
Reaction-driven solvent transport in UV-curable
phase-separating coatings

M. Yamamura

Received: 29 January 2022 /Revised: 5 May 2022 /Accepted: 8 May 2022
� The Author(s) 2022

Abstract We experimentally examined the time-evo-
lutions of local compositions in photocurable, mono-
mer-solvent-initiator ternary liquid film coatings using
attenuated total-reflectance-Fourier transform infrared
spectroscopy. The coatings exhibited phase separation
upon UV exposure owing to the inherent partial
miscibility between the solvent and the polymer. The
solvent concentration at the bottom of the coating
increased when exposed to UV light for 1 s from the
top, showing a solvent transport along the irradiation
direction. The differences in solvent concentration
before and after UV exposure showed good agreement
with model predictions based on stress-induced non-
Fickian solvent mass transport. The solvent concentra-
tions at the bottom remained constant in the case of
discrete phase structures, whereas it exponentially
decayed over time in bicontinuous phase structures.
These results suggest that light-tunable microstructures
enable the relaxation of the reaction-driven nonuni-
formity in solvent concentration distributions.

Keywords UV curing, Phase separation, Liquid thin
film, Reaction-diffusion coupling

Introduction

Ultraviolet (UV) curing technology has been widely
used in the coatings industry to produce optical,1

protective,2 flame-retardant,3 and super-hydrophilic4

thin film coatings. Typical examples of reactants
include polyester acrylate,5 polyurethane acrylate,6,7

and other reactive monomers or oligomers. Consider a
liquid film consisting of photoreactive monomers and
photoinitiator molecules. Upon exposure to UV light,
the photoinitiator molecules absorb the light to gener-
ate radicals that react with the monomers and promote
chain reactions to create polymers. Light attenuation in
a liquid can produce depth-wise gradients in the degree
of cure.8 The nonuniform profile of monomer-to-
polymer conversion propagates from the illuminated
surface toward the unpolymerized area as a traveling
wave,9–11 referred to as frontal photopolymerization
(FPP). When the polymerization reactions locally
consume the reactant in the photo-irradiated area,
the unreacted monomers diffuse against the direction
of light irradiation.12,13 In a mixture of monomers with
different reactivities, the highly reactive monomers
diffuse toward the exposed area,14,15 whereas the
components with low reactivity are extruded from the
exposed area,16 leading to spatial variations in compo-
sition.17 The reactions also induce stresses during the
development of polymer networks that span across the
film and transform the liquid into an elastic or
viscoelastic solid.18–22 It is of scientific and practical
importance to elucidate the formation mechanism of
spatial nonuniformities in compositions across the
coating thickness. A fundamental understanding of
these reaction-diffusion couplings is critical not only in
coating applications but also in roll-to-roll micromold-
ing,23 3D printing,24 and photolithography of microflu-
idic devices.25

However, the reaction-diffusion couplings in curable
liquids containing non-reactive, incompatible solvent
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have received little attention. When the solvent chosen
is immiscible or partially miscible with the reaction
products, the solvent-monomer-polymer phase dia-
gram shows a two-phase region, in which the liquid is
no longer thermodynamically stable.26 The trajectory
of liquid compositions enters the two-phase regime
when the degree of polymerization increases beyond a
critical value during the curing process (Fig. 1a).
Consequently, the liquid undergoes phase separation
into solvent-rich and polymer-rich domains by either
spinodal decomposition (SD) in an unstable state or
nucleation and growth (NG) in a metastable state. The
two-phase region expands on the phase diagram and
thus phase separation kinetics vary as increasing the
difference in solubility parameters between the solvent
and the polymer. Furthermore, when the conversion
profiles propagate along the direction of light, as in
solvent-free coatings, the traveling conversion front
may be followed by a secondary front that divides the
nonseparating and phase-separating layers (Fig. 1b),
which increases the complexity of the spatiotemporal
evolution of local compositions.

