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Metallic nanoparticles have special properties that may allow
their use in a number of advanced functional applications. As
a result, the fabrication of polymemetal nanocomposites has
attracted a great deal of attention in recent yéat®lanocom-

posite materials consisting of dispersed metal nanoclusters in a

polymeric matrix show extraordinary physical properties and
they have been proposed for opti€alectrical? and medical
applications as well as for data stordge.

In particular silver nanoparticles are very important for their
excellent electrical conductivifif, antimicrobial effect! and
optical propertied? Nevertheless, the homogeneous dispersion
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Scheme 1. Photoinduced Synthesis of SilveEpoxy
Nanocomposites
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their low reduction potential. Besides onium salts, silver salts
with non-nucleophilic counter anions such as ShFBR,

of these metal nanoparticles is a key challenge due to their easyAsFs~, and BR™ are very suitable oxidants in radical promoted
agglomeration arising from their high surface free energy. Silver cationic polymerizatio? As part of our ongoing research efforts
nanoparticles can be readily produced by reductive processedn the design and development of photoinitiating systems for

in homogeneous or micellar solution or in preformed polymer
films. However, until recently in situ formation of well dispersed

the preparation of complex macromolecular architectures, we
report herein an efficient synthetic methodology for in situ

metallic nanoparticle polymer composites have been scarcelygeneration of silver nanoparticles during photoinduced cationic

investigated. Kim et al® reported simultaneous synthesis of
silver nanoparticles and the polymer film constituting the
nanocomposite film through an in situ electron-transfer reaction
and the copolymerization of styrene and amphiphilic urethane
acrylate nonionomer, which contains hydrophobic poly(propy-
lene oxide) segments and hydrophilic poly(ethylene oxide)
segments along the same backbone.
Many photolytically formed radicals can be oxidizédy

curing of bisepoxides. Our approach toward the preparation of
silver nanocomposites is unique in the way that silver nano-
particles and initiating cations are formed in a single redox
process. In the design of nanocomposites, one must consider
both the properties of the polymer matrix as well as the stability
of the nanoparticle and, importantly, prevention of particle
aggregation. Depending on the radical concentration rather stable
silver nanopatrticles are formed through the oxidation of radicals

suitable oxidants such as onium salts. The cations thus generated! the polymerizing mediur#?

are used as initiating species for cationic polymerizatidns.
Being photolyzed with fairly high quantum yields (0.41 for
benzoin)® benzoin derivatives are so far the most effective
photoinitiators. The photolysis of a typical benzoin derivative,
2,2-dimethoxy-2-phenyl acetophenone (DMPA), results in the
generation of strong electron donor radicals. The efficiency of
oxidizing agents is related to their electron affinity. The higher
the oxidation power of the oxidant, the higher (more positive)
is the reduction potentialE;;;©417.18 Diphenyliodonium and
N-alkoxy pyridinium salts have a relatively high reduction
potential. Being very suitable for the oxidation of free radicals,

these salts have been most frequently used for the oxidation of

photogenerated free radicdfs?!
In contrast, triphenylsulphonium salts have only limited
potential for radical-induced cationic polymerizations due to
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For our studies, we chose 3,4-epoxycyclohexylmethy-3
epoxycyclohexanecarboxylate (EEC) to serve as the cationically
polymerizable monomer; it can ultimately form cross-linked
networks due to the two epoxy groups present in the structure.
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Figure 1. Real-time FTIR kinetic conversion curves for the UV curing
of 3,4-epoxy cyclohexylmethyl*2¥-epoxycyclohexanecarboxylate resin
containing different concentrations of AgSb&nd 2,2-dimethoxy-2-
phenyl acetophenone (2 wt %). 1 wt % AgSkeurve A), 3 wt %
AgSbFs (curve B), 5 wt % AgSbk (curve C).
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Figure 2. Bright field TEM micrograph the UV cured films obtained by irradiation of 3,4-epoxycyclohexylmetitepoxycyclohexanecarboxylate
resin containing 5 wt % AgShFand 2 wt % 2,2-dimethoxy-2-phenyl acetophenone (DMPA).

