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Abstract Narrow disperse poly(divinylbenzene-co-glycidyl
methacrylate) (P(DVB-co-GMA)) microspheres with reactive
epoxy group were prepared by distillation precipitation copo-
lymerization of divinylbenzene (DVB) and glycidyl methac-
rylate (GMA) with benzoyl peroxide (BPO) as initiator in neat
acetonitrile. The epoxy group was modified with
ethylenediamine (EDA) for transferring to amino group,
which was used as a stabilizer for the gold metallic
nanocolloids during the in situ reduction of gold chloride
trihydrate (HAuCly) with sodium borohydride (NaBH,) as a
reductant. The catalytic properties of the microsphere-
stabilized gold nanocolloids (P(DVB-co-GMA)-NH,@Au)
were investigated by the reduction of aqueous 4-nitrophenol
(4-NP) to 4-aminophenol (4-AnP) with NaBH, as reductant.
The resultant microspheres were characterized by scanning
electron microscopy (SEM), transmission electron
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microscopy (TEM), Fourier-transform infrared spectra (FT-
IR), elemental analysis (EA), Zeta potential, X-ray photoelec-
tron spectroscopy (XPS), inductively coupled plasma (ICP)
mission spectrum, and ultraviolet—visible spectroscopy.
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Introduction

The functional polymer microspheres have received much
attention in many fields both from academic and industrial
aspects due to their wide applications as supporting phase in
chromatography, the carriers and reservoirs for controlled
drug release, supporters in biomedical materials, adsorbents
for the environmental protection, micro-reactor for heteroge-
neous catalysis, as well as the electronics [1—4]. Among them,
it is interesting and essential to develop a technique to synthe-
size the polymer microspheres with the reactive groups, in-
cluding hydroxyl [5], chloromethyl [6], and epoxy [7], which
can be facilely transferred to many other groups via surface
modification under mild conditions. The polymer micro-
spheres with epoxy groups are attractive as precursor resins
because they can be facilely converted by the modification
reactions with nucleophiles into various functional groups,
including amino [8], hydroxyl [9], aldehyde [10], and thiol
[11], while the thermal stability, dimensional stability, and
chemical resistance of the materials are well retained [12]. In
such a way, the polymer microspheres can be endowed with
novel performances for their wide applications, such as the
chelating ligand for ion exchanges [13], supporters for chro-
matography [14], and adsorbent for blood detoxification [15].
The polymer microspheres with epoxy groups have been
prepared from glycidyl methacrylate (GMA) by suspension

@ Springer



188

Colloid Polym Sci (2015) 293:187-197

polymerization [16], emulsion polymerization [17], emulsifi-
cation polymerization [18], dispersion polymerization [19],
and surfactant reverse micelles swelling polymerization [20].
Poly(N-isopropylacrylamide-co-GMA) (P(NIPAAm-co-
GMA)) and poly(styrene-co-GMA) (P(St-co-GMA)) micro-
spheres were prepared by soap-free emulsion polymerization
with azobis(amidinopropane) dihydrochloride (V-50) as an
initiator [21, 22]. These techniques usually afford the micro-
spheres with a broad distribution. Furthermore, the partial or
complete hydrolysis of the reactive epoxy groups is still a
challenge for the resultant microsphere [23], as these poly-
merizations are carried out in the aqueous systems.

The microspheres with amino groups have been widely used
as the carriers for immobilizing and enriching monoclonal
antibodies [24], the adsorbent for the treatment of hazardous
wastewater containing heavy metal ions, such as Pb(Il), Cd(I),
Cu(Il) [25], and Cr(VI) [26], respectively. It is difficult to
synthesize the polymer microspheres with amino groups via
the radical polymerization techniques, as Michael addition often
occurs between the vinyl groups and amino groups in these
systems [27]. Polyglycidyl methacrylate (PGMA) microspheres
were prepared by a dispersion polymerization of GMA in the
presence of poly(N-vinylpyrrolidone) (PVP) stabilizer, in which
the epoxy groups were converted into amino groups via the
surface grafting polymerization and ring-opening reaction [28].