This nonequilibrium curing process in the presence
of a solvent, herein referred to as frontal photo-
induced phase separation (fPIPS), has received con-
siderable attention as a promising route for the
fabrication of battery separators and precision filters
as it enables the creation of light-tunable, submicron-
scale pores in cured films by subsequent evaporation
from solvent-rich domains.27,28 Viklund et al.29 pre-
pared molded macroporous polymer monolith utilizing
monomer mixtures of trimethylolpropane trimethy-
acrylate and 2,3-epoxypropyl methacrylate and poro-
genic solvents of toluene and 2,2,4-trimethylpentane.
Yu et al.30 examined the photo polymerization of a
mixture of ethylene dimethacrylate, butyl meth-acry-
late, and 2-acrylamido-2-methyl-1-propanesulfonic
acid in a mixture of 1-propanol, 1,4-butanediol, and
water. Courtois et al.31 investigated photopolymeriza-

tions of 2,3-epoxypropyl methacrylate in the presence
of poly(ethylene glycol) as a porogen and sixteen
different solvents as co-porogens under either contin-
uous or pulsed UV light exposure. Yu et al.32 com-
pared porous structures prepared from different
porogenic solvents, methanol and decanol, which have
different degrees of solubility for hydroxyethyl
methacrylate and ethylene glycol dimethacrylate
monomers. Elsner et al.33 utilized a mixture of 1-
dodecanol, 2–propanol, and toluene as a porogenic
solvent and fabricated 3D microstructures with differ-
ent feature sizes. Ma et al.34 adopted photo-initiated
thiol-yne polymerization to fabricate monoliths within
a capillary by using a binary porogenic system of
diethylene glycol diethyl ether/poly(ethylene glycol).
Recently, Korzhikova-Vlakh and Tennikova35 system-
atically examined Hansen’s solubility parameter dis-
tances between monomers and porogenic solvents and
showed good linear relationships between measured
average pore sizes with the predicted parameter
distances. However, the underlying diffusion mecha-
nisms remain poorly understood. According to Yoshi-
hara,27 UV exposure from the top surface led to
solvent enrichment at the bottom of photocuring
coatings in the absence of evaporation, demonstrating
the light-driven, anomalous solvent transport. Despite
the progress in physical modeling of reaction-induced
phase separation36–38 as well as experimental investi-
gations for thermally-cured phase-separating epoxy
systems,39–41 to the best of our knowledge, few studies
have attempted to explain the reasons why solvent
molecules diffuse during the curing of coatings, and
how the coupling between photo-reactions, stress
development, and phase separation impact the diffu-
sion behavior of the solvent.

In this paper, we examined the time evolutions of
local compositions in photocurable liquid film coatings
containing a nonreactive solvent. Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR)
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Fig. 1: (a) Schematic phase diagram of a monomer-polymer-solvent ternary system at a given photoinitiator concentration.
(b) Schematic cross section of a coating exhibiting a frontal photo-induced phase separation (fPIPS). Directional photo-
irradiation creates nonuniform composition profiles with the traveling reaction/phase-separation fronts across the
thickness
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spectroscopy showed that the solvent concentration at
the bottom of the coating increased when exposed to
UV light for 1 s from the top. Model predictions based
on stress-induced non-Fickian solvent mass transport
agreed with the measured values for a range of high
initial monomer contents. Static light scattering exper-
iments revealed the development of phase-separated
microstructures in as-exposed films. The solvent con-
centration at the bottom remained constant in island-
sea structures, but exponentially decayed over time in
bicontinuous phase structures. These findings suggest
that photopolymerization reactions induce nonuniform
solvent concentration profiles that are subsequently
relaxed by molecular diffusion when inter-connected,
phase-separated domains develop across the thickness.
The present work differs from our previous publica-
tion,42 which examined multicomponent solution dry-
ing before UV curing. It also differs from reference
(28) which focused on the development of a novel
measurement technique to determine local concentra-
tion distributions of polymerized and unpolymerized
monomers. This study sheds new light on the reaction-
diffusion interplay in phase-separating photocurable
coatings and, to the best of our knowledge, provides
the first quantitative explanation for the non-Fickian
transport of solvent along the direction of light.