Table 1. Properties of the UV Cured Films Obtained by Irradiation silver salt in the epoxy resin is reported. Metallic particles are

of 3,4-Epoxycyclohexylmethyl-34'-epoxycyclohexanecarboxylate well dispersed with no significant macroscopic agglomerations.
(EEC) Resin Containing AgSbk and 2,2-Dimethoxy-2-phenyl

Acetophenone (DMPA. 2 wt %) The observed features have a size distribution ranging between
. " P 10 and 50 nm.
sample AgShiwt %) gel conterf(%) Te°(°C) Dynamic-mechanical thermal analysis (DMTA) was also
EE%% é gg gig carried out on cured films. DMTA measurements give informa-
EEC-3 5 98 250 tion on the microstructure of a polymeric materials; it allows
) ) ] ) the evaluation of the thermal and viscoelastic properties of the
* Determined by solvent extractiohDetermined by dynamiemechan-  material in a large temperature interval. The storage modulus

ical thermal analysis. .
4 (E") and tand curves, as a function of temperature, were

measured for all UV-cured networks. The glass transition
temperatureTy, is defined as the peak of tancurves, and the
values are collected in Table 1. From the DMTA curves, it was
possible to observe that by increasing silver salt concentration,
a shift toward higher temperature of tarpeak resulted and a

Photoinduced cleavage of DMPA is a good source of electron
donor radicals, namely alkoxy benzyl radic&ldn this con-
nection, it should be pointed out that other kinds of oxidizable
radicals, i.e., ketyl radicals, can also be generated from the

photolysis of benzophenori&However, these systems require higher storage modulus was evident in the rubbery region. This

add_m_onal hydrogen donors such as ammes._Dependmg on .thebehavior can be attributed to the impediment of the segmental
basicity, such hydrogen donors readily react with the propagating motion of the polymeric chains induced by the silver nanopar-

cations and consequently terminate the polymeriz&fidfore- . - : .
- ; o oe ticles in the polymer network. The increase of constrains of the
over, hydrogen abstraction may compete with"Agienching . . S .

: b . - segmental motions of polymeric chains is mainly due to a
Thus, irradiation of DMPA in our system in the presence of : o . . .
AGSBEG leads to its reduction with rapid generation of both uniform distribution of the metallic nanoparticles which was

9 pid g also evidenced by TEM analysis.

metallic silver and initiating cations without any undesirable ) o . .
In conclusion, the in situ synthesis of silvezpoxy nano-

side reactions. The overall process is represented in Scheme 1. . . - :
Experimentally, the silver salt was added in EEC resin, in composite was achieved by simultaneous photoinduced electron

the range between 1 and 5 wt %, together with the radical transfer and cationic polymerization processes. These results
photoinitiator, DMPA. The sample’s were irradiated by UV establi_sh anovel ap_proach for Fhe preparation .Of r_lanocomposites
light (light intensity on the surface of the samples of about 30 by which nanopartlclg formation and cro.ss-ll_nkllng processes
mW/cn¥) and the extent of polymerization was detected by a can be a_ccomphshed in one-pot by simply |rrad|_at|ng appropriate
real-time FT-IR technique. The two components of the initiating formulaltlor:js_ tal_rg)dtdgmonf;rate tthe nkanc?%amtcles are h°”.‘°'
system are indispensable for the polymerization to occur; no genously distributed 1n Ine network without macroscopic

polymer is formed in the absence of either compound under agglomeration. Not on_Iy_ Is this method applicable to silver
our reaction conditions. Epoxy group conversion as a function nanoparticles but also it is presumat_)ly applicable to any other
of irradiation time is reported in Figure 1 metal salts, such as gold salts, which undergo similar redox

From the curves reported in Figure 1, it is evident that silver reactions with photochemically generated electron donor radi-

hexafluoroantimonate is quite efficient at converting UV- cals. Further studies in this line are now in progress.
generated free-radicals into propagating carbocations, which start
cationic epoxy ring-opening polymerization with high reactivity.

Relatively lower rate of conversions observed at increased
concentrations may be due to the competing tail absorption of

s"‘éef S?It' Th‘f" t? Iowetr_ amountfof eI%ctrNon dotlaorl rad|(:1qlsh, experimental procedures, and characterizations. This material is
and In tumn, iniiating cations are formed. Wevertneless, Nign 5 4jjaple free of charge via the Internet at http://pubs.acs.org.

gel content values (above 98%) are obtained in all cases (Table
1), indicating the formation of a highly cross-linked polymer References and Notes
network.
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