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Abstract

Excellent catalytic reduction of 4-NP in aqueous solution was achieved under ambient condition using nickel (Ni) nanopar-
ticles generated in PMMA @PHEMA polymeric micelles. Ni nanoparticles were formed in two different PMMA @ PHEMA
micelles, namely Ni-loaded PMMA | jx @ PHEMA 5 and Ni-loaded PMMA |, @PHEMA 5, which resulted in the distinctive
differences in Ni content as well as the sizes of Ni nanoparticles. Besides the concentration of the catalyst, the reduction
rate of 4-NP depended on PMMA @PHEMA micelle structure, i.e., higher catalytic activity was observed for Ni-loaded
PMMA | jx @PHEMA 5. More importantly, the catalytic performance of Ni-loaded PMMA |, @PHEMA;,x was markedly
improved with increasing amount of PHEMA-shell crosslinker despite a reduction of Ni content in the micelles.
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Introduction

Metal nanoparticles (Metal NPs) have gained tremendous
interest in the heterogeneous catalysis due to the superior
catalytic properties over their bulks. A large surface-to-
volume ratio of metal NPs brings high activity and high
selectivity to the catalysis (Astruc 2008). Among the cata-
lysts developed from the transition metals NPs, noble metal
NPs have been utilized extensively because they possess a
high chemical stability in addition to an excellent catalytic
activity (Cuenya 2013). Nevertheless, these remarkable
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catalytic properties of noble metal NPs come with a high
price because of their low earth abundance. Many atten-
tions, therefore, have moved toward non-precious transition
metals, particularly nickel nanoparticles (Ni NPs) for the
catalysis applications.

Nickel is low-cost metal which is efficiently used as the
catalyst for the organic synthesis. Some of the advantages
of nickel catalysts include high performance in reactions
compared with other metals and transformations involving
unreactive substrates, facile activation and transformation
of chemically less reactive molecules and large variability
of electronic states (Ananikov 2015). For the Ni NPs, they
are catalytically active for the hydrogenation and the transfer
hydrogenation whose benefits have been found in the petro-
chemical and food industries (Fan et al. 2016; Panwar et al.
2015; Mortensen et al. 2016; Jiang et al. 2015; Vijayakrishna
et al. 2016). Potentially, Ni NPs would be utilized as the
catalyst for the water treatment (Tang et al. 2014; Demirci
and Sahiner 2015). One of obvious examples is a transform
of highly toxic 4-NP to less harmful 4-aminophenol (4-AP)
by the catalytic reduction (Aditya et al. 2015). 4-NP is used
as raw materials or intermediates in many chemical indus-
trials (Xu et al. 2015; Zhao et al. 2010), however, due to
its toxicity; it is listed as one of the priority pollutants by
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U.S. Environmental Protection Agency (U.S. EPA) (Priority
Pollutant List 2014) and thus requires the treatment prior
to a discharge. In treating 4-NP contaminated water, the
reduction of 4-NP to 4-AP by the catalytic reduction offers
some advantages according to the facts that: (1) 4-AP is less
toxic and is an important intermediate for the pharmaceu-
tical industry including the manufactures of paracetamol,
analgesic and antipyretic drugs (Kang et al. 2005; Dionigi
et al. 2014; Zhang and Wu 2010), (2) the reduction of 4-NP
to 4-AP can proceed in aqueous phase under ambient condi-
tions (Gangula et al. 2011; Baruah et al. 2013; Farooqi et al.
2014; Youzhi et al. 2016; Karakas et al. 2017; Xia et al.
2016) and (3) 4-NP is converted only to 4-AP within a short
reaction time and without any side reaction.

The key parameters towards high catalysis performance
of metal NPs in liquid medium are not only the chemo-
selectivity and high activity for a given reaction but also a
sufficient colloidal stability during a progress of the reac-
tion (Zahmakiran and Ozkar 2011). Metal NPs with low
colloidal stability are susceptible to a formation of aggre-
gates leading to a decline in the catalytic-active surface
and consequently a loss of the catalytic activity. To acquire
high colloidal stability, metal NPs are normally stabilized
by addition of appropriate stabilizers during their forma-
tion, particularly via the route of metal-ion reduction. Block
copolymers (BCPs) have been proven to be a suitable sta-
bilizer (Alexandridis and Tsianou 2011). In particular, the
amphiphilic diblock copolymers (di-BCPs), apart from being
a good stabilizer, can serve as the nanoreactors to produce
well-defined metal NPs, e.g., uniform and narrow particle
size distribution. Since di-BCPs consist of two blocks having
dissimilar solubility in particular solvent, they can form the
core—shell polymeric micelles via the self-assembly process.
The core offers a locus for a reduction of metal ions to metal
NPs while the shell stabilizes growing particles by inhibit-
ing particle coalescence as well as promotes the colloidal
stability of full-grown metal NPs (Antonietti et al. 1996). In
addition, the use of amphiphilic BCPs allows a synthesis of
metal NPs in aqueous solution which is an environmentally
benign system.

