles,
measured in presence of oxygen; circles, measured after removal of oxygen.
T=20 °C; [4-nitrophenol] =0.1 mmol/l, [NaBH4]= 10 mmol/l.

observed at all temperatures 7. Moreover, the delay time f is
reduced with increasing temperature as expected from the
analysis of other systems [22,28]. The rate constants k,,p(7)
obtained from PS-PEGMA-Ag composite particles obtained
from this analysis are shown in Fig. 15. Fig. 15 demonstrates
that the rate constants k,,, obtained at different temperatures

Table 3
Catalytic activity of the metal nanoparticles for the reduction reaction of 4-
nitrophenol

Sample Carrier system Metal D (nm)?* ky
(s 'm 2Ly
PS-PEGMA-Ag Highly branched Ag 7.5+2 7.27X1072
polymer brush;
this work
Ref. [22] PS-NIPA core- Ag 8.5+1.5 5.02X1072

shell particles

Ref. [42] PVA Ag ~25 3.78x1077

Ref. [28] Cationic poly- Pt 2.1£04 1.5
electrolyte brush
Ref. [28] Cationic poly- Pd 22+05 0.55

electrolyte brush

* D, diameter of the metal nanoparticles measured from cryo-TEM images.
® ky, rate constant normalized to the surface of the particles in the system
(Eq. (1)).
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Fig. 14. Influence of temperature on the kinetic constant k,p, measured with
PS-PEGMA-Ag system. Parameter of the different curves is the temperature 7.
Quadrangles, 283 K; circles, 288 K; up triangles, 293 K; down triangles,
303 K; and diamonds, 313 K. The concentrations are follows: [PS-PEGMA—
Ag]=4.56X 1073 g/1, [4-nitrophenol]=0.1 mmol/l, [NaBH4] = 10 mmol/I.

follow the typical Arrhenius-type dependence on temperature.
An activation energy E,=062kJ/mol follows from this
analysis. Moreover, the activation energy of the reciprocal
delay time #, (64 kJ/mol) is practically the same as the one for
the reduction of nitrophenol. Both reductions have obviously
the same rate-determining step. This is accord with other
studies for the catalysis of this reaction by metal nanoparticles
[28]. The faster reduction of O, may then be related to its much
higher diffusion coefficient. This problem is under further
consideration by now.

4. Conclusion

A new polymer brush system with ‘nano-tree’ type
morphology has been prepared by photo-emulsionpolymeriza-
tion using functional macromonomer PEGMA as the mono-
mer. These PSSPEGMA brushes can be used as ‘nanoreactors’

0.01 i
1~ TR
A T, e
@° e . -~
& R ‘!\
S R
- 1E-3 - -
X \.\\\
.-
1E—4 T T T T
0.0032 0.0033 0.0034 0.0035
1KY

Fig. 15. Arrhenius plot of the reaction rate k(7) measured in presence of PS—
PEGMA-Ag (quadrangles) composite particles at different temperatures. The
circles give the reciprocal delay time 1/ty. The concentrations of the reactants
are: composite particles 4.56X 107> g/l, [4-nitrophenol]=0.1 mmol/l,
[NaBH,] =10 mmol/I.

for generation and immobilization of Ag nanoparticles. Cryo-
TEM and FESEM images show that Ag nanoparticles with
diameter of ~7.5+2 nm are homogeneously embedded into
the PS-PEGMA brushes. The PS-PEGMA-Ag composite
particles can be used as catalyst for reduction reaction of
4-nitrophenol in the presence of sodium borohydride. Good
colloidal stability of the carrier particles was observed under all
conditions. Hence, the PS-PEGMA brushes may be used as
robust carrier particles for immobilization of metal
nanoparticles.
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