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and its application to miniemulsion polymerization
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ABSTRACT: We present in-situ formation of metal nanoparticle/acrylic polymer hybrid and its application to prepare hybrid latex par-
ticles by miniemulsion polymerization. On the surface of a silver nanoparticle/silica nanoparticle/acrylic polymer hybrid layer formed
in-situ on a polyethylene terephthalate (PET) substrate, a copper film is deposited using electroless copper deposition. Silver nanopar-
ticles, which are formed in-situ via the reduction of silver ion by radical species and subsequent annealing, work as a catalyst for the
electroless deposition. Miniemulsion polymerization via the in-situ formation of nanoparticles affords nanoparticle/acrylic polymer

hybrid latex particles and polymer particles. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42675.
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INTRODUCTION

Hybrid materials composed of polymers and nanoparticles, such
as metal nanoparticles and metal oxide nanoparticles, are of
great scientific and industrial interest, because they derive their
unique properties from the nanoparticles, such as catalytic
activity"? and high refractive index.” Metal nanoparticle/poly-
mer hybrid films can be prepared by means of casting from a
solution containing metal nanoparticles and polymers,* by the
deposition of metal nanoparticles on the surface of a polymer
film," and by in-situ formation of metal nanoparticles via the
reduction of the metal ions by reducing agents® and photo-
chemically generated radicals.>® The obtained hybrid films are
potentially metallized by means of electroless plating due to the
catalytic activity of the metal nanoparticles. Electroless plating is
a simple and cost-effective method not only for metallization of
polymer substrates but also for fabrication of metallic patterns
on polymer substrates used in printed circuits boards. Recently,
to fabricate a micropattern, an approach containing direct met-
allization of photolithographic and printed patterns has
attracted much attention."”® We reported the fabrication of
micropatterns by direct electroless copper deposition on a pat-
tern of palladium nanoparticle/silica nanoparticle/acrylic poly-
mer hybrid formed by photolithography.® Palladium is a typical
precious metal and its nanoparticles are useful as a catalyst,
while nanoparticles of a common metal such as silver for a cost
effective catalyst are desired. Polymer particles have high
surface-to-volume ratio, functional groups at the surface, mono-
dispersity, and simplicity of preparation and are suitable for the
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support of nanoparticles. The production of hybrid particles by
incorporating nanoparticles into polymer particles has been a
field of intense research.”™” The hybrid particles are expected to
be used as imaging and sensing materials and catalysts for
organic synthesis.>'*"'® Electroless plating of the hybrid particles
forms the metallic nanoshell, resulting in the formation of
polymer-core metal-shell nanoparticles."®*' Thus, immobilizing
metal nanoparticles on the surface or inside of polymer particles
for producing hybrid particles has been studied intensely. Mini-
emulsion polymerization is suitable for the incorporation of
functional compounds such as dye and nanoparticles into poly-
mer particles.”>>> The miniemulsion-droplets composed of
monomers and nanoparticles are converted to the correspond-
ing polymer particles containing the nanoparticles (hybrid latex
particles). Surface-modified nanoparticles and polymers having
functional groups, which coordinate to the surface of the nano-
particles, are used for increasing their compatibility and pre-
venting coagulation of the nanoparticles in the polymer
component.”™' We reported that, in the miniemulsion poly-
merization for preparing acryl polymer particle incorporating
ZrO, nanoparticle, ZrO, nano particle modified with methacryl
group could be dispersed homogeneously in polymer having
phosphoric group.”® It was also reported that nanoparticles
could be immobilized to the surface of polymer particle with
the aid of the surface functional groups.”™"> Such polymer par-
ticles having the surface functional group should be designed
and prepared by emulsion polymerization or dispersion poly-
merization carefully, while more simple procedure for preparing
hybrid particles is

desired. In-situ formation of metal
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Figure 1. Schematic representation of (a) the in-situ formation of a metal
nanoparticle/acrylic polymer hybrid layer on a polymer substrate and (b)
the in-situ formation of metal nanoparticle/polymer hybrid particles by
miniemulsion polymerization. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