Synthesis of metal NPs assisted by BCPs provides a better
control of particle size and shape through as-formed BCP
micelles. However, it is crucial to maintain the stability of
polymeric micelle throughout the particle formation process.
The formation of polymeric micelles is a dynamic process
which is frequently accompanied by an exchange of polymer
chains between the micelles or the fission and fusion among
the micelles (Nicolai et al. 2010). Therefore, a higher stabil-
ity of the polymeric micelles is gained under a suppression
of these intermicellar events in which it is accomplished via
either the core or the shell crosslinkings (Rodriguez-Hernan-
dez et al. 2005). Herein, PMMA-b-PHEMA amphiphilic
BCP was introduced in the synthesis of Ni NPs. PMMA @
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PHEMA core—shell micelles were formed with enhanced
stability by a crosslinking of PHEMA-shell using diethylen-
etriamine (DETA). Ni NPs were subsequently generated in
PMMA @PHEMA micelles to obtain Ni-loaded PMMA @
PHEMA micelles which were utilized as the catalyst for
the reduction of 4-NP to 4-AP under ambient conditions.
Effects of PHEMA block length and DETA shell crosslinker
were studied due to the fact that both influence extensively
the catalytic activity of Ni NPs. Addition of DETA shell
crosslinker, in one hand, provides prolonged stability to
PMMA @PHEMA micelles and, on the other hand, enhances
the adsorption of the reactant resulting in a promotion of the
catalytic activity.

Experimental
Materials

All chemicals for synthesizing PMMA-b-PHEMA copoly-
mers were purchased from Sigma-Aldrich (St.Louis, USA)
including methylmethacrylate monomer (MMA, 99%) and
2-hydroxyethyl methacrylate monomer (HEMA, 97%),
p-Toluenesulfonyl chloride (p-TsCl, > 98%) as the initia-
tor, the catalyst consisting of copper (II) chloride (CuCl,,
99%) and N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA, 99%) and tin (II) 2-ethylhexanoate
(Sn(EH),, ~ 95%) as the reducing agent. Ethylenediamine
(EDA, >99%) and diethylenetriamine (DETA, 99%) were
also supplied from Sigma-Aldrich. Nickel(IT) nitrate hexa-
hydrate (Ni(NO;),.6H,0, 99%) was obtained from BDH.
4-nirophenol (4-NP) and sodium borohydride (NaBH,) were
supplied from Sigma-Aldrich. The monomers were cleaned
by passing through a basic alumina column. Water used in
the experiments was distilled and deionized (DI). Other
chemicals were used as received.

Synthesis of PMMA-b-PHEMA by ARGET ATRP

Atom transfer radical polymerization with activators regen-
erated by electron transfer (ARGET ATRP) was employed
in the synthesis of PMMA-CI macroinitiator and PMMA-
b-PHEMA copolymers. To synthesize PMMA-CI, Cu/
PMDETA complex catalyst was prepared by dissolving
CuCl, (0.05 mmol) and PMDETA (0.1 mmol) in 3/2 v/v
of methyl ethyl ketone (MEK) and methanol (MeOH). The
complex solution was charged into a round-bottom flask and
purged with nitrogen for 15 min. Next MMA (50 mmol)
was added into the complex solution prior to adding p-TsCl
(1.0 mmol) and Sn(EH), (0.2 mmol) to initiate the polym-
erization. Then, the polymerization was allowed to pro-
ceed at 60 °C for 6 h. The polymerization was terminated
by exposing the reaction mixture to air. The catalyst was
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removed by passing the reaction mixture through an alu-
minum oxide column. PMMA-CI was then obtained by
precipitating in cold methanol. Precipitated PMMA-CI was
dried in a vacuum oven at 25 °C for 24 h. Subsequently,
PMMA-b-PHEMA copolymer was synthesized by the chain
extension of PMMA-CI] with HEMA monomer using also
ARGET ATRP. PMMA-CI macroinitiator (0.05 mmol),
CuCl, (0.05 mmol) and PMDETA (0.1 mmol) were dis-
solved in 3/2 v/v of MEK/MeOH prior to charging into a
round-bottom flask and purging with nitrogen for 15 min.
Next Sn(EH), (0.2 mmol) in toluene and HEMA (0.5 mmol)
in ethanol were added dropwise into the mixture. The reac-
tion mixture was then heated to 60 °C to initiate the polym-
erization and maintained at this temperature under nitrogen
atmosphere for 16 h. After that, the mixture was exposed
to air to terminate the reaction. The complex catalyst was
removed by passing through aluminum oxide column and
PMMA-b-PHEMA copolymer was precipitated out of the
mixture in cold diethyl ether. The precipitated product was
dried in a vacuum oven at 25 °C for 24 h.

