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a  b  s  t  r  a  c  t

Silver  nanoparticles  (Ag  NPs)  were  synthesized  in  situ  in  light-cured  methacrylate  and  epoxy  resins.  The
UV–vis  spectra  of the  colloidal  suspensions  displayed  an  intense  surface  plasmon  resonance  band  in
the  wavelength  range  350–550  nm  with  an  absorption  peak  at 415  nm.  Suspensions  containing  differ-
ent  amounts  of  Ag NPs  were  photopolymerized  by UV  irradiation.  Cylindrical  specimens  of  the  resulting
nanocomposites  (10-mm  diameter  × 1-mm  thickness)  were  irradiated  with  a 420-nm  LED source  while
the  temperature  evolution  was  monitored.  The  heat  released  by the  Ag NPs  under  irradiation  at  the
plasmon-resonant  wavelength  increases  the  temperature  of  the  surrounding  medium.  The  tempera-
ture reached  in  a methacrylate-based  nanocomposite  containing  0.03  wt%  Ag  NPs was  100 ◦C after  250  s
irradiation.  This  increases  the  mobility  of the  reaction  environment  and,  consequently,  induces  the  poly-
merization  of the  unreacted  monomer.  Moreover,  the degree  of polymerization  of  films  prepared  from

an epoxy  resin  containing  0.02  wt%  Ag NPs  was  35%,  and  then  increased  up  to  75%  after  10  min  irradiation
at  420  nm.  In  practice,  the  post-curing  of  partially  cured  polymers  is  commonly  carried  out  by  thermal
treatments.  Results  obtained  in  this  study  show  that  the  use of a small  amount  of  Ag NPs,  as controlled
sources  of heat  under  light  irradiation,  is  an  attractive  strategy  to post  cure  methacrylate  and  epoxy  resins
in  the  absence  of  external  heating.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Noble metal nanoparticles (NPs) can efficiently release heat
nder light irradiation [1–5]. The electromagnetic field strongly
rives mobile carriers inside the NPs and the energy gained by
hese carriers is turned into heat. The heat then diffuses away from
he NPs and leads to an elevated temperature of the surround-
ng medium. Heat generation in noble metal NPs induced by light
bsorption has long been considered only as a side effect, which
ad to be minimized. However, in the emerging field of thermo-
lasmonics the focus has shifted toward the design of optically

nduced nanoscale thermal sources. This opens up a new set of
pplications in nanotechnology and gives rise to the new promising
eld of plasmonic heating [4,5]. The number of potential applica-
ions of plasmonic heating is becoming increasingly important in
reas of nanotechnology such as chemical catalysis [6], photo ther-

al  cancer therapy [7], and materials processing [8–10]. Most of the

esearch on plasmonic heating of noble NPs has been carried out on
old nanoparticles under laser irradiation. However, recent studies

∗ Corresponding author.
E-mail address: civallo@fi.mdp.edu.ar (C.I. Vallo).

ttp://dx.doi.org/10.1016/j.porgcoat.2015.06.032
300-9440/© 2015 Elsevier B.V. All rights reserved.
have shown that silver nanoparticles irradiated by light-emitting
diodes (LEDs) are an interesting alternative [8,9]. Silver NPs have
the advantages of possessing a stronger plasmonic heating effect
[11], being cheaper than gold nanoparticles. In addition, the surface
plasmon resonance of the Ag NPs can be controlled by changing the
shape of the particles. Ag NPs with different shapes, such as spheres,
pentagons, triangles, etc. can be easily synthesized [12], Spherical
Ag NPs have a surface plasmon wavelength range between 400 and
450 nm,  while the pentagon ones a 500–550 nm range and the tri-
angular ones 650–700 nm [12]. As light with a longer wavelength
generally has a lower price, longer wavelength LED lights should
be considered from the economical point of view.

