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The influence of photopolymerization rate, solvent quality, and processing parameters on the photo-
polymerization-induced phase separated morphology of mixtures of thiol-ene based optical adhesive
with mixed solvents of diglyme and water or acetone and isopropanol is described. Upon exposure to UV
radiation (w50 mW/cm2, 365 nm) for periods of 10–90 s, homogeneous solutions of 5–10 wt% NOA65
and NOA81 adhesive formed phase separated structures with characteristic sizes ranging from 400 nm to
10 mm, with increased photopolymerization rates leading to smaller feature sizes. In the systems con-
taining diglyme and water, morphologies formed by phase separation at a lower degree of photo-
polymerization were characteristic of spinodal decomposition, while morphologies formed by phase
separation at a higher degree of photopolymerization exhibited characteristics of viscoelastic phase
separation. In the systems containing acetone and isopropanol, interactions between evaporation and
photopolymerization-induced phase separation led to the development of more complicated morphol-
ogies, including three-dimensional sparse networks. These morphologies provide a combination of
connectivity and low overall volume fraction that can significantly enhance the performance of many
multi-functional structures.

Published by Elsevier Ltd.
1. Introduction

Controlled phase separation in polymer solutions has long been
used as an effective means of creating useful polymer products
based on well-defined morphological features. Examples include
scaffolds for biological tissues [1], absorbent fibers [2], liquid crystal
displays [3], foams [4], and microporous carbon [5]. Both thermally
induced phase separation [6] and reaction-induced phase separa-
tion [7,8] have been used in the applications cited above. For large-
scale production, reaction-induced phase separation based on UV
photochemistry (photopolymerization-induced phase separation,
or PIPS) is often attractive because (1) it is conveniently scaled to
large size; (2) structure formation can be accomplished in a short
time, thus it is readily incorporated into continuous production
processes; and (3) the incorporation of macro-scale patterning is
achieved with simple and reliable masking techniques.

An additional advantage of thermosetting PIPS processes is that
they readily form structures with a sub-micron feature size [9]. As
the increase in polymer molecular weight drives the system
towards increasing instability with respect to composition over
time, rapid polymerization can result in virtual immobility of the
: þ1 760 939 1617.
Guenthner).

Ltd.
polymer chains before coarsening processes have time to take
effect. Structures formed by PIPS thus can retain many of the
characteristics of patterns formed in the early stages of spinodal
decomposition, such as a uniform feature size and a high degree of
connectivity [10]. As an additional benefit, the cross-linked nature
of the polymers formed during thermosetting PIPS typically
imparts sufficient durability for the structures to survive subse-
quent handling and processing without being damaged.

In recent years, many of the effects observed in PIPS have been
systematically explained using viscoelastic phase separation
theory, which takes into account the drastic differences in the
mobility of the separating phases [11–14]. As a result, the range of
polymer morphologies that may be produced ‘‘on demand’’ (via
scientific investigation followed by selection of the appropriate
production process) has been extended to include, for example,
very small droplets and sparse networks (interconnected
morphologies formed by a component at low volume fractions). To
date, though, the exploitation of viscoelastic phase separation to
form such morphologies [15] has been limited.

If viscoelastic phase separation can be exploited to form poly-
mer structures such as micro-droplets or sparse networks via
a thermosetting PIPS processes, then the advantages for large-scale
production inherent in PIPS will become available for affordably
creating a wider range of useful morphologies. In fact, the forma-
tion of sparse network morphologies using thermosetting PIPS has
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already been noted on occasion in the context of forming polymer
dispersed liquid crystals, even though in those cases it was not
studied extensively since it was not the primary focus of the work
[16–18]. However, for larger scale industrial applications, materials
that are less expensive than liquid crystals need to be investigated.
Potential applications for these controlled polymer microstructures
include separation media, super-absorbents, and temperature-
insensitive electrically conductive structures employing a sparse
network of conductive polymer.