Gold nanoparticles (Au NPs) have gained considerable
attention for their wide applications in many fields, including
biotechnology [29], nanotechnology [30], excellent candi-
dates for bioconjugation with enzymes [31], and particular
catalysis [32]. The microspheres grafted with functional poly-
mer brush [33] and dendrimer [27] have been successfully
utilized as stabilizer for gold metallic nanocolloids with facile
and highly stable recoverable activity. However, it needs
delicate design and tedious work for the synthesis of these
functional polymer microspheres with multi-step procedures.

Distillation precipitation polymerization (DPP) has been
developed as a facile and powerful technique for the synthesis
of polymer microspheres with various functional polymer
microspheres [34] and the inorganic/polymer multi-layer
composite/hybrid microspheres [35]. Herein,
poly(divinylbenzene-co-glycidyl methacrylate) (P(DVB-co-
GMA) microspheres with epoxy groups were synthesized by
DPP in acetonitrile with benzoyl peroxide (BPO) as initiator.
The amino groups were afforded via the surface modification
of epoxy groups with ethylene diamine (EDA). The polymer
microspheres with amino groups were then used as stabilizers
for the gold metallic nanocolloids during the in situ reduction
of gold chloride trihydrate (HAuCly) with sodium borohy-
dride (NaBH,) as reductant. Finally, the catalytic and recov-
erable properties of the microsphere-stabilized gold
nanocolloids were investigated via the reduction of 4-
nitrophenol (4-NP) aqueous solution to 4-aminophenol (4-
AnP) with NaBH, as reductant.
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Experimental

Chemicals Divinylbenzene (DVB; technical grade, contain-
ing 80 % of DVB isomers, Shengli Chemical Technical
Factory, Shandong, China) was washed with 5 % aqueous
sodium hydroxide and water and then dried over anhydrous
magnesium sulfate prior to utilization. GMA was purchased
from Alfa Aesar Co. Ltd (Tianjin, China) and purified by
vacuum distillation. Ethylenediamine (EDA; Alfa Aesar Co.
Ltd, Tianjin, China) was used without further purification.
BPO (Tianjin Chemical Reagents II Co.) was recrystallized
from chloroform. Acetonitrile (Tianjin Chemical Reagents II
Co.) was dried over 4 A molecular sieves and distilled prior to
use. NaBH, and 4-NP were purchased from Tianjin Chemical
Reagents III Co. The aqueous solution of NaBH4 was freshly
prepared before utilization. Tetrachloroauric acid trihydrate
(HAuCl43H,0) was obtained from Shenyang Research
Institute of Nonferrous Metals, China. The other reagents
and solvents were of analytical grade and used as received
without further purification.

Synthesis of P(DVB-co-GMA) microspheres by DPP

A typical procedure for the DPP: BPO (0.04 g, 0.90 mmol,
2 wt.% relative to the total monomer), DVB (1.0 mL, 0.91 g,
7.1 mmol), and GMA (1.0 mL, 1.0 g, 7.1 mmol) (total mono-
mer as 2.5 vol% relative to the reaction medium) were dis-
solved in 80 mL of acetonitrile in a dried 100 mL of two-
necked flask attached with a fractionating column, Liebig
condenser, and a receiver. The flask was submerged in a
heating mantle, and the reaction mixture was heated from
ambient temperature till boiling state within 20 min, and then
the solvent began to be distilled. The initially homogeneous
reaction mixture became milky white after boiling for 20 min.
The reaction was stopped after 40 mL of acetonitrile was
distilled from the reaction system within 90 min. After copo-
lymerization, the resultant P(DVB-co-GMA) microspheres
were separated by centrifugation and washed successively
with anhydrous ethanol for three times. The polymer particles
were dried at 50 °C in a vacuum oven till constant weight.

The procedures for the other distillation precipitation co-
polymerizations were similar to the typical one via varying the
mass fractions of GMA in the monomer feed in the range of 0
to 0.7 (mass ratio), while the total monomer concentration, the
amount of BPO, and acetonitrile were kept at the same levels
as the above.

Preparation of polymer microspheres with amino groups via
modification of P(DVB-co-GMA) with EDA

EDA was used for the modification of P(DVB-co-GMA)
microspheres to afford amino groups on the surface. For a
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representative experiment, 0.10 g of P(DVB-co-GMA) parti-
cles were added in 100 mL of flash containing 60.0 mL of
acetonitrile and 2.50 mL of EDA. The mixture was stirred at
80 °C for 24 h. The mixture was then centrifuged, and the
microspheres were washed with ethanol to remove the excess
EDA for three times. The particles were denoted as P(DVB-
co-GMA)-NHo,.