It is well known that the polymerization of methacrylate [13]
and acrylate [14] monomers in the absence of external heating
leads to glassy polymers in which only some of the available dou-
ble bonds are reacted. As the polymerization proceeds, vitrification
effects begin to limit the mobility of even small molecules such
as the monomer or primary initiator radicals. Before completion
of conversion, the vitrification phenomenon decelerates the reac-

tion to a hardly perceptible rate. As shown by Kloosterboer and
Lijten [15] the room temperature polymerization of the unreacted
monomer proceed slowly for a long period. The presence of non-
reacted monomer has a plasticizing effect on the polymer, thereby

dx.doi.org/10.1016/j.porgcoat.2015.06.032
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2015.06.032&domain=pdf
mailto:civallo@fi.mdp.edu.ar
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ltering its physical and mechanical properties. In practice, the
lasticizing effect of the non-reacted monomer on the mechani-
al behavior of the polymer is reduced by post-curing treatments.
eating the partially cured polymer increases the mobility of the

eaction environment (i.e. monomer, radical and polymer) and con-
equently increases the degree of polymerization. The post-curing
f incompletely cured polymers is commonly performed by ther-
al  treatments. This study was carried out in order to explore

he possibility of post-curing methacrylate and epoxy resins via
lasmonic heating of embedded Ag NPs. This treatment has the
dvantages that require less equipment space and has lower energy
onsumption with respect to thermally-driven processes carried
ut in ovens. Thus, it can be considered more environmental
riendly than other post-curing methods.

. Experimental

.1. Materials

Silver nitrate (AgNO3 ≥99%, Aldrich) and absolute ethanol
Merck) were employed as received. The iodonium salt
-(octyloxyphenyl) phenyliodonium hexafluoroantimonate
Ph2ISbF6) (OMAN 071, 96%) was from Gelest Inc., Philadelphia,
SA. Benzoyl peroxide (BPO, ≥97%), 1-phenyl-1,2-propanedione

PPD, 99%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%),
thyl-4-dimethylaminobenzoate (EDMAB, 99%) and 2,6-di-tert-
utyl-p-cresol (BHT, ≥99%) were from Sigma Aldrich, USA.

The methacrylate resins used for this study were 2,2-
is[4-(2-hydroxy-3-methacryloxyprop-1-oxy)phenyl]-propane
BisGMA, 90%, from Esstech, Essington, PA), 2,2-bis[4-(2-

ethacryloxyethoxy)phenyl]propane (BisEMA, 98%, from Esstech,
ssington, PA), and triethylene glycol dimethacrylate (TEGDMA,
5%, from Aldrich, USA). BisTEG stands for a blend 70:30 Bis-
MA/TEGDMA. The epoxy resin was 3,4-epoxycyclohexylmethyl
′,4′-epoxycyclohexane carboxylate (UVR) (UVR-6110, 95%, Dow
hemical Co., Midland Michigan, USA). The resins were used
ithout further purification. The methacrylate resins contain
ydroquinone (HQ), hydroquinone methyl ether (MEHQ) and 2,6-
i-tert-butyl-p-cresol (BHT) as inhibitors to prevent premature
olymerization during storage. BisEMA contains 300 ppm MEQH
nd 200 ppm BHT. BisTEG contains 400 ppm MEQH, 5 ppm HQ, and
00 ppm BHT. Different amounts of each inhibitor are added to
he methacrylate resins by the manufacturer in order to optimize
he inhibition during storage and to minimize the increase in color
roduced by the inhibitors (yellowing). In all cases the Ag+/reducer
ol  ratio equal to 1 was maintained by adding the required

mount of BHT. Similarly, BHT at a mol  fraction Ag+/BHT equal to
 was added to formulatios prepared from UVR. All materials were
sed as received. The structures of the resins and photoinitiators
sed are shown in Fig. 1.

The methacrylate resins were activated for UV light (365 nm)
olymerization by the addition of 0.5 wt% DMPA. The epoxy resin
ontaining 2 wt% iodonium salt (Ph2ISbF6) was activated for vis-
ble light (420 nm)  polymerization by the addition of 1 wt% PPD
nd 1 wt% EDMAB. The light sources used were assembled from
ight emitting diodes (LED) with its irradiance centered at 365 nm
OTLH-0480-UV, Optotech) or 420 nm (LHUV-0420-0650, Luxeon-
hylips). The intensity of the 365-nm LED was 175 mW.  The
ntensity of the 420-nm LED was set at two different values by
arying the electrical voltage through the semiconductor: 200 and
000 mW.
.2. Preparation of suspensions of Ag NPs