In what follows we describe how we utilized the principles of
viscoelastic phase separation to create well-defined polymer
microspheres and three-dimensional interconnected networks
through a PIPS process using solutions of photopolymerizable
thiol-ene adhesives. We investigated the effect of process variables
such as polymerization rate, adhesive/solvent interaction energy,
and solvent boiling point on the final morphology obtained by UV
cure-induced phase separation. We found a number of simple and
easily scalable techniques for controlling the size, interconnected-
ness, and three-dimensionality of the structures formed. The
results may be readily extended to other material systems,
demonstrating the potential of PIPS as an effective process for
generating well-defined polymer microstructures in a wide variety
of applications.

2. Experimental

Our general experimental procedure consisted of undertaking
UV photopolymerization-induced phase separation under ambient
conditions (22�1�C, 30� 5% relative humidity) on solutions of
commercially available thiol-ene optical adhesive formulations.
The photopolymerization kinetics of thiol-enes has been previously
studied [19–22] and the adhesives have been frequently employed
in PIPS experiments [16,17,23]. The effect of polymerization rate
was examined by employing two different commercial grades of
the optical adhesive. The effect of adhesive/solvent interaction was
studied by systematically varying co-solvent ratios. Lastly,
comparisons were made between PIPS experiments carried out
using high and low boiling solvent mixtures.

2.1. Materials

Norland� optical adhesives (products NOA81, which cures
rapidly, and NOA65, which cures more slowly) were obtained from
Norland Products (Cranbury, NJ) and used as-received. NOA65 has
been reported as containing a mixture of trimethylopropane diallyl
ether, trimethyopropane tristhiol, and isophorone diisocyanate
ester, with a benzophenone photoiniator [23–25]. Polyethylene
glycol (PEG) (average molecular weight w4000), isopropanol, 2-
methoxyethyl ether (diglyme, m.w.¼134), and acetone were
purchased from Aldrich (histological grade, 99.5% pure) and used
as-received. De-ionized water (w4.0 MU) was provided from an in-
house source.

2.2. Fabrication with high-boiling point solvents

A total of 100 mg of either thiol-ene mixture were weighed
out in 20 mL glass sample vials at room temperature. The
adhesive dissolved quickly with the addition of 1.3–1.6 g diglyme.
De-ionized water was then slowly added to the solution over
approximately 2 min to make a final composition of 5.5 wt%
adhesive with diglyme/water ratios of 3:1, 4:1, 5:1, and 8:1 by
weight. Rapid addition of water was avoided in order to prevent
precipitation of the adhesive. The stability and homogeneity of
these solutions were further verified by cooling small samples of
each until precipitation was observed, then returning them to
room temperature. In all cases, the precipitate re-dissolved
completely and no signs of inhomogeneity were seen on
standing for several days. In addition, cloud points for various
solution compositions were obtained with the aid of a Cincinnati
Sub-Zero Micro-Climate chamber using heating and cooling rates
of 0.1 �C/min.

Solutions freshly prepared and maintained at room temperature
were blade cast onto clean glass microscope slides to form
w180 mm thick films. After coating, samples were exposed to
w50 mW/cm2 365 nm UV light from a Norland Opticure 4 UV
Curing Unit with the emitter fixed in place 1 cm above the sample
for 60 s for NOA81 and 300 s for NOA65. In all cases, a translucent
white precipitate formed and the formation times were noted. The
films were then allowed to dry at ambient conditions.
2.3. Fabrication with low boiling solvents

A 2.5 wt% polyethylene glycol in acetone solution was formed
through sonication. A total of 100 mg of NOA81 were then dissolved
using 150–400 mg of isopropanol, followed by the addition of 500–
750 mg of PEG/acetone solution over approximately 2 min so as not
to induce product precipitation. The final concentration of NOA81
was 10.0 wt%.

As with the high-boiling solvents, the solutions were blade cast
onto glass microscope slides to form w180 mm thick films and
exposed to w50 mW/cm2 365 nm UV light for 60 s, with the times
required for the onset of phase separation noted. The samples were
then heated on a digitally monitored hot plate at 100 �C in ambient
air for 1.25 min, and allowed to cool gradually. Once cooled to room
temperature the samples were submerged in a de-ionized water
(ambient temperature) bath for 5 min to selectively dissolve the
PEG while maintaining the structure formed by the NOA81.
2.4. Characterization

