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ABSTRACT: A detailed understanding of the processes
taking place during the in situ synthesis of metal/polymer
nanocomposites is crucial to manipulate the shape and size of
nanoparticles (NPs) with a high level of control. In this paper,
we report an in-depth time-resolved analysis of the particle
formation process in silver/epoxy nanocomposites obtained
through a visible-light-assisted in situ synthesis. The selected
epoxy monomer was based on diglycidyl ether of bisphenol A,
which undergoes relatively slow cationic ring-opening
polymerization. This feature allowed us to access a full
description of the formation process of silver NPs before this
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was arrested by the curing of the epoxy matrix. In situ time-resolved small-angle X-ray scattering investigation was carried out to
follow the evolution of the number and size of the silver NPs as a function of irradiation time, whereas rheological experiments
combined with near-infrared and ultraviolet—visible spectroscopies were performed to interpret how changes in the rheological
properties of the matrix affect the nucleation and growth of particles. The analysis of the obtained results allowed us to propose
consistent mechanisms for the formation of metal/polymer nanocomposites obtained by light-assisted one-pot synthesis. Finally,
the effect of a thermal postcuring treatment of the epoxy matrix on the particle size in the nanocomposite was investigated.

1. INTRODUCTION

Nanocomposite materials consisting of noble metal nano-
particles (NPs) dispersed in a polymer matrix offer enormous
possibilities for the design of functlonal materials with
important technological applications.'™> They have already
been used for the development of embedded capacitors,*
sensors, catalysts, conductive inks,” and devices for energy
storage.'® Macroscopic performance of these materials strongly
depends on the possibility of homogeneously dispersing the
NPs in the polymer matrix, avoiding uncontrolled aggregation
phenomena that would rule out any advantages associated with
the use of particles of nanoscopic dimensions. Generally,
metal/polymer nanocomposites are obtained via multistep
methods. Metal NPs which are first produced from the
reduction of metallic precursors are then dispersed into a
polymer matrix to obtain a nanocomposite material. To achieve
a homogeneous dispersion, modification of the particle surface
with stabilizing agents is often required to provide colloidal
stability and thus prevent aggregation phenomena. A wide
variety of methods of surface modification has been developed
using thlols, L2 amines,"® micelles," "' dendrimers,l6 and
polymers'”"'® as stabilization agents. Commonly, these methods
require the use of very specific synthetic routes or additional
time-consuming steps consisting of the replacement of the
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original coating by the stabilizer affine with the polymer matrix.
In spite of these successful examples, increasing attention is
being paid to the development of new synthetic models with
facile and low-cost protocols for the preparation of metal/
polymer nanocomposites with controlled morphologies and
well-tuned properties.

Recently, a conceptually different methodology has been
introduced for the synthesis of metal nanocomposites. This
approach is based on the concomitant formation of both metal
NPs and polymer matrix in the same reaction media. On the
basis of this concept, several synthesis methods, either thermal
or photochemical, have been developed.'”~*’ In general, the
thermal route yields particles with high polydispersity, thus
limiting their applications as plasmonic materials. It is in this
sense that the photochemical synthesis performed at room
temperature has become the option of choice. In addition, the
light-assisted synthesis, as compared to standard chemical
approaches, provides the advantages of a uniform distribution
of the reducing agent in the solution, easy modulation of the
reaction rate through control on the power density, and tuning

Received: June 8, 2017
Revised:  August 4, 2017
Published: September 6, 2017

10248 DOI: 10.1021/acs.langmuir.7b01936

Langmuir 2017, 33, 10248—-10258


pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.7b01936

Langmuir

of the wavelength to maximize the absorption by chemical
species in the reaction medium.”®

Yagci, Sangermano, and co-workers proposed a one-step
photochemical approach for the preparation of metal/polymer
nanocomposites.””*> In this case, photochemically generated
free radicals reduce a silver salt to form silver NPs. As a
consequence of such a redox reduction, the free radicals are
concomitantly oxidized to the corresponding cations capable of
initiating cationic ring-opening polymerization of epoxy
monomers. In this way, spherical silver NPs homogeneously
distributed in a cross-linked epoxy network were obtained. The
authors also demonstrated that this method can be applicable
to any other metal salts, such as gold salts, which undergo
similar redox reactions with photochemically generated
electron donor radicals.”* Besides, the process is not limited
only to cationically polymerizing epoxy resins. Acrylates and
methacrylates that are polymerized by a free-radical mechanism
can also form nanocomposites by this approach.*

More recently, Balan et al.”” reported on a way of achieving
certain control on the size and morphology of gold NPs in Au/
urethane methacrylate nanocomposites obtained by UV-
assisted one-pot one-step synthesis. The authors demonstrated
that it is possible to orient the particle growth through the light
power used to drive the photopolymerization reaction. Under
this concept, a variety of morphologies, such as spheres, cubes,
or triangular prisms, were obtained for different irradiation
conditions. Other authors have also achieved some degree of
control on the morphology of metal NPs by adjusting the
wavelength of the light source used to drive the photochemical
process.”