nanoparticles in polymer particles is expected to be simple pro-
cedure for preparing hybrid particles.”® We have proposed the
in-situ formation of a palladium nanoparticle/acrylic polymer
hybrid layer on a polymer film [Figure 1(a)].”® The in-situ gen-
erated radicals induce the radical polymerization of the acrylate
and also reduce the palladium ion to form palladium nanopar-
ticles. Radical-induced in-situ formation of hybrid is potentially
applicable to fabricating hybrid particles by miniemulsion poly-
merization. We now report in-situ formation of a silver nano-
particle/acrylic polymer hybrid layer and electroless Cu
deposition on the hybrid surface. A reaction mechanism of for-
mation of silver nanoparticle is discussed. We also report pre-
paring hybrid latex particles by miniemulsion polymerization
via in-situ formation of metal nanoparticles and discuss the
reaction conditions suitable for incorporating the metal nano-
particles into polymer particles [Figure 1(b)].

EXPERIMENTAL

Materials

2,2'-Azobis(2-methylpropionitrile) ~ (AIBN;  Wako),  2,2'-
azobis(2-methylbutyronitrile) (V-59; Wako), 2,2'-azobis[N-(2-
carboxyethyl) —2-methylpropionamidine]hydrate (VA-057; Wako),
2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086;
Wako), 2,2-azobis(2-methylpropionamidine)dihydrochloride (V-
50; Wako), methyl acrylate (MA; TCI), N-isopropylacrylamide
(NTPAM; Kojin), acetoacetoxyethyl methacrylate (AAEM; Naca-
lai), ethylene glycol dimethyacrylate (EGDMA; TCI), pentaeryth-
ritol triacrylate (PETA; Toagosei), AgBF, (Nacalai), Pd(CH;CO,),
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(Nacalai), Pd(+-C4HoCO,), (Aldrich), Na,PdCl, (Aldrich), HS-10
(Dai-ichi Kogyo Seiyaku), hexadecane (Nacalai), and propylene
glycol 1-monomethyl ether 2-acetate (PGMEA; TCI) were used
as received (Figure 2). Butyl methacrylate (BMA; TCI) and N,N-
diethylaminoethyl methacrylate (DEAEMA; TCI) were distilled
under vacuum prior to use. [(Methacryloyloxy)ethyl]dimethyldo-
decylammonium bromide was synthesized according to a proce-
dure in the literature.*®

Preparation of a Silver Nanoparticle/Silica Nanoparticle/
Acrylic Polymer Hybrid Layer on a PET Film

A typical hybrid layer was prepared as follows: PETA (mono-
mer, 59 mg), AgBF; (15 mg), AIBN (radical initiator, 5 mg),
and silica nanoparticles (a primary particle size 24 nm, modi-
fied by an acrylic group, toluene dispersion, Fuso Chemical,
10 mg) were dissolved in PGMEA (4 mL). From the mixture, a
polyethylene terephthalate (PET) film (Toray, Lumirror S10,
thickness 250 um) was spin-coated with a layer composed of
PETA/AgBF,/AIBN/silica nanoparticle. The coated PET film was

Lot &t AIBN;R=CH,
N. CHs 9H3/NH '
\SCCN=N-C-CT |aHci 1 V-50
2 GHs  CHs NH
HNg GHs CHs NH
Se-6-N=N-C-&
HOOCH,CH,CHN"™ i NHCH,CH,COOH|nH;0
CHj CHj
: VA-057
CH;  CHy
0 I |z
‘)3—0-N=N—|c—c<
HOH,CH,CHN™ |
2CH; Shy,  ny NHCH.CHOH
: VA-086
HC=CH-CH;
CgH1g O(CH,CH,0)15S05 NH,*
: HS-10
i 0 HaC\N’f’CHB
3 —Cq2H2s
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methacryloyloxyethyldimethyl-
dodecylammonium bromide

Figure 2. Radical initiators and surfactants.
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@ Condition for miniemulsion polymerization is shown in Figure 6(b).
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annealed at 150°C for 30 min, which resulted in the formation
of a silver nanoparticle/silica nanoparticle/acrylic polymer
hybrid layer (thickness 50-100 nm) on its surface. The PET
films were immersed in an electroless copper deposition bath
(Okuno Chemical Industries) for 2-30 min at 32°C.

