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Abstract

The well-dispersed silver nanoparticles were prepared in reactive methacrylate monomers under microwave irradiation without polymeriza-
tion. In contrast to conventional heating, the synthesis of Ag nanoparticles proceeded uniformly throughout the reaction vessel only under
microwave irradiation, reaching the completion of the reaction simultaneously in the whole reaction solution. Successive polymerization of the
monomer containing the resulting nanoparticles has successfully produced a monohybrid of the silver nanoparticles dispersed in polymer matrix.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Microwave; Nanohybrid; Silver nanoparticles

1. Introduction

Recently, organic—inorganic nanohybrids have attracted
much attention due to their potential properties which are far
superior to those of individual components [1—6]. For exam-
ple, nanohybrids of polymers containing silver nanoparticles
are of great interest because they are good candidate of mate-
rials applied for optics [2] and electronics [7]. Properties of
these nanohybrids are dependent on particle size [3,4], particle
distribution [2,4,8,9] and particle density [4], therefore con-
trols of these parameters in a deterministic way are under
intensive investigation.
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Generally, two main approaches are employed to prepare
nanohybrids: first, previously prepared nanoparticles are dis-
persed in polymers [2,5,6] and second, nanoparticles are gener-
ated in situ in polymers or their monomers by external
stimulation such as heating or UV light irradiation [7,10—13].
It is very difficult to obtain good dispersion of nanoparticles
in the former method. Then the latter seems more promising
than the former, but a critical problem to be solved therein is
to achieve uniform generation of nanoparticles in organic ma-
trices. For other approaches such as substrate act as a reagent
to synthesize nanoparticles thereby it itself transforms to a tem-
plate to hold the particles, there is no effective approaches to
prepare the nanohybrids (polymer/nanoparticles) [14].

Microwave dielectric loss heating is rapidly emerging as a
newly accepted heating technology for a variety of organic and
inorganic syntheses. It has been reported that microwave heat-
ing can effectively control the size distribution in a narrower
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range within a shorter reaction time than the conventional
heating due to the homogeneous and rapid heating in the prep-
aration of nanoparticles [15,16]. Furthermore, microwave
heating would provide its direct heating mode independent
of heat conduction and convection.

In this paper, the well-dispersed silver nanoparticles were
prepared in methacrylate monomers under microwave irradia-
tion. Rapid heating mode of microwave heating has enabled us
to in situ synthesize nanoparticles without polymerization of
the reactive monomer, which cannot be avoided under conven-
tional heating. Successive polymerization of the monomer
containing the resulting nanoparticles has successfully pro-
duced a nanohybrid of the silver nanoparticles dispersed in
polymer matrix.

Silver myristate C;3H,7,COOAg was selected as a precursor,
because silver nanoparticles prepared from C;3H,;COOAg
were capped with a moiety of long-chain carboxylic acid,
which acts as a stabilizer of the colloidal dispersion, promot-
ing dispersibility of the nanoparticles [16—19].

2. Experimental

2.1. Synthesis of polymer film containing silver
nanoparticles

MW irradiation experiments were performed using a multi-
mode MW apparatus (Micro Denshi MMG-213VP, 2.45 GHz).
A fiber optic sensor (Anritsu SP-SM5176FL) was inserted into
the reaction solution and the reaction temperature was con-
trolled by the repeated on—off MW irradiation. In a typical ex-
periment, the powder of C;3H,7,COOAg (0.634 g, 1.9 mmol)
was added to cyclohexyl methacrylate (CHMA, 10.0 g,
59.4 mmol) containing triethylamine (NEt;, 0.191 g, 1.9 mmol)
in a three-necked quartz flask. C;3H,;COOAg was not dis-
solved totally, giving a suspended solution. The solution
stirred by a Teflon magnetic stirrer was heated up to 413 K
under MW (200 W) irradiation within 1 min. The color of
the solution changed to dark brown. The solution was main-
tained for 5 min at 413 K under the repeated on—off MW
(200 W) irradiation. After the MW irradiation, the solution
was cooled down immediately by an air blower. After a pho-
toinitiator, 1 wt% Irgacure 907 (Ciba), was added to the so-
lution, the solution was spread on a slide glass substrate
using adhesive tapes as a spacer. The solution was subjected
to ultraviolet light for 30 min under a nitrogen atmosphere
with a high pressure mercury lamp. The dark brown film
of thickness ~ 100 um was obtained after the UV irradiation.