Formation of PMMA@PHEMA micelles and synthesis
of Ni-loaded PMMA@PHEMA miicelles

PMMA @PHEMA core-shell polymeric micelles were
formed by the solvent exchange method. Initially, PMMA-
b-PHEMA was dissolved in common solvent, dimethylsul-
foxide (99.98% DMSO, Fisher Scientific), to a concentra-
tion of 1.0 wt%. The solution was filled into a dialysis tube
(Spectra/Por® 6 dialysis tube with 10,000 MWCO) which
then was immersed in ethanol, the selective solvent for
PHEMA block, for exchanging the solvent at 30 °C. As a
consequence, PMMA-b-PHEMA gradually transformed to
PMMA @PHEMA core-shell polymeric micelles via the
self-assembly process. After 12 h of the solvent exchange,
the micelle solution was removed from the dialysis tube and
was filtered through 0.45 pm nylon filter. In a formation of
PMMA @PHEMA core-crosslinked-shell micelles, DETA
was dissolved in PMMA-b-PHEMA solution prior to the
solvent exchange process. Critical micelle concentration
(CMC) of PMMA-b-PHEMA in ethanol was determined
in the absence and presence of DETA shell crosslinker to
ascertain the concentration at an onset of PMMA @PHEMA
micelle formation. PMMA-b-PHEMA solutions were pre-
pared at different concentrations prior to addition of 1.0 mM
Pyrene (98%, Sigma-Aldrich) in ethanol to each solution.
Next, their UV absorbances were monitored at A = 334 nm
using Agilent 8453 UV—Vis spectrophotometer.

To synthesize Ni-loaded PMMA @PHEMA micelles,
PMMA-b-PHEMA solution in DMSO was filled into a
dialysis tube and then immersed in 150 mL of nickel(II)
tris(ethylenediamine) complex solution in ethanol
(2.75 x 107> mM) at 30 °C for 24 h. PMMA-b-PHEMA

was self-assembling to PMMA @PHEMA micelles, while
Ni(II) complex was encapsulated in the micelles due to its
lower solubility in ethanol. Next, Ni(II) complex-loaded
PMMA @PHEMA micelles were stabilized by crosslink-
ing of PHEMA shell with DETA followed by a reduction
of Ni(II) to Ni(0) using NaBH, (0.1 mM) solution for 24 h
at 30 °C. As-synthesized Ni-loaded PMMA @PHEMA
micelles were filtered through 0.45 pm nylon filter. Ni-
loaded PMMA @PHEMA micelles were prepared under
different core—shell structures corresponding to a relative
molecular weight of PMMA to PHEMA. Therefore, those
were designated as Ni-loaded PMMA |;x @PHEMA 5 and
Ni-loaded PMMA |, @PHEMA ;¢ where the subscripts
refer to the molecular weight of each block.

Catalytic reduction of 4-NP by Ni-loaded PMMA@
PHEMA

Catalytic activity of Ni-loaded PMMA @PHEMA was
investigated via the reduction of 4-NP to 4-AP in the pres-
ence of NaBH,. Initially, 1 mL of 4-NP aqueous solution
was mixed with large excess amount of NaBH, solution,
typically 50 times more concentrated. Then, 1 mL of Ni-
loaded PMMA @PHEMA was added and the progress of
4-NP reduction was monitored using UV—Vis spectroscopy
(Agilent Technologies).

The reusability of the catalyst was investigated by per-
forming a series of catalytic reduction of 4-NP for five
cycles. On each cycle, the UV-peak intensity of 4-NP was
monitored till there was no change in the intensity, then
the next cycle was started by adding the fresh solution of
4-NP into the mixture of Ni-loaded PMMA @PHEMA and
NaBH,.

Characterization

Molecular weights and molecular weight distributions of
PMMA-CI macroinitiator and PMMA-b-PHEMA block
copolymers were determined by gel permeation chroma-
tography (GPC) using LC20A (Shimadzu Corp., Japan)
equipped with Waters Styragel columns (HR4) and a refrac-
tive index detector (RID10A). GPC column was operated at
80°C using 0.05 M lithium bromide (99%, Riedel de Haén)
in dimethylformamide (DMF) as the eluent under a flow
rate of 1.0 mL min~'. 'H-NMR analysis was performed on
Varian NMR-400 MHz spectrometer (Agilent Technologies)
using deuterated dimethyl sulfoxide (DMSO-dg, 99.9%) as
the solvent.

Sizes and size distributions of PMMA @PHEMA
micelles and Ni-loaded PMMA @PHEMA were measured
by dynamic light scattering (DLS) using Brookhaven with
BI-200SM goniometer and Bi-9000 particle sizing soft-
ware. DLS measurement was performed at a scattering
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angle of 90° under ambient temperature. Averaged particle
size along with the size distribution of each sample was
obtained from the measurement for 10 times.

The morphology of PMMA @PHEMA micelles and
Ni-loaded PMMA @PHEMA was observed through trans-
mission electron microscopy (TEM) using Tecnai G* 20
(FEI, USA). If not stated otherwise, the samples for TEM
observation were stained by Osmium Tetroxide (99.8%,
Sigma-Aldrich). An average diameter of the particles was
obtained from measuring the particle diameter in TEM
images for at least 200 particles using ImageJ software.

Amount of nickel incorporated within PMMA @
PHEMA micelles was determined by inductively coupled
plasma-optical emission spectrometer (ICP-OES, Perkin-
Elmer Optima 2100 DV).