Experimental procedure

Materials

We used phenylbis (2,4,6-trimethlybensoyl-)phosphine
oxide (Irg819, BASF) as the photoinitiator, polyester-
acrylate (Aronix-M9050, Mw=1000–1500, Toagosei) as
the photoreactive monomer, and methylethylketone
(MEK, Wako Chemical) as the solvent. The monomer-
to-initiator mass ratio in the ternary solutions was fixed
at 9 w/w, while the solvent concentration ranged
between 0.2 and 1.0 g-MEK/g-solutes. The chemicals
were used as purchased, without further purification.
The photoinitiator (Irg819) and the acrylate monomer
(Aronix-M9050) used in this work are commercially
available and applicable to practical reactive systems
that require relatively high glass transition tempera-
tures after curing.43 The relative amount of initiator,
i.e., the mass ratio of initiator to monomer was chosen
not to exceed the solubility limit of the initiator but to
be high enough to achieve monomer conversions
higher than 20% when the sample was exposed to
UV light for 1 s. We have previously utilized 1,3 a-alkyl
amino phenone (Irgacure 379 EG; BASF) as initiator
and explored formation mechanism of submicron-scale
pores27 and nonuniform concentration distributions28

in M9050 solution systems. We here chose Irg819 as
one of the common initiators that have been used to
examine photo-polymerization reaction kinetics.44,45

Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) analysis

A predetermined volume of the solution was ejected
from a pipette and coated onto the ZnSe prism of the
ATR-FTIR spectrophotometer (IRAffinity-1 with
MIRAcle 10, Shimadzu). The coated area was set as
1 cm2 by attaching a 2 mm thick silicone shim on the
prism stage. The liquid volume was adjusted to form
200 or 600 lm thick solution films. A transparent cover
glass was attached to the shim surface to minimize
solvent evaporation during the measurements. An
LED UV light source (HSL-50UV365-4UTK, CCS)
with a wavelength of 365 ± 5 nm was set on top of the
prism surface at a distance of 8.7 cm. The UV intensity
on the prism surface was measured by a power meter
(C6060-365-03, Hamamatsu) and regulated between 5
and 45 mW/cm2. To promote photopolymerization
reactions, the closed solution sample was exposed to
UV light for 1 s, mimicking high-speed roll-to-roll
processing at substrate speeds of � 120 m/min. The
experimental procedure is schematically shown in
Fig. 2a. We needed 2–3 s (2.7 s on average) to collect
spectrum data within 700–1500 cm�1 and a resolution
of 4 cm�1. To examine the time-evolutions of the
spectra, we conducted multiple shot data collections by
repeating the same data acquisition procedure to
obtain spectra every 2–3 s.

To determine the local compositions in the vicinity
of the solution-prism interface, we built calibration
curves using the IR spectra of ternary solutions with
known concentrations. We observed three distinct
absorption peaks at 808, 981, and 1363 cm�1 associated
with the out-of-plane C-H bending vibrations on C=C
double bonds in polyester-acrylate; unreactive C-O
bonds in polyester-acrylate; and the symmetric stretch-
ing of CH3 bonds in MEK, respectively. We employed
a cubic function of the normalized absorbance ratio
with respect to the solvent mass fraction (c): A1363/A981

= a0 + a1 c + a2 c
2 + a3 c

3, where Ak is the absorbance at
wavelength k. The constants a0–a3 were obtained by
linear functions with respect to the Irg819 mass
fraction (p) as a i = mi p + ni (i = 0–3). The constants
mi and ni are listed in Table 1. The absorbance ratio
calculated by the cubic function agreed with the
measurements with the errors between -2% and 6%
in the concentration range of 0 < c < 0.6, as illustrated
in the Supporting Information (Fig. S1). The mono-
mer-to-polymer conversion is defined as the amount of
polymerized monomers relative to the initial amount
of monomer. This is expressed as

c ¼ 1� ðA808=A981Þt= A808=A981ð Þ0, where the super-
scripts 0 and t represent the absorbance ratio before
irradiation and the time after the start of photo-
irradiation, respectively.
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Scanning electron microscopy

The surface structures of dried films were character-
ized by scanning electron microscopy (SEM, S-4800,
Hitachi High Technologies) as follows. First, the
ternary solution was coated onto an 1.1 mm thick glass
plate instead of the ZnSe prism using the same
procedure mentioned above. Then, the sample film
was dried at room temperature by opening the glass
cover, peeled off from the substrate, washed with
ethanol to remove unreacted monomers, and further
dried in vacuum before SEM imaging.