Dispersions of colloidal silver particles were obtained by reduc-
ion of silver nitrate in methacrylate (BisEMA and BisTEG) and
ic Coatings 88 (2015) 220–227 221

epoxy (UVR) resins in the absence of protective agents. AgNO3
(0.126 g) was dissolved in 10 ml  of absolute ethanol (solution A).
The solution was  stirred at room temperature until complete dis-
solution of the silver nitrate was  achieved. Solution A was  diluted
with ethanol to volume ratio 1:5 (solution B) or 1:20 (solution C).
Suspensions having different silver content were prepared by mix-
ing 1 ml  of the corresponding solution of AgNO3 (A, B or C) with
the appropriate amount of methacrylate or epoxy resin. The silver
proportion in the resins was varied in the ranges: 3000–5000 ppm
using solution A, 400–2000 ppm using solution B, and 50–300 ppm
using solution C. In all cases, the required amount of ethanol was
added in order to have a resin/ethanol mass ratio equal to 2. The
reaction was carried out in glass tubes placed in a thermostat held
at 70 ◦C allowing continuous evaporation of volatiles. The reaction
was allowed to proceed for ∼24 h in order to ensure complete evap-
oration of the ethanol. Silver cations were reduced by HQ, MEHQ
and BHT present in the methacrylate resins.

2.3. Methods of characterization

The absorption spectra of dispersions of silver nanoparticles in
methacrylate and epoxy resins were measured with an UV-vis spec-
trophotometer 1601 PC Shimadzu at room temperature (20 ± 2 ◦C).
The dispersions were contained in thin cells (∼0.5 mm)  constructed
from two quartz microscope slides separated by a PTFE gasket. An
identical cell containing the resin was  used as the reference.

The size distribution of silver NPs was determined using a Philips
CM-12 transmission electron microscope (TEM) operated at an
accelerating voltage of 100 kV. In order to obtain good quality
images, the suspensions of silver nanoparticles in the resins were
diluted with ethanol (1 drop of the resin in 600 �l de ethanol). Sam-
ples for TEM images were prepared by dropping 6 �l of the diluted
dispersion of the particles on a copper grid coated with Formvar
and a carbon film.

2.4. Photopolymerization studies

Fourier transform infrared (FTIR) spectra were acquired with a
Nicolet 6700 Thermo Scientific. Measurements of C C conversion
in BisEMA and BisTEG methacrylate resins were carried out at room
temperature (20 ± 2 ◦C) using near infrared spectroscopy (NIR). The
NIR spectra were acquired over the range 4500–7000 cm−1 from 16
co-added scans at 2 cm−1 resolution. The resins were contained in
a 10 mm  diameter well constructed from a rubber gasket material
sandwiched between two  glass plates. The thickness of the samples
was 2 mm.  With the assembly positioned in a vertical position, the
light source was placed in contact with the glass surface. The sam-
ples were irradiated at regular time intervals and the spectra were
collected immediately after each exposure interval. These spectra
were corrected with the background spectrum collected through
an empty mold assembly fitted with only one glass slide to avoid
internal reflectance patterns. The conversion profiles were calcu-
lated from the decay of the absorption band located at 6165 cm−1.
Two replicates were used in the measurement of conversion.

The conversion at the surface of 2 mm  thick specimens of
methacrylate resins was  assessed by attenuated total reflectance
using a diamond crystal. The conversion was  evaluated from the
decay of the band at 1637 cm−1 assigned to the methacrylate
double bond. Spectra were obtained from 64 scans at 4 cm−1

resolution. Measurements of conversion of epoxy groups in UVR
resin were carried out at room temperature (20 ± 2 ◦C) using mid-
infrared spectroscopy (MIR). Spectra were acquired over the range

700–1200 cm−1 from 32 co-added scans at 2 cm−1 resolution. The
resins were coated onto a polyethylene film and covered with
another polyethylene film. The assembly was  sandwiched between
two NaCl plates and was tightly attached to the sample holder
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Fig. 1. Structure of the monomers

sing small clamps. The thickness of the films was about 100 �m.
he specimens were irradiated at regular time intervals and spec-
ra were collected immediately after each exposure interval. The
onversion of epoxy groups was calculated from the decay of the
bsorption band located at 788 cm−1 using as internal reference the
eak centered at 1731 cm−1.