PMMA PMMA ,-b-PHEMA,

PMMA,, " PMMA , -6-PHEMA,

T T T
1000 10000 100000
Molecular weight (g/mol)

Fig. 1 Molecular weight distributions obtained from GPC of PMMA-
CI macroinitiators and PMMA-b-PHEMA block copolymers

Results and discussion
Synthesis of PMMA-b-PHEMA

Synthetic route to PMMA-b-PHEMA block copolymers
by ARGET ATRP consists of the synthesis of PMMA-
Cl macroiniator and subsequently the chain extension of
PMMA-CI with HEMA (Scheme 1 in supporting informa-
tion). Figure 1 presents molecular weight distributions of
PMMA-CI and PMMA-b-PHEMA copolymers measured
from GPC and Table 1 summarizes their corresponding
number-averaged molecular weight (M,) and polydisper-
sity index (D). It is evidenced that PMMA-b-PHEMA syn-
thesized by ARGET ATRP possessed M, with fairly low
D. In addition, M, s of PMMA-b-PHEMA were well agreed
with the theoretical M, (M|, ,) assuring the characteristics
of controlled/living radical polymerization (CRP).

Chemical compositions of PMMA-CI macroinitiator
and PMMA-b-PHEMA were confirmed by 'H NMR as
shown in Fig. S1 in supporting information. For PMMA-
Cl, characteristic resonance signals appeared in the range
of 6 0.77-0.94 ppm corresponding to protons of methyl
group whereas methylene protons of PMMA backbone
showed a broad signal around 6 1.57-2.04 ppm. Also
the strong singlet methyl ester group was observed at &
3.57 ppm. For PMMA-b-PHEMA, the characteristic res-
onance signals of PHEMA segment were at § 4.81 ppm
and ¢ 3.89 ppm attributing to hydroxy group (-OH) and
methylene protons (-CH,—OH), respectively. However, the
signal intensity of methyl ester group of PMMA segment
at 6 3.57 ppm was overlapped with -O-CH,— of PHEMA
segment. A block composition (fpymaifeuema) Of PMMA-
b-PHEMA (see Table 1) was calculated from the integrals
of peaks relating to peak areas of PMMA and PHEMA as
described in supporting information. The mole ratio of
PMMA to PHEMA block was in good agreement with that
obtained from GPC.

Table 1 Number-averaged molecular weight (M), polydisperity index () and copolymer composition of PMMA-CI macroinitiator and PMMA-

b-PHEMA block copolymers

Block copolymers PMMA-CI1 PMMA-b-PHEMA Composition (mol %)
f PMMAZfPHEMA
M, Gpc (g mol™") P M, gpc (g mol™") p M3, (g mol™) GPC 'H NMR
PMMA, jk-b-PHEMA 5 9200 1.06 15,400 1.13 17,600 60:40 58:42
PMMA |,k-b-PHEMA 3, 12600 1.19 47,000 1.63 35,400 27:73 26:74

"M, , was calculated from M, X conversion x [M]/[I] + M;, where M, and M, are the molar masses of the monomer and initiator and [M] and

[1] are the concentrations of the monomer and initiator, respectively
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PMMA@PHEMA micelles and Ni-loaded PMMA@
PHEMA

Critical micelle concentrations (CMC) of PMMA-b-PHEMA
were determined in ethanol in the presence and the absence
of DETA. As revealed in Fig. S2 in supporting informa-
tion, the plots of UV absorbance with respect to PMMA-
b-PHEMA concentrations show distinct turns at particular
concentrations of PMMA-b-PHEMA solutions indicating
the concentration at the onset of micelle formation. CMCs,
therefore, were determined as summarized in Table S1 in
supporting information. CMC of PMMA-b-PHEMA without
DETA substantially decreased with greater MW of PHEMA
block. Although PHEMA is highly soluble in ethanol and
one can expect higher CMC for a longer length of PHEMA
block in PMMA-b-PHEMA, a long enough PHEMA block
length gives rise to more attractions among PHEMA block
and leads to a structural change from stretched segments to
coil-like structures. As a result, PMMA-b-PHEMA becomes
less soluble which eventually lowers the CMC (Astafieva
et al. 1995). Upon an addition of DETA, the formation of
PMMA @PHEMA micelles was promoted as evidenced by
decreases in CMC for both PMMA-b-PHEMA. Furthermore,
influence of PHEMA block length on CMC was mitigated

because amino groups of DETA can impart hydrogen bond-
ing with hydroxyl groups of PHEMA and form the crosslink
structure of PHEMA-shell in PMMA @PHEMA micelles.
The schematic picture of PMMA @PHEMA micelle for-
mation is illustrated in Fig. 2. The shell crosslinking also
improves the stability of the polymeric micelles by prevent-
ing the intermicellar chain exchange, thus obtaining what
is so-called “frozen micelles” (Rodriguez-Hernandez et al.
2005). This effect of DETA is evidenced in Fig. 3a, b which
shows TEM image of PMMA ,,c @PHEMA ;¢ micelles
compared with those crosslinked with DETA. PMMA | ;x @
PHEMA s micelles without DETA had spherical shapes
with a particle diameter approximately 500 nm and a broad
distribution of the particle size. After an addition of DETA,
the micelles became smaller with a diameter approximately
150 nm and more uniform.

