PHYSICAL REVIEW MATERIALS 7, 045605 (2023)

In situ observation of the structure and dynamics of a polymer solution through nonsolvent-induced
phase separation by x-ray photon correlation spectroscopy

Kazu Hirosawa ®,!" Tatsuhiro Iwama®,' Naoki Sakamoto, Hiroyasu Masunaga,2 and Taiki Hoshino

3.

'Platform Laboratory for Science and Technology, Asahi Kasei Corporation, 2-1 Samejima, Fuji, Shizuoka 416-8501, Japan
2Japan Synchrotron Radiation Research Institute/SPring-8, 1-1-1, Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan
3International Center for Synchrotron Radiation Innovation Smart (SRIS) and Institute of Multidisciplinary Research
for Advanced Materials (IMRAM), Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan;
and RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Say-gun, Hyogo 679-5148, Japan

® (Received 12 December 2022; revised 30 March 2023; accepted 6 April 2023; published 26 April 2023)

Nonsolvent-induced phase separation (NIPS) is a complex but important phenomenon involved in the
manufacture of fibers and other polymeric industrial products. We performed in situ x-ray photon correlation
spectroscopy (XPCS) measurements on a cuprammonium cellulose solution immersed in aqueous acetone solu-
tion to reveal the structure and dynamics involved in the NIPS process on the microscopic scale. A combination
of the structural information from the small angle x-ray scattering profiles and the dynamic information from
the XPCS analysis revealed that NIPS occurs via two steps: dilution of the polymer solution by the solvent and
desorption of the solvent from the polymer solution. This study will provide an opportunity for the fundamental
understanding of NIPS, which is important from both the scientific and industrial viewpoints.

DOLI: 10.1103/PhysRevMaterials.7.045605

I. INTRODUCTION

Nonsolvent-induced phase separation (NIPS) involves the
phase separation of a polymer solution induced by contact
with a nonsolvent. NIPS is widely employed in fabrication
processes of polymer materials, especially in the wet spinning
of porous membranes and fibers [1,2]. In the wet spinning
of porous membranes, the polymer solution is extruded in
a form of a hollow fiber and is immediately immersed in a
coagulation bath filled with nonsolvent; the porous structure
is then formed via NIPS. For example, regenerated cellulose
porous membranes for the application of virus filtration are
manufactured by wet spinning of a cuprammonium cellulose
solution in water or aqueous solutions of ketones [3—6]. The
pore structure of the cellulose membranes can be controlled by
altering the composition of the cuprammonium cellulose so-
lution and the coagulation solution [6]. Manufacturers control
the microstructures of membranes by optimizing the process
conditions for the target products, but the optimization process
is rather heuristic because of our limited understandings of
NIPS.

Based on the classic Cahn-Hilliard theory for spinodal
decomposition, NIPS processes are explained as follows:
(i) the variation of the composition of the polymer solu-
tion by mutual diffusion of the solvent and nonsolvent, (ii)
initiation of the spinodal decomposition and evolution of
the amplitude of concentration fluctuation at a characteristic
wavelength, and (iii) the coarsening of the spinodal structure,
eventually resulting in macroscopic phase separation [7-9].
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However, macroscopic phase separation is not achieved in
actual wet spinning, and instead, microscopic porous struc-
tures are formed in the membranes. Such a contradiction
comes from the lack of consideration to the composition-
dependent mobility of the polymer. The mobility of the
polymer decreases with increasing polymer fractions in the
polymer-rich phase. Subsequently, the phase-separated struc-
ture is frozen in the way of the above-mentioned process
(ii) or (iii). Thus, a microscopic porous structure is formed
in the membranes as a nonequilibrium state [10,11]. In a
recent study, the effects of the composition dependence of the
mobility on the phase-separated structure was investigated by
phase-field-based simulations [12,13]. Garcia et al. reported
that a reduction in the mobility upon NIPS is essential for
the formation of an asymmetric microscopic pore structure:
The pore size gradually changes from the film-bath interface
to the inner side of the film. Ishigami et al. investigated the
kinetics of macroscopic solidification of polymer solutions in
coagulation solutions by directly measuring the stiffness of
the membrane [14]. However, few other experimental studies
have focused on the solidification of NIPS. This is because of
the difficulties in the in situ observation of solidification.
X-ray photon correlation spectroscopy (XPCS), which
employs partially coherent x rays, allows microscopic ob-
servation from the temporal fluctuation of scattering inten-
sity [15,16]. Using XPCS, various dynamic fluctuations in
nonequilibrium systems have been studied on a wide range
of timescales recently [17-24]. XPCS can be applicable to
opaque samples, and phase-separated structures can be simul-
taneously characterized [25]. Such features are suitable for in
situ investigations of the NIPS system. Recently, Girelli et al.
studied the microscopic dynamics of temperature-induced
liquid-liquid phase separation of a protein solution using
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FIG. 1. Schematic illustration of the x-ray photon correlation spectroscopy (XPCS) measurement on the NIPS process of the cuprammo-
nium cellulose solution (cellulose/NH;/Cu/H,0) in aqueous acetone solution.

