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ABSTRACT: Atomic force microscopy was used in the tapping mode for studying the heterogeneities in
radiation-cured acrylate networks via phase imaging of local viscoelasticity. Film samples were prepared
by UV- or electron beam-initiated polymerization of a bisphenol-A-derived ethoxydiacrylate or of the
epoxydiacrylate analogue under nitrogen. The top surface of the samples, nearly flat at the atomic level, was
probed under moderate to hard tapping conditions. The phase images revealed the heterogeneous character
of the network that can be interpreted in terms of local variations of cross-link densities. Appropriate image
treatment was applied to determine a set of geometric descriptors for samples exhibiting monomer conversion
levels ranging from 0.3 to 0.8. Rigid nodules exhibiting a mean characteristic dimension of ~15 nm were
observed very early in the cross-linking polymerization process. Those clusters initially embedded in a soft gel
undergo limited evolution by growth and by aggregation up to a limiting size at higher conversion levels.
Nucleation within the monomer-rich domains further continues up to ca. 50% conversion, together with
limited growth by aggregation of adjacent particles. Polymerization then continues in interstitial domains,
generating a stringy network with some isolated low conversion domains. These different features were
observed for both aromatic diacrylate monomers and were qualitatively similar in EB- and UV-cured
samples, without significant influence of the initiation mechanism and initiation rate on the nanostructure of

the studied networks.

Introduction

Radiation-induced cross-linking polymerization produces highly
cross-linked, heterogeneous networks' as a result of a complex
chain-growth mechanism and chain kinetics>® that have been
studied for several decades.* During the last years, the develop-
ment of finer experimental methods has made it possible to study
more deeply the structural features of networks obtained by
radiation-induced free radical processes. A general agreement for
the description of the resulting material consists of a juxtaposi-
tion of highly cross-linked particles interconnected by continuous
domains made of a weakly cross-linked polymer phase gradually
driven to the glassy state.™®

During the last 20 years, following the original discussion on
microheterogeneity in multiacrylate systems by Kloosterboer,’”
several authors have investigated heterogeneity issues by various
experimental techniques®® and by simulation of network build-
up.'“!" However, a relevant qualitative description of the overall
hardening process including the localized formation of domains
with constrasting higher cross-link density, often referred to as
microgels in the literature, and the evolution of the initially
isolated particles into a continuous glassy material is lacking.
Furthermore, the typical dimensions and physical features of the
domains concerned in the different stages of network build-up are
subject to speculation.

In a previous work,'? we used temperature-modulated differ-
ential scanning calorimetry (TMDSC) to study aromatic diacrylate
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networks that exhibit two main overlapping second-order
thermodynamic events assigned to the glass transition, clearly
evidenced in the differentiated form of the reversing heat capacity
signal, dC,.,/dT. The experimental data were quantitatively
exploited by means of a two-component model for describing the
network by a biphasic-like polymer blend with constituting
domains exhibiting physical features varying continuously as
the average level of conversion increases. We have proposed a
consistent scenario based on the spread in time nucleation and
growth of microgels starting at very low monomer conversion
that produces a distribution of relaxation temperatures of in-
creasing heterogeneity that corresponds to the various physical
states of the microgels. Because of progressive vitrification, all
microgels eventually reach a final state with similar cross-link
density, inducing some homogeneization of the distribution for
conversion levels higher than 0.6. The population of clusters was
also found to influence strongly the conditions of the polymer-
ization that proceed in the interstitial domains where a larger
number of defects seem to be created as the global conversion
increases.

Some questions were nevertheless raised and not addressed. In
particular, whereas the partial overlapping of the two main
transitions revealed in TMDSC suggests the existence of more-
or-less diffuse interphase linking microgels and loosely cross-
linked areas; it was not possible to obtain detailed information
about its development or to clarify its influence on network build-
up. Interesting complements can be brought up by imaging techni-
ques such as electronic microscopies'> or atomic force microscopy
(AFM) that can provide direct visualization of the different
structures forming the polymeric networks. In particular,
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Scheme 1. Structure of the Studied Diacrylate Monomers
o) o CH, 7\ _/—O >_//
ETAC //_g e \_/OO ° d
(0] o 0. o
EPAC /T Ly, \g/\

AFM potentially offers nanometric resolution, whereas it is not
sensitive to charge effects and is unaffected by weak contrast of
stopping power for electrons, which often limits the relevance of
scanning electronic microscopy applied to polymer materials.'*!>

For these reasons and also because of the simplicity of the
sample preparation, several authors have selected and implemen-
ted AFM for measuring the height profile of various types of ion-
etched networks based on vinyl ester resins,'® unsaturated poly-
esters,'” or vinylester/epoxy blends.'® The obtained pictures re-
vealed the presence of some nodular or worm-like features
depending on the system.