.5. Temperature evolution during irradiation of the resins
The resins were contained in a 10 mm diameter well constructed
rom a rubber gasket material sandwiched between two  glass
lates. The thickness of the specimens was 1 mm.  The specimens
ere irradiated by placing the LED light source at 1 mm from the
EDMAB 

hotoinitiators used in this study.

glass surface. The temperature of the samples during irradiation
with the 420-nm LED was  monitored with fine K-type thermocou-
ples (Omega Engineering Inc., USA) embedded in the specimens
and connected to a data acquisition system that registered values
of temperature every 1 s. Two  replicates were conducted for each
experiment.

3. Results and discussion
3.1. Synthesis of Ag NPs in methacrylate and epoxy monomers

Ag NPs were in situ synthesized in methacrylate and epoxy
monomers through reduction of AgNO3 with HQ, MEHQ,  and BHT,
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bly on increasing the Ag NPs concentration. It is worth mentioning
that it has been reported that photoreduction of Ag+ can occur in
the presence of radicals derived from DMPA under irradiation at
365 nm [24]. However, the procedure used in this study to prepare
S.V. Asmussen et al. / Progress in

n the absence of surfactant. Highly stable dispersions of Ag NPs in
ethacrylate and epoxy resins were synthesized using a straight-

orward one-step synthesis method. The suspensions showed a
ery intense yellow color, which became darker with increasing
oncentration of Ag NPs. A major obstacle preventing the forma-
ion of homogeneous Ag NPs/polymer suspensions arises from the
oor compatibility of the two dissimilar constituents [16]. The use
f organic capping agents is usually required in the synthesis of sil-
er nanoparticles to control the agglomeration, particle size, and
orphology. The capping agents carry specific functional groups

o anchor them onto the surface of the nanoparticles, thereby pre-
enting particle agglomeration and growth. It is well known that
olymers are very effective to inhibit the agglomeration of nano-
ized particles. However, the effect of small molecules, such as
onomers, on stability of colloidal metal particles is less known.

he particle/polymer interaction and surface modification of par-
icles in order to attain compatibility of the nanoparticles with the
olymer matrix has been recently reviewed by Demir and Wegner
16]. The monomers investigated here, BisEMA, BisTEG and UVR
ave oxygen-containing groups capable of forming complexes with
etal species [17]. Ag NPs interact with ester [18,19], ether [20,21],

nd hydroxyl groups [22] through no covalent bonding. Thus, it is
onceivable that in a first stage Ag+ ions disperse and coordinate to
he oxygen atoms of those functional groups. Then, the reduction
f the dispersed Ag+ ions gives atomic silver which aggregate to
orm Ag NPs. Again, the oxygen-containing groups present in the

onomer structures prevent precipitation and further aggregation
f Ag NPs while stabilizes them. Thus, the ligand molecules bound
o the nanoparticle surface not only control the growth of the par-
icles during synthesis, but also prevent their aggregation during
torage.

Stable suspensions of Ag NPs were obtained up to mass frac-
ions equal to 0.02 wt% in UVR epoxy resin, and 0.03 and 0.5 wt%
n BisEMA and BisTEG methacrylate resins, respectively. At silver

ass fractions higher than these values precipitation occurred. The
arkedly higher stabilization ability of the BisTEG resin can be

ttributed to its particular molecular structure. The BisEMA and
isTEG monomers contain the same mol% of carbonyl and ether
roups. However, in BisTEG the ratio phenyl alkyl ether (from Bis-
MA)/alkyl ether (from TEGDMA) is ∼50/50 mol%. Although the
ol  of ether groups in BisEMA and BisTEG on weight basis is the

ame, we speculate that due to its greater flexibility, TEGDMA could
robably arrange itself to provide better coverage on the surface
f silver colloids compared with BisGMA and BisEMA. In addition,
isTEG contains hydroxyl groups in its structure. This could explain
he better protection from agglomeration of BisTEG compared with
isEMA.