A detailed understanding of the processes taking place during
the particle formation is crucial to manipulate the shape and
size of NPs with a high level of control. For the light-assisted in
situ synthesis, this study requires not only to capture, identify,
and monitor the nucleation and growth of metal NPs during
irradiation time but also to understand how diffusion
constraints imposed by the matrix polymerization influence
the particle formation process. To the best of our knowledge,
such a study has not been addressed yet. In this work, we report
an in-depth time-resolved analysis of the particle formation
process in silver/epoxy nanocomposites obtained through a
visible-light-assisted in situ synthesis. The selected epoxy
monomer was based on diglycidyl ether of bisphenol A
(DGEBA), which undergoes relatively slow cationic ring-
opening polymerization.”” This feature allowed us to access a
full description of the formation process of silver NPs before
this was arrested by the curing of the epoxy matrix. In situ time-
resolved small-angle X-ray scattering (SAXS) investigation was
carried out to follow the evolution of the number and size of
silver NPs as a function of irradiation time, whereas rheological
experiments combined with near-infrared (NIR) and ultra-
violet—visible (UV—vis) spectroscopies were performed to
interpret how changes in the rheological properties of the
matrix affect the nucleation and growth of particles. The
analysis of the obtained results allowed us to propose consistent
mechanisms for the formation of metal/polymer nano-
composites obtained by light-assisted one-pot synthesis. The
experimental evidence presented in this report is considered to
be helpful for the development of reproducible processes for
the in situ synthesis of metal/polymer nanocomposites with
controlled morphologies and well-tuned properties.

2. EXPERIMENTAL SECTION

2.1. Materials. The epoxy monomer was based on DGEBA (DER
332, Aldrich Chemical Co.) with an epoxy equivalent weight of 174.3
g/equiv, corresponding to 0.015 hydroxyls per epoxy group.
Camphorquinone (CQ), silver hexafluoroantimonate (AgSbF), and
boron trifluoride ethylamine complex (BF;:MEA) were purchased
from Aldrich Chemical Co. Polyethylene glycol (PEG, average M, =
300) was supplied by Fluka. All materials were used as received.

2.2. Preparation of Silver/Epoxy Nanocomposites. Because of
the poor solubility of AgSbF, in DGEBA, the silver salt (50 mg) was
first dissolved in a small amount of PEG (200 uL) at room
temperature. Then, proper amounts of this solution were added to
DGEBA to prepare samples containing 0.5, 1, and 1.5 wt % AgSbF.
The mixtures were activated for visible-light irradiation by the addition
of 2 wt % CQ_and then cast onto aluminum substrates to obtain
photocurable films of about 1 mm thickness. The radiation source was
a light-emitting diode (LED) unit (OptoTech, Germany) with a
wavelength range 410—530 nm and an irradiance equal to 427.5 mW/
cm® The intensity of the LED was measured with the chemical
actinometer potassium ferrioxalate, which is recommended for the
253—577 nm wavelength range. All irradiations were conducted at
room temperature (22—25 °C).

2.3. Characterization Techniques. 2.3.1. UV-Vis Absorption
Spectroscopy. UV—vis spectra were recorded with an Agilent 8453
diode array spectrophotometer. The photoactivated mixture was
contained in a thin cell constructed from two quartz slides separated
by a 50 pm Teflon spacer used to regulate the sample thickness. An
identical cell containing the DGEBA monomer was used as the
reference. Spectra were collected immediately after each exposure
interval at room temperature.

2.3.2. Fourier Transform Infrared Spectroscopy. Infrared spec-
troscopy was used to follow the conversion of epoxy groups as a
function of irradiation time. Measurements were conducted on a
Nicolet 6700 Thermo Scientific IR device in a transmission mode over
the range 4000—7000 cm™' from 32 coadded scans at 4 cm™
resolution. The photoactivated mixtures were sandwiched between
two glass plates separated by a rubber spacer of 1 mm. The specimens
were irradiated at regular time intervals, and spectra were collected
immediately after each exposure interval. The background spectra were
collected through an empty mold assembly fitted with only one glass
slide to avoid internal reflectance patterns. The same IR device
provided with a heated transmission cell (HT-32, Spectra-Tech) with
glass windows (32 mm diameter) and a programmable temperature
controller (Omega, Spectra-Tech, AT = +1 °C) was used to monitor
the consumption of epoxy groups as a function of reaction time for a
neat DGEBA sample polymerized at 140 °C with BF;-MEA as the
initiator (in a ratio of 0.096 mol BF;-MEA/mol of DGEBA). The
conversion of epoxy groups was followed by measuring the height of
the absorption band at 4530 cm™ with respect to the height of a
reference band at 4620 cm™.*'