TEM images of Ni-loaded PMMA @PHEMA are dis-
played in Fig. 3c, d. The uniform spherical particles almost
in replica to their micellar predecessor were observed indi-
cating that Ni(I) complex was selectively solubilized and
subsequently reduced to Ni metal in PMMA @PHEMA
micelles. The mean particle diameters obtained from TEM
images were 98.5 + 26.9 and 102.7 + 23.8 nm for Ni-
loaded PMMA | jx @PHEMA 5 and Ni-loaded PMMA |, @

(a) H3 o + [Ni(en)s2* Ni nanoparticle
—fcH,— c—}—(cnz c}- b * NaBH,
4 s 40\ Self-assembly i . Reducti
o ° o= o / \f\ [\e[ edu uy
CH, _CH, :
CH, o A \
C|>H DETA Crosslinked PHEMA
v PMMA
. Ni-loaded
PMMA-b-PHEMA PMMA@PHEMA micelle PMMA@PHEMA
(b)

Ni-loaded PMMA ;,c @PHEMA

Ni-loaded PMMA ;ox @PHEMA

Fig.2 Schematic pictures of a PMMA @PHEMA micelle formation with DETA and subsequent formation of Ni-loaded PMMA @PHEMA and

b Ni-loaded PMMA @PHEMA
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0 TEM TEM
(e) v ooes | | (f) g0 O DLs
Mean diameter 1 Mean diameter Mean diameter [\ 1 Mean diameter
=98.5 nm A | =126.9 nm =102.7 nm =200.4 nm
N
Lo L

10 100 100010 100 1000
Particle size (nm) Particle size (nm)

Fig.3 TEM images of PMMA, x @PHEMA;, micelles without parison of the particle diameter distributions obtained from TEM
DETA a and with DETA b; TEM images of Ni-loaded PMMA @ and DLS of Ni-loaded PMMA ;s @PHEMA,; e and Ni-loaded
PHEMA i ¢ and Ni-loaded PMMA |, @PHEMA ¢ d; and a com- PMMA |,k @PHEMA 3 £
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PHEMA,; ., respectively. In most cases, the particle sizes of
polymeric particles observed through TEM were less than
the apparent sizes of polymer particles under dispersion in
solvent due to the shrinkage of polymer under a dry state in
TEM observation. Therefore, the particle sizes of Ni-loaded
PMMA @PHEMA were further determined by dynamic light
scattering (DLS) under dispersion in DI water as demon-
strated by the particle size distributions shown in Fig. 3e, f.
It is evidenced that the mean particle diameters measured
by DLS were 126.9 + 19.1 nm and 200.4 + 22.8 for nm Ni-
loaded PMMA | ;x @PHEMA 5 and Ni-loaded PMMA |, @
PHEMA i, respectively, which were larger than those
measured by TEM. This is because PHEMA-shell of Ni-
loaded PMMA @PHEMA was expanded under dispersion
in water. In addition, narrow particle size distributions of
Ni-loaded PMMA @PHEMA indicate that the formation of
large aggregates was minimal. Accordingly, PHEMA-shell
thicknesses are approximately equal to a half of the diameter
differences of the particles in the dispersion and those meas-
ured by TEM. Thus, the PHEMA-shell thicknesses were

i
L

0.175 nm

Fig.4 TEM images of Ni particles in PMMA jx @PHEMA 5 micelle
a and PMMA |, @PHEMA; x micelle b; HRTEM images of Ni in
PMMA | jx @PHEMA sy, revealing Ni lattice planes: (200) ¢ and (111)

approximately 18 and 52 nm for Ni-loaded PMMA | @
PHEMA i and PMMA |, @ PHEMA, ;., respectively.
TEM images of a single Ni-loaded PMMA @PHEMA
are demonstrated in Fig. 4a, b which reveal clusters of
Ni nanoparticles incorporated within PMMA @PHEMA
micelles. However, the sizes of incorporated Ni nanoparti-
cles were significantly different between the particles gen-
erated in PMMA | ;x @ PHEMA 5¢ micelle and PMMA |, @
PHEMA ;,x micelle as shown in the insets of Fig. 4a, b.
While the size of Ni nanoparticles in PMMA | ;x @ PHE-
MA ¢ micelle was approximately 9—-15 nm, the size of
those incorporated with PMMA |,y @ PHEMA ;- micelle
was almost an order of magnitude smaller. An existence
of nickel metal generated in PMMA @PHEMA micelles
was confirmed by HRTEM images shown in Fig. 4c, d.
Lattice lines of nickel atoms were fairly observed with
the line spacing being 0.175 and 0.205 nm correspond-
ing, respectively, to (200) and (111) Ni lattice planes (Du
et al. 2004; Bai et al. 2014). Amounts of Ni incorpo-
rated within PMMA @PHEMA micelles were determined

d; insets of figures a and b are the particle size distributions of Ni
particles in PMMA |, @PHEMA ¢ micelle and PMMA |, @PHE-
MA; x micelle, respectively. The samples were not stained by OsO,

/
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by ICP-OES as summarized in Table S2 in supporting
information. Apparently, the amount of Ni incorporated
in PMMA |,y @PHEMA 3, was 6 times lower than that
in PMMA | ;x @PHEMA . This suggests that a thicker
PHEMA shell of PMMA |,y @PHEMA ;¢ micelles may
impede a transfer of nickel(I)tris(ethylenediamine) com-
plex into the micelles. Although TEM images revealed
distinctively a difference in size of Ni particles between
both micelles, identifying the primary particles out of the
cluster using only TEM images was inaccurate leading to
errors in determining the specific surface areas of incor-
porated Ni nanoparticles on each micelle.

