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Abstract

With the commercially available vulcanized acrylonitrile butadiene rubber (NBR) latex as a model, a facile approach for the preparation of
composite core—shell particles was developed. As the first step, UV photoreduction followed by cross-linking/coupling reactions with benzo-
phenone (BP) as the photoinitiator and trimethylpropane triacrylate (TMPTA) as the accelerator were carried out in order to attach dormant
semi-pinacol groups to the surface of the NBR particles (NBR—SP). The second step, carried out under heating, involved the grafting of styrene
(St) which was induced from the particle surface by bond breaking of NBR—SP and propagation towards the center of the particles. The grafting
efficiency could be kept at a high level, i.e. approx. 90%, and the grafting yield increased with time (could reach up to 140%). Finally, by adding
acrylamide (AM) or N-vinyl pyrrolidone (NVP) as a second monomer under heating, a composite core—shell particle could be prepared.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the preparation of core—shell structures has be-
come a fast-growing topic in colloid and materials science.
Particles with core—shell structures have diverse applications
in coatings, impact modification, bio-separation, drug delivery
systems, etc. [1—5]. Extensive research has been carried out in
order to fabricate functional core—shell particles with a variety
of strategies. Generally, a core—shell structure can be achieved
by seeded emulsion polymerization [6,7] or by self-assembly
of block copolymers with selective solubilities to the solvent
[8,9]. Furthermore, it is reported that self-assembly of polymer
chains on a core surface [10], layer-by-layer deposition [11]
and polymerization of monomer absorbed on a core surface
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[12—14] are also effective approaches for obtaining core—
shell structures.

An alternative method for achieving well-defined core—shell
morphology is to graft polymer brushes through the use of initi-
ators tethered chemically to the particle surface [15—23]. This
“grafting from” technique provides an opportunity to achieve
stable layers of densely grafted polymers with a variety of com-
positions and functionalities on the surfaces of micro/nanopar-
ticles such as latexes, gold, silica, etc. [19,24—29].

As a hydrogen-abstractable photoinitiator, benzophenone
(BP) has been extensively used in surface photo-grafting poly-
merizations and the initiation proceeds in three steps. First, BP
absorbs a photon and forms an excited singlet state (BPS).
Then, it yields a more stable excited triplet state (BPT)
through intersystem crossing, and finally, the triplet state
BPT interacts with weak C—H bonds on the surface of the
organic substrate, giving rise to hydrogen abstraction and leav-
ing a semi-pinacol free radical and a surface alkyl free radical
that can initiate a surface grafting polymerization [30—32].
Recent studies have reported on a two-step method, consisting
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in the coupling of BP onto the surface of a plane solid organic
polymer by the above photoreductions (first step), followed by
the initiation of a surface grafting polymerization with some
living polymerization character through the cleavage of
weak C—C bonds under UV irradiation or heating at a temper-
ature above 80 °C (second step) [33—35].

In the present investigation, we have explored the possibil-
ity of utilizing this two-step method for preparing composite
core—shell particles with a commercially available vulcanized
acrylonitrile butadiene rubber (NBR) emulsion as model latex.
No study focuses on the BP coupling two-step method being
used for the grafting polymerization on colloidal surface. It
is known that the strong scattering of light in an emulsion per-
mits the occurrence of photopolymerization [25,36,37].
Hence, the reaction heterogeneity resulting from the opacity
or UV-screening effect of the latex system mentioned above
could be minimized. On the other hand, the UV-screening ef-
fect of each latex particle could be used in order to limit the
grafting reaction to take place only on the surface of the par-
ticles. However, the most important scientific issue to address
is how to adhere dormant or re-initiating groups onto the sur-
face or subsurface of a particle.

In order to realize this, a novel strategy, depicted in Scheme 1,
was proposed. This strategy involved the following steps:
(1) BP and the three-functional monomer, trimethylpropane
triacrylate (TMPTA), were dissolved in the NBR latex; (2)
under UV radiation, a free radical surface/subsurface cross-
linking polymerization, that was initiated by the BP photo-
reduction, would take place due to a UV-screening effect
in the latex particles; (3) as a result of the cross-linking
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polymerization and the free radical coupling reaction with
the semi-pinacol (SP) radicals, particles with large amounts
of dormant SP groups would be obtained.

The cross-linking reaction of TMPTA should favor an in-
crease in surface coupling of the SP groups. When the NBR
latex carrying surface SP groups contacted with monomers
above 80 °C, it was, surprisingly, found that the grafting poly-
merization did indeed start from the surface of the particles,
and then grow inwards to their center for oily monomers
such as styrene (St) alternatively grow outwards for hydro-
philic monomers such as acrylamide (AM). Moreover, com-
pared with the approaches reported earlier, the advantages of
this method for the preparation of composite core—shell parti-
cles include a high grafting efficiency (approx. 90%) and a
facility in the fabrication process.