in situ XPCS measurements and simulations [18]. The XPCS
results showed a slowdown of dynamics in the late stage of
the phase separation. The behavior was partially explained
by the simulations based on Cahn-Hilliard theory considering
mobility parameters. This shows that XPCS is a powerful
method for in situ observation of solidification upon phase
separation.

In this study, we carried out in situ XPCS measurements on
NIPS of a cuprammonium cellulose solution in a coagulation
solution. The changes in both the structure and dynamics upon
phase separation were simultaneously investigated. Solidifica-
tion was discussed in relation to the decrease in “velocity” of
the dynamics. This is a report of in situ observation of the
microscopic dynamics and structural growth in NIPS.

II. EXPERIMENT

NIPS proceeds when a polymer solution contacts a nonsol-
vent. As a polymer solution, we prepared a cuprammonium
cellulose solution comprising cellulose/NH3 /Cu/H,0, with a
weight fraction of 0.06/0.048/0.020/0.872. The coagulation
solution was diluted acetone (Fujifilm Wako Pure Chemical
Co., Japan) with distilled water adjusted to a weight fraction
of 0.30.

XPCS measurements were carried out at BLO3XU, Spring-
8 (Hyogo, Japan) [26]. The undulator source and Si(111)
monochromator were tuned to an energy of 12.4 keV. The
sample was irradiated with partially coherent x rays obtained
by passing the beam through a pinhole 20 um in diameter.
The scattered x rays were detected using an Eiger 1M two-
dimensional detector (Dectris, Switzerland). The sample to
detector distance was approximately 8 m. Figure 1 shows
the schematic illustration of the XPCS measurements. Us-
ing an applicator, a coating sample of the cuprammonium
cellulose solution made on a 1 mm thick acrylic plate with

a thickness of approximately 0.6 mm was prepared, and it
was immediately (the lag time was 13 s) immersed in the
coagulation bath and fixed to the wall on the x-ray axis with a
plate spring. The thickness of the coagulation bath was 6 mm.
The coagulation bath had 30 um thick glass windows through
which x rays entered, and scattered x rays could be extracted.
XPCS measurements were started 34 s after the immersion,
and the dynamics of the NIPS process was studied for ap-
proximately 10 min by repeating time-resolved measurements
of 600 frames with an exposure time of 30 ms. During the
measurement, the irradiation position was moved by 100 um
every 600 frames (irradiation time: 18 s) to avoid sample
damage. The irradiation time at one position was determined
by preliminary measurements.