Atomic force microscopy (AFM) was performed on a Veeco
Digital Instruments 3100 with a Nanoscope 3A controller. Fourier
Transform-Infrared Spectroscopy (FT-IR) was performed on a Nexus
870 series FT-IR spectrometer in ATR mode. A Spectratech Foun-
dation Series Thunderdome ATR adapter was used in conjunction
with the Nexus operating system. Scanning electron microscopy
(SEM) was performed with a Zeiss EVO-50 30 kV maximum
accelerating voltage scanning electron microscope. Samples were
observed at a maximum of 20 kV accelerating voltage under high
vacuum with a variable pressure detector.
3. Results and discussion

3.1. PIPS in mixtures of thiol-ene and high-boiling solvents

In addition to the phase behavior, key variables that can influ-
ence morphology development during PIPS include the chemical
composition, temperature, and UV radiation intensity. A check of
the evaporation rates of diglyme and water in our laboratory found
that within the time frame and geometrical parameters of the
experiments, the change in composition due to evaporation was
negligible. The high clarity and low thickness of the wet films used
in our investigation helped to ensure that a significant gradient in
intensity did not exist through the film thickness. Because of the
slow rates of evaporation, temperature gradients caused by evap-
orative cooling were also judged negligible. Therefore, under the
conditions used for our investigation, the photopolymerization rate
and the initial system composition in relation to the phase diagram
were expected to be the main factors controlling the development
of morphology.
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Fig. 1. Phase diagram of pseudo-binary mixture of NOA81 in a solvent comprised of
75 wt% diglyme and 25 wt% water. NOA81 experimental data (open circles), pseudo-
binary UNIFAC (Dortmund) model (dashed line), and pseudo-binary Flory–Huggins
model (solid line).
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Fig. 2. Cloud point of mixtures containing 5 wt% NOA81 and NOA65 in water/diglyme
as a function of water content. NOA81 experimental data (open circles), NOA65
experimental data (open squares), pseudo-binary UNIFAC (Dortmund) model (dashed
line), and pseudo-binary Flory–Huggins model (solid line).
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3.1.1. Phase behavior
A valuable and widely used starting point for understanding the

development of morphology via phase separation is the determi-
nation of the system phase diagram prior to photopolymerization.
However, for the systems under investigation, an experimental
determination of the phase behavior is limited to a narrow
temperature range because the Norland Optical Adhesives were
found to vitrify at about �10 �C and to undergo thermal polymer-
ization at temperatures above 55 �C. These effects resulted in
behavior that was not completely thermally reversible using
heating rates as low as 0.1 �C/min. These effects precluded per-
forming the traditional thermal quench experiments at composi-
tions near the critical point, since they would have necessarily
involved exposure to temperatures much higher than the upper
limit for fully thermally reversible behavior. We did, however,
perform thermal quench experiments at very low and high
concentrations of adhesive where cloud point data was also
obtained. As expected, these showed formation of 10–100 mm
domains of the minority component in widely varying sizes. We
observed no phase separation among the individual components of
the Norland Optical Adhesives over the temperature range
investigated.

Due to the limited range of experimental data available, we
explored the use of thermodynamic models to provide additional
information about the expected phase behavior. As with many
material systems in established industrial use, the utilization of
thermodynamic models presents many challenges, owing to the
complex mixture of chemical species present and the limited
amount of available component thermodynamic data. Thus, our
aim in developing the models was simply to help evaluate our
qualitative interpretations of the experimental data rather than to
make quantitative predictions about system behavior.

We investigated a number of crude thermodynamic models for
our (generally speaking, oligomeric) system, based on either the
Flory–Huggins theory [26,27], which is widely used for polymers,
or the UNIFAC (Dortmund) approach [28], which is more appro-
priate for simple, small molecules. We investigated both pseudo-
ternary (considering the adhesive as a single component) and
pseudo-binary (considering both adhesive and solvent as separate
single components) versions. For the Flory–Huggins approach, we
estimated the interaction parameters using the published Hilde-
brand solubility parameters of diglyme and water [29], and the
calculated solubility parameters based on correlations by Bicerano
[30] for a model adhesive containing a 2:2:1 molar mixture of the
diallyl ether, tristhiol, and diisocyante ester components of NOA65.
For the UNIFAC (Dortmund) model, we used the same model
adhesive composition, which allows the published interaction
parameters to cover more than 90% of the group combinations
present in a typical mixture. For the remaining group combinations,
the missing interaction parameters were filled in using the avail-
able values for the most similar group (CH2S or CS2 for CH2SH and
CH2S, or CH3OH for H2O and CH2O). Despite the need for these
approximations to complete the UNIFAC (Dortmund) model, it
retains the significant advantage of describing strongly polar and
hydrogen-bonding type interactions, unlike the Hildebrand/Flory–
Huggins approach.