2. Experimental
2.1. Materials

An acrylonitrile butadiene rubber (NBR) latex with a dry
rubber content of 50 wt% and a gel content of 80 wt% was
generously donated by Lanzhou Chemical Plant. Trimethyl-
propane triacrylate (TMPTA) was obtained from Tianjin
Chemical Reagent Co. and used as received. Styrene (St)
and N-vinyl pyrrolidone (NVP) were purchased from Beijing
Chemical Reagents Company and purified by distillation to
remove any inhibitors. Acrylamide (AM) and benzophenone
(BP) were obtained from Shanghai Chemical Reagents Co.
Ltd., China and used as received.
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Scheme 1. The schematic procedure and chemistry for a grafting polymerization on the surface of NBR latex particles. The scheme depicts a generalized mech-

anism for the grafting reaction.
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2.2. Synthesis of NBR—SP latex

A mixture of BP (5 g) dissolved in TMPTA (4 g) was added
drop-wise into the NBR latex (200 g) under vigorous stirring
for at least 1 h. As portrayed in Fig. 1(a), 50 ml of the reaction
mixture was placed in a pyrex cylinder (with dimensions 5 cm
(@) x 9 cm (h)) that was sealed with a thin film of biaxially ori-
ented polypropylene (BOPP) and purged with nitrogen for
30 min. The mixture was then subjected to UV irradiation (with
a light intensity of 45 w/m* and a 375-W high pressure mercury
lamp as a polyspectrum light source emitting light primarily at
a wavelength of 365 nm) for 1 h, whilst maintaining a low flow
of nitrogen. Stable latex was obtained during the irradiation.

2.3. Synthesis of NBR/PSt core—shell particle

Latex (10 g) from the irradiation step, carrying dormant
surface SP groups, was diluted with water (35 g), and charged
into a 100 ml four-necked round-bottom flask assembled with
a mechanical stirrer, thermometer, nitrogen inlet tube and con-
denser (see Fig. 1(b)). After degassing for 30 min, the flask
was placed in a thermostat preheated to 85 °C, and St (5 g)
was dripped into it during a period of 15 min. The flask was
incubated at 85 °C for 5 h to complete the grafting polymeri-
zation on the latex surface.

The obtained NBR/PSt core—shell particles were precipi-
tated in a 2% calcium chloride aqueous solution, washed
with hot water at least 5 times, dried at 50 °C for 24 h, placed
in a vacuum oven at 50 °C until a constant weight was
reached, and finally extracted by Soxhlet with 2-butanone to
remove trace amounts of PSt homopolymer.

(a)

S

2.4. Synthesis of composite core—shell particles

In a successive step, NBR/PSt core—shell latex (20 g)
(Cngr=7%, Cs¢=T%, polymerized at 85 °C for 3 h with
a grafting yield of 42%, and a concentration of NBR/PSt
core—shell particles of 10%) in a four-necked round-bottom
flask was degassed for 30 min and heated to 85 °C. With the
introduction of water (12.5 g) and AM (2.5 g) AM or NVP
(2.5 g) in an aqueous solution, polymerization was initiated
and maintained for 3 h. The end products were extracted by
Soxhlet with 2-butanone, followed by water extraction to re-
move unreacted monomer and homopolymer. As a result,
a composite shell composed of PSt and PAM or PVP was
constructed.

The monomer conversion (C), grafting yield (GY, i.e. the
ratio of the weight of grafted polymer to the weight of the
NBR particles) and grafting efficiency (GE, i.e. the ratio of
the weight of grafted St to the total weight of polymerized
St) were calculated according to the following equations:

W,
Conversion : (C, %) = — x 100 (1)
Wo
. W,
Grafting yield : (GY, %) = W= 100 (2)
o W,
Grafting efficiency : (GE, %) = w. % 100 (3)

P

Here, W, was the weight of the polymerized St. W, was the
weight of the St added, W, was the weight of the grafted St
and W, was the weight of the NBR used.