.2. Characterization of the suspensions of Ag NPs

Fig. 2 shows the absorption spectra of BisEMA and UVR con-
aining 0.02 and 0.03 wt% silver. The emission spectrum of the
20-nm LED is shown in the same plot. The Ag NPs exhibit a
trong absorption maximum in the visible region (∼415 nm)  due to
hoton-induced oscillation of surface electrons (surface plasmon).
fter storage in air and in the dark for 9 months the silver sols
ere still clear, and the UV–vis spectra obtained after this storage
eriod changed only a little. Since the reduction was  performed in
ir it has to be expected that the silver nanoparticles are partially
xidized, due to the sensitivity of the colloidal silver nanoparticles
oward oxidation [23]. Henglein has shown that such oxidation pro-
esses are associated with a strong decrease and broadening of the

bsorption bands [23]. The slight changes of the absorption bands
fter storage observed here, however, indicate that such oxidation
rocesses either do not have a large influence with these protective
onomers, or are completed after a short initial period.
Fig. 2. UV–vis absorption spectra of (a) BisEMA and (b) UVR containing 0.02 and
0.03  wt%  Ag NPs. The wavelength of the 420-nm LED is also shown.

Fig. 3 shows a typical photograph of Ag NPs dispersed in BisEMA.
TEM images reveal that Ag NPs distribute homogeneously in the
wide area of the photograph. The size of the particles in BisEMA,
BisTEG and UVR monomers, calculated by measuring the diame-
ters of at least 100 particles from the TEM images, was  between
5 and 10 nm.  UV–vis and TEM studies revealed that the suspen-
sions stored for nine months, showed no drastic change in average
particle size.

3.3. Photopolymerization of methacrylate monomers containing
Ag NPs

BisEMA and BisTEG resins containing Ag NPs were photo acti-
vated with 0.5 wt% DMPA, which absorbs in the range 305–390 nm,
and were photo polymerized with a LED of irradiance centered at
365 nm.  Fig. 4 shows the conversion profiles of resins containing
different amounts of Ag NPs. It is seen that as the Ag NPs concen-
tration increased it became more difficult to cure the specimens.
Although the final conversions in resins containing 0 or 300 ppm
Ag NPs were similar, the polymerization rate decreased apprecia-
Fig. 3. Typical TEM image of a suspension of 300 ppm Ag NPs in BisEMA. The size
of  the particles in BisEMA, BisTEG and UVR monomers, calculated by measuring the
diameters of at least 100 particles from the TEM images, was between 5 and 10 nm.
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the competing mechanisms of light absorption and heat transfer-
ence to the surroundings. In addition, as a result of the absorption
and scattering of the incident light by the embedded particles, the
transmitted light decreases along the irradiation path. This leads
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ig. 4. Conversion of methacrylate groups measured by NIR vs. irradiation time in
isEMA monomer containing different amounts of Ag NPs (ppm). The resins were
hoto activated with 0.5 wt% DMPA and irradiated with a 365-nm LED.

g NPs/monomer colloids and the amount of reducer present in
he formulations ensures that all the Ag+ were reduced before pho-
opolymerization.

When an assembly of nanoparticles is irradiated by a plane
ave, the incident light is scattered and absorbed by each particle

o a certain extent [25]. As a result of these absorption and scatter-
ng processes the transmitted light decreases along the propagation
irection of the incident light [25]. The reduced polymerization rate
ith increasing Ag NPs content is attributed to the related decrease

n light intensity along the irradiation path. It is worth mentioning
hat the polymerization of 1 mm thick specimen of BisTEG con-
aining 0.1 wt% Ag NPs was incompletely cured even after 5 min  de
rradiation on both sides. Thus, the resins containing high propor-
ions of Ag NPs (>0.1 wt%) were thermally cured with 1 wt%  BPO at
0 ◦C for 1 h.

.4. Enhanced conversion of methacrylate groups via plasmonic
eating of Ag NPs

Noble metal NPs can efficiently release heat under light irradia-
ion. The mechanism of generating heat is explained by converting
lectromagnetic energy into thermal energy. The electromagnetic
eld strongly drives mobile carriers inside the NPs and the energy
ained by these carriers is turned into heat. The heat then diffuses
way from the NPs and leads to an elevated temperature of the
urrounding medium. Heat generation becomes especially strong
n the regime of plasmon resonance, which is a collective motion
f a large number of electrons [5]. Heat generation in noble metal
anoparticles (NPs) induced by light absorption has long been con-
idered only as a side effect, which had to be minimized. Only
ecently this enhanced light absorption, turning metal NPs into
anosized sources of heat remotely controllable using light has
een considered as a way to control thermal-induced phenomena
t the nanoscale.