Light scattering analysis

To identify whether phase separation proceeds via an
SD or NG mechanism, a TEM00-mode He-Ne laser
(Edmond) with a wavelength of k = 532 nm and a beam
diameter of 5 mm was passed through the photo-
irradiated wet film. The experimental procedure is
schematically shown in Fig. 2b. The static light
scattering pattern on a white screen was captured by
a CMOS camera (WAT-01U2, Wantec) as a digital
image. RGB image decomposition was applied to each
image using ImageJ software. The green (G) values of
each pixel were extracted from three different lines

that crossed the center of the photomask. For photo-
cured samples with low solvent concentration, the line
profiles of the G values were broad with no distinct
peaks at any radial position, indicating the formation of
discrete, island-sea-type phase structures created via
the NG mechanism. In contrast, at higher solvent
concentrations, the scattering pattern exhibited the
maximum in intensity at a certain critical radial
coordinate rm, which is associated with the bicontinu-
ous phase structure created by the SD mechanism. We
determined the scattering angle corresponding to the
intensity peak, hm ¼ tan�1 rm=Lð Þ, where L denotes the
distance between the sample and screen. Our prelim-
inary measurements revealed that no apparent porous
structure developed below the dry thickness of 36 lm
at the solvent concentration of 1.0 g-MEK/g-solutes
and the UV intensity of 30 mW/cm2. Typical examples
of raw scattering patterns at different solvent concen-
trations of u = 0.8 and 0.2 g-MEK/g-solutes, corre-
sponding to SD and NG patterns, respectively, are
shown in the Supporting Information (Fig. S2a and
S2b).

Results and discussion

Figure 3a shows the SEM image of a dried coating
surface. The solution was exposed to UV light with an
intensity of 30 mW/cm2 and wavelength of 365 ± 5 nm
for 1 s. The initial solvent concentration and initial wet
thickness were 1.0 g-MEK/g-solutes and 200 lm,
respectively. Photo-irradiation led to the formation of
irregular-shaped fine pores with a longitudinal length
of 50 nm and a width of less than 20 nm. The static light
scattering experiment revealed a ring-shaped pattern
for the same wet sample, indicating the occurrence of
periodic composition fluctuations with a characteristic
length scale46 typically created by the SD mechanism.
The pattern evolved immediately after UV irradiation

1.5 mm 
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silicone shim
(2000 μm)glass plate

UV (1s)

Infrared light
detector

200 μm-thick solution

OFF

ON

OFF

1 s

He-Ne laser
(532 nm)
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maskscreen mask

CMOS camera

900 mm

glass

glass

(a) (b)

θ

Fig. 2: Schematics of experimental procedures of (a) attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
measurements and (b) light scattering measurements

Table 1: Material constants to express A1363/A981 as a
cubic function with respect to the solvent mass fraction

i mi ni

0 9:68� 10�3 0.139
1 3.46 1.05
2 � 16.2 � 0.536
3 38.7 4.70
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and was maintained for 60 s. This implies that the
phase separation over time was stopped by the rapid
polymerization reactions, which quickly froze the
phase-separated microstructures in a nonequilibrium
state. We collected the scattering data at different
initial solvent concentrations and photointensities, and
summarized the results in a phase regime map, as
shown in Fig. 3b. Bicontinuous phase structures
created by the SD mechanism (closed circle) devel-
oped in the regime with high light intensities and
solvent concentrations, whereas discrete, island-sea
structures created by the NG mechanism (closed
diamond) developed in the regime with solvent con-
centrations below a critical value. The decrease in light
intensity at a given concentration yielded homoge-
neous coatings without phase structures, as shown in
the figure. It is worth noting that the domain size was
tunable by changing the solvent concentration in the
SD regime. As shown in Fig. 3c, the scattering angle
ðhm=2Þ increased, and hence the characteristic length
scale of the separated phases (1/|q|) decreased, with
decreasing the initial solvent concentrations at a given
light intensity, where |q| denotes the scattering vector
of qj j ¼ 4p=k � sinðhm=2Þ. The angle hm further in-
creased with the increase in light intensity.