(b)
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Fig. 1. The experimental setups for (a) the photoreaction and (b) the grafting polymerization.
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2.5. Characterization

UV—vis spectra were recorded with a CENTRA 20 UV—
vis spectrometer over the range of 200—550 nm. Samples
for the UV—vis measurements were prepared by casting
NBR—SP latex onto PP films. Unreacted BP in the NBR—
SP particle was removed by immersion in ethanol for 1
week. FTIR spectra of the samples were obtained using a Nico-
let NEXUS 670 spectrometer. The FTIR samples were ex-
tracted by Soxhlet with 2-butanone to remove unreacted St
and homopolymerized PSt. NMR samples of NBR particles
and NBR—SP particles were extracted by Soxhlet with ethanol
for 48 h. Solid state NMR '*C analysis was performed at
75.47 MHz on a Bruker AV-300 spectrometer. The recycle
time was 4 s; and 400 scans were required for each experi-
ment. The core—shell structure was visualized by transmission
electron microscopy (TEM) (HITACHI H-800) at an accelera-
tion voltage of 200 kV. Samples for TEM observation were
stained with 2% OsO, solution in a staining chamber at
room temperature for 20 min. The diameters of the latex par-
ticles were directly measured by a laser-light scattering spec-
trometer (Mastersizer 2000) at room temperature after dilution
with water.

3. Results and discussion
3.1. Synthesis of the NBR—SP latex

A low grafting yield (approx. 35% after 10 h) and a low
grafting efficiency (approx. 50%) were obtained when using
only BP as the photoinitiator when synthesizing the NBR/
PSt latex. This indicated that a large amount of homopolymer
PSt was produced and a reason behind this could possibly lie
in the photoreduction and following coupling reactions of BP
and emulsifier or other additives in the commercial NBR latex
under UV radiation. In order to resolve this problem, we tested
adding TMPTA.

(a)

240 280
Wavelength (nm)

TMPTA is generally used as an accelerator in high energy
irradiation cross-linking [38—40]. By transferring radicals in
situ, it could significantly increase the irradiation cross-linking
efficiency. In our system, the introduction of TMPTA as well
as the low energy UV radiation would limit the photoreaction
to take place exclusively on the surface of the particles. Thus,
two things could be predicted: (1) the cross-linking polymeri-
zation initiated by TMPTA with three double bonds could cap-
ture not only semi-pinacol free radicals but also alkyl free
radicals (near the surface of the particles) produced by the
photoreduction of BP and emulsifier or other additives in the
commercial NBR latex, and therefore the amounts of coupled
SP could be greatly increased; and (2) the cross-linking reac-
tion could result in the formation of a compact surface cross-
linking layer, and, under a temperature of 85 °C, the above
mentioned weak C—C bonds could be cleaved to generate sur-
face-radicals which, in turn, could induce a surface grafting
polymerization.

The existence of a TMPTA unit in the compact surface
cross-linking layer was demonstrated by FTIR (Fig. 4) through
an increase in the ratio of the peak height at 1718 cm ™", which
corresponds to the C=O0 stretching of TMPTA, to the peak
height at 2240 cm™ ', which corresponds to the absorption of
C=N.

UV—vis spectra and '>C NMR analysis (Fig. 2) indicate the
existence of semi-pinacol groups on the surface of the NBR
latex. The absorption at 254 nm in the UV —vis spectrum corre-
sponded to the absorption of the benzene ring in the semi-
pinacol structure, while the resonance at 126 ppm could be
ascribed to the carbon signals of the benzene units in the semi-
pinacol structure. From Fig. 2(a), it can be clearly seen that
for the untreated NBR latex, the 254 nm absorption was the low-
est. The second lowest absorption was found for the reaction
without TMPTA, having undergone irradiation for 90 min. In
the reaction where TMPTA had been added, the absorption of
semi-pinacol groups increased with irradiation time, indicating
that more semi-pinacol groups were tethered on the NBR latex

200 300 400
Wavelength (nm)

T T T T
150 100 50 0
ppm

Fig. 2. (a) UV—vis spectra and (b) 13C NMR spectra of NBR coupled with semi-pinacol. Part (a) displays the different irradiation conditions used: (1) 90 min with
TMPTA, (2) 30 min with TMPTA, (3) 90 min without TMPTA and (4) untreated NBR.
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particles. These results confirmed the accelerating effect of
TMPTA.

3.2. Grafting polymerization

The evolution of the St conversion, grafting yield and graft-
ing efficiency with grafting polymerization time are shown in
Fig. 3. Because the latex we used was a commercial product,
some other impurity in NBR latex might induce polymeriza-
tion. A control experiment used NBR latex without SP showed
that no more than 4% St could be induced in control experi-
ment. It is obvious that the conversion and grafting yield in-
creased significantly during the first 80 min and then leveled
off, while the grafting efficiency displayed a steep increase
in the beginning after which it was almost constant.