The plasmonic heating effect of Ag NPs on the degree of poly-
erization of methacrylate resins was investigated. In a first stage,

uspensions containing different amounts of Ag NPs in methacry-
ate resins were photopolymerized by irradiation at 365 nm.  In a
econd stage, cylindrical specimens of the resulting polymers (10-

m diameter × 1-mm thickness) were irradiated with the 420-nm

ED while the temperature evolution was monitored. In order to
chieve an optimal plasmonic heating effect, the wavelength of
he LED source should approach the surface plasmon resonance
irradiated at 200 mW.  The specimens were 10-mm diameter and 1-mm thick. The
dotted line is the temperature reached in BisEMA monomer in the absence of pho-
toinitiator and Ag NPs.

wavelength of Ag NPs as closely as possible. The 420-nm LED used
in the experiments is matched well with the plasmon wavelength
of the Ag NPs in the methacrylate and epoxy resins (∼415 nm), as
shown in Fig. 2. The temperature evolution in BisEMA and BisTEG
containing different amounts of Ag NPs upon irradiation with the
420-nm LED is shown in Figs. 5 and 6.

It is seen that the heat released by the Ag NPs under irradiation at
the plasmon-resonant wavelength increases the temperature of the
specimens. As expected, the temperature reached increases with
light intensity (Fig. 5). At low Ag NPs content the temperature of
the specimen increases with the Ag NPs content (Fig. 5). However,
the temperature profiles in BisGMA containing 2500 and 5000 ppm
Ag NPs were not markedly different (Fig. 6). This is attributed to the
fact that the temperature profiles in the specimens are dictated by
Irradiat ion time (s )

Fig. 6. Temperature evolution under irradiation of BisTEG containing different
amounts of AgNPs with the 420-nm LED. All the samples were irradiated at
1000 mW.
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Fig. 7. Extent of reaction reached in samples containing 0.5 wt% DMPA irradiated
120 s with the 365-nm LED (hollow circles), and samples irradiated 10 min  with the
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irradiation results in the thermal decomposition of BPO, which initiates the poly-
merization reaction. The conversion of methacrylate groups measured by ATR after
20-nm LED after the first irradiation at 365 nm (filled circles). The specimens were

0-mm diameter and 1-mm thick. Typical NIR bands of the monomer, a sample
rradiated 40 s at 365 nm and a sample irradiated 10 min  at 420 nm.

o a reduced absorption of light over the thickness of the specimen
nd, in turn, to a lower plasmonic heating of the Ag NPs. From these
esults it may  be concluded that, under the experimental conditions
sed in this study, the maximum temperature increase occurs at a
ontent of Ag NPs equal to 300 ppm.

The presence of unreacted monomer (Fig. 4, BisEMA with-
ut Ag NPs) has a plasticizing effect on the polymer, thereby
ltering the physical and mechanical properties of the hardened
aterial [26]. In practice, the plasticizing effect of the unreacted
onomer on the mechanical behavior of the polymer is reduced

y a post-curing treatment. Heating the partially cured polymer
t a temperature above its glass transition temperature increases
he mobility of the reaction environment (i.e. monomer, radical
nd polymer) and consequently increases the reaction rate parame-
ers. This thermal treatment increases the degree of polymerization
nd, consequently, reduces the plasticizing effect of the unre-
cted monomer [26]. In practice, there are many processing routes
o produce parts and components that involve post-curing treat-

ents. For example, coatings of automotive exterior body panels
or trucks and cars processed by sheet molded compound are sub-
ected to heat treatments of post-curing [27]. Parts prepared by
heet molded compound from urethane diacrylate resins are post
ured in convection ovens at 90 ◦C for 30 min  after UV-curing [28].
rganic–inorganic hybrid coatings based on acrylate resins and

ilanes are UV cured at room temperature and then annealed at
ither 80 ◦C [29] or 100 ◦C [30] for 24 h in order to achieve high
egree of cross-linking. The room temperature polymerization of
-hydroxyethyl methacrylate, which is widely used in biomedi-
al applications, is followed by a post curing for 2 h at 100 ◦C to
omplete the polymerization [31]. Epoxy resins are also subjected
o post cure treatments. The room temperature polymerization of
n epoxy resin based on diglycidyl ether of bisphenol A and tri-
thylenetetramine is followed by a post curing treatment at 80 ◦C
or 4 h [32].