Figure 4 shows the typical examples of ATR-FTIR
spectra of 200 lm thick ternary solution films at
wavelengths of (a) 800–820 and (b) 1355–1370 cm�1

and UV intensities of 0, 5, and 40 mW/cm2. The spectra
with a resolution of 4 cm-1 were collected at 2.7 s after
the start of UV exposure. The liquid consisted of the
monomer, initiator, and solvent with a mass ratio of
M9050/ Irg819/MEK = 9/1/4. The absorbance of 808
cm�1—associated with the out-of-plane C-H bending

vibrations on C=C double bonds in polyester-acrylate
molecules—decreased with increasing light intensity,
suggesting that the amount of unreacted monomer
decreased as the polymerization reactions proceeded.
The monomer-to-polymer conversion calculated from
the spectra was c ¼ 0:340. Our preliminary measure-
ments showed that the conversion reached 0.6 under
continuous photo-irradiation for 20 s (not shown here),
and reached 0.9 in methyl isobutyl ketone.27 This
implies that the relatively low conversion in the present
study is due to the limited amounts of active radicals
generated during the short photo-irradiation time. On
the other hand, the increase in light intensity increased
the absorbance of 1363 cm-1 associated with the
symmetric stretching of CH3 bonds in MEK molecules.
This indicates that the solvent concentration increased
near the coating bottom surface of photocured films.

In the second series of FTIR measurements, we
varied the initial solvent concentration while fixing the
photointensity at 40 mW/cm2. To quantify how photo-
irradiation changes the solvent bottom concentration,
the absorbance-concentration calibration curves were
adapted for each spectrum measured before and 2.7 s
after UV exposure. As shown in Fig. 5a, the change in
bottom concentration of the solvent (Dc) first in-
creased, reached a peak at a critical concentration (uc),
and then decreased with increasing initial solvent
concentration in photocurable liquids. A similar trend
was observed in the monomer-to-polymer conversions
(c), implying that the variation in solvent concentration
is directly related to the photopolymerization reac-
tions. This phenomenon is qualitatively similar to that
in previous studies demonstrating the extrusion of a
low-reactive monomer from the exposed area in
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mixtures of monomers with different reactivities.15–17

The low conversions at solvent contents above uc may
be attributed to the fact that the monomer molecules
are less likely to encounter radicals in diluted liquids.
On the other hand, concentrated monomer solutions
showed significant photoattenuation that reduced the
conversion. Figure 5b shows the transmittance pre-
dicted by Beer’s law for 200 lm thick solution films at a
wavelength of 365 nm. The monotonic decrease in
transmittance with decreasing solvent concentration
indicates that the irradiated light was preferentially
absorbed near the top coating surface; hence, it hardly
contributes to the reactions at the coating bottom.

To explain why the solvent concentration was
increased by UV irradiation, we considered stress-
induced solvent transport along the direction of light.
Stress began to develop with the growth of polymer
networks spanning across the coating to show elastic-
ity.47,48 The photocuring coating shrank freely in the
thickness direction but was constrained in the plane of
the coating, leading to the development of in-plane
stresses.49,50 The stress no longer relaxed but rather
contributed to non-Fickian solvent mass transport
when the characteristic relaxation time of the polymer
was sufficiently long compared to that of solvent
diffusion [51, and references therein]. According to
Vinjamur and Cairncross,51 the change in solvent
concentration is proportional to that of the stress when
the stress evolution is expressed by the Maxwell model
with a sufficiently long relaxation time. The stresses
squeezed out solvent molecules from the exposed area,
inducing a mass flux of solvent toward the bottom
coating surface.

To gain better physical insights, we built a simple
model of solvent transport by considering the reaction-
induced strain (h0 � h)/h0, where h0 and h denote the

thickness before and after the light exposure, respec-
tively. For simplicity, we assumed that only the top
layer with thickness h0�h was subjected to strain, while
the underlying bottom layer maintained the initial
concentrations of the monomer and the photoinitiator.
When all solvent molecules at the top layer were
squeezed out by stress to form a solvent-rich bottom
layer with a uniform concentration profile and thick-
ness of h0�h, the mass balance gives the solvent mass
fraction in the bottom layer as c = 2c0/(1+c0), where c0
is the initial solvent mass fraction. Therefore, the
variations in the solvent bottom concentration before
and after light exposure is expressed as Dc = c0 (1�c0)/
(1+c0). The solid curve in Fig. 5 represents the model
predictions, which first increased, reached a maximum
of Dcmax = 17.2 wt%, and then decreased with
increasing solvent concentration. The predicted and
measured values showed good agreement in the low
concentration regimes of u < 0.6 g-MEK/g-solutes,
indicating that the model captures the experimental
trends in a qualitative sense. However, the model
overestimated the measurements at higher solvent
contents, at which bicontinuous phase structures devel-
oped in the cured films (see Fig. 3b).