The procedures for the other chemical modifications with
EDA were very similar to the representative one through
altering the different mass ratios of EDA to P(DVB-co-
GMA) microspheres, which were afforded by DPP with dif-
ferent GMA fractions, respectively.

Synthesis of P(DVB-co-GMA)-NH, stabilized gold
nanocolloids

The Au NPs were loaded onto the gel layer and surface of the
P(DVB-co-GMA)-NHj, via in situ reduction of HAuCl, with
NaBH, as reductant. The details of loading Au NPs were as
follows: 0.10 g of P(DVB-co-GMA)-NH, microspheres (con-
taining 0.16 mmol amino group) were suspended in 10.0 mL
of deionized water in a 25-mL round flask and 0.45 mL of
0.06 M HAuCl, aqueous solution was added. Then, 10 mL of
0.05 M NaBH, aqueous solution was added dropwise under
ice water bathing with stirring. The system turned purple
immediately, indicating the formation of the Au NPs, and
the reaction mixture was stirred further for 12 h. The resultant
product was denoted as P(DVB-co-GMA)-NH,@Au and pu-
rified by washing with water for three times and dried under
vacuum till constant weight.

Catalytic reduction of 4-NP to 4-AnP by P(DVB-co-GMA)
-NH,@Au

The catalytic activity of the P(DVB-co-GMA)-NH,@Au sys-
tem was investigated by the reduction of 4-NP to 4-AnP using
NaBH, as amodel reaction. A specific experiment was carried
out as follows: 0.10 mL of 4-NP aqueous solution (5 mM, 5 x
10"® mol), 1.0 mL of NaBH, (0.20 M, 2.0x 10~* mol) aqueous
solution, and 0.20 mL of water were mixed in a colorimetric
tube. After introducing 0.05 mL of catalyst dispersion
(1.0 mg/mL, 5x107° g, containing 1.3x10™% mol Au) into
the mixture with gentle shaking, the bright yellow solution
faded gradually as the catalytic reaction proceeded. The cata-
lytic activity was measured through an ultraviolet—visible
(UV—vis) spectrophotometer with a decrease in peak at
400 nm for UV—-vis absorption with a simultaneous increase
in the absorption peak at 300 nm, indicating the formation of
4-AnP.

For the investigation of the recoverable catalytic activity,
0.20 mL of deionized water, 1.0 mL of newly prepared
NaBH, aqueous solution (0.20 mol/L, 2.0x10* mol), and
0.10 mL of 4-NP aqueous solution (5.0 mmol/L, 5.0x

10~® mol) were mixed in a 4.0-mL flask and were kept at
298 K for 20 min. Then 0.20 mL of P(DVB-co-GMA)-
NH,@Au aqueous suspension (1.0 mg/mL, 5x10~> g, con-
taining 5.2x10® mol Au) was quickly added, and the cata-
lytic reduction was carried out for 5 min. The conversion of
the 4-NP was determined by the UV—vis spectrum with the
decrease in the adsorption peak at 400 nm. After complete
reduction of 4-NP, the catalysts were separated by centrifuga-
tion (1.2x10* rpm for 10 min) and redispersed for a new
reaction system. The recovery of the catalyst was further
proven by recycling it for four times.

Characterization

The morphology, particle size, and size distribution of the
polymer microspheres were studied by scanning electron mi-
croscope (SEM; Shimadzu SS-550, Japan) and transmission
electron microscopy (TEM; JEM 2010, Japan). All of the
SEM diameters reflect an average of about 100 particles each,
which were calculated according to the following formulae:

U = D,,/D,
k

k
D= D/ Yom
i=l1 i=1
k k
Dw = Z niD?/Z niDi3
i=1 i=1

where, U is the polydispersity index, D, is the number-
average diameter, D,, is the weight-average diameter, N is the
total number of measured particles, and D; is the particle
diameter of the determined microspheres.