In this study, the post-curing of methacrylate resins via plas-
onic heating of Ag NPs embedded in the incompletely cured

olymers was examined. BisEMA resins containing 0.5 wt% DMPA

nd different contents of Ag NPs were irradiated for 120 s with
he 365-nm LED. In a second stage, the partially cured polymers
ere irradiated with the 420-nm LED during 10 min. Fig. 7 shows

hat the irradiation at 420 nm increases appreciably the extent of
10 min  irradiation was  0.83. The specimens were 10-mm diameter and 1-mm thick.

polymerization of methacrylate groups. The Ag NPs act as sources
of heat remotely controllable by light, thereby providing an alter-
native way to perform post-curing treatments. It must be pointed
out that the degree of polymerization increases with the intensity of
the LED source and with irradiation time. We limited the irradiation
to 10 min  in order to protect the LED source, which was designed
for research purposes. However, the use of commercially available
high intensity LEDs will result in increased degree of polymeriza-
tion during the post-curing treatment. The post-curing treatment
via plasmonic heating of embedded Ag NPs has the advantages
that require less equipment space and has lower energy consump-
tion with respect to themal-driven processes carried out in ovens.
Thus, it can be considered more environmental friendly than other
post-curing methods. In addition, the plasmonic heating effect is
observed at low Ag NPs contents (∼300 ppm). From these results it
is concluded that plasmonic heating is an attractive strategy to per-
form the post-curing of methacrylate monomers in the absence of
external heating. Ag NPs are incorporated to different monomers in
many application of technological interest [33]. Some of the appli-
cations include optical filters [34], dental restorative resins [35] and
coatings with antibacterial activity [36,37]. The presence of Ag NPs
in these applications would permit the post curing treatment, when
required, via irradiation with light at the proper wavelength.

The use of plasmonic heating of noble metal nanoparticles
to perform the photo induced polymerization of methacrylate
monomers, in the absence of light-absorbing photoinitiators, was
examined. The BisEMA resin containing 300 ppm Ag NPs and 1 wt%
BPO was  irradiated with the 420-nm LED. Fig. 8 shows the temper-
ature profile during irradiation of the specimen. The heat released
by the Ag NPs under irradiation with light at the plasmon resonance
wavelength of Ag NPs results in the thermal decomposition of BPO,
which initiates the polymerization. The conversion of methacrylate
groups after 10 min  irradiation in the absence of external heating
was 0.83 (Table 1). It is worth noting that the room temperature
polymerization of BisEMA containing BPO under irradiation with a
420-nm LED in the absence of Ag NPs does not occur. From these
results, it may  be concluded that the use of Ag NPs, as controlled
sources of heat under light irradiation, enables the photo induced

polymerization of methacrylate groups in the absence of photoini-
tiator and external heating.
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.5. Polymerization of epoxy monomers enhanced by plasmonic
eating

Cationic photopolymerization has become an important
ethod of crosslinking epoxy monomers, and onium salts are
ell known as very effective photoinitiators. The use of cationic
hotoinitiators, such as diaryliodonium and triarylsulfonium salts,
rovides a convenient method of generating powerful Brønsted
cids in situ, which is the primary species that initiates polymeriza-
ion. By using dyes as photo sensitizers, it is possible to extend the
pectral sensitivity of diaryliodonium salts into the visible region of
he spectrum. For example, Camphorquinone (CQ), which absorbs
t 470 nm,  in combination with electron donating co-initiators such

s ethyl-4-dimethyl aminobenzoate (EDMAB), acts as an efficient
isible light photo sensitizer in the iodonium-initiated cationic
olymerization of epoxy monomers [38]. Concerning the reactiv-

ty of the UVR epoxy monomer, Crivello and Varlemann [39] found

able 1
ncreased conversion of epoxy and methacrylate groups in BisEMA and UVR resins
ontaining embedded Ag NPs. The resins were irradiated for 600 s with a 420-nm
ED.  The conversion of BisEMA was measured by ATR. Note that the room temper-
ture polymerization of BisEMA containing BPO under irradiation with a 420-nm
ED in the absence of Ag NPs does not occur.