In the present investigation, AFM was used in the tapping
mode for imaging the film surface by the phase contrast mapping.
Whereas the height image corresponds to the vertical displace-
ment necessary to keep constant the oscillating amplitude of the
probing tip, the phase image records the phase lag of the oscillator
relative to the cantilever response. Phase imaging maps the
viscoelastic,'” adhesion,?® and stiffness’! variations in the studied
samples in direct relation with the local Young’s modulus.** This
technique has already been used to characterize soft and rigid
segments of block copolymers> as well as blends of poly(methyl
methacrylate) and polybutadiene.”*

Consequently, we were expecting to visualize the heterogene-
ities of cross-link density in networks obtained by the radiation—
initiated polymerization of two aromatic diacrylates derived from
bisphenol A (BPA), an ethoxylated BPA diacrylate named ETAC,
and a BPA epoxy diacrylate named EPAC (Scheme 1). The latter
exhibits distinct structure and hence distinct physical properties in
the liquid monomer state as well as in the cured state, essentially
because of the possibility of intermolecular H-bonding in EPAC.
The monomers are liquids a room temperature (RT), and they
both include a rigid core, ensuring the formation of a network with
T, above RT at low conversion. That feature is particularly
convenient for revealing heterogeneities of cross-link density by
AFM measurements performed at RT. Also, it is representative of
several aromatic acrylate monomers used frequently for high-
performance composite materials.

Experimental Section

Material and Polymerization Procedure. Ethoxylated bisphe-
nol A diacrylate (ETAC) from Sartomer (reference SR601E)
and bisphenol A epoxy diacrylate (EPAC) from Cytec (reference
Ebecryl 600) were used as received, without diluents.

The liquid monomers were cast on NaCl plates using a bar
coater for obtaining 20 um thick films. Photopolymerization
was achieved under 365 nm UV irradiation (Philips TLOS,
7 mW-cm %) by exposing the liquid monomer mixed with a
limited amount (0.1, 0.5, or 2 wt %) of 2-hydroxy-2-methylpro-
piophenone (Additol HDMAP, Cytec) so as to avoid any
significant light screening effect by the photoinitiator at the
working wavelength. Temperature control as well as inerting
were achieved using a Linkam hot stage under continuous
nitrogen flow. Irradiation time ranged from 30 s to 20 min,
whereas the temperature was varied between 25 and 125 °C to
obtain acrylate conversion levels ranging from approximately
0.2t00.7

Electron beam curing was achieved without any photoiniti-
ator. The 150 keV application development unit from Advanced
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Electron Beams was used. Nitrogen inerting of the irradiation
chamber was achieved for avoiding surface inhibition of free
radical polymerization by atmospheric oxygen. The applied
dosed was varied from 5 to 400 kGy by increment never
exceeding 35 kGy so as to limit excessive temperature rise within
the samples. Beam current was typically set to 10 mA, with
conveyor speed between 15 and 45 m-min~'. The exposure was
repeated to reach the desired dose. A few samples were pur-
posely prepared with a low level of conversion, the beam current
being set to 2.5 mA.