Fourier-transform infrared analysis was performed with a
Varian FTS6000 FT-IR spectrometer. All samples were mixed
and ground with spectroscopic-grade potassium bromide, and
diffuse reflectance spectra were scanned over a range of 400—
4000 cm . UV-vis spectroscopy was performed on a TU-
1900 spectrometer. Elemental analysis (EA) was performed
on a PerkinElmer 2400 instrument to determine the nitrogen
content of the resultant polymer particles. Zeta potential anal-
ysis was checked on a zeta potential analyzer (Zeta Plus,
Brookhaven Instrument Co.); contact angle of a 5-uL. water
on the surface was measured on a G1023-MK3 Contact Angle
System (Kruss GmbH Co., Germany) equipped with DSA 10
water droplet analysis at room temperature. The nature of
interaction between Au particles and functional groups on
microspheres was analyzed by X-ray photoelectron spectros-
copy (XPS; Kratos Axis Ultra DLD multi-technique X-ray
photoelectron spectrometer) with a standard AlKa excitation
source (hv=1486.6 e¢V). The binding energy (BE) scale was
calibrated by measuring Cls peak of alky carbon (BE=
284.6 eV) and the peak fitting used the freely available XPS
Peak 4.1 program. Atomic emission spectrometry (AES) was
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performed with inductively coupled plasma (ICP) mission
spectrum on an ICP-9000 (N+M) spectrometer (USA
Thermo Jarrell-Ash) to determine the loading capacity of the
Au NPs.

Results and discussion

Scheme 1 illustrates the synthesis of P(DVB-co-GMA) mi-
crosphere with epoxy groups, the modification of EDA to
incorporate the surface amino groups, and their further appli-
cation as stabilizer for gold nanocolloids. In the present work,
acetonitrile met the solvency conditions required for the for-
mation of monodisperse polymer microspheres, i.e., it dis-
solved the monomer but precipitated the P(DVB-co-GMA)
network.

Effect of GMA fractions in monomer feed on the morphology
and size of P(DVB-co-GMA) microspheres

Copolymerizations of DVB and GMA were performed at
2.5 vol% of total comonomer loading relative to the whole
reaction medium and 2 wt.% BPO initiator ratio to the total
comonomers. Herein, the GMA fractions in the comonomer
feed ranged from 0 to 0.70 in mass ratios. The SEM images of
the resultant P(DVB-co-GMA) microspheres with different
GMA fractions in monomer feed were illustrated in Fig. 1.
Figure 1a—g indicated that the resultant P(DVB-co-GMA)
nanoparticled had spherical shape and smooth surface while
the GMA fractions ranging from 0 to 0.6 (mass ratio). When

DVB P(DVB-co-GMA)-NH,@Au
a : o,
GMA
o
&
gl
O~ |
<o |3
33 |% .
D T (@) ac
== || =E )
5 & |A S e
52 |* SG
= Au NPs g ||s2
o <
5 T
H,N  NH,
HoN NH,
H>N NH
2NN, » HoN NH,
H,N  NH,
P(DVB-co-GMA) P(DVB-co-GMA)-NH,

Scheme 1 Preparation of the P(DVB-co-GMA) microspheres with reac-
tive surface epoxy and amino groups as stabilizer for gold metallic
nanocolloids
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GMA in monomer loading was increased further to 0.70, only
P(DVB-co-GMA) particle with irregular shape and several
particles were usually aggregated together as shown in
Fig. 1h. This may be due to the extension of the particle
nucleation under lower crosslinking degree, which was similar
to the case reported in the literature [34]. Only sol was
afforded in absence of any precipitate when the GMA fraction
was enhanced further to 0.80. The experimental results dem-
onstrated that the GMA fraction had significant effect on the
morphology on the resultant P(DVB-co-GMA) networks.

Table 1 summarized the size and size distribution of
P(DVB-co-GMA) microspheres from different GMA frac-
tions in the monomer feed with BPO as initiator. It indicated
that the diameters of the P(DVB-co-GMA) microspheres var-
ied between 1.37 and 2.91 pum via altering the GMA fractions
from 0 to 0.70 in the comonomer feed. The diameter had a
tendency to increase with higher GMA fractions till up to
0.50. The largest size of 2.91 um was obtained with a narrow
dispersity (PDI of 1.05) when GMA fraction was 0.50. The
diameters of the resultant P(DVB-co-GMA) microspheres
tended to decrease with increasing the GMA fraction from
0.60 to 0.70. The smallest size of 1.37 um was afforded via
DPP of neat DVB in the present work. These might be
originated from the lower yield of P(DVB-co-GMA) micro-
spheres in the cases of lower crosslinking degrees (GMA
fractions of 0.60 and 0.70), which was similar to the synthesis
of poly(divinylbenzene-co-styrene) in our previous work [34].