Resin Photoinitiator Ag NPs (ppm) Conversion

BisEMA BPO 0 –
BisEMA BPO 300 0.83
UVR Ph2ISbF6/PPD/EDMAB 0 0.31
UVR Ph2ISbF6/PPD/EDMAB 200 0.75
SbF6 by PPD the presence of EDMAB.

that it undergoes photopolymerization at slow rate and reaches a
comparatively low extent of reaction. In a previous research, we
reported the polymerization of the UVR monomer photoactivated
with Ph2ISbF6/CQ/EDMAB. We found that the polymerization rate
of the UVR was strongly affected by the cure temperature [38]. From
results obtained in this study (Figs. 5–7), it was conceived that the
heating of the UVR resin containing Ag NPs under irradiation with
a 420-nm LED could induce further conversion of epoxy groups.
In order to test that hypothesis, the effect of plasmonic heating of
Ag NPs on the extent of reaction of UVR was examined. The UVR
resin was  activated for visible light polymerization by the addition
of 2 wt%  Ph2ISbF6, 1 wt% PPD and 1 wt% EDMAB. Fig. 9 shows the
proposed photosensitization of Ph2ISbF6 by PPD the presence of
EDMAB. PPD in combination with EDMAB (Fig. 1) produces initi-
ating free radicals through a bimolecular mechanism [40]. PPD is
activated from below 350 nm to 490 nm with a maximum at about
390 nm [40]. Thus, the 420-nm LED is appropriate to generate ini-
tiating radicals from the PPD/EDMAB pair as well as to induce the
plasmonic heating of the Ag NPs embedded in the resin. Irradia-
tion of the PPD with 420-nm light results in the formation of its
singlet state, which is rapidly converted to its triplet state by inter-
system crossing. The excited PPD molecule is initially reduced by a
hydrogen donor (in our case the amine) to the ketyl radical which
in turn is oxidized back to CQ by the iodonium salt. The resulting
strong Brønsted acid derived from this process initiates the cationic

ring-opening polymerization. In the case of the CQ/EDMAB pair, the
mechanism is analogous to that proposed by Bi and Neckers [41]
for the visible light cationic polymerization of cyclohexene oxide
in the presence of a diaryliodonium salt.
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Table 1 shows the conversion reached in films of UVR pho-
oactivated with Ph2ISbF6/PPD/EDMAB and irradiated with the
20-nm LED. Results presented in Table 1 reveal that, in analogy
ith CQ/EDMAB, the PPD/EDMAB pair efficiently photo initiates

he polymerization of UVR monomer under irradiation at 420 nm.
t is seen that the extent of reaction of the epoxy monomer was

arkedly increased by the presence of Ag NPs. The conversion
eached in the absence of Ag NPs was 0.31 and increased to 0.75
n the same resin containing 200 ppm Ag NPs. This is attributed to
he heating of the Ag NPs embedded in the films under irradiation
ith the 420-nm LED. Again, the heating of the films induces an

ncrease in the mobility of the reaction environment and conse-
uently increases the degree of polymerization. Results presented

n Table 1 show that the presence of 200 ppm Ag NPs is an effec-
ive way to increase the extent of reaction of the UVR epoxy

onomer.

. Conclusion

The plasmonic heating effect of Ag NPs embedded in methacry-
ate resins was  assessed by measuring the temperature evolution
f specimens during irradiation with a 420-nm LED. The temper-
ture reached in a 10-mm diameter x 1-mm thickness specimen
ontaining 300 ppm Ag NPs was 100 ◦C after 250 s irradiation. The
eating produced under irradiation of methacrylate and epoxy
esins containing embedded Ag NPs results in a marked increase
n the extent of polymerization. The principle of plasmonic heating
f Ag NPs under 420-nm light irradiation can be used to perform the
olymerization of a dimethacrylate monomer initiated by benzoyl
eroxide in the absence of photoinitiator. The heat released by the
g NPs on irradiation at 420 nm results in the thermal decomposi-

ion of the benzoyl peroxide, which initiates the polymerization.
rom result obtained in this research, it may  be concluded that
he use of Ag NPs, as controlled sources of heat under light irra-
iation, increase the degree of polymerization of methacrylate and
poxy monomers in the absence of external heating, and enables
he photo induced polymerization of methacrylate groups in the
bsence of light absorbing photoinitiators.
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