2.0
(@) _
] 0 min

1.5
(4]
o
c
1]
.E =
S 1.0 4 1.67 min
Ko}
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300 400 500 600
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o
c
(3]
o]
S
o
[72]
o]
©
>
=)

0.0 L T g T - T =
300 400 500 600

Wavelength (nm)

Fig.5 Evolution of UV absorbance spectra of the catalytic reduc-
tion of 4-NP by Ni-loaded PMMA jx @PHEMA 5 a and Ni-loaded
PMMA |,y @PHEMA ;¢ ¢; pseudo-first-order kinetic plots of the
catalytic reduction of 4-NP by Ni-loaded PMMA ;x @PHEMA b
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Catalytic reduction of 4-NP by Ni-loaded PMMA@
PHEMA

Effect of catalyst concentration

Catalytic activity of Ni-loaded PMMA @PHEMA was
evaluated using the reduction of 4-NP to 4-AP in aqueous
solution of NaBH,. This reaction has been employed as the
model reaction for studying the catalytic performance of
metal nanoparticles because the reaction proceeds under
mild conditions with large difference of the kinetic rates
between the presence and the absence of the catalyst (Adi-
tya et al. 2015). In addition, a progress of the reduction
can be conveniently followed by UV-Vis spectrometer
through the evolution of UV spectra with time. As shown

1(b)
0.0
-0.5
o
&) .
=l Catalyst concentration
- ’ O No catalyst
v 25mg/L
® 50 mg/L
-1.5 m 100 mg/L
¢ 100 mg/L Nickel nanoparticles
> 100 mg/L PMMAwK@PHEMA5K
-2.0 T T T T & T
0 5 10 15
Time (min)
(C)
0.0 o
-0.5
20
o ol Catalyst concentration
£ No catalyst v{"\
25 mg/L
50 mg/L M
1.5 - 100 mg/L
100 mg/L Nickel nanoparticles
100 mg/L PMMA12K@PHEMA34K
2.0 ; . : .
0 10 20 30
Time (min)

and Ni-loaded PMMA |,x @PHEMA ;¢ d at different catalyst con-
centrations. The reaction conditions were temperature = 30°C and
[NaBH,]/[4-NP] = 50



Applied Nanoscience (2018) 8:475-488

483

in Fig. 5a, c, a disappearance of 4-NP during a progress of
the reaction was monitored by the peak intensity at 400 nm
which belongs to p-nitrophenolate anions, a dissociated
form of 4-NP under alkaline conditions. Concomitantly, a
production of 4-AP can be followed through a peak evolu-
tion at 300 nm. The isosbestic points at 280 and 310 nm
indicate that 4-NP was converted only to 4-AP without the
side reactions (Wunder et al. 2010).

Amount of NaBH, was used in excess to that of 4-NP,
and typical [NaBH,]/[4-NP] was 50, to ensure that the
reaction kinetic followed the pseudo-first-order reaction
with respect to 4-NP concentration (C) (Sahiner et al.
2010), i.e.

dC
_E = kappc (D
C
In — =—k, 2
C() pp ( )
where k,,, is the apparent rate constant (min~') and Cy1is

an initial concentration of 4-NP. The kinetic plots of 4-NP
reduction catalyzed by Ni-loaded PMMA @PHEMA are pre-
sented in Fig. 5b, d. The reduction of 4-NP to 4-AP without
Ni-loaded PMMA @PHEMA was almost infeasible but it
still followed the pseudo-first-order kinetic with very low
Kapp = 3.0x107 min~!. This is because the reduction of
4-NP in the presence of solely NaBH, is in fact thermo-
dynamically favorable; however, the activation energy of
the reaction is very large (Seo et al. 2013). Similarly, the
presence of both PMMA | jx @PHEMA s and PMMA |, @
PHEMA ;,« micelles, without loaded-Ni, did not provide any
catalytic effect on the reduction of 4-NP. Upon the addition
of Ni-loaded PMMA @PHEMA, the reduction of 4-NP did
not start immediately, but after the stagnation period known
as the induction time (¢;) (Wunder et al. 2010). It has been
explained that the induction time in the reaction catalyzed by
metal nanoparticles is the time required for the restructuring
of metal surface upon adsorption of the reactant (Wunder
et al. 2010; Zhou et al. 2010). This is confirmed in Fig. 6¢
where the reciprocal induction time (1/¢,) increased fairly
proportional to an increase in the catalyst concentrations
(Wunder et al. 2011). Furthermore for the whole range of
catalyst concentration, f, of Ni-loaded PMMA |, @ PHE-
MA;,x were longer compared with those of Ni-loaded
PMMA |y @PHEMA 5 due to its lower nickel content.
After the induction periods, the catalytic reduction
of 4-NP by Ni-loaded PMMA @PHEMA was evidenced
by a linear descending of In(C/C,) with time as shown
in Fig. 5b, d. k,,,, obtained from the slopes of the linear
regions were plotted against the catalyst concentration as
demonstrated in Fig. 6a. It is apparent that k,,, of 4-NP