The monomer reactivity ratios could be calculated from the
Alfrey-Price Q and e parameters for GMA (Qg=1.03, eg=
0.57) and styrene (Qs=1, e,=—0.8), respectively, according to
the Alfrey-Price Q-e principle as follows:

Ki _ Q1 e
r=——=="¢ %% =047 1
T K 0 M
ro= K2 _ D e _ .3 (2)

- Ka O

The results show that K, <K, and K»,<K5,. As aresult, St
are more reactive than GMA during the DPP, as it is also a
typical radical polymerization. From our previous work, it was
found that the reactivity of DVB was even higher than St
according to the conversion of the comonomers during DPP
[34]. It can be concluded that the reactivity of DVB is signif-
icantly higher than that of GMA during DPP.

The presence of epoxy groups on the surface of P(DVB-co-
GMA) microspheres was confirmed by FT-IR spectra as
shown in Fig. 2. Comparing to the FT-IR spectrum of
poly(divinylbenzene) (PDVB) in Fig. 2a (a), Fig. 2a (b) had
a strong peak at 1724 cm™' corresponding to the carbonyl
component of the ester group as well as the peaks at 845 and
910 cm ' assigned to the characteristic absorption of the
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epoxy groups for the P(DVB-co-GMA) microsphere (with
GMA fraction of 0.60 in the comonomer feed as a sample).
Moreover, the characteristic peaks of the epoxy groups in the
FT-IR spectrum of P(DVB-co-GMA) microsphere was signif-
icantly increased as shown in Fig. 2b, which implied that the
loading capacity of the epoxy group was successfully incor-
porated onto the microspheres and enhanced with increasing
GMA fraction in the copolymer, which was similar to the
cases of synthesis of poly(DVB-co-acrylonitrile) micro-
spheres with cyano group [36]. The epoxy groups were well
retained during the DPP in acetonitrile in absence of any water
molecules comparing to P(NIPAAm-co-GMA) and P(St-co-
GMA) microspheres by soap-free emulsion polymerization
with V-50 as initiator [21, 22], in which most epoxy groups
were converted to glycol units during polymerization. As a
result, it would be difficult to detect the epoxy groups on the
surface of P(NIPAAm-co-GMA) and P(St-co-GMA) micro-
spheres via FT-IR spectra in the literatures.

Table 1 The size and size distribution of P(DVB-co-GMA) micro-
spheres with various GMA fractions in the comonomer feed

Entry  Fractionof GMA BPO(g) D, (um) D, (um) U

A 0 0.04 1.37 1.37 1.00
B 0.1 0.04 1.43 1.44 1.01
C 0.2 0.04 2.44 2.49 1.02
D 0.3 0.04 238 243 1.02
E 0.4 0.04 243 2.57 1.06
F 0.5 0.04 291 3.06 1.05
G 0.6 0.04 2.57 2.65 1.03
H 0.7 0.04 230 2.44 1.06

D,, the number average diameter, D,, the weight-average diameter, U
polydispersity

¢ '.Q( r Slll';‘l > - Sum 5

Fig.1 SEM images of P(DVB-co-GMA) microspheres with different GMA fractions in monomer feed with BPO as initiator: a 0,b 0.1,¢ 0.2,d 0.3, e

Sum o d . Sum

Preparation of P(DVB-co-GMA)-NH, microspheres having
surface amino groups via modification with EDA

The chemical modification of P(DVB-co-GMA) particles was
performed by ring-opening reaction of the epoxy groups with
EDA molecules to afford P(DVB-co-GMA )-NH, microspheres
with the surface amino groups as illustrated in Scheme 1. The
FT-IR spectrum of P(DVB-co-GMA)-NH, microsphere was
shown in Fig. 2a (c), in which the new bands of 1604, 3310,
and 3360 cm ' were clearly observed assigning to the vibrations
of N-H groups with the simultaneous disappearance of the
bands at 845 and 910 cm ™' corresponding to the characteristic
absorption of the epoxy groups in P(DVB-co-GMA) micro-
sphere. Meanwhile, the intensities of the peaks at 1604, 3310,
and 3360 cm ™" for the FT-IR spectra of P(DVB-co-GMA)-NH,
microspheres in Fig. 2c were considerably increased with the
higher GMA fractions in the comonomer feed, which were
consistent with the trends of the higher epoxy groups as shown
in Fig. 2b. These implied that the surface epoxy groups on
P(DVB-co-GMA) microspheres were highly reactive and ac-
cessible for the chemical modification.