Preparation of Hybrid Particles by Miniemulsion
Polymerization

Hybrid particles were synthesized by miniemulsion polymeriza-
tion under reaction conditions 1-4 (see Results and Discussion
section). In a typical experiment of anionic emulsion synthesis
(Table I, Run 1d), a 100 mL flask equipped with a condenser
and a mechanical stirrer was filled with BMA (3.6 g, 25 mmol),
AAEM (53 mg, 0.25 mmol), AIBN (0.1 g, 0.61 mmol, oil-
soluble radical initiator), Pd(CH;CO5;), (9 mg, 0.04 mmol, oil-
soluble salt), hexadecane (0.36 g, 1.6 mmol, hydrophobe), HS-
10 (0.1 g, 0.12 mmol, surfactant), and water (25 mL). The mix-
ture was stirred for 15 min and ultrasonicated (Branson 450
digital sonifier) for 9 min in an ice bath to obtain the minie-
mulsion. The miniemulsion was purged with nitrogen gas for
1 h, and then heated to 65°C. The mixture was vigorously
stirred at 65°C for 20 h. The obtained emulsion (14 wt % as
estimated by gravimetric analysis) consisted of particles having
dynamic light scattering (DLS) diameters of 186 nm and a nar-
row size distribution. AgBF, and Na,PdCl, are water-soluble
metal salts and were dissolved in water for miniemulsion poly-
merization under reaction conditions 2—-4. VA-057, VA-086, and
V-50, which are water-soluble radical initiators, were dissolved
in water and then added to the reaction mixture in the flask
heated to 57, 86, and 65°C, respectively. Similarly, cationic
emulsions were synthesized using methacryloyloxyethyldimethyl-
dodecylammonium bromide (0.3 g, 0.12 mmol) as a surfactant
and V-50 (0.05 g, 0.16 mmol) as an water-soluble radical initia-
tor (Run 2c).*!

Characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL model JEM-2100 microscope at an acceleration
voltage of 100 kV. The specimens were prepared by dropping
the solution of the mixture onto a carbon-coated copper grid
and allowing the solvent to evaporate, followed by annealing at
120°C. A field-emission scanning electron microscope (FE-SEM,
JEOL model 6700F) were used to observe the film surface. Par-
ticle size distributions of the emulsions were measured by
dynamic light scattering (DLS) employing Otsuka Electronics
DLS-6000HLC. UV-vis absorption spectra were recorded on a
JASCO model V-560 spectrophotometer.

RESULTS AND DISCUSSION

In-Situ Formation of a Silver Nanoparticle/Silica Nanoparticle
Acrylic Polymer Hybrid Layer and

Electroless Cu Deposition on the Hybrid Surface

A layer composed of acrylate monomer (PETA), silver salt
(AgBF,), silica nanoparticles, and radical initiator (AIBN) on a
PET substrate was converted to a silver nanoparticle/silica nano-
particle/acrylic polymer hybrid layer (thickness: 50-100 nm) by
annealing at 120°C for 30 min. A transmission electron micros-
copy (TEM) image [Figure 3(a)] of the hybrid shows the silver
nanoparticles (diameter: 5-10 nm) and silica nanoparticles

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42675
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Figure 3. (a) TEM image of the silver nanoparticle/silica nanoparticle/
acrylic polymer hybrid layer. (b) UV-vis spectra of the hybrid layers:
annealing at 80°C, 120°C, and 150°C. (c¢) The copper film deposited on the
hybrid-coated PET substrate (annealing at 120°C). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