The phase equilibrium points for all models were computed by
iteratively balancing the chemical potential of each model
component in all phases, using a commercially available General-
ized Reduced Gradient nonlinear optimization code. Note that
technically these models do not contain any adjustable parameters,
however, the many choices examined as part of their imple-
mentation constitute the de facto use of adjustable parameters.

Fig. 1 shows visually observed cloud point data for a mixture of
NOA81 with 75 wt% diglyme and 25 wt% water, along with pre-
dicted values from the pseudo-binary versions of the UNIFAC
(Dortmund) and Flory–Huggins models, plotted as a function of the
NOA81 weight fraction (that is, the weight of NOA81 divided by the
total weight in the initially prepared solution prior to casting). The
UNIFAC (Dortmund) model provided the best qualitative prediction
of the experimentally observed solubility of the adhesive in the
solvent, while the Flory–Huggins model provided the better qual-
itative prediction of the experimentally observed solubility of the
solvent in the adhesive. Both models predicted an upper critical
solution temperature (UCST) type phase diagram, a feature that
was consistent with the experimental data. The pseudo-ternary
versions of these models predicted very low solubility for the
optical adhesive and failed to predict the complete miscibility of
water and diglyme. Experimentally, water and diglyme exhibit
a strongly negative heat of mixing [31], which is a better match to
the assumption underlying the pseudo-binary models.

Fig. 2 shows the cloud point for mixtures of 5 wt% NOA65 and
NOA81 as a function of the proportion (by weight) of water to the
total amount of water and diglyme in the system, compared with
the predictions of the pseudo-binary UNIFAC (Dortmund) and
Flory–Huggins modes. Both models greatly overestimated the
dependence of cloud point on water content, but did indicate that
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adding water to the system would increase the cloud point, a trend
also clearly seen in the experimental data. It is also important to
note that the experimentally observed cloud points for NOA65 and
NOA81 were very similar, thus for our purposes the primary
difference between NOA65 and NOA81 was in the rate of poly-
merization rather than in phase behavior.

Although no single model was able to even qualitatively match
all of the experimental data, the predicted model trends support
the interpretation of the experimental data that the system exhibits
UCST type behavior (with the critical temperature well above
ambient), and that the higher the water content in the system, the
more the phase diagram is shifted to higher temperatures.

3.1.2. Morphology development due to UV irradiation
Exposure to UV radiation had a dramatic effect on phase sepa-

ration and morphology development in the thin sheets of NOA81
and NOA65 solutions that we observed. Although solvent evapo-
ration eventually pushed the systems into the two-phase region of
the phase diagram, when no UV radiation was present the process
took anywhere from several minutes to many hours, and always
produced 10–100 mm droplets of adhesive in highly variable sizes
that were typically not uniformly distributed across the sheets and
varied considerably from one experiment to the next. In sharp
contrast, when the sheets were exposed to UV radiation, a very fine
(w1 mm particle size or less) morphology appeared at times
ranging from 10 to 90 s. These morphologies were highly uniform
across the exposed areas and showed no discernable variations
when experiments were repeated. Thus the effects of photo-
polymerization were clearly distinguished from those due to
evaporation or temperature change.

Our observations revealed that NOA81 cures at about four times
the rate of NOA65, thus NOA81 was the focus of our investigation.
The observed times for full cure (1–4 min) were in rough agree-
ment with the manufacturer’s specification and were determined
by monitoring via FT-IR the disappearance of the thiol band at
2570 cm�1. The actual kinetics of cure can be quite complicated
during phase separation, owing to concentration changes and
fluctuations in UV radiation. Qualitatively, though, after a very brief
induction period the molecular weight of the adhesives will
increase under UV irradiation until maximum conversion is ach-
ieved [20].