Furthermore, the zeta potentials were measured to confirm
the successful incorporation of the surface amino groups on
P(DVB-co-GMA)-NH, microspheres via chemical modifica-
tion with EDA. Figure 3 displayed the variations of the
potentials between P(DVB-co-GMA) and P(DVB-co-
GMA)-NH, microspheres as a function of the fractions of
GMA in the comonomer feed. The zeta potentials of
P(DVB-co-GMA) microspheres were considerably decreased
from —19.9 to —34.8 mV (curve a in Fig. 3) when the GMA
fraction in the comonomer feed was enhanced from 0.10 to
0.70. After modification of the epoxy groups with EDA, the
zeta potentials of P(DVB-co-GMA)-NH, microspheres were
altered to around +20 mV (curve b in Fig. 3), which were
slightly dependent on the GMA fractions in the comonomer
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GMA in the feed of comonomer (mmol/g )

Fig. 4 The relationship between the loading capacity of the accessible
epoxy groups and the GMA fractions in the commoner feed for P(DVB-
co-GMA) microspheres via DPP
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Fig. 5 TEM micrographs of
P(DVB-co-GMA)-NH,@Au
microspheres with GMA fraction
of 0.60: a low-magnification and
b high-resolution TEM

comonomer feedings. The results indicated that the loading
capacity of the epoxy groups on the resultant P(DVB-co-
GMA) microspheres was a little lower than the corresponding
GMA fraction in the comonomer feed, which may be origi-
nated from the higher reactivity of DVB crosslinker compar-
ing to that of GMA functional monomer during the DPP with
radical initiator. In such a system, more DVB molecules were
incorporated into the inner layer than the outer layer for the
resultant P(DVB-co-GMA) microspheres, which was similar
to the case for the synthesis of P(DVB-co-methacrylic acid)
microspheres via DPP [38]. The functional groups (hydroxyl
and carboxylic acid) both on the surface and in the soft gel
layer of the polymer microspheres were highly accessible with
good reactivity in our previous works [5, 36]. With increasing
GMA fractions in the P(DVB-co-GMA) microspheres, the
loading capacities of the epoxy groups were significantly
increased as shown in Fig. 4 with enhancing GMA fraction
in the comonomer feed. As a result, the highest loading
capacity with 2.05 mmol/g epoxy and amino groups were
afforded for P(DVB-co-GMA) and P(DVB-co-GMA)-NH,
microspheres with a GMA fraction of 0.70 in the comonomer
feed, which would be used as the stabilizer for the gold
nanocolloids in this work. The amount of epoxy groups on
the surface of P(St-co-GMA) latex particles was calculated
around 1.40 mmol/g via soap-free emulsion polymerization
[22].

P(DVB-co-GMA)-NHj stabilized gold nanocolloids

It is a suitable choice of amino groups as stabilizers for
metallic nanoparticles due to its complexing interaction