2.3.3. Rheometry. The evolution of the storage modulus (G’) and
loss modulus (G”) as a function of reaction time for a neat DGEBA
sample polymerized at 140 °C with BF;-MEA as the initiator was
followed using an Anton Paar rheometer (model Physica MCR-301)
provided with a CTD 600 thermochamber. A parallel-plate
configuration (diameter D = 25 mm and gap H = 1 mm) was used
in an oscillatory mode with 1% amplitude at a frequency of 1 Hz.

2.3.4. Small-Angle X-ray Scattering. In situ experiments were
performed at room temperature on an SAXS station (beamline SAXS
1) at the National Laboratory of Synchrotron Light (LNLS, Campinas,
Brazil). The reaction mixture (1 mm thick) was sealed between thin
(50 pm) Kapton foils and placed in a holder mounted in the X-ray
beam path so that all data were recorded at the same sample position.
SAXS data were acquired for 1 s with a photoirradiation period of 10 s
for the first minute of reaction. The irradiation period was then
gradually increased, maintaining the same acquisition time. The
scattering intensity (in arbitrary units) was recorded as a function of
scattering vector q = (47/A) sin(6/2), where A is the radiation
wavelength (1.54 A) and 0 is the scattering angle. A Pilatus 300 K
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Scheme 1. Proposed Mechanism for the One-Pot Synthesis of Silver/Epoxy Nanocomposites by Visible-Light-Induced Electron-

Transfer and Cationic Polymerization Processes
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detector (Dectris, Switzerland) was used to record the SAXS patterns.
The sample-to-detector distance was set to be 2500 mm. SAXS curves
of cured and postcured samples were also recorded in a XEUSS 1.0
(Xenocs, Grenoble, France) system (INIFTA, project “Nanopymes”,
EuropeAid/132184/D/SUP/AR-Contract 331-896) equipped with a
microfocus X-ray source (A = 1.54 A) and a Pilatus 100 K detector
(Dectris, Switzerland). The sample-to-detector distance was deter-
mined to be 1354 mm. Measurements were performed at room
temperature.

2.3.5. Transmission Electron Microscopy. Samples photoirradiated
for 60 min were microtomed at room temperature with an LKB
ultramicrotome equipped with a diamond knife. The resulting
ultrathin sections (ca. 60 nm in thickness) were collected on copper
grids and subsequently examined using a JEOL 100CX electron
microscope operated at an accelerating voltage of 80 kV.

2.3.6. Differential Scanning Calorimetry. The calorimetric
measurements were made on a PerkinElmer Pyris 1 differential
scanning calorimeter under a dry nitrogen atmosphere. The sample of
about 10 mg was placed in a thin-walled aluminum pan, and an empty
pan of the same dimension was used as a reference. The sample was
first heated from 25 to 230 °C (first heating scan) and subsequently
cooled back down to 25 °C (cooling scan). Following the cooling scan,
a second heating scan from 25 to 180 °C was recorded. For all scans, a
rate of 10 °C/min was used. Glass-transition temperatures were

defined at the onset value of the change in the specific heat during the
heating scans.

2.4. SAXS Data Analysis. Experimental SAXS curves were
analyzed, assuming a two-electron density model consisting of a dilute
set of isolated particles embedded in a homogeneous matrix. Under
such assumptions, the scattering intensity I(g) in the low-q region can
be written as>

1(q) = 1(0) e R0/ (1)

which is the well-known Guinier law, where R is the average radius of
gyration and I(0) is the limqqol(q), given by

1(0) = N(p, - p,)"V* @)

where N is the particle number, p, and p,, are the average electron
densities of the particles and the matrix, respectively, and V is the
mean volume of the particles. From a logarithmic plot of eq 1 (In I vs
%), the average radius of gyration R, can be derived from the slope of
the straight line at small g-values. This linear plot can also be used to
determine the extrapolated scattering intensity I(0). Assuming
spherical particles, the mean radius of the particles is related to their
1/2
average radius of gyration by R = (%) ! R,. Assuming furthermore
that the average electron densities of the particles and the matrix (p,
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Figure 1. TEM images and particle size distributions for silver/epoxy nanocomposites obtained after 60 min of irradiation with visible light (410—
530 nm, 427.5 mW/cm?). Top: TEM images of nanocomposites obtained in the presence of different contents of silver salt: (a) 0.5, (b) 1, and (c)
1.5 wt % AgSbF. The black bars represent 20 nm. Bottom: particle size distributions extracted from the TEM images for nanocomposites obtained
in the presence of (d) 0.5, (e) 1, and (f) 1.5 wt % AgSbF. The black lines represent the fitting curves with log—normal distributions.

and p,,) remain constant during reaction, the quotient I(0)/V? is an
appropriate quantity to monitor the evolution of the particle number
as a function of irradiation time (see eq 2).