During photopolymerization of systems with an UCST, the
bimodal and spinodal lines in the phase diagram shift to higher
temperatures and lower polymer concentrations, being driven by
the increase in molecular weight of the polymer [7]. As a result,
initially homogeneous mixtures will pass through the metastable
region of the phase diagram and enter the unstable region. Because
the process occurs over a timescale of seconds, the passage through
the metastable region should have a very limited effect on the
structure formed. Thus, in the absence of viscoelastic effects, the
structures formed will most likely be dominated by the process of
spinodal decomposition. Since the systems under investigation
contain only about 5% optical adhesive by volume, such a structure
would be expected to feature polymer droplets of a relatively
uniform size, the growth of which could be arrested at an early
stage by vitrification of the photocured material.

In addition to creating phase instability, the polymerization also
rapidly increases the dynamic asymmetry of the system over time,
with molecules of the solvent being able to diffuse much faster than
the cross-linked optical adhesive, but with the vast majority of
mechanical stress in the system being borne by the developing
polymer network. These effects could result in morphologies
dominated by the effects of viscoelastic phase separation rather
than spinodal decomposition. In particular, in a system with a low
volume fraction of high molecular weight polymer, viscoelastic
phase separation is expected to produce a web-like structure [32].
The morphological patterns dominated by spinodal decompo-
sition (beads) and by viscoelastic phase separation (web) are quite
different, suggesting that a wide range of morphologies may be
obtained from photocured adhesive/solvent mixtures if the relative
influence of viscoelastic phase separation can be varied. In fact,
Fig. 3, which shows SEM images of photocured NOA81 mixed with
water and diglyme in varying ratios, illustrates that such variations
exist and are easy to control by adjusting the co-solvent composi-
tion. In Table 1, the compositions used to generate the samples
imaged in Figs. 3a–d are listed, along with the time of UV irradia-
tion required to achieve visible phase separation. As the amount of
water in the system is increased, the phase separation occurs after
a shorter time interval, even though the cure kinetics in the
homogeneous layer of NOA81 should be quite similar. This result is
easily explained by noting that with more water in the system, the
cloud point increases, bringing the system closer to the two-phase
region initially (see Fig. 2). Thus, a lower extent of polymerization is
needed to shift the phase diagram sufficiently for the system to
enter the unstable region. Consequently, by increasing the amount
of water in the system, the onset of phase separation takes place
when the molecular weight (and thus the dynamic asymmetry) is
lower, meaning that viscoelastic effects are less important.

The differences in morphology can be substantial, as Fig. 3
illustrates. With a diglyme to water ratio of 8:1 by weight (Fig. 3a),
the only evidence of phase separation is the presence of ‘‘craters’’ in
the NOA81 film. These presumably result from pockets of solvent
that form via viscoelastic phase separation and subsequently
collapse during solvent evaporation. At 5:1 diglyme to water in the
solvent mixture (Fig. 3b), the resulting structure is similar, with
more pronounced holes due to the formation and growth of
solvent-rich regions.

When the weight ratio of diglyme to water is decreased to 4:1,
the effects of spinodal decomposition become evident (Fig. 3c).
Although the structure still contains a web of NOA81 and voids
created by the formation of solvent-rich regions, the NOA81 web
features partially formed droplets with an average size of 390 nm,
as determined by image feature measurement of 50 randomly
selected droplets. Interestingly, optical microscopy of the wet
system just after phase separation indicated an apparent web-like
structure. Subsequent evaporation of the solvent could compact
such a structure to produce the morphology seen in Fig. 3c.

In Fig. 3d (diglyme to water ratio 3:1), the effects of spinodal
decomposition clearly dominate. Image analysis revealed that the
droplets formed are slightly larger (430 nm) and more polydisperse
than those seen in Fig. 3c. Comparisons of the image features in
Fig. 3c and d, along with the time to cloudiness values noted in
Table 1 thus indicate a slow growth rate for the structures formed
when spinodal decomposition dominates, a characteristic shared
with many other morphologies formed via reaction-induced phase
separation [7].