(diameter: 20-30 nm). In the UV-vis absorption spectra of the
hybrid layer [Figure 3(b)], the absorption band around 427 nm
is attributable to the surface plasmon resonance of silver nano-
particles.”” The layers of the mixture were also annealed at 80
and 150°C. The absorption band around 427 nm was not
observed at the hybrid annealed at 80°C. In the hybrid annealed
at 150°C, the intensity of the absorption band is higher than
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that at 120°C and the band maximum red-shifts to 440 nm.
The density of silver nanoparticles is estimated from the inten-
sity of the absorption band at 150°C > at 120°C > at 80°C [Fig-
ure 3(b)]. The red-shift of the band maximum shows that the
hybrid annealed at 150°C contains larger size silver nanopar-
ticles than that annealed at 120°C. A field-emission scanning
electron microscope (FE-SEM) image of the surface of the
hybrid annealed at 150°C shows silica nanoparticles (diameter:
ca. 100 nm) and silver nanoparticles (diameter: ca. 10 nm) defi-
nitely [Figure 4(c)]. In contrast FE-SEM images of the hybrid
annealed at 80 and 120°C show silica nanoparticles (diameter:
ca. 100 nm) and ambiguous particles [Figure 4(a,b)]. These
results show that the hybrid annealed at 150°C contains silver
nanoparticles whose size and density are higher than those at
120°C. Using electroless copper deposition for 2 min, a copper
film was deposited on the surface of the hybrid-coated PET sub-
strate. The copper films (thickness ca. 150 nm) on the hybrids
annealed at 120°C [Figure 3(c)] and 150°C were free of cracks
and defects. The adhesion between the copper film and the PET
substrate was evaluated through a peel adhesion test using 3M
tape. When the test was performed, the copper film on the PET
substrate coated with the hybrid containing silica nanoparticles
was completely undamaged, whereas most of the copper film
on the substrate coated with the hybrid containing no silica
nanoparticles was damaged. This shows that silica nanoparticles
promote the adhesion between the copper film and the hybrid
(copper/hybrid interface). It was reported that nanometer-scale
roughness (<ca. 50 nm) on the surface of the hybrid due to
silica nanoparticles promote the adhesion through nanoscale
mechanical interlocking effects.®® In the hybrid annealed at
80°C, copper film was formed only at small area of its surface
even after the electroless deposition for 30 min. The hybrid
layer would be formed as shown in Figure 5. Radicals from
AIBN initiate radical polymerization of the acrylate monomer
and also reduce silver ion to silver atom, which forms silver-
nanoparticles during the annealing at 120 and 150°C.®**?> The
half-life time of AIBN at 65°C is 10 h, and AIBN is estimated to
decompose within a minute at 120 and 150°C. During the
annealing, the silver nanoparticles would be formed after com-
pletion of the formation of the radicals. In the initial period of
the annealing, the radical co-polymerization of the acrylic group
of the monomer and the silica nanoparticles forms the cross-
linking network composed of acrylic polymer chain and the
silica nanoparticles. Subsequently, silver atoms diffuse in the
crosslinking network to form the silver-nanoparticles having the
catalytic activity, but do not grow into larger size particles that
do not have the catalytic activity. The density and size of the
silver nanoparticle depends on the degree of the diffusion of sil-
ver atoms. The silver nanoparticles formed on the hybrid sur-
face at 120°C, of which density is smaller than at 150°C, work
as the catalyst for electroless copper deposition, while the den-
sity of the silver nanoparticles formed at 80°C is not sufficient
to work as the catalyst. In summary, the hybrid layer is formed
in-situ by annealing on a PET substrate and a copper film is
deposited on the surface of the hybrid using electroless copper
deposition. For fabricating metallic pattern on a polymer sub-
strate used in printed circuits boards, the temperature for the

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42675
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annealing is desired to be lower to inhibit thermal degradation
of the polymer. The minimum temperature for the annealing in
the present process is around 120°C. In the case of heat resistant
polymer substrates, the temperature for the annealing above
150°C is available.

In-Situ Formation of Hybrid Latex Particles by Miniemulsion
Polymerization

Miniemulsion polymerization is suitable for the incorporation
of functional compounds such as nanoparticles into polymer
particles.”>™*  Radicals initiate polymerization in the
miniemulsion-droplets composed of monomers and nanopar-
ticles and then the miniemulsion-droplets are converted to the
corresponding polymer particles containing the nanoparticles
(hybrid latex particles).ao’31 It is expected that in-situ formation
of the hybrid in the miniemulsion-droplets can form metal
nanoparticle/polymer hybrid particles [Figure 6(a-i)]. For in-
situ formation of metal nanoparticles, metal ions and radicals
should be incorporated into the miniemulsion-droplets, where
the metal ions are reduced by the radicals to form metal nano-
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100 nm
Figure 4. FE-SEM images of the surface of the hybrid layer: annealing at (a) 80°C, (b)120°C, and 150°C.