For the polymerization conversion or rate, it was found, at
first, that both the surface concentrations of SP and St were at
high levels, and it was thus possible to maintain a high poly-
merization rate. While the grafting polymerization proceeded,
the reaction rate gradually decreased. Compared with conven-
tional grafting polymerization reactions, the relatively low
end-conversion of monomer might be explained with the de-
pletion of surface SP groups. Polymerization initiated with
SP groups seems to be a living radical polymerization [33—
35]. But, in our heterogeneous latex system, side termination
reaction might consume the SP group on NBR surface. So,
as can be seen in Fig. 3, polymerization terminated at a rela-
tively low conversion of about 50%.

Moreover, the grafting yield increased from 13% to 37%
as the polymerization time was extended from 30 min to
150 min. In fact, when increasing the ratio of St:NBR, to
e.g., 70:30, the grafting yield could be increased even further,
i.e. to 80%, 140%, etc.

Furthermore, a high grafting efficiency of approx. 90% is
noted from Fig. 3. It is demonstrated that the amount of homo-
polymer could be dramatically reduced due to the very low ini-
tiation reactivity of the semi-pinacol radicals produced by
decomposition of NBR—SP under 85 °C in the heterogeneous
polymerization system.
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Fig. 3. Relationships between reaction time and monomer conversion (), graft-
ing yield (@) and grafting efficiency (A ). Conditions: Cnpr =23.7 wt%,
Cs, =23.7 wt%, at 85 °C.

After extraction with a solvent, the obtained core—shell
particles were analyzed by FTIR spectroscopy, as shown in
Fig. 4. Compared with the spectra of NBR (Fig. 4(a)) and
pure PSt (Fig. 4(c)), it can be seen that besides the character-
istic absorption band of the —CN group of NBR that appeared
at 2240 cm ™, characteristic absorption bands of PSt were ex-
hibited in the spectra of the NBR/PSt core—shell particles. The
absorption band at around 3023 cm™' corresponded to the ar-
omatic =C—H stretching of PSt while the band at around
1597 cm ™! belonged to the C=C stretching of the aromatic
PSt ring. The bands at around 698 cm™' and 758 cm ™' corre-
sponded to the aromatic =C—H stretching of PSt, and all
these bands confirmed the formation of the grafted polymer.

3.3. Morphology of the core—shell particles

TEM micrographs (Fig. 5) display the morphology of the
NBR/PSt core—shell particles with varying grafting yields of
PSt. It is known that OsO,4 can react with functional groups
of unsaturated double bonds, as well as with hydroxyl and
amine groups. The treatment with OsO, thus provided a larger
contrast for the TEM measurements. In the micrographs,
a core—shell structure with a dark OsQO,-stained core and
a grayish shell can be recognized very well. The NBR cores
were darkened due to the unsaturated bonds reacting with
0s0y. It is clear in Fig. 5(b)—(d) that there is no secondary
particle formed in grafting process. Laser-light scattering
data also confirm that the distribution of particles’ diameter
did not change after grafting polymerization.

An interesting tendency from Fig. 5 was that the black re-
gion of the particles decreased in size while the gray region
became larger with increasing grafting yield of St. Another in-
teresting phenomenon was that the gray region broadened
from the outside to the inside of the particles, finally, core—
shell particles with black centers were formed. Based on the

698

1 T 1 T
3000 2000 1000
Wavenumbers (cm™)

Fig. 4. FTIR spectra of (a) untreated NBR, (b) NBR—SP irradiated for 90 min,
(c) pure PSt and (d) NBR/PSt core—shell particles.
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Fig. 5. TEM micrographs of NBR/PSt particles with varying grafting yield: scale bar = 100 nm; (a) GY = 0%, (b) GY =9.8%, (c) GY =46% and (d) GY = 136%.

Conditions: Cngr = 4.3 wWt%, Cs;= 10 wt%, at 85 °C.

results above, a grafting model could be described according
to the following: during heating, the grafting polymerization
started from the surface of the NBR—SP, and then developed
towards the particle centers due to St being swollen in the
NBR particle. During polymerization, the double bonds in
the NBR backbone took part in the copolymerization with
St, not only resulting in cross-linking but also producing
a non-stained layer due to the disappearance of double bonds.