2.2. Measurements

For characterization of silver nanoparticles and films, trans-
mission electron microscopy (TEM), UV—yvis and FT-IR were
employed. TEM analyses were performed with Hitachi H-
9000 operating at 300 kV. The n-hexane solution dispersing
silver nanoparticles was dried slowly on an amorphous carbon
supported on a copper mesh TEM grid. The particle sizes of
nanoparticles were determined by directly measuring the

particle sizes randomly chosen over 400 nanoparticles on the
TEM images. Samples were prepared for cross-sectional
TEM observation by embedding the films in epoxy resin fol-
lowed by curing and cutting the films perpendicular to the
film surface using microtome with a diamond blade. UV—
vis absorption spectra were measured using Jasco V-570 at
room temperature. FT-IR measurements were performed at
room temperature by a Perkin—Elmer system 2000 FT-IR
spectrometer with an ATR equipment over the frequency range
of 600—3500 cm ™.

3. Results and discussion

Silver nanoparticles were prepared in a monomer under
microwave irradiation as shown in Scheme 1. Fig. 1 shows
a TEM image, an electron diffraction pattern and size distribu-
tion of silver nanoparticles prepared in CHMA under micro-
wave irradiation. The particles were spherical in shape with
a narrow size distribution ranging from 1.0 to 5.5 nm. The
mean diameter was 2.8 nm. The nanoparticles consisted of
face-centered cubic (fcc) metal silver according to the diffrac-
tion pattern. The distances between the nanoparticles were
evaluated to be 2.8 nm from the TEM image (Fig. 1a), sug-
gesting that the nanoparticles should be surrounded by a myr-
istate moiety [16,18,19]. From UV—vis spectrum of the silver
nanoparticles in n-hexane solution, an absorption peak at
416 nm was observed, attributed to the surface plasmon reso-
nance of silver nanoparticles.

For comparing the preparation under microwave irradiation
with conventional heating, the experiments were carried out
using an oil bath. A flask containing a CHMA solution of
C3H,7COOAg and NEt; was immersed for 6 min in an oil
bath previously heated to 413 K. The photographs shown in
Fig. 2a and b demonstrate the difference in the appearance
of the solutions after the reactions between microwave irradi-
ation and conventional heating. The color change to dark
brown was observed for the whole solution under microwave
irradiation, but the color change of only the solution in prox-
imity to the reactor wall was observed under conventional
heating. Fig. 2c shows FT-IR spectra obtained from the sam-
ples before and after microwave irradiation. The spectrum of
the reaction mixture before microwave irradiation showed
the absorption bands attributed to CHMA and C;3H,;,COOAg.
The carbonyl asymmetric stretching band [v,,(COO7)] of
C3H,7,COOAg at 1515 cm ! disappeared after microwave
irradiation, indicating that reduction of C;3H,7COOAg com-
pleted. The FT-IR spectra of the samples of the dark brown
part and the yellow part collected from the proximity to the
wall and from the center, respectively, in the oil bath experi-
ment showed that the »,(COO™) of C;3H,;COOAg at
1515 cm ™' remained intact at the center (Fig. 2d).
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Scheme 1. Preparation of the silver nanocrystallites in a monomer under
microwave irradiation.
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Fig. 1. (a) TEM image, (b) electron diffraction pattern and (c) size distribution
of silver nanoparticles prepared in CHMA under microwave irradiation.

The inhomogeneity observed for the reaction carried out
under conventional heating should be due to low thermal
conductivity of the reaction mixture. On the other hand,
microwave irradiation can raise the temperature of the whole
reaction volume simultaneously via interaction with CHMA.
Now we have reached an important conclusion that the synthe-
sis of Ag nanoparticles proceeds uniformly throughout the
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Fig. 2. Photographs of the reaction mixtures heated (a) under microwave irra-
diation and (b) in an oil bath. FT-IR spectra of the reaction mixtures (c) before
and after microwave irradiation and (d) before and after oil bath treatment.

reaction vessel only under microwave irradiation, reaching
the simultaneous completion of the whole reaction solution.
FT-IR measurement of the reaction solution also showed
that the band assigned to the carbon—carbon double bond
stretching band [¥(C=C)] of CHMA at 1640 cm~ ! was
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Fig. 3. (a) Photographs of the PCHMA films containing dispersed silver nano-
particles. (b) UV—vis spectrum of silver nanoparticles dispersed in PCHMA.
(c) Cross-sectional TEM images of the PCHMA films containing dispersed
silver nanoparticles and (d) enlargement of the square field in (c).

disappeared after UV irradiation, ensuring the completion of
polymerization under UV irradiation.