between the nitrogen atom in amino groups with metallic
atoms [39, 40]. Consequently, the gold nanocolloids were
uniformly deposited onto the surface of P(DVB-co-GMA)-
NH, microspheres with hydrophilic surface (GMA fraction of
0.60 in the comonomer feed as an example) by the in situ
reduction of HAuCl, with NaBH, as reductant via the stabi-
lization of the amino groups. Figure 5 shows the typical TEM
micrograph of the resultant P(DVB-co-GMA)-NH,@Au. It
was observed more clearly in Fig. 5b with higher magnifica-
tion that many deeper contrast gold nanocolloids uniformly
dispersed on the surface and gel layer of P(DVB-co-GMA)-
NH,@Au. The formation of the gel layer on the shell of
P(DVB-co-GMA)-NH, mainly originated higher reactivity
of DVB crosslinker than that of GMA functional monomer
during DPP. With processing polymerization, the fractions of
DVB in the solution was becoming lower and lower. As a
result, the core of P(DVB-co-GMA) microspheres was highly
crosslinked and shell was slightly crosslinked, which was
highly swollen in aqueous solution. As a result, P(DVB-co-
GMA)-NH,@Au microspheres with good dispersion of Au
NPs on the surface and gel layer were synthesized by in situ
reduction of HAuCl, with NaBH, as reductant via efficient
coordination of amino group to gold atoms. The average
diameter of the gold nanocolloids was 4.5 nm with a polydis-
persity index of 1.07 as summarized in Table 2. The loading
capacity of the gold on P(DVB-co-GMA)-NH,@Au micro-
spheres was 5.44 % (2.76x 10" * mmol/g) as measured by ICP
technique.

XPS is an effective method for analysis of the interaction at
the interface, especially for that between the surface functional
group as stabilizer and metallic nanocolloid [41, 42]. Herein,

Table 2 The size and size distribution of P(DVB-co-GMA)-NH, stabilized Au nanocolloids with the fraction of GMA at 0.6

Entry Fraction of GMA Nitrogen content (mmol/g) D,, (nm) D,, (nm) U Loading capacity (mg Au/g)

1 0.6 1.60 4.5 4.8 1.07 5.44
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Fig. 6 XPS spectra: A a Binding energy (BE) of N, for P(DVB-co-

GMA)-NH,; b BE of Ny, for P(DVB-co-GMA)-NH,@Au. B BE of
Auygp for P(DVB-co-GMA)-NH,@Au

the XPS spectra were determined to confirm the complexing
interaction between the amino groups and the gold atoms in
P(DVB-co-GMA)-NH,@Au microsphere as shown in Fig. 6,
in which the BE of the saturated alkyl C;; peak (BE=
284.6 eV) was used as an internal standard. The XPS spectra
of Ny, for P(DVB-co-GMA)-NH, and P(DVB-co-GMA)-
NH,@Au microspheres were shown as Fig. 6A (a, b), respec-
tively. It was observed that the BE of N;; was shifted from
398.9 eV of P(DVB-co-GMA)-NH, to 399.4 eV of P(DVB-
co-GMA)-NH,@Au. The final-state effect was out of consid-
eration for the gold nanocolloids in this work as the average
size of Au NPs (4.53 nm) was larger than that of the final state
(3—4 nm) [43]. For P(DVB-co-GMA)-NH,(@Au microsphere,
the BE of Auys, was shifted to 83.7 eV from 84.0 eV of
standard value for the bulk gold as shown in Fig. 6B. The
shifts of the BE peaks for Auyz, and Ni; in XPS spectra
demonstrated that the supported gold nanocolloids accepted
electron from the nitrogen atom via the efficient complexing
interaction between the gold atoms and nitrogen atoms of the
surface amino groups, which was the nature for the stabiliza-
tion of gold nanocolloids in P(DVB-co-GMA)-NH, @Au
microsphere.