To determine the particle size distribution, a polydispersed system
of spherical particles was assumed. The total scattering intensity
related to this system is given by’

10 = - (%)
3[sin(qR) — (qR) cos(qR)]

/ D(R)R [ o ] dR o

where D(R) is the particle radius distribution function. In this work,
the SASfit software package was used to calculate the particle radius
distribution by solving eq 3 with the experimental scattering curves.

3. RESULTS AND DISCUSSION

3.1. Preparation of Silver/Epoxy Nanocomposites.
Nanocomposite materials containing silver NPs dispersed into
an epoxy matrix were prepared by visible-light-induced
electron-transfer and cationic polymerization processes. De-
picted in Scheme 1 is the proposed mechanism for the
synthesis, where four discrete steps can be discerned.”” In the
first step, visible-light irradiation produces the excitation of CQ_
to its singlet, which is rapidly converted to its triplet state by
intersystem crossing. The excited CQ_ molecule is initially
reduced by a hydrogen donor (e.g, monomer or other
protogenic component) to give place to the ketyl free radical
which in turn reduces the silver salt to form silver NPs . The
strong Bronsted acid derived from this process initiates the
cationic ring-opening polymerization of epoxy monomers.

For the present study, we have selected an epoxy monomer
based on DGEBA, which undergoes relatively slow cationic
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ring-opening polymerization.”” This feature allowed us to
access a full description of the formation process of silver NPs
before this was arrested by the curing of the epoxy matrix.

The photoactivated mixtures that comprised DGEBA,
AgSbF,, and CQ were cast and irradiated with visible light
(at 427.5 mW/cm? in the 410—530 nm range) at room
temperature. Under these conditions, several minutes of
irradiation were required to reach a high enough epoxy
conversion level, as discussed in the following section. Figure 1
shows the transmission electron microscopy (TEM) images of
ultrathin cuts for the epoxy thermosets cured in the presence of
0.5, 1, and 1.5 wt % of silver salt. As can be seen, the final
materials showed spherical silver NPs dispersed in the epoxy
matrix without any evidence of agglomeration. The XRD
patterns show the characteristic peak corresponding to Ag(111)
at 38°, superimposed to an amorphous halo due to the epoxy
matrix (Figure S1 in the Supporting Information). The mean
particle diameters obtained by TEM image analysis (using the
Image-Pro Plus software) were 3.8, 4.8, and 6.3 nm for
nanocomposites prepared with 0.5, 1, and 1.5 wt % of silver salt,
respectively. These results show that the final size of the silver
NPs is tightly related to the initial Ag" concentration in the
reaction medium. The higher the initial Ag* concentration, the
larger the final particle size, for the studied concentration range.
The particle size distributions were properly described for log—
normal distributions as represented by the black lines in Figure
1d—f. All cured samples were visually transparent (see Figure
S2 in the Supporting Information). This is additional evidence
that the metallic NPs are well-dispersed throughout the
material without macroscopic agglomerations.

Figure 2 shows the normalized UV—vis absorption spectra of
the cured samples with different silver salt contents. The
spectra displayed an absorption peak centered at around 410
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Figure 2. Normalized UV—vis absorption spectra of the epoxy
nanocomposites cured in the presence of 0.5, 1, and 1.5 wt % of silver
salt. The samples were irradiated for 60 min with visible light (410—
530 nm and 427.5 mW/cm?).

nm, which agrees with the characteristic surface plasmon
resonance of silver NPs, commonly found between 400 and
435 nm, depending on the size, shape, and surrounding
medium.”**> As can be noted, the plasmon peak shifted from
407 nm (for 0.5 wt % AgSbF) to 412 and 417 nm for 1 and 1.5
wt % AgSbF, respectively. This red shift is ascribed to an
increase in the mean particle size with the content of silver salt,
as evidenced by TEM.* Information about how the silver NPs
are formed during visible-light irradiation is presented in a
following section.