Fig. 3a shows the photographs of the PCHMA films con-
taining dispersed silver nanoparticles (Ag contents of 2 and
5 wt%). The films had transparency with dark brown color.
Fig. 3b shows UV—vis spectrum of the poly-cyclohexyl meth-
acrylate (PCHMA) film containing dispersed silver nanopar-
ticles (Ag content 2 wt%), which displayed the surface
plasmon resonance at 432 nm shifting to the long wavelength
compared to that observed in the monomer.

The morphological information on silver nanoparticles in
PCHMA has been obtained from cross-sectional TEM images

(Fig. 3c and d). The well-dispersed nanoparticles were ob-
served in the wide area of the photograph and the formation
of aggregated silver nanoparticles was also recognized. The
silver nanoparticles possessed larger size ranging from 10 to
30 nm compared with those before UV irradiation (1.0—
5.5 nm), suggesting the size growth during the polymerization
process. Kell et al. [20] reported that gold particles modified
with thiol derivative underwent particle size growth in the
presence of photogenerated radicals. In the present case, the
photogenerated radicals should also induce the particle growth
of silver nanoparticles due to abstracting of the surface-
modifying layer consisting of myristate.

In conclusion, we have developed a novel method for the
preparation of inorganic—organic nanohybrid in which reactive
monomer containing silver nanoparticles in situ synthesized
under microwave irradiation is successively photopolymerized.
Our new method would open a novel methodology for nanohy-
brid chemistry.

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Areas (417) (no. 15033245) from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT) of the Japanese Government, and by Creation
and Support program for Start-ups from Universities (JST).

References

[1] Merkel TC, Freeman BD, Spontak RJ, He Z, Pinnau I, Meakin P, et al.
Science 2002;296:519.
[2] Lu Y, Liu GL, Lee LP. Nano Lett 2005;5:5.
[3] Boev VI, Pérez-Juste J, Pastoriza-Santos I, Silva CJR, de Jesus M,
Gomes M, et al. Langmuir 2004;20:10268.
[4] Fudouzi H, Xia Y. Langmuir 2003;19:9653.
[5] Bekiari V, Pagonis K, Bokias G, Lianos P. Langmuir 2004;20:7972.
[6] Zhang H, Cui Z, Wang Y, Zhang K, Ji X, Lii C, et al. Adv Mater 2003;
15:7717.
[7] Akamatsu K, Ikeda S, Nawafune H. Langmuir 2003;19:10366.
[8] Laine RM, Choi J, Lee 1. Adv Mater 2001;13:800.
[9] Zhu M-Q, Wang L-Q, Exarhos GJ, Li ADQ. J Am Chem Soc 2004;126:
2656.
[10] Du H, Xu GQ, Chin WS. Chem Mater 2002;14:4473.
[11] Aymonier C, Bortzmeyer D, Thomann R, Miilhaupt R. Chem Mater
2003;15:4874.
[12] Deki S, Yanagimoto H, Hiraoka S, Akamatsu K, Gotoh K. Chem Mater
2003;15:4916.
[13] (a) Gabby GA, Korchev AS, McLain JL, Slaten BL, Steigerwalt ES,
Mills G. J Phys Chem B 2004;108:14850;
(b) Gabby GA, McLain JL, Korchev AS, Slaten BL, Mills G. J Phys
Chem B 2004;108:14858.
[14] Stein A, Melde BJ, Schroden RC. Adv Mater 2003;12:1403.
[15] (a) Wada Y, Kuramoto H, Sakata T, Mori H, Sumida T, Kitamura T, et al.
Chem Lett 1999;28:607;
(b) Wada Y, Kuramoto H, Anand J, Kitamura T, Sakata T, Mori H, et al.
J Mater Chem 2001;11:1936.
[16] Yamamoto T, Wada Y, Sakata T, Mori H, Goto M, Hibino S, et al. Chem
Lett 2004;33:158.
[17] Chaki NK, Sudrik SG, Sonawane HR, Vijayamohanan K. Chem
Commun 2002;76.
[18] Yamamoto M, Nakamoto M. J Mater Chem 2003;13:2064.
[19] Lin XZ, Teng X, Yang H. Langmuir 2003;19:10081.
[20] Kell AJ, Alizadeh A, Yang L, Workentin MS. Langmuir 2005;21:9741.



	Nanohybrid polymer prepared by successive polymerization of methacrylate monomer containing silver nanoparticles in situ prepared under microwave irradiation
	Introduction
	Experimental
	Synthesis of polymer film containing silver nanoparticles
	Measurements

	Results and discussion
	Acknowledgements
	References