To check the effects of film thickness on structure formation and
obtain images more suitable for Fourier transformation, thin films
containing 5.5 wt% NOA81 in solvent consisting of diglyme and
water at a 4:1 weight ratio were photocured and examined using
atomic force microscopy (AFM), as shown in Fig. 4. The height
image (Fig. 4a) confirms that the droplets are arranged into loosely
spaced strands, while the phase image (Fig. 4b) reveals the pres-
ence of interconnecting material. The phase image is also suitable
for Fourier transformation. Fig. 5 shows the one-dimensional Fast
Fourier Transform (FFT) of Fig. 4b, plotted as a function of wave-
number (2p/l, where l is the feature wavelength). The peak visible
in Fig. 5 corresponds to a wavelength of 370 nm.

Further insight into the mechanisms of morphology develop-
ment was gained by comparing the morphologies formed by
NOA65 and NOA81 in identical systems. Fig. 6 shows the SEM
images for NOA65 formed in a solvent diglyme and water at a 4:1



Fig. 3. SEM of phase separated morphologies produced from photopolymerization of mixtures of 5.5 wt% NOA81 dissolved in diglyme and water with diglyme to water ratios of (a)
8:1, (b) 5:1, (c) 4:1, and (d) 3:1.
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weight ratio (Fig. 3c shows the analogous NOA81 system). For these
systems, cloudiness was observed after 90 s of UV illumination for
NOA65 as compared to 15 s for NOA81. Based on the similarity in
the cloud point measurements, it is reasonable to expect that in
both NOA65 and NOA81 systems, the degree of polymerization at
the onset of phase separation is similar. Interestingly, the degree of
interconnectedness is somewhat less with NOA65 while the
average droplet size is much larger, at 1.5 mm. The polydispersity,
however, remains low. Thus, although spinodal decomposition
dominates the pattern formation process in both cases, the selected
wavelength is much larger for NOA65.

These observations may be explained by considering the effect
of quench depth (DT) on the selected wavelength (L) during spi-
nodal decomposition, namely [7]

Lz2plð3DT=TsÞ�1=2 (1)

where Ts is the spinodal temperature and l the interaction length
(on the order of 10 nm for polymer systems). As the system cures,
the quench depth increases with time. For faster curing systems,
the quench depth will increase more rapidly, thus, in the finite time
required for droplet formation, a greater quench depth will be
realized in the faster curing system, leading to a smaller selected
wavelength.
Table 1
Compositions and observed phase separation onset times for NOA/water/diglyme
mixtures.

Adhesive
used

Composition (wt%) Onset
time
(seconds)

Image

Adhesive Water Diglyme

NOA81 5.5� 0.1 10.5� 0.1 84� 0.1 40� 5 Fig. 3a
NOA81 5.5 15.8 78.8 30 Fig. 3b
NOA81 5.5 18.9 75.6 15 Figs. 3c and 4
NOA81 5.5 23.6 70.9 10 Fig. 3d
NOA65 5.5 18.9 75.6 90 Figs. 6a and 7
To facilitate further comparisons, samples of NOA65 photocured
in diglyme and water at a 4:1 weight ratio were analyzed via AFM,
resulting in the images shown in Fig. 7 (the analogous NOA81
images are shown in Fig. 4). The phase image (Fig. 7b) shows clearly
the formation of distinct droplets. The FFT of the image in Fig. 7b is
depicted in Fig. 8, which shows a peak value near the wavenumber
corresponding to 1.0 mm.

The images and data shown in Figs. 3–7 clearly illustrate that
viscoelastic phase separation can have an important effect on
morphology development in rapidly photocured polymer/solvent
mixtures, which have received relatively little attention [33]
compared to the more slowly developing morphologies found in
thermoplastic/thermosetting polymer mixtures or the more
complicated thermoset/liquid crystal mixtures [16–18,23–25]. In
fact, these results show that it is relatively simple to systematically
design the morphology in these systems over a broad range of
feature sizes and degree of interconnectedness. The only drawback
to these systems is the significant amount of collapse that takes
place on drying, which limits the ability to produce three-dimen-
sional structures.