3.2. Conversion of Epoxy Groups. The progress of the
polymerization was monitored by following the decrease in
absorbance of the characteristic IR band of the epoxy groups
centered at 4530 cm™". Figure 3 shows the conversion curves of

0.8
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0.74 1 wit%

0.6+
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0.5
0.4+

0.34

Conversion
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0.14
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Figure 3. Conversion of epoxy groups as a function of irradiation time
for the samples containing 2 wt % CQ_and different concentrations of
AgSbF: 0.5 wt % (blue points), 1 wt % (red points), and 1.5 wt %
(green points). Irradiations were conducted with an LED unit
operated in the visible region of the spectrum (410—530 nm and
427.5 mW/ cmz). Lines are drawn to guide the eye.

epoxy groups as a function of irradiation time for the samples
containing 0.5, 1, and 1.5 wt % of silver salt. As can be noted,
the polymerization of DGEBA was accelerated as the amount of
silver salt in the reaction mixture was increased. For example,
for 500 s of irradiation, the conversion of epoxy groups
increased from 0.21 (for 0.5 wt % AgSbFs) to 0.35 and 0.48 for
1 and 1.5 wt % AgSbFq, respectively. From the kinetic studies of
the cationic polymerization of epoxides,”® it is known that the

strong Brensted acid generated rapidly protonates the epoxy
groups to form oxonium ion intermediates that propagate the
polymerization reaction, as shown in Scheme 1. The chain
propagation steps are slow compared to the initiation reactions.
On the basis of this argument, we interpret that the
polymerization rate of DGEBA increases with the silver salt
content as the concentration of strong Brensted acid, and
consequently that of oxonium ion intermediates, increases.

In cross-linking reactions (such as polymerization of
DGEBA), the gel point is a critical transition characterized by
the change of the reaction medium from a liquid state to a solid
one (the viscosity tends to infinite). In the case of epoxy
reactions, the characteristic time scale related to the local
mobility of functional groups after gelation continues to be
much shorter than the characteristic time scale to produce the
chemical reaction.”” This means that gelation does not
significantly influence the kinetics of the cross-linking reaction;
however, it can have a dramatic effect on the formation
mechanism of silver NPs, as discussed in the next section.

To determine the gel point conversion, we analyzed a neat
DGEBA sample cured by thermal cationic polymerization (at
140 °C) with BF;-MEA as the initiator. Figure 4a shows the
evolution of the dynamic storage modulus (G’) and loss
modulus (G”) during the first 700 s of reaction. As can be seen,
the gel point took place at 330 s of reaction, as determined by
the crossover of G’ and G” (a precise determination of the gel
point would require to obtain the condition where tan 6 = G"/
G’ becomes independent of frequency; however, it is accepted
that the crossover of G’ and G” provides a proper estimation of
the gel point.)”® In addition, real-time Fourier transform
infrared measurements under the same reaction conditions
were carried out to transform the time data of the rheological
experiment into conversion data. As shown in Figure 4b, the gel
point conversion was approximately 0.03. Therefore, from
Figure 3, we can determine that during the preparation of
nanocomposites containing 0.5, 1, and 1.5 wt % of silver salt,
the gel point occurs around 60 s of irradiation.

3.3. Formation of Silver NPs during Photoirradiation.
At the selected irradiation conditions, silver particle formation
proceeds in a time scale that enables the monitoring by SAXS at
a synchrotron radiation facility with a suitable time resolution
for all studied formulations. Figure S5 shows the temporal
evolution of the SAXS profiles obtained during the first 420 s of
irradiation for the samples containing 0.5, 1, and 1.5 wt % of
silver salt. A strong increase of scattering intensity and a major
change of shape of the scattering curves within the first 60 s of
irradiation can be observed for the three formulations analyzed.
As can be seen, the scattering profiles displayed a smooth slope
in the central part of the curve, followed by a Gaussian decay at
higher g-values. This shape of the SAXS profiles is characteristic
of a dilute set of noninteracting particles.”> From 60 to 420 s of
irradiation, no significant changes in the scattering curves were
observed except for a small increase in the intensity, whereas
for irradiation times longer than 420 s, the profiles were almost
identical, indicating that all available Ag" precursors were
consumed for particle formation and that coalescence between
the already formed NPs could proceed only to a minor degree.