We systematically conducted similar spectroscopic
measurements under different operating conditions to
summarize the variations in solvent concentration
difference with respect to the monomer-to-polymer
conversions (Fig. 6). We varied the initial solvent
concentrations between 0.2 and 1.0 g-MEK/g-solutes,
while the monomer-to-initiator mass ratio and film
thickness were fixed at 9 w/w and 200 lm, respectively.
High light intensities of 20 (triangles), 30 (diamond),
and 40 (circles) mW/cm2 were chosen to promote
phase separation at any solvent concentration of
interest. The increase in conversion led to a monotonic
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increase in the solvent concentration, suggesting that
the photopolymerization reactions governed the trans-
port of solvent via reaction-diffusion coupling. The
measured data was split into two branches regardless of
the initial solvent concentration and UV intensity. The
light scattering measurements revealed that the two
branches, A and B, correspond to the conditions in
which the coatings developed island-sea and bicontin-
uous phase structures, respectively.

The A-branch is located at a higher concentration
level compared to the B-branch for a range of low
conversions. The model prediction (Dcmax, broken line
in Fig. 6) showed good agreement with the measured
values at the high c limit where the two branches meet
each other.

To explain the physical reasons why the bicontinu-
ous and discrete phase structures exhibit different
diffusion behaviors of the solvent, we conducted time-
resolved IR spectroscopy measurements. Figure 7

shows the time evolutions in (a) monomer-to-polymer
conversion and (b) the solvent concentration differ-
ence before and after UV exposure (Dc) at initial
solvent concentrations of 0.2 and 0.8 g-MEK/g-solutes.
The conversion jumped into a higher value during the
short UV exposure period and remained almost
constant even after the light was turned off, showing
quantitatively the same trend in both phase structures
(Fig. 7a). However, the diffusion kinetics of the solvent
differed after the initial increases: the solvent bottom
concentration remained constant in the case of island-
sea structures, and it monotonically decreased over
time in the coating with bicontinuous phase structures
(Fig. 7b). The broken lines in Fig. 7b represent the
model predictions at initial solvent concentrations of
0.2 and 0.8 g-MEK/g-solutes, corresponding to c0 =
0.16 and 0.44. The difference between the predicted
and measured concentrations was negligible within a
certain experimental error at a low solvent content, but
significantly increased over time in the case of high
solvent content.

These results show that (i) nonuniform solvent
distributions develop in UV-curable films upon light
exposure. (ii) This nonuniformity subsequently relaxes
via backward diffusion against the direction of light.
(iii) A structural transition from bicontinuous to
discrete phases hinders the diffusional relaxation. The
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concentration regimes. The monomer conversion
exhibited a peak at a solvent concentration of � 0.6 g-
MEK/g-solutes. (b) Transmittance predicted from the Beer’s
law for 200 lm thick solution films at the wavelength of 365
nm. The increase in solvent concentration resulted in a
monotonic increase in transmittance. The absorption
coefficient of the photoinitiator was determined as 15.1
wt%21cm21 by preliminary UV-Vis spectroscopy
measurements, and used for the prediction. The
absorption coefficients of the solvent and monomer were
negligibly small compared with those of the initiator
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Fig. 6: Effect of average monomer-to-polymer conversion
on the solvent concentration difference before and 2.7 s
after the UV irradiation of different intensities of 20 (m), 30
(e), and 40 (s) mW/cm2, respectively. The solvent
concentrations ranged between 0.2 and 1.0 g-MEK/g-
solutes, while the monomer-to-initiator mass ratio and the
film thickness were fixed at 9 w/w and 200 lm, respectively.
The solvent concentration difference (Dc) was negligibly
small at low conversions. An increase in conversion split
the Dc into two branches, A and B, corresponding to cases
in which the coatings developed island-sea and
bicontinuous phase-separated structures, respectively.
The measured data converged into a band on each
branch at different UV light intensities and liquid
compositions. The solid lines are the guide to the eye
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backward diffusion of the solvent is explained as
follows. When the polymerization reactions quench
the solution system into a thermodynamically unsta-
ble state, infinitely small compositional fluctuations
spontaneously grow to reduce the free energy of
mixing, undergoing SD that creates tortuous, intercon-
nected domain structures of either solvent-rich or
polymer-rich phases. More detailed descriptions for
the phase separation is shown in the Supporting
Information (Fig. S3). The SD front, i.e., the border
between the reacting (yet not separating) and phase-
separating layers, propagates across the thickness
toward the coating bottom, where solvent molecules
were accumulated by stress-induced non-Fickian trans-
port. Subsequently, the SD front meets the bottom
coating surface to trigger the solvent diffusion through