3.2. PIPS in mixtures of thiol-ene and low boiling solvents

As stated in Section 1, sparse network morphologies are of great
technological interest because they allow for co-continuous struc-
tures to form even when the volume fraction of one of the
components is quite low. The images in Figs. 3 and 4 suggest that
the morphology of the UV-cured and dried optical adhesive/solvent
system can resemble a loose web of filaments, consisting of indi-
vidual ‘‘string of pearl’’ arrangements of polymer droplets. Such
a morphology offers promise for the formation of sparse networks.
In Figs. 3c and 4, the volume fraction occupied by polymer has
increased significantly due to the collapse of the film after solvent
evaporation. If the collapse can be prevented, then the formation of
truly sparse networks (like those observed in mixtures of optical
adhesive and liquid crystals [17]) should be possible.



Fig. 4. Tapping mode AFM height (a) and phase (b) images of phase separated
morphology produced from photopolymerization of a thin film of 5 wt% NOA81 dis-
solved in diglyme/water at a ratio of 4:1.
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Fig. 5. One-dimensional Fast Fourier Transform of Fig. 4b.

Fig. 6. SEM of phase separated morphology produced from photopolymerization of
5.5 wt% NOA65 dissolved in diglyme/water at a ratio of 4:1.
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In order to minimize the opportunities for the collapse of the
photocured structure in the wet film, we investigated the use of
solvents with a low boiling point. We chose mixed co-solvents
composed of acetone (a good solvent for the optical adhesive) and
isopropanol (a non-solvent) in order to retain a means of adjusting
the network morphology through changes in solvent quality,
similar to the approach used in the diglyme/water systems. Our
goal was to allow enough time prior to drying for the initial pho-
tocuring and phase separation to take place, then to accelerate the
solidification of any sparse network by removing the solvent
immediately afterward.

In order to successfully form phase separated structures in this
manner, we found that a few modifications of the analogous
procedure for high-boiling solvents were necessary. First, we added
a thermal post-cure step (1.25 min at 100 �C) immediately after the
photopolymerization, to quickly remove any remaining solvent.
Second, we observed that the rapid evaporation of the low viscosity
solvents could lead to lateral shrinkage and surface instabilities in
the films during or after casting. To overcome these difficulties, we
substituted 2.5 wt% of the acetone with a polyethylene glycol (PEG)
to increase the casting solution viscosity, and we increased the
initial adhesive concentration to 10.0 wt%. Although previous
studies of phase separation in systems containing both PEG and
thiol-ene optical adhesive (albeit at much higher PEG concentra-
tions) [34] showed evidence of PEG ordering, we could find no
evidence of PEG crystallinity in the dried films using polarized
optical microscopy, differential scanning calorimetry, and X-ray
diffraction. We also utilized FT-IR spectroscopy to verify that the
complete removal of PEG from the films was accomplished by
immersing the phase separated films in water for 5 min.

Although the modified procedure remains practical for large-
scale production, it introduces numerous complications into the
analysis of the system. Thus, rather than attempt to create a ther-
modynamic model for these mixtures, we used our results from the
high-boiling systems as a guide. We observed that photo-
polymerization of NOA81 rapidly drove the system into an unstable
state, leading to phase separation in about 20 s (the compositions
and times to the onset of cloudiness are listed in Table 2).

The morphologies observed on photopolymerization of the
systems are shown in Fig. 9, with the amount of isopropanol in the



Fig. 7. Tapping mode AFM height (a) and phase (b) images of phase separated
morphology produced from photopolymerization of a thin film of 5.5 wt% NOA65
dissolved in diglyme/water at a ratio of 4:1.
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Fig. 8. One-dimensional Fast Fourier Transform of Fig. 7b.

Table 2
Compositions and observed phase separation onset times for NOA/acetone/iso-
propanol/PEG mixtures.

Adhesive
used

Composition (wt%) Onset
time
(seconds)

Image

Adhesive PEG Acetone Isopropanol

NOA81 10.0� 0.1 1.9� 0.1 73.1� 0.1 15� 0.1 20� 5 Fig. 9a
NOA81 10.0 1.5 58.5 30 20 Fig. 9b
NOA81 10.0 1.2 48.8 40 20 Fig. 9c
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casting mixture varying from 15 wt% (Fig. 9a) to 30 wt% (Fig. 9b) to
40 wt% (Fig. 9c). In all cases, the feature sizes were much larger than
when the high-boiling solvents are used. Fig. 9a shows a broad
distribution of droplet sizes and no interconnection. In contrast,
Fig. 9c shows a more uniform, interconnected structure reminis-
cent of spinodal decomposition, but with flattening of the domains.
Fig. 9b appears to show a hybrid morphology, with a background of
interconnected small droplets below a few very large inter-
connected droplets, creating an interesting three-dimensional
structure.