Information about the evolution of the mean radius and the
number of particles as a function of irradiation time was
obtained from the SAXS curves in the Guinier region, as
described in the section 2.4. Guinier plots (In I vs g*) indicating
the linear region used to determine R, and I(0) are depicted in
the Supporting Information (Figure S3). The changes of mean
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particle radius (R), derived from R, assuming spherical
particles [R = (5/3)V ZRg], together with the evolution of
particle number [I(0)/V?] are shown in Figure 6. Two different
regimes of particle formation can be distinguished in the three
formulations studied. The first one took place during the first
60 s of irradiation for all samples, where the mean radius rapidly
increased with time, whereas the number of particles
simultaneously decreased. Note that this period corresponds
to the pregel stage of the polymerization reaction. After 60 s of
irradiation (postgel stage), a second regime of the particle
formation was observed, where the mean radius reached a
maximum value and then slightly decreased, whereas the
number of particles continuously increased.
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Further information of the particle formation process was
obtained by UV-vis spectroscopy. Figure 7a shows the
evolution of the UV—vis absorption spectra during the
irradiation time for a sample containing 1 wt % of silver salt.
A rapid increase of the plasmon absorption peak was observed
as a result of the Ag NP formation. To aid in the interpretation
of these results, we plotted the maximum absorbance of the
plasmon peak as a function of irradiation time (Figure 7b). An
incubation period, where the absorbance almost did not change
with time, was observed in the initial stage of irradiation (0—5
s). From S to 60 s of irradiation, the absorbance rapidly
increased with a constant growth rate, as indicated by the red
line in Figure 7b. This period coincides with the first regime of
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Figure 7. (a) Temporal evolution of the UV—vis absorption spectra during irradiation for a sample containing 1 wt % AgSbFq. (b) Maximum
absorbance of the plasmon peak as a function of irradiation time as extracted from the UV—vis absorption spectra shown in (a). Irradiations were
conducted with an LED unit operated in the visible region of the spectrum (410—530 nm and 427.5 mW/cm?).
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Figure 8. Analysis of the SAXS data, assuming a model of polydisperse spherical nanoobjects, for the sample with 1 wt % AgSbFq. (a) Fitting of the
SAXS diagrams for different irradiation times. The red solid lines are the fitting curves, and the symbols represent the experimental values. For visual
clarity, the SAXS curves were shifted along the vertical axis. (b) Predicted distributions of particle sizes during the first regime of growth (up to 60 s
of irradiation). (c) Predicted distributions of particle sizes during the second regime of growth (from 60 to 420 s of irradiation).

the particle formation detected by SAXS. After 60 s of
irradiation (the second regime), the growth rate of the plasmon
peak continuously decreased with time until finally tended to
zero between 300 and 400 s of irradiation. Similar features were
observed for the samples containing 0.5 and 1.5 wt % of silver
salt, as shown in the Supporting Information (Figure S4).
Evidently, a change in the mechanism of particle formation
occurred around 60 s of irradiation, concurrently with the
gelation of the epoxy matrix.

Usually, the noble metal NP formation process is described
in terms of the theory of nucleation and growth.” For the
nucleation process, it can be assumed that Ag* ions are first
reduced to isolated Ag® atoms, as depicted in Scheme 1. When
a critical concentration of Ag’ atoms is achieved, formation of
Ag nuclei occurs by the aggregation of these atoms. The
nucleation begins at the very early stages, and it continues
during the whole formation process. According to the classical
nucleation theory,” the Ag nuclei can grow up only when the
nuclei size is larger than some critical size. When this occurs, Ag
nuclei growth was controlled by two mechanisms: (1) diffusion-
limited coarsening,41_43 which involves the collective motion of
particles or nuclei that grow upon collision (dynamic
coalescence) or through the transfer of atoms from smaller
particles to larger particles (Ostwald ripening), and (2) reaction-
limited growth,””** where the growth occurs by the reduction of
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Ag" ions onto the surface of nuclei or particles present in the
medium. A detailed understanding of the nucleation and
growth processes is crucial to control the particle formation in
the nanocomposite.

The results shown in Figures 6 and 7 provide valuable
insights into the mechanism of particle formation. First, we can
infer that the nucleation process began rapidly, over the first 5 s
of irradiation, and it continued during the whole particle
formation process. After S s of irradiation, the first regime of
particle growth took place, where the mean radius rapidly
increased with time, whereas the number of particles
simultaneously decreased. A decrease in the number of particles
suggests that larger particles were formed by the diffusion and
coalescence of smaller particles. Therefore, Ostwald ripening
and dynamic coalescence can be considered as the dominant
mechanisms of particle growth during this regime. Around 60 s
of irradiation, a change in the main mechanism of growth took
place as a consequence of diffusion constraints for the motion
of particles imposed by the gelation of the epoxy matrix, as
demonstrated in the previous section. Consequently, after 60 s
of irradiation (the second regime), the growth proceeded
mainly by the reduction of Ag" ions onto the surface of nuclei
and particles more than by the coalescence of the formed
particles. Note that during the second regime, the number of
particles continuously increased with time, which demonstrates
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that nucleation continued until the end of the particle
formation process.