the phase-separated layer. Because the solvent-rich
phases involve larger hole-free-volumes, and thus
lower diffusive resistances compared with polymer-
rich domains, the solvent-rich phases act as effective
continuous channels for molecular diffusion, guiding
solvent transport away from the coating bottom
(Fig. 7c). In contrast, few diffusion channels can
develop in island-sea phase structures when solvent-
rich domains are discretely distributed in polymer-rich
matrices. The nonuniform solvent concentration dis-
tributions are no longer relaxed but remain for a
certain period of time, giving rise to a solvent-rich layer
that remains within the vicinity of the bottom coating
surface. This physical picture is consistent with the fact
that the transition from branch A to B in Fig. 6, i.e.,
from island-sea to bicontinuous phase structures,
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Fig. 7: Time evolutions in (a) monomer-to-polymer conversion and (b) the solvent concentration difference before and after
the UV exposure (Dc) at initial solvent concentrations of 0.8 and 0.2 g-MEK/g-solutes, at which bicontinuous and island-sea
phase structures developed in the films, respectively. The local solvent concentration at the coating bottom monotonically
decreased over time in the former, whereas it retained almost a constant value in the latter case, despite no significant
difference in the conversions. (c) Schematic cross-sectional illustration of a phase-separating liquid in which solvent-rich
phases function as effective channels for the backward solvent transport from the bottom film surface. (d) Variations in the
characteristic time-scale (a21) for solvent diffusion with respect to the monomer conversion measured at 2.7 s after light
exposure. The measured Dc over time obeyed an exponential function Dc �exp (-at) when the bicontinuous phase
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and the film thickness were fixed at 9 w/w, 30 mW/cm2, and 200 lm, respectively
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decreased the solvent concentration at a given conver-
sion. This hypothesis allows us to explain why the
model prediction that neglects the relaxation in con-
centration gradients overestimates the measurements
when bicontinuous phase structures develop at high
solvent concentrations of u > uc (Fig. 5a).

Figure 7b also reveals that the measured variations
in solvent bottom concentrations obey an exponential
function as Dc �exp (-at) where a�1 denotes the
characteristic time-scale for solvent diffusion. The
exponential decay in concentration is consistent with
the analytical solution of the governing equation for
Fickian diffusion in a one-dimensional, stationary,
quasi-binary liquid.52 To further quantify the struc-
ture-dependent diffusivity, we fitted the data with an
exponential function to obtain a constant a for each
initial solvent concentration (u) of 0.4, 0.6, and 0.8 g-
MEK/g-solutes. The phase structure remained bicon-
tinuous at any u value of interest at a light intensity of
30 mW/cm2. As illustrated in Fig. 7d, the increase in
the monomer-to-polymer conversion resulted in a
monotonic increase in a-1, suggesting that the backward
diffusion of solvent significantly slowed down with the
growth of polymer networks in the films. The time-
scale tends to be diverse at high conversions, possibly
because the solvent diffusion coefficients were reduced
by several orders of magnitude by the strong molecular
interactions in the curing liquids.

From a practical viewpoint, the accumulation of
solvent molecules at the bottom surface is sometimes
undesirable because it may promote a decrease in
evaporation rates, trapping skinning of the solvent,51

curling27 and/or delamination due to drying-induced
stresses driven by the difference in strain between the
top and bottom surfaces. Thus, it is important to
understand (i) the physical origin of solvent localiza-
tion and (ii) the relaxation mechanism of a nonuniform
concentration profile to avoid the drying defects. The
good agreement between the model predictions and
measurements shown in Fig. 5 indicates that the stress-
induce molecular transport is a source of the solvent
localization in photocuring coatings. Figures 6 and 7
revealed that the bicontinuous phase structures assist
the relaxation in solvent concentration gradients,
showing the exponential decay in concentration with
conversion-dependent relaxation times. The present
results provide useful information for controlling
asymmetric compositional profiles by tuning the
degree of curing and microstructures developed in
the coatings.