III. RESULTS AND DISCUSSION

A. In situ observation of the phase-separated structure in NIPS

Structural changes in the cuprammonium cellulose solu-
tion under the NIPS process with an immersion time #,, can
be discussed from the small angle scattering (SAXS) profiles,
obtained by the circular average of the two-dimensional (2D)
scattering images. At each irradiation position, every 100
frames (frames 1, 101, 201, 301, 401, and 501) were sampled
and a circular average profile of each frame was obtained
for SAXS analysis. Figure 2 shows the representative SAXS
profiles I(q) of the cuprammonium cellulose solution in the
coagulation bath at various ¢, values, with the scattering from
the bath subtracted as background, where ¢ is the scattering
wave vector. With increasing t,,, the scattering intensity obvi-
ously increased. To discuss the dependence of the scattering
intensity on t,, invariant Q = (27%)~! [ ¢*I(q)dq was calcu-
lated from the SAXS profiles in the range of 0.015nm~! <
g < 0.10nm~', and the #, dependence of Q is presented in
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FIG. 2. Circular averaged SAXS profiles of the cuprammo-
nium cellulose solution in coagulation bath at various immersion
times. The dotted line shows the Debye-Bueche function, I(g) =
Ip/[1 + 82 ¢*]* with the correlation length, E = 45 nm. The inset
shows a plot in the form of 1(¢)~'/? vs ¢°.

Fig. 3. Q drastically increased just after immersion through
tw ~ 192 s. In the ideal two-phase system, Q should be pro-
portional to Ap2p(1—¢), where Ap, is the difference in
electron density between the two phases and ¢ is the volume
fraction of a phase [27]. Considering that phase separation
causes an increase in Ap, and/or ¢, Q can be a measure of
the progression of phase separation. The increase in Q ob-
served on the present system implies that the cuprammonium
cellulose solution went into the two-phase region just after im-
mersion and the phase separation progressed until #,, &~ 192 s.
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FIG. 3. Immersion time dependence of the invariant, Q =
27~ [ ¢*1(q)dq (black circles) and the correlation length, E (red
squares).

The SAXS profiles at #, > 110 s were well reproduced
by the Debye-Bueche (DB) function in the form of I(g) =
In/[1+ g2 qz]z, where [y and E are a constant value and
correlation length, respectively, except for upturns in low g
which are due to the small amount of aggregates. As a typical
example, the curve in the DB function with E = 45 nm is de-
picted by the dotted line in Fig. 2. Because the DB function is
derived for an ideal two-phase system assuming that the phase
boundary is sharp and the two phases are randomly intermixed
[28,29], the fact that the SAXS profiles were well represented
by the DB function indicates that phase-separated structures
were formed in the solution on the microscopic scale. The
inset of Fig. 2 shows the SAXS profiles in the form of /~!/2
vs ¢*. Based on the DB equation, E can be evaluated from
the slope in the range of 0.015nm™' < ¢ < 0.10nm™" at
ty > 84 s. As shown in Fig. 3, E clearly decreases at#,, < 192
s. In addition to classic theories of the spinodal decomposition
[7-9], arrested spinodal decomposition of protein solutions
forming colloidal gel have been intensely studied [30-32].
Moreover Tanaka has studied the effect of dynamic asym-
metry on phase separation of polymer solutions and polymer
blends [33-35]. The previous reports discussed domain coars-
ening and termination of structural growth by dynamical
arrest in thermally induced phase separations (TIPS). How-
ever, the decrease of the correlation length with ¢, observed
in our system, is not predicted from the previous reports. It is
because of sequential variation of the system volume caused
by interdiffusion of solvents. Phase separation by nucleation
and growth takes place when the composition of the system
is in a metastable region. However, the phase separation ob-
served in the present system is assumed to be classified as
spinodal decomposition rather than nucleation and growth
for the following reasons. (i) In membranes prepared under
conditions similar to the present system, a networklike mor-
phology was observed instead of the particlelike morphology
characteristic of nucleation/growth [4]. (ii) The mass transfer
between the coagulation solution and the polymer solution
occurs instantaneously, which is thought to cause the com-
position of the polymer solution to remain in a metastable
region for a short time. Thus, we assume that the decrease in &
originated from shrinkage of the system caused by diffusion of
the solvent from the polymer-rich phase into the coagulation
solution. In the late stages of phase separation, both E and
Q became constant. The termination of the variation of E
and Q indicates a reduction in the mobility of the polymer
upon phase separation. Here, it should be noted that E and
0 did not show discontinuous changes although they were
obtained from different illumination spots (see Fig. S1 in the
Supplemental Material [36]). This indicates that the NIPS pro-
cess was successfully observed while avoiding the irradiation
damage