Moreover, from the TEM micrographs (Fig. 5(b)—(d)), the
particle sizes seemed to become somewhat smaller than those
of the primary NBR particles. In order to clear up this phe-
nomenon, the size of the NBR/PSt core—shell particles with
varying grafting yields in diluted latex was determined by la-
ser-light scattering measurement, and the results are listed in

Table 1
The diameters of NBR/PSt particles with varying grafting yield as measured
by TEM and laser-light scattering

Reaction  Grafting Particle  Thickness Core size  Particle size
time yield size in  of grafted in TEM®  obtained by
(min) (%) TEM? layer” (nm)  (nm) laser-light
(nm) scattering (nm)

0 0 180 0 180 101

60 9.8 110 125 85 103

100 46 112 20.5 71 103

150 84 - - - 107

210 136 95.5 224 50.6 118

300 142 - - - 113

# Measured directly from the TEM images.

Table 1. Other relevant parameters such as the reaction time,
the grafting yield and particle sizes obtained from the TEM
micrographs in Fig. 5 are also listed in Table 1.

According to the data in Table 1, the diameter of the core—
shell particles did not display an obvious increase, merely
a few nanometers, despite the large increase in yield with po-
lymerization time. This phenomenon might be understandable
when considering that the growth of the grafted polymer chain
occurred from the surface of particle towards the center, which
could increase the density of the particles, whilst maintaining
the size of the particles almost constant. On the other hand, the
diameters of dried core—shell particles obtained by TEM were
very different from the above results. For primary particles or
particles with a low grafting yield, the values were larger than
for the former ones, whereas for particles with a high grafting
yield, the values were smaller. This phenomenon might be at-
tributed to the deformation and collapse of soft NBR particles
so that they became disk-shaped during vacuum drying. This
tendency towards deformation and collapse may be mitigated
by attaching a hard layer of PSt, which should give rise to
smaller particles.

3.4. Preparation of composite core—shell particles
Re-grafting of hydrophilic AM and amphiphilic NVP

monomers on the NBR/PSt core—shell particles (GY = 42%)
was performed by adding a sequential monomer. With
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Fig. 6. FTIR spectra of (a) NBR/PSt, (b) NBR-g-PSt/PAm and (c) NBR-g-PSt/
PVP.

the grafting of PAm or PVP, the latex became more stable.
It would not be precipitated with the 2% calcium chloride
solution. The grafting yield to NBR increased from 42% to
61% for NBR-g-PSt/PAm whereas it was 54% for NBR-g-
PSt/PVP.

IR spectra (Fig. 6) demonstrated the successful grafting of
PAM (or PVP) onto the NBR/PSt particle surfaces. The strong
characteristic absorption bands at 1672 cm™" and 3423 cm™'
were ascribed to the vibration of C=0 and NH, respectively.
The absorption visible at 1644 cm ™' was attributed to the ring
vibration of the pyrrolidone groups of PVP and the peak at
1264 cm™" corresponded to the N—C vibration of the pyrroli-
done group.

Fig. 7 shows the TEM micrographs of various core—shell
particles. Core—shell structures with a dark core stained with
0s0, and a light shell can be readily recognized. The gray circle
around PSt represented the PAM shell formed in the second
grafting polymerization, and correspondingly, the gray circle
in Fig. 7(c) represented the PVP shell. From the images of these
core—shell particles, it was clear that the particle size of the
NBR-g-PSt/PVP core—shell structure was much bigger than
the others. This may be explained by the swelling. Because of
the amphiphilic property of NVP, some of the NVP could dis-
solve inside NBR/PSt particles during the grafting polymeriza-
tion. As a result, after polymerization, the PVP chain within the
particles would absorb water from the outer environment, caus-
ing the particle to swell into a bigger one. This is consistent with
the laser-light scattering measurements, which indicated that the
particle size of the NBR/PSt core—shell structure increased
from 109 nm to 127 nm as it became NBR-g-PSt/PAm. The
NBR-g-PSt/PVP core—shell structure obtained an even greater
diameter of 186 nm.

100nm

Fig. 7. TEM micrographs of (a) NBR/PSt, (b) NBR-g-PSt/PAm and (c) NBR-g-PSt/PVP. Conditions: Cxgr/pst = 5.7 Wt% (grafted for 2h GY =42%), Cam=7.1

wt% in (b); Cyvp =7.1 Wt% in (c), grafted at 85 °C for 3 h.
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4. Conclusion

In conclusion, the composite core—shell particles based on
NBR latex were successfully synthesized through a two-step
method. In the first step, by taking advantage of a UV-
screening effect and introducing a multi-functional monomer,
a surface-compact cross-linking NBR—SP rubber particle was
obtained. In the second step, through heating, the cleavage of
weak C—C bonds between the SP groups and the surface
chains of the NBR particle resulted in the generation of grafted
polymers with a high grafting efficiency. Chain propagation
started from the surface and grew inwards to the particle cen-
ter. Through addition of a second hydrophilic or amphiphilic
monomer, a composite core—shell particle could be prepared.
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