One might argue that the diffusion in photocuring
coatings is influenced by the ratio between the liquid
thickness (h) and the characteristic light penetration
depth (hc). We expect the variations in solvent bottom
concentration to decrease when reaction/phase-sepa-
ration fronts do not reach the bottom surface of the
film because of the negligible intensity of transmitted
light at h/hc >> 1. To verify this hypothesis, we
increased the solution film thickness to 600 lm while
fixing the solvent concentration and light intensity as

0.2 g-MEK/g-solutes and 30 mW/cm2, respectively. The
results show that the solvent bottom concentration
maintained its initial value throughout the spec-
troscopy measurements for 50 s (not shown here).
The light penetration depth was hc = 232 lm, above
which the UV light transmittance falls below 0.01% at
the bottom surface, as predicted by Beer’s law using
the predetermined molar absorption coefficient. These
results indicate that the reaction-induced increase in
solvent bottom concentration occurs only when the
thickness is comparable to, or less than, the critical
thickness associated with the light penetration depth.

We here emphasize that the coatings developed in
the present study are potentially applicable to battery
separators, supporting layers for membrane separation
films, or scaffolds for tissue engineering because
submicron-scale, interconnected porous structures of
the coatings would be suitable for fast transports of
ions and gasses across the thickness. Furthermore, the
frontal photo-induced phase separation requires nei-
ther specially-synthesized chemicals or a time-consum-
ing rinsing process to remove polymer-lean phases,
showing a promising feature for direct applications for
industrial roll-to-roll processing.

Further studies are needed to explore the transient
reaction-diffusion interplays. Once photoinitiator mo-
lecules absorb light and generate radicals, the poly-
merization reactions proceed and the coating shrinks
to promote stress-induced molecular transport, which
in turn changes the reaction kinetics because the local
compositions, and thereby the local light intensity,
could vary at different time scales. The numerical
modeling of coupled equations for reaction kinetics,
photoattenuation, stress development, and multicom-
ponent diffusions could provide better physical insights
on how concentration/stress profiles propagate across
the thickness. The complexity further increases in
phase-separating systems where (i) local physical
properties in each separating phase vary over time as
the phases grow; (ii) stress evolution is dependent on
phase morphologies53; and (iii) the two-phase region
on a phase diagram expands with increasing polymer
molecular weights. Although the results of the stress-
induced diffusion model proposed in this study agreed
with the measured data within a certain limited
composition range, more rigorous models are needed
to obtain a fundamental understanding of the reaction-
diffusion coupling behavior in photocuring coatings
containing solvent. In addition, measurements and/or
predictions of mechanical properties of the phase-
separated acrylic coatings may provide useful informa-
tion for practical applications. We preliminarily
attempted to examine tensile strengths of the photo-
cured samples, but the coatings curled to a consider-
able extent after peeling off from the substrate,
showing difficulties to prepare a specimen of suit-
able dimensions for the measurements. It is one of our
future works to elucidate how the phase structures
affect mechanical properties of the acrylic coatings
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prepared by the frontal photo-induced phase separa-
tion processing, but it is beyond the scope of this study.

Conclusions

We examined the photopolymerization process of
ternary solution coatings containing an acrylic mono-
mer, a photoinitiator, and solvent. Upon UV exposure,
the coatings exhibited phase separation into solvent-
rich and polymer-rich domains, as verified by static
light scattering experiments. Time-resolved ATR-
FTIR measurements showed that photo-irradiation
promoted the increase in solvent concentration at the
bottom coating surface. The measured maximum
concentration difference monotonically increased with
increasing monomer-to-polymer conversion, and split
into two separated branches, corresponding to condi-
tions in which bicontinuous and discrete phase struc-
tures developed, regardless of the UV intensity and
initial solvent concentration. The measured concentra-
tions agreed well with the model predictions, assuming
a stress-induced instantaneous solvent transport along
the direction of light. However, the model overesti-
mated the measurements when the cured coating
involved bicontinuous phases associated with ring-
shaped light scattering patterns. These results show
that the nonuniform solvent concentration profile is
initially created by reaction-induced stresses, but is
then relaxed by molecular diffusion through the inter-
connected, phase-separated domains across the thick-
ness.
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