app
reduction increased linearly with the catalyst concentration

which is generally observed for the heterogeneous catal-
ysis (Jana et al. 2006; Chen et al. 2008). Due to larger
amount of incorporated Ni, Ni-loaded PMMA |x @ PHE-
MAx possessed higher k,,,, and faster ascending of k,,, as
increasing the catalyze concentration compared with that
of Ni-loaded PMMA |,x @PHEMA ;. The normalization
of k,,, by amount of incorporated Ni, x,,,, resulted in a
merging of two linear lines in Fig. 6a into a single one
as revealed in Fig. 6b suggesting a dependence of k,,,
on amount of Ni in PMMA @PHEMA micelles. In fact
under the heterogeneous catalytic system, &, is strictly
related to the catalytically active surface area (Wunder
et al. 2010). However, the determination of accurate cata-
lytic active areas of Ni nanoparticles in PMMA @PHEMA
from TEM images was not possible; therefore, the nor-
malization of k,,, by surface area of Ni nanoparticles did
not attempt. The role of PMMA @PHEMA micelles in
enhancing the catalytic activity of Ni is also highlighted
in Fig. 5b, d. As comparing the kinetic plots of Ni-loaded
PMMA |k @PHEMA 5 and Ni-loaded PMMA |, @PHE-
MA;x to that of bare Ni nanoparticles under the catalyse
concentration of 100 mg/L, it is obvious that #, as well as
k,pp Were significantly improved for Ni nanoparticles in the
presence of PMMA @PHEMA micelles.

Mechanistically, the catalytic reduction of 4-NP by metal
nanoparticles undergoes primarily on the surface of metal
nanoparticles; therefore, both BH,™ and 4-NP (nitrophe-
nolate anions) must reach the surface of Ni nanoparticles
prior to the reduction to occur (Veerakumar et al. 2012).
This leads to the argument that under the present condition
in which Ni nanoparticles were encapsulated in PMMA @
PHEMA micelles, the diffusion to Ni particle surfaces may
be the rate-determining step. To justify that, the theoretical
bimolecular rate constant (k,,,) was employed as expressed
in Eq. (3) (Graetzel and Frank 1982).

kym  4mr?\ky, D

where r is the radius of particle (a micelle), k,, is the rate of
electron transport and D is the diffusion coefficient of the
reactant. For the diffusion-controlled reaction, k,, is much
larger than D; therefore, Eq. (3) is reduced to the Smolu-
chowski equation

nor?

kpym = 47rD 4)

Taking the diffusion coefficient of 4-NP equal to 6.92 X
107® cm?/s (Johnson et al. 2013), the theoretical &, was
estimated to be 5.02 x 107'° cm?¥/s-particle for Ni-loaded
PMMA | ;x @PHEMA 5 and 8.71 x 107! cm?/s-particle
for Ni-loaded PMMA |,y @PHEMA ;. The experimental
ky,m, Was determined from the slopes of the plots in Fig. 6a.
They equal to 8.05 x 10713 cm?/s-particle for Ni-loaded
PMMA ;x @PHEMA 5, and 6.05 x 107" cm?/s-particle for
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Fig.6 Effect of catalyst concentration on k,,, a, Ko b and 1/ ¢ for the catalytic reduction of 4-NP by Ni-loaded PMMA @PHEMA

Ni-loaded PMMA |,x @PHEMA ;. Evidently, theoretical
ky,ms were approximately three orders of magnitude larger
than experimental k,,s. Therefore, the catalytic reduction
of 4-NP by Ni-loaded PMMA @PHEMA was not limited by
the diffusion process (Johnson et al. 2013).

Effect of DETA shell crosslinker

Ni-loaded PMMA ,x @PHEMA ;¢ was prepared under dif-
ferent [DETA]/[PMMA ,x @PHEMA ;] ratios to inves-
tigate the effect of DETA on the catalytic activity as pre-
sented in Fig. 7. It is clear from the kinetic plots that the
reduction rate of 4-NP increased as increasing of [DETA]/
[PMMA |,k @PHEMA ;] ratio. Accordingly, the k,,,
and ¢, of the 4-NP reduction in the presence of Ni-loaded
PMMA |,x @PHEMA ; , prepared with different [DETA]/
[PMMA |,x @PHEMA ;¢ ] ratios are summarized in Table 2.