To determine how the size distribution of silver NPs evolved
with irradiation time, the SAXS curves were analyzed using the
SASfit software package, assuming a model of polydisperse
spherical nanoobjects. In every case, the scattering curve of the
matrix (initial solution without particles) was subtracted and
polydispersity was accounted using a log—normal distribution,
as confirmed by TEM image analysis (see Figure 1d—f). Figure
8a shows the fitting to the experimental SAXS curves recorded
at different irradiation times for the sample with 1 wt % of silver
salt. As can be seen, a very good fitting of the SAXS data was
achieved. The predicted evolution in particle size distribution
during the first regime of growth (up to 60 s of irradiation) is
shown in Figure 8b. As the irradiation time was increased, the
distribution broadened and extended to a larger radius, which
implies that, during this regime, particle growth occurred
mainly by coalescence among particles with different sizes. This
result is in excellent harmony with our previous conclusions.
Figure 8c shows the predicted distributions of particle sizes
during the second regime of growth (from 60 to 420 s of
irradiation). Here, no significant changes in the particle size
distribution were observed except for a subtle shift of the curve
toward smaller particle sizes after 180 s of irradiation due to the
contribution of Ag nuclei and small particles that were
continuously generated. This result is in agreement with the
slight decrease of mean particle radius obtained from the
Guinier plots (Figure 6b). Similar features in the temporal
change of particle size distribution were predicted for the
samples with 0.5 and 1.5 wt % of silver salt (see Figures SS and
S6 in the Supporting Information).

In Figure 9, we compare the predicted particle size
distributions at 420 s of irradiation for the three studied

0.6 —— 0.5Wt% AgSbFg
—— 1 wt% AgSbFg
—— 1.5Wt% AgSbFg

o 2 4 & 8 10
r (nm)

Figure 9. Predicted particle size distributions for the three studied
formulations at 420 s of irradiation.

formulations. One can note that the calculated distributions
were similar to those obtained from TEM image analysis, as
shown in Figure 1d—f. These results validate our initial premise
that the obtained size of Ag NPs is closely related to the initial
Ag" concentration in the reaction medium. By increasing the
initial Ag" concentration, larger particles are formed accom-
panied by a broader particle size distribution. Therefore, the
silver salt concentration can be used as a versatile way to
control the particle size in the nanocomposite.

On the other hand, if a fraction of DGEBA is replaced by the
respective monoepoxy monomer (i.e., phenylglycidylether), the

network gelation could be delayed to a higher degree of
conversion, providing more time for significant evolution of the
particle size. We hypothesize that this approach could also be
used as a way to control the growth processes and fine-tuning
of the size of silver NPs. Work is in progress in this direction.

3.4. Thermal Postcuring of Nanocomposites. As
depicted in Figure 3, the maximum conversion of epoxy groups
achieved during photoirradiation at room temperature was not
complete as the vitrification of DGEBA took place at a
conversion value between 0.6 and 0.7. Therefore, a thermal
postcuring treatment will be required to reach full conversion.
The postcuring effect is assumed to be due to the activation of
the still-alive reactive species when the sample is devitrified. In
this section, we investigate whether the thermal treatment has
any effect on the particle size in the nanocomposite.

In the first place, samples obtained by visible-light irradiation
at room temperature were analyzed by differential scanning
calorimetry to determine the postcuring temperature. Figure
10a shows the first DSC heating scan of the nanocomposite
obtained after 60 min of irradiation, for the formulation with 1
wt % AgSbF. The sample displayed a glass transition at 51 °C,
followed immediately by a broad exothermic peak due to the
residual polymerization heat of DGEBA. The smaller
exothermic peak that took place at a higher temperature (154
°C) can be ascribed to intra- and intermolecular transfer
reactions between ether and remaining oxonium groups, which
have a higher activation energy than the propagation reactions,
as demonstrated by Pascault and co-workers.**® Following the
first DSC heating scan, the sample was cooled to room
temperature, and then a second DSC heating scan was recorded
(Figure 10b). In this case, there was not any residual reaction
peak and T, shifted to a higher temperature as a consequence
of postcuring produced by the first heating scan.

On the basis of these results, the visible-light-cured samples
were postcured at 150 °C for 1 h. Figure 11 shows the SAXS
profiles obtained for the same sample (with 1 wt % of silver
salt) before and after the postcuring treatment. The SAXS
diagrams were analyzed using the Guinier—Porod model®’
implemented in the software package SasView 3.1.2."°% As
shown in Figure 11, a very good fitting of the SAXS data was
achieved. From the fitting procedure, the average radius of
gyration of the particles (Rg) and the Porod exponent (m) were
extracted and are listed in Table 1.