particles. It is known that, in miniemulsion polymerization,
both oil-soluble and water-soluble radical-initiators can initiate
polymerization.”® In the case of the oil-soluble radical-initiators,
radicals are formed and initiate the polymerization in the
miniemulsion-droplets. In contrast, radicals formed from the
water-soluble radical-initiators in the water phase move into the
miniemulsion-droplets and then initiate the polymerization. In
a similar manner, both oil-soluble and water-soluble metal salts
are expected to supply metal ions in the miniemulsion-droplets.
Thus, for in-situ formation of the hybrid latex particles by mini-
emulsion polymerization, we propose reaction conditions 1-4,
which use combinations of different types of radical initiators
and metal salts [Figure 6(b)]. For in-situ formation of the metal
nanoparticles, the metal ions and the radicals should stay in the
miniemulsion-droplet or move from the water phase into the
miniemulsion-droplets. Then the metal nanoparticles formed
via the reduction of the metal ions stay at the surface or the
inside of the polymer particles to form hybrid particles. The
leakage of the metal ions, the radicals, and the metal nanopar-
ticles from the miniemulsion-droplets and the polymer particles

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42675
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Figure 5. Proposed mechanism for the in-situ formation of the silver
nanoparticle/silica nanoparticle/acrylic polymer hybrid. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

prevents the formation of the hybrid particles [Figure 6(a-ii,
iii)]. For avoiding the leakage, we used a variety of metal salts,
radical initiators, and monomers as shown in Table I. Oil-
soluble metal salts and radical initiators having hydrophobic
groups could be favorable for holding them in the
miniemulsion-droplets. Pd(#C,HyCO;), and V-59 are more
hydrophobic than Pd(CH;CO,), and AIBN, respectively. The
monomers AAEM, NIPAM, and DEAEMA have acetoacetoxy,
amide, and diethylamino groups, respectively. Such functional
groups can coordinate to metal ions and are expected to con-
tribute to hold the metal ions and metal nanoparticles in the
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miniemulsion-droplets.”'******° Monomer MA, which has car-
boxylic group, is also expected to interact with metal ion. The
compatibility between the polymer component and the metal

(a) In-situ formation of hybrid particles
by miniemulsion polymerization
under conditions 1-4

Miniemulsion Metal nanoparticle/
droplet polymer hybrid particle
v /)

ee¥ o Y
— (oo o0
. o9
H,0 (i) ee| H,0
100200 nm 100 - 200 nm

conditions 14
ll (ii) Polymer particles and
metal nanoparticles
_p® .. []
—

(iii) o6 o

M —, @

(b) Miniemulsion droplet under
reaction conditions 1-4
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water- Mn* Mn*
soluble R"
salt Hzo HZO

A
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"+ MO —» —» polymer
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Figure 6. Proposed reaction conditions 1-4 for the in-situ formation of
hybrid latex particles by miniemulsion polymerization. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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component is considered to play an important role in formation
of the metal nanoparticles. EGDMA were used as a cross-
linking agent to harden the polymer particles and to prevent
the leakage of the metal nanoparticles.”® In addition, the
miniemulsion-droplets should be dispersed in water without
coagulation, while the miniemulsion-droplets are destabilized by
the excess amount of polar components such as the monomers
having functional groups. All polymer particles prepared by
miniemulsion polymerization except those prepared in Run 2c
(Table I) have negative charge derived from an anionic surfac-
tant and radical initiators. In contrast, polymer particles pre-
pared positive  charge.
polymerization was performed under reaction conditions 1-4 as
shown in Table I and Figure 6(b). We used oil-soluble metal
salts and radical initiators in condition 1, which corresponds to
that of the in-situ formation of the hybrid layer as described in
the preceding section. Miniemulsion polymerization using the
mixture of BMA/Pd(CH3CO,),/V-59 afforded palladium nano-
particle/polymer hybrid particles and polymer particles (Run
la-b). TEM image of the particles shows some metal nanopar-
ticles on the surface of polymer particles and also outside the
polymer particles (data not shown). Similar miniemulsion poly-

in Run 2c have Miniemulsion
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200 nm