@ Springer

It is well-known that the metallic nanocolloids are excellent
catalysts with high activity and selectivity. Therefore, the gold
nanocolloids stabilized by the amino groups on the surface
and gel layer of P(DVB-co-GMA)-NH,@Au microsphere
served as recyclable catalyst for the reduction of 4-NP to 4-
AnP in aqueous solution as a model reaction. An aqueous
solution of 4-NP with NaBH,4 has a distinct UV—vis spectral
profile with an absorption maximum at 400 nm due to forma-
tion of 4-nitrophenolate anions, while the aqueous solution of
the product 4-AnP has a weak peak at 310 nm [44]. With the
catalytic reaction processing, the yellow color of 4-NP with
absorption peak at 400 nm faded gradually together with a
simultaneous development of a new absorption peak at
310 nm assigning to 4-AnP. The UV—-vis spectra were deter-
mined as shown in Fig. 7a for the catalytic reaction under
298 K at different reaction times with P(DVB-co-GMA)-
NH,@Au as a catalyst. As the NaBH, was used in an excess
amount, the catalytic reduction of 4-NP is a pseudo-first order
relating to the concentration of 4-AnP. Herein, only BH, is
unable to reduce 4-NP to 4-AnP under the experimental
conditions in absence of the stabilized gold nanocolloids, as
the intensity of 4-NP at 400 nm in UV-vis absorption
remained constant without any change even for tens of mi-
nutes as shown in Fig. 7b. The catalytic reaction rate was
stable with a linear plot at the initial stage and then leveled off
later than 15 min as shown in Fig. 7b. From the linear curve of
the corresponding InCy np/Co 4np VS reaction time in Fig. 7c,
the apparent reaction kinetic (k) constant was calculated as
2.8x107° 5! for this pseudo-first-order reaction. The high
catalytic activity was mainly originated from the good disper-
sion of Au NPs on the surface and gel layer of P(DVB-co-
GMA)-NH,@Au microspheres in a highly swollen state as
shown by TEM micrograph in Fig. 5b, which was easily an
accessible state for 4-NP and BH, reductant during the
catalysis. The catalytic rate in the present work was compar-
ative to those of the inorganic oxide-supported Au NPs for this
reaction, for example, 2.5x 103 st of mesoporous titania
fibers supported Au [45], 5.3x107° s~' of magnetic mesopo-
rous silica nanotube stabilized Au [46], and lower than 1.20%
10 5! of imidazolium ionic liquid modified fibrous silica
microsphere-loaded Au nanoparticles [47]. However, the
complex procedure and residual impurities of porous inorgan-
ic architectures would limit its wide application as an efficient
catalyst.

The stability and recyclability are of unique importance for
the supported metallic nanocolloid as catalyst. To investigate
the reusability of the P(DVB-co-GMA)-NH,@Au as a recy-
clable catalyst, a four-time amount of the catalyst as the above
procedure (2x 10™* g, containing 5.2x 10™® mol Au) was used
to speed up the reaction in this work. The catalytic reduction
was performed for 5 min at 298 K during each cycle. Then the
catalyst was separated and recycled from the reaction system
via ultra-centrifugation. As shown in Fig. 7d, the conversion
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Fig. 7 Catalytic performance of a

P(DVB-co-GMA)-NH,@Au for
the reduction of 4-NP to 4-AnP: a
UV-vis spectra of the catalytic
systems at different times, the
inserted scheme refers the
reaction; b the relationship
between the concentration of 4-
NP and In(C/CO0) vs the reaction
time; and ¢ recycled catalytic
property; and D yields of 4-AnP
after each cycle
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of 4-NP to 4-AnP was slightly decreased from 82.0 % for the
first cycle to 77.0 % for the sixth one. This meant that 93.9 %
of the catalytic activity of P(DVB-co-GMA)-NH,@Au
remained after recycling for five times, indicating that the
supported gold nanocolloids had a good stability and facile
recyclability as a catalyst. The excellent recyclability was
mainly contributed from the efficient protection of the amino
groups to Au NPs in the gel layer of P(DVB-co-GMA)-
NH,@Au, which was similar to the case of the grafted
polyamidoamine (PAMAM) dendrimers-stabilized Au NPs
in our previous work [26]. In the present work, P(DVB-co-
GMA)-NH,@Au microspheres were fixed on the wall of the
tube during centrifugation for recovery of the supported cata-
lyst to prevent loss of the catalyst during recovery.

Conclusion

Narrow disperse P(DVB-co-GMA) microspheres with epoxy
groups having the average diameters from 1.37 to 2.91 um
were prepared by distillation precipitation copolymerization
with GMA fraction ranging from 0 to 0.70 (V7V) in DVB and
GMA feed. The P(DVB-co-GMA) microspheres had the
highest loading capacities of the epoxy groups as
2.05 mmol/g, which were highly reactive and accessible to
be transferred into the amino groups via the surface

Recycle

modification with ethylene diamine. The P(DVB-co-GMA)-
NH,@Au with an average size of 4.53 nm gold nanocolloids
were prepared by the in situ reduction of HAuCl, with sodium
borohydrate as reductant via the efficient complexing interac-
tion between the nitrogen atom of the amino group and gold
atom. The polymer microsphere-stabilized gold nanocolloids
exhibited a stable and facilely recoverable activity for the
catalytic reduction of 4-NP to 4-AnP in an aqueous solution.
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