In the framework of the Porod law (I(g) q_'"),49 for a set
of particles embedded in a homogeneous matrix, the Porod
exponent m is 4 for spherical particles with a smooth surface, m
is between 2 and 4 for clustered particles with a rough surface,
and m is 1 for rodlike particles. As seen in Table 1, for all
analyzed samples, before and after the thermal postcuring
treatment, the experimental value of the Porod exponent was
around 4, indicating the presence of essentially spherical
particles, as seen in the TEM images (Figure 1). It can also be
noted that the thermal treatment produced a slight decrease in
the average radius of gyration of the particles. This was an
expected effect because heating promotes the diffusion of the
surface atoms in partially coalesced particles, resulting in a more
rounded shape, free from defects, with a lower surface energy.*'
This idea is in accord with the fact that after the thermal
treatment, the Porod exponent became equal to 4.0, which
corresponds to virtually perfect spherical particles. We conclude
that the obtained nanocomposites can be postcured at 150 °C
(epoxy matrix in the rubbery state) for 1 h without undergoing
uncontrolled phenomena of particle aggregation that would

DOI: 10.1021/acs.langmuir.7b01936
Langmuir 2017, 33, 10248—-10258


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b01936/suppl_file/la7b01936_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b01936

Langmuir
a)
g 2
E
j
E
o
o g
=]
=
j
[AE]
g
T -2
T
qr
T
-4

100 150 200

Temperature (*C)

50

g

250

Heat Flow Endo Down {mw)

100 150

Temperature (°C}

50 200

Figure 10. DSC thermograms (at 10 °C/min) for the nanocomposite formulated with 1 wt % AgSbF, obtained after 60 min irradiation with visible
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Figure 11. SAXS profiles obtained for the same sample (with 1 wt %
of silver salt) before and after the postcuring treatment. The red solid
lines are the fitting curves, and the blue symbols represent the
experimental values. To avoid overlap, the SAXS diagrams were shifted
along the vertical axis.

Table 1. Average Radius of Gyration (R,) and Porod
Exponent (m) Obtained from the Fitting of the SAXS Data
Recorded before and after the Thermal Postcuring
Treatment

R, (nm) Porod exponent, m
sample cured postcured cured postcured

0.5 wt % 3.048 2.817 4.29 4.04

AgSbF, (+0.006) (+0.006) (+0.05) (+0.04)
1.0 wt % 3.088 2.853 4.18 4.04

AgSbF (£0.007) (£0.007) (£0.05) (+£0.04)
1.5 wt % 3.405 3.147 4.11 4.05

AgSbF (£0.008) (£0.007) (+£0.04) (£0.03)

rule out any advantages associated with the use of particles of
nanoscopic dimensions. Moreover, thermal postcuring could be
used as a useful tool to improve the surface quality of the NPs.

4. CONCLUSIONS

The mechanism of particle formation in silver/epoxy nano-
composites obtained by visible-light-assisted one-pot synthesis
has been unraveled by a combination of in situ time-resolved
SAXS measurements, rheological experiments, and NIR and
UV—vis spectroscopies. It has been demonstrated that
nucleation begins at very early irradiation times (<5 s) and it
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continues during the whole particle formation process.
Immediately after nucleation starts, a first regime of particle
growth takes place, where the mean radius rapidly increases
with time, whereas the number of particles simultaneously
decreases. Ostwald ripening and dynamic coalescence can be
considered as the dominant mechanisms of particle growth
during this regime. When the polymerization reaction reaches
the gel conversion, a change in the main mechanism of growth
takes place as a consequence of diffusion constraints for the
motion of particles imposed by the gelation of the epoxy
matrix. At the postgel stage, the growth proceeded mainly by
the reduction of Ag" ions onto the surface of nuclei and
particles more than by the coalescence of the formed particles.

It was also demonstrated that, for the selected irradiation
conditions, the obtained size of silver NPs is closely related to
the initial Ag* concentration in the reaction medium. By
increasing the initial Ag" concentration, larger spherical
particles are formed accompanied by a broader particle size
distribution. Therefore, the silver salt concentration can be used
as a versatile way to control the particle size in the
nanocomposite. In fact, the obtained materials can be thermally
postcured without undergoing uncontrolled phenomena of
particle aggregation that would rule out any advantages
associated with the use of particles of nanoscopic dimensions.
Moreover, thermal postcuring could be used as a useful tool to
improve the surface quality of the NPs.
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