Increase in DETA amount improved markedly the
catalytic activity of Ni-loaded PMMA |, @PHEMA 3,
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Fig. 7 Pseudo-first-order kinetic plots of the catalytic reduction of
4-NP by Ni-loaded PMMA |,x @PHEMA ;¢ prepared with different
[DETAJ/[PMMA |,x @PHEMA; ;] ratios
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Table2 k,,, and f, of the catalytic reduction of 4-NP by Ni-
loaded PMMA |,x @PHEMA,, prepared with different [DETA]/
[PMMA |, @PHEMA ;] ratios

—__IDETAL___ f(min~") t, (min) R?
[PMMA |, @PHEMA 3, |

0.41 0.61 1.66 0.99
2.06 0.78 1.00 0.98
4.13 1.73 0.41 0.96

as indicated by a reduction of 7, and an increase of k.
DETA was added during the formation of PMMA ,x @
PHEMA ;,x micelles prior to the generation of Ni nano-
partices which resulted in a decrease in the amount of
incorporated Ni with increasing DETA concentration (see
Table S2 in supporting information). This indicates that
an improvement of the catalytic activity is primarily due
to increasing amount of DETA not the amount of incor-
porated Ni. Such improvement in Ni-loaded PMMA |, @
PHEMA ¢ upon an increase in [DETA]/[PMMA |, @
PHEMA ;] ratio is a consequence of an enhancement
of BH,™ and 4-NP adsorptions on the micelle generated
by the specific interactions between both reactants and
amine functional group of DETA. This enhanced catalytic
activity has also been observed in metal nanoparticles
stabilized by polymers bearing amine functional groups
(You et al. 2017; Verma et al. 2015) which impart strong
attractions toward BH,™ and 4-NP. Nevertheless, the pre-
sent study has revealed experimentally that the catalytic
reduction of 4-NP in polymer-stabilized metal nanoparti-
cles can be alternatively improved by an incorporation of
the amine-containing crosslinker and its content.
Furthermore, the effect of DETA is evidenced in the
reusability test of Ni-loaded PMMA @PHEMA as pre-
sented in Fig. 8. The reusability was performed by reduc-
ing 4-NP for five times consecutively in the presence of
the catalysts. Apparently, the reduction of 4-NP to 4-AP
reached a full conversion on every cycles of the reduc-
tion; however, the catalytic rates showed progressive
decline after the first cycle. The decline of the reduction
rate is due to a binding of 4-AP, the reaction product, on
the catalytic-active sites (Zhou et al. 2010). As shown
in Fig. 8a, Ni-loaded PMMA |jx @ PHEMA 5 possessed
a better reusability as compared with those of Ni-loaded
PMMA |,x @PHEMA ;¢ because of the higher content of
Ni. In comparison among Ni-loaded PMMA ,x @ PHE-
MA;,k prepared with different [DETA]/[PMMA |, @

PHEMA ;] ratios, despite low incorporated Ni in higher
[DETAJ/[PMMA |,x @PHEMA ;] ratio, the reusability
was improved with increased amount of DETA as sug-
gested by a shorter reaction time to reach a full conversion
of 4-NP and higher k,,, on each reduction cycle.

Comparison of catalytic performance of Ni-loaded
PMMA@PHEMA with that of other Ni-containing
catalysts

Catalytic performances of Ni-loaded PMMA @PHEMA
and those of other Ni-containing catalysts reported in the
literatures are presented in the plot of x,,, (min~ mg~! Ni)
against mg of Ni as shown in Fig. 9. Such a plot allows a
prompt comparison of the catalytic performance under dif-
ferent catalyst concentrations. A high-performance catalyst
occupies the region on a top left corner of the plot indi-
cating a high catalytic rate constant at minimal usage of
the catalyst. Evidently, both Ni-loaded PMMA | jx @ PHE-
MAk and Ni-loaded PMMA |,y @PHEMA ;, possessed
excellent catalytic performances compared with those of
previous studies.

Conclusions

Ni nanoparticles were generated in PMMA @PHEMA
core-crosslinked-shell micelles prepared from PMMA-b-
PHEMA copolymers with different molecular weight of
each segment, namely Ni-loaded PMMA | jx @ PHEMA 5
and Ni-loaded PMMA |, @PHEMA; ,x. The particle size
of Ni nanoparticles formed in PMMA ;xc @ PHEMA ¢
micelle was 9 to 15 nm which was almost an order of
magnitude larger than the size of Ni nanoparticles in
PMMA |, @PHEMA ;¢ micelle. HRTEM revealed an
existence of Ni atoms in PMMA @PHEMA micelles with
Ni line spacing being 0.175 and 0.205 nm corresponding,
respectively, to (200) and (111) lattice planes. Ni-loaded
PMMA @PHEMA was employed as the catalyst for the
reduction of 4-NP to 4-AP in aqueous solution under ambi-
ent condition. k,,, of Ni-loaded PMMA ;,x @ PHEMA ¢
was higher with steeper ascending of k,,, with increasing
the catalyst concentration compared with those observed
in Ni-loaded PMMA |,x @ PHEMA ;. This is because of
the larger amount of Ni content in PMMA | ;x @ PHEMA 4.
In addition, k,, is dependent on the micelle structure and
the amount of PHEMA-shell crosslinker. The catalytic
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metal for a comparison of the catalytic performance in the reduction

of 4-NP

performance of Ni-loaded PMMA |,x @PHEMA ;¢ was
markedly improved upon increase in the amount of
PHEMA-shell crosslinker.
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