Conversion Monitoring. Infrared spectra were directly re-
corded from the samples cured on the NaCl substrate using a
Fourier transform infrared Bruker alpha-T spectrophotomer.
The decrease in absorbanceat810cm™ ' (—CH=CH, out of plan
deformation) was measured taking into account that the invari-
ant band centered at the reference wavenumber 830 cm ™'
Agso (aromatic —CH = deformation) has a contribution to the
absorbance A%, measured at 810 cm™ ! amounting to 16% of
Ag3o. The conversion was thus calculated using the following
equation

T =1- Agyo = 016455, (1)
Aglo - 0~16Ag30

AFM Observation. AFM analyses of the top surface of the
diacrylate films were performed under ambient conditions using
a Dimension setup equipped with a Nanoscope V controller
from Veeco. A silicon tip with a nominal resonance frequenc
around 320 kHz, a nominal spring constant around 40 N-m ™,
and a nominal tip radius of 5 to 10 nm was used to record height
and phase images simultaneously. To obtain information about
the stiffness of the surfaces, experiments were performed using
hard tapping conditions. In this mode, the ratio of the set-point
amplitude to the free-oscillation amplitude is taken between
0.3 and 0.5 to increase the interactions between the tip and the
sample. Large oscillation amplitudes were used to avoid a
possible effect of the adsorbed water at the sample surface.
For such imaging conditions, the interaction between the tip and
the sample becomes repulsive, and the contrast in the phase
image is related to the variation of the local surface stiffness. For
all images, the phase scale was shifted so that the zero-phase
signal in black corresponds to soft domains and the positive
phase values in white correspond to the stiffest domains. Be-
cause the variations of the average sample stiffness were increas-
ing with monomer conversion, the tip oscillation and acquisition
parameters were adjusted for optimizing the phase contrast
image obtained for each sample in a series. Therefore, the
comparison of absolute phase values between the pictures is
not relevant. For both reasons, the initial setting for the phase
scale was kept unchanged for all reported experiments: close to
0° phase for the relative softest domains appearing in black in
the images and maximum positive phase values for the relative
stiffest domains appearing in white in the images. Images were
recorded at scan rates of 0.5 Hz. All images were processed and
treated using WSxM?® and Image] 1.40 g software. If not
specified, all images have been denoised using a wavelet filter.?

Results and Discussion

AFM Phase Signal and Heterogeneities of Cross-Link
Density. Figure 1 represents the height and the phase images
recorded from the same area of an EPAC network poly-
merized under UV radiation to a conversion level of & = 0.40.
The topographical image shows a very flat sample with a
root-mean-square (rms) roughness of 0.25 nm, whereas the
phase contrast image highlights a more complex and hetero-
geneous structure. With the experiment conditions used for
the present work, tip interactions with stiffer areas induce a
positive phase shift, whereas the phase of very compliant
domains is close to 0°. The apparent morphology therefore
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reveals the presence of stiff domains (whiter zones) corre-
sponding to the higher phase values, whereas the darker
zones correspond to much softer materials. The network
thus appear as interconnected rigid clusters of characteristic
dimension of some tens of nanometers, which form a con-
tinuous domain including islands of very soft material.

The stiff domains can be reasonably interpreted with the
presence of clusters, originating from the initial microgels,
that are readily converted to a densely cross-linked structure
contrasting with the softer interstitial zones that likely
correspond to the loosely cross-linked and swollen matrix.

Owing to the absence of significant surface roughness in
the samples studied in this work, we can conclude that the
strong variations of phase correspond to true heterogeneities
and that they are not artifacts due to tip scratching on hills or
to some decrease in resolution due to deep holes.”” The
forthcoming pictures in this Article will show only phase
images. Owing to the adjustments described in the Experi-
mental Section, absolute phase values cannot be quantita-
tively compared with one sample to another. For the sake of
simplicity, the phase scales were therefore omitted.

Microgel Nucleation and Evolution. The set of five images
shown in Figure 2 was recorded from EB-cured ETAC
networks. Monomer conversion varies from 7 = 0.31 to
0.81 for irradiation doses ranging from 5 to 400 kGy,
respectively. For the sample with the lowest conversion,
the phase image is already heterogeneous with the presence
of some small clusters and a few aggregates with slightly

40nm
mmas

-0.00 Deg

Figure 1. Raw height (left) and phase (right) images (200 x 200 nm?
area) of UV-cured EPAC network with a conversion level 7 = 0.40
(7mW-cm ™2, 10 min at 50 °C, photoinitiator content: 0.1 wt %).

d)ym=0.67
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higher phase. Nevertheless, the contrast is weaker than that
for more converted films. Indeed, in the second sample (7 =
0.46), the phase image has undergone significant changes in
terms of contrast. One can observe two distinct types of
domains, with interconnected clusters and isolated low phase
islands corresponding to smoother domains. For conver-
sions of w = 0.60 and 0.67, the characteristic dimension of
the clusters is larger, and the overall image becomes brighter
as the overall conversion increases. Concerning the darker
soft domains, it seems that they initially increase in number
when conversion is increased from 7z = 0.31 to 0.46. Then,
they tend to increase both in average size and in number
for higher conversion values. The contrast enhancement
observed when conversion increases from s = 0.31 to 0.46
can be interpreted by some phase separation phenomenon.
In low conversion systems, the incipient network is swollen
by the unreacted monomer, modifying the viscoelastic behav-
ior at the probing frequency. We have conducted swelling
experiments with samples made of the aromatic diacrylate
ETAC that were converted to macroscopic gels of average
conversion 7 ~ 0.15. By soaking the samples in the starting
monomer, we have measured a 6% weight gain due to
monomer swelling into the gel. This observation clearly
supports the possibility of monomer transport toward the
polymer network domains at low conversion.

For higher conversion levels, the miscibility of the mono-
mer in the polymerized network decreases as a consequence
of higher cross-link densities, generating monomer-rich
areas by phase separation of the unreacted liquid from the
swollen scaffold that is submitted to contraction and that
finally collapses.”® Continuation of initiation in the monomer-
rich domains thus generates new microgels, soon converted
to clusters, with induction of phase separation on a smaller
dimension scale. This phenomenon can also explain why
darker domains first tend to increase in number before
decreasing, whereas their mean size continues to rise.

We have further analyzed the presented images for follow-
ing the evolution of quantitative geometric descriptors asso-
ciated with the rigid domains over the investigated con-
version range. This was achieved by appropriate binarization
and threshold operations of the relative higher phase
zones on the denoised images related to a known monomer

Figure 2. Phase images of EB-cured ETAC networks (300 x 300 nm?> area) with conversion ranging from 7 = 0.31 to 0.81 for corresponding
irradiation doses ranging from 5 to 400 kGy. Image (f') corresponds to image (e) with delimitation of higher phase domains.
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Figure 3. Evolution of the cluster mean Feret’s diameter as a function
of radiation dose for EB-cured ETAC networks (150 keV electron
beam, the radiation dose being varied from 5 to 400 kGy).

conversion. This is illustrated in Figure 2 for the sample
converted to a monomer conversion of 7 = 0.81, where we
have circled the analyzed entities. The two prime descriptors
we have considered are Feret’s diameter and the area of the
rigid clusters. The histogram tool for thresholding the images
was used. Indeed, the gray scale histograms reveal that the
transition between the rigid zone and the softer surrounding
medium is covered only by a small number of steps, suggest-
ing a sharp profile of phase shift between the different
domains. This particular feature of the contrast allowed us
to achieve image analysis with better reproducibility. The
standard error on the mean Ferret’s diameter was evaluated
to be ~2.5 nm.

The average Feret’s diameter measured for the clusters
observed in representative 300 x 300 nm? images is shown in
the plots of Figure 3. The characteristic dimension is in-
creased by a factor 1.73, from 11 to 19 nm, when monomer
conversion progresses form 7 = 0.31 to 0.81. Assuming an
isotropic growth of the domain, this expansion would corre-
spond to an increase in volume by a factor slightly higher
than 5.

The Feret’s diameter reaches very early a value of ca.
10 nm and then undergoes a moderate evolution, 20 nm
being the limiting size for this system. However, the general
trend suggests a more important increase when conversion
tends to completion. Owing to the change of circularity of the
rigid objects, we can suspect that for monomer conversion
lower than 0.60, cluster growth is due to swelling and by
polymerization occurring at the surface of the nodular
clusters involving the pendant unreacted acrylate groups
peripheral to the densely cross-linked domains. For conver-
sion levels above this value, because of the vitrification that
precludes cluster deformation and permeability, the growth
would be essentially caused by aggregation of adjacent
clusters by cross polymerization in the contact areas.

On the basis of the observation of images presented
in Figure 2 and of mean Feret’s diameter variations, one
can suppose that cluster aggregation concerns only two
or three initially isolated microgels; further aggregation
is limited either by the absence of mobility for the particle
or because of too large of a gap between neighboring
particles.

In an attempt to confirm this hypothesis, we determined
the distribution of relative area measured for rigid clusters in
the plane images. For each conversion level, the different
populations were sorted according to the individual areas
into 50 nm? broad classes. The corresponding fraction of the
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Figure 4. Distribution of the fractional area of clusters relative to the
total area of rigid domains for EB-cured ETAC networks polymerized
to different conversion levels (150 keV beam).

total area assigned to each population is presented on the
histograms of Figure 4. For conversion levels of # = 0.31
and 0.46, the population of clusters exhibiting an area (A4)
<50 nm? represents 25% of the overall area covered by the
rigid domains. For higher conversions, this value decreases
significantly. The contribution of the second class (50 < 4 <
100 nm?) increases from 35 to 45% between 7 = 0.31 and
0.46. For r = 0.60, this population begins to decrease, but it
is still central in the distribution. This decrease is even more
important at higher conversion. Finally, for the population
corresponding to the larger areas (4 > 100 nm?), we notice
a maximum area of ~250 nm? until 7 = 0.46, and then for
m = 0.60, we observe a significant increase in the areas with a
distribution centered at 250 nm? for 7 = 0.81. These obser-
vations help support a mechanism with clusters nucleating
until the conversion level of 7 = 0.46 without significant growth
in size. For conversions superior or equal to 0.6, the broadening
of the area distribution would be the result of aggregation of
closed clusters producing some densification of the network.
Because no significant increase in size is observed for conver-
sions lower than 0.5, we can exclude the growth of the clusters
for higher conversion values when the mobility of reactive
species is strongly reduced. Consequently, the domain of inter-
mediate conversion, with 77 values between 0.46 and 0.60, seems
to be a transition zone marking the end of microgel nucleation
because of a lack of free space to the benefit of an aggregation
process. Moreover, it is also interesting to notice that for 7z = 0.60,
the distribution is centered on the area value of 100 nm?,
whereas for the conversion level .t = 0.81, the center of the
distribution is ~250 nm?. This tends to support the fact that
the aggregation process mainly concerns only two or three
initially isolated particles.
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Figure 5. Mapping path and corresponding phase profiles obtained by AFM probing of an EB-cured ETAC network of conversion level 7 = 0.46
(150 keV beam, dose = 8 kGy, beam current =2.5 mA, conveyor speed = 30 m-min~!, 1 pass).

Nevertheless, it must be mentioned that even for conver-
sion as high as & = 0.81, according to the method described
above, significant areas are not counted. Indeed, by impos-
ing a threshold level to 75% of the highest phase, rigid
clusters represent 20% of the total area of the image. By
lowering the threshold level to 50% of the highest phase,
rigid domains contribute to 50% of the surface fraction.
Finally, knowing that areas having a phase value lower than
20% of the highest phase contribute to only 4% of the total
area, it is clear that significant areas have not been studied
and turn out to be constituted by an interphase domain
linking rigid clusters and soft islands.

Interphase Development. The AFM investigations pre-
sented in the previous section illustrate well the limitations
brought by a biphasic-like network structure only consider-
ing very stiff domains surrounding by soft regions. Indeed,
even for a high conversion level of 7 = 0.81, it appears that
almost 50% of the image surface fraction is neglected if we
apply a threshold level equal to 50% of the highest phase.
This suggests the existence of an interphase zone where
conversion is higher than the soft islands but lower that the
densely cross-linked clusters isolated during the counting
operation. Appearing as intermediate phase values on AFM
images, this interphase seems to play an important role.
Figure 5 illustrates the existence of these intermediate con-
version areas by plotting the phase profile according to
different directions. Profile 1 shows periodic maxima corre-
sponding to isolated clusters, with phases never reaching 0°
values with peak-to-peak amplitude <10°. According to
profile 2, the peak-to-peak amplitude is substantially higher,
about 15—20°. This means that according to profile 1, the
clusters are linked by an intermediate conversion interphase
that can be appreciated on the AFM images by a stringy
network of intermediate phases. When looking at profile 2,
rigid clusters are separated by monomer-rich islands with
high phase contrast and consequently high conversion con-
trast. From a mechanical point of view, we can advance that
network structure is given by this wide stringy network
including isolated or aggregated clusters, whereas the iso-
lated soft islands are responsible for secondary relaxation
that can be observed in dynamic mechanical analysis experi-
ments, for example. This assumption is also supported by the
fact that for conversions as low as 7 = 0.10 we noticed that
the ETAC network forms a macroscopic single object that
can be handled, suggesting the existence of a flexible scaffold
having sufficient mechanical resistance to the deformations
caused by swelling, to self-standing, and to the stress due to
handling. This monolithic feature for such low monomer
conversion cannot be explained in the case of a network
composed of some cross-linked microgels in an essentially

unpolymerized matrix. This stringy network could be the
missing piece, ensuring to the microgel the mechanical
resistance required to form a free-standing soft object.
In addition, if we take into account our anterior TMDSC
results,’ then this network would also strongly influence the
thermal properties of the whole material, even at slightly
higher conversion levels. Indeed, we have shown that for a
conversion level as high as 0.8 the high-7, component
evidenced by TMDSC contributed to 65% of the total area
under the dC), ;.,/d T signal, indicating that approximately a
similar fraction of the material is contributing to the high-T77,
component. For a sample of similar conversion, AFM ob-
servations evidenced that the cluster area would contribute to
only 20—50% of the total image areas, depending on selected
value for the thresholding level. Such a difference is explained
when assuming that the high-7, component isolated in TMDSC
not only concerns rigid clusters but also includes a significant
fraction of the network interconnecting them.

All of these observations can now be gathered to sub-
stantiate the electron-beam-induced cross-linking polymer-
ization scenario of diacrylate monomers that we tried to
illustrate in Figure 6. Starting from the uncured monomer
mixture (A), we believe that polymerization effectively pro-
ceeds by a process similar to polymerization-induced phase
separation and spinodal decomposition. After first initiation
events, cross-linking polymerization starts, but because of
better intramolecular reactivity, local cyclization and auto-
acceleration occur to form microgels. Parallel to this, the
stringy network begins to establish and because of its affinity
with the cross-linked zone will tend to link the nucleating
microgels, ensuring for conversion as low as 0.1 or 0.2 a
macroscopic monolithic aspect (B). Of course, for such low
monomer conversion, the structure is completely swollen by
the monomer. As conversion increases, monomer affinity
with the polymerized network decreases so that it phase
separates outside the microgels and either contributes to
densification of the stringy network or, to a lesser extent,
contributes to the growth of the microgels if unreacted
acrylate groups are accessible (C). For even higher conver-
sion, densely cross-linked clusters will not be able to grow
anymore because of a lack of mobility for the reactive species
and accessible unreacted functions, and the densification of
the stringy network will lead to an even constrained environ-
ment. This will lead to the aggregation of some cluster
microgels because of network rearrangement, whereas the
uncured monomer will be the only species with sufficient
mobility to gather in monomer-rich pools because of the
respective affinities (D).

Comparison with UV-Curing and with EPAC-Based Net-
works. In our previous study of the same EB- or UV-cured
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Figure 7. Phase images (300 x 300 nm?® area) of UV-cured ETAC
networks for two conversion levels (7 mW -cm ™2, photoinitiator content:
0.1 wt %).

networks using temperature-modulated differential scan-
ning calorimetry,” we have pointed out that the initiation
mechanism has no significant influence on the thermal
features of the heterogeneous materials. We have also com-
pared using AFM the network structures for the different
modes of activation. Figure 7 gives phase images of two UV-
cured ETAC networks including 0.1 wt % of photoinitiator
with respective conversion levels of 7 = 0.46 and 0.59 so that
we can compare with their EB-cured equivalents previously
presented in Figure 1. The UV-cured samples also present a
structure including clusters contrasting well with the sur-
rounding media. Their mean diameter is very close to what
we obtained on EB-cured samples. Again, we can evidence
the stringy network of intermediate conversion that forms a
net, entrapping one or a limited number of clusters; finally,
monomer-rich pools are also present, appearing as dark
islands. We can conclude that the absence of differences
between networks resulting from the two types of initiation
mode revealed by macroscopic calorimetric analyses is con-
firmed on a small dimension scale by the AFM experiments.

Networks obtained from EPAC monomer were also stud-
ied for comparison with the ETAC-based materials. Some
images obtained from UV-cured samples are given Figure 8.
Again, we observe the characteristic features of a population
of rigid clusters interconnected by a stringy network of
intermediate phases and surrounded by the soft low-phase
domains. Within the domain of monomer conversion rang-
ing from zr = 0.22 to 0.68, the clusters do not undergo a sig-
nificant increase in size, but their number increases. Parallel
to that, we can observe a strong densification of the stringy
network that also supports the interpretation previously
developed in this Article. Compared with the ETAC net-
works, the limit size of the rigid clusters seems to be here
around 15 nm. We can relate the smaller diameter to the
viscosity of the uncured monomer. Indeed, at 25 °C, ETAC
monomer possesses a viscosity of 925 mPa-s, whereas it is

n=0.68

Figure 8. Phase images (200 x 200 nm? area) of a set of UV-cured
EPAC networks polymerized to various conversion levels (7mW-cm ™2,

photoinitiator content: 0.1 wt %).

~80 000 mPas for the EPAC monomer, this difference being
mainly due to intermolecular hydrogen interactions. Conse-
quently, monomer diffusion in the starting monomer as well
as in the presence of a network is severely decreased in EPAC
upon curing. Furthermore, material vitrification occurs at a
much lower level of monomer conversion. Both effects can
limit the growth of the clusters.

To complete the study of UV-cured systems, we also
checked the influence of photoinitiator content on network
structure. Figure 9 illustrates this aspect with phase images
acquired on photopolymerized EPAC networks including
0.1, 0.5, or 2 wt % of photoinitiator. By comparing the
presented images for similar conversion levels, no significant
influence can be pointed out with regard to the photoiniti-
ator concentration. Again, the absence of dependence on
initiation conditions is consistent with our previous results.
Another comment can be made on these images when
comparing the two samples including 0.5 wt % of photo-
initiator. Indeed, a qualitative analysis of microgel mean size
would indicate that microgels are wider for the conversion
level of m = 0.43 than for w = 0.61. Actually, as already
mentioned, comparison of absolute phase between two
samples cannot be compared because the differences of
stiffness between two samples polymerized to different con-
version levels requires different tip oscillating parameters.

Nevertheless, quantitative analysis of the relatively higher
phase domains for each sample ends effectively in a larger
mean Feret’s diameter for the sample having the higher
conversion level. This difference between naked eye appre-
ciation and quantitative analysis is explained by the presence
of low and intermediate conversions of the uncured mono-
mer that swells the microgels and leads to the presence of
wide diffuse domains of relative high mean phases that are
misleading upon direct observation of the images. This is not
the case for the high monomer conversion levels where
uncured monomer is essentially gathered in monomer-rich
pools.
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Figure 9. Phase images (200 x 200 nm® area) of UV-cured EPAC
networks including different amounts of photoinitiator.

Conclusions

Phase imaging using atomic force microscopy in the tapping
mode is demonstrated as a convenient technique for mapping the
viscoelastic heterogeneities of radiation-cured aromatic diacry-
late networks. Rigid clusters having a typical dimension of 15 nm
were evidenced from the early steps of the curing process. The
evolution of the relative importance of hard and soft domains was
quantified as a function of radiation dose for samples covering a
broad range of conversion.

Whereas our previous investigation by TMDSC suggested that
a two-component model satisfactorily depicted the heterogene-
ities of radiation-cured ETAC and EPAC networks, we have
found that three basic domains with distinct elasticity are
required to describe the evolution of the materials microstructure.
Rigid nodules exhibiting a mean characteristic dimension of ~15
nm were observed very early in the cross-linking polymerization
process. Those clusters initially embedded in a soft gel undergo
limited evolution by growth and by aggregation up to a limiting
size at higher conversion levels. Nucleation within the monomer-
rich domains further continues up to ca. 50% conversion,
together with limited growth by aggregation of adjacent particles.
Polymerization then continues in interstitial domains, generating
a stringy network with some isolated low conversion domains.
ETAC and EPAC networks were found to undergo the same
network build-up process. Additionally, there was no significant
difference in morphology between samples obtained by EB- or
UV-induced polymerization or the selected aromatic diacrylates.
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