Figure 7. TEM images of the particles prepared by miniemulsion polymerization from the mixture of (a) BMA/AAEM/AIBN/Pd(CH;CO,), (Table I,
Run 1d), (b) BMA/AAEM/VA-057/Pd(CH;CO,), (Run 2a), and (c)—(d) BMA/NIPAM/VA-057/AgBF, (Run 2d).

merization using MA and AAEM, which have functional groups,
also afforded a mixture of hybrid particles and polymer particles
(Run lc—d). Miniemulsion polymerization using AgBF, also
afforded hybrid particles and polymer particles (Run le). Mini-
emulsion polymerization under condition 2 (Run 2a-d), in
which we used oil-soluble metal salts and water-soluble radical
initiators, and that under condition 3 (Run 3a), in which we
used a water-soluble metal salt and an oil-soluble radical initia-
tor, also gave hybrid particles and polymer particles. Hybrid
particles and polymer particles were also obtained by cationic
miniemulsion polymerization (Run 2¢). TEM images of par-
ticles prepared in Run 1d, 2a, and 2d are shown in Figure 7.
TEM images of the particles prepared under other conditions
also showed the formation of both hybrid particles and polymer
particles (data not shown). Under condition 4 (Run 4a), in
which we used water-soluble metal salt and radical initiator, the
miniemulsion was unstable and coagulated during the polymer-
ization. Results shown above indicate that in-situ formation of
metal nanoparticle/acrylic polymer hybrid occurs in the
miniemulsion-droplets during the polymerization under condi-
tions 1-3. Radicals formed both in the miniemulsion-droplets
(conditions 1, 3) and in water (condition 2) initiate the
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polymerization. Radical species reduce metal ions in the
miniemulsion-droplets (conditions 1, 2) to form the metal
nanoparticles. Metal ions derived from the water-soluble salt are
also reduced to form the metal nanoparticles at the surface of
the miniemulsion-droplets (condition 3). In some of the drop-
lets, the metal nanoparticles leak out to the water phase, result-
ing in the formation of polymer particles containing no metal
latex particles is hydrophilic for the functional groups derived
from the surfactants and the radical initiators. The surface of
the metal nanoparticles could be hydrophilic, therefore, the
metal nanoparticles are located at the periphery of the surface
of the polymer particles or leak out the polymer particles. Alter-
natively, the metal ions and the radical species leak out the
miniemulsion-droplets and then react to form the metal nano-
particles in water. Under condition 4, radical species react with
metal ions in water to form larger size metal particles, which
could destabilize the miniemulsion and result in coagulation. In
miniemulsion polymerization via in-situ formation of metal
nanoparticles, it is thought that the metal nanoparticles are
formed in the miniemulsion droplets and some of them leak
out to the water phase under all reaction conditions, although
their detailed mechanism is not known at the present. The com-
patibility between the polymer component and the metal com-
ponent is considered to play an important role in the
morphology of the hybrid particle.’> Functional groups of the
polymer component could affect the compatibility. Investiga-
tions of the reaction conditions of the miniemulsion polymer-
ization in which no metal nanoparticles leak out of the
miniemulsion-droplets and the polymer particles and the evalu-
ation of catalytic activity of the hybrid particles are currently
underway.

CONCLUSIONS

A silver nanoparticle/acrylic polymer hybrid layer was formed
on a PET substrate by annealing and then a copper film was
deposited on the surface of the hybrid using electroless copper
deposition. Silver nanoparticles, which are formed in-situ via
the reduction of silver ion by radical species and subsequent
annealing, work as a catalyst for electroless copper deposition.
Silver is a common metal and its nanoparticle is expected to be
a cost effective catalyst. Metal nanoparticle/acrylic polymer
hybrid latex particles were prepared by miniemulsion polymer-
ization via the in-situ formation of palladium and silver nano-
particles in the miniemulsion-droplets. The hybrid latex
particles are potentially converted to metallodielectric composite
particles via electroless metal deposition on their surface'**
and also applicable to coating materials whose surface can be
metallized by electroless plating.
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