The gradient of morphology seen in Fig. 9b suggests that the
rapid evaporation of solvent plays a key role in the phase separation
process. Even though solubility tests with pure acetone and iso-
propanol showed clearly that acetone is the better solvent for
NOA81, the time needed for the onset of phase separation showed
an insignificant dependence on solvent composition. Acetone,
however, evaporated at a rate two to three times faster than iso-
propanol under the casting conditions according to measurements
taken in our laboratory. Thus, higher concentrations of acetone in
the solution would have resulted in increased evaporation, leading
to more rapid increases in NOA81 and isopropanol concentration,
as well as to a larger degree of evaporative cooling, which would
have in turn slowed down the rate of photopolymerization. These
effects are expected to be most pronounced near the surface, and
would have enhanced the opportunities for evaporation-induced
phase separation and/or the growth and coalescence of phase
separated domains prior to vitrification of the structure.

Based on the morphologies observed in Fig. 9, it thus appears
that phase separation was influenced by evaporation throughout
the thickness of the film when the solvent contained 15 wt% iso-
propanol, and in the regions of the film near the surface with
30 wt% isopropanol. In the former case, it seems that if any inter-
connected structures formed as a result of phase separation, the
photopolymerization happened too slowly to prevent their even-
tual destruction. In the latter case, though, it appears that inter-
connected structures were preserved in at least part of the film.
Interestingly, in the latter case a sparse network was formed, as the
larger features that formed near the surface proved resistant to
collapse and remained linked via smaller features below.

Although the results of PIPS experiments with low boiling
solvents are more complex and difficult to interpret, they also
illustrate the potential to realize a much broader range of
morphologies by combining the effects of reaction-induced phase
separation and evaporation. In particular, we have shown that the
prevention of film collapse and the formation of sparse three-
dimensional networks are possible by combining the effects of
rapid evaporation and photopolymerization. More insight into the
complicated interplay of the various phase separation dynamics in
the system could be obtained through light scattering studies
performed during UV irradiation, if suitable methods for protecting



Fig. 9. SEM of phase separated morphology produced from photopolymerization of
10.0 wt% NOA81 dissolved in acetone/isopropanol/PEG, with isopropanol content of (a)
15.0 wt%, (b) 30.0 wt%, and (c) 40.0 wt%. The ratio of PEG to acetone is 2.5 wt%/
97.5 wt% in all cases.
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the sensitive radiation detectors involved in such experiments are
available. Despite the need for more study, the experimentally
observed ability to generate sparse networks using simple pho-
tocurable monomers and common solvents opens up many new
and important opportunities to create advanced multi-functional
polymeric materials.

4. Conclusions

Viscoelastic phase separation exhibited a strong influence on
the photopolymerization-induced phase separated morphologies
of polymer/solvent systems, particularly when the onset of phase
separation was delayed until a high molecular weight was ach-
ieved. Using the relatively high-boiling solvents water and diglyme,
we were able to produce structures with average feature sizes from
0.4 to 1.5 mm and a wide range of interconnectedness. The feature
size was inversely proportional to the rate of polymerization, while
the degree of interconnectedness increased as the extent of poly-
merization at the onset of phase separation increased. After phase
separation, the phase separated structures appeared to collapse as
the solvents slowly evaporated.

When the low boiling solvents acetone and isopropanol were
used in the place of water and diglyme, the rapid evaporation of
solvent exerted a significant influence on morphology develop-
ment. When rapid evaporation took place to a larger extent,
features with a larger size, a greater polydispersity, and a reduced
degree of interconnectedness tended to emerge. Interestingly,
when the effects of rapid evaporation were confined mainly to
regions near the surface of the film, the result was the formation of
a gradient morphology and the avoidance of structural collapse
leading to the creation of a sparse three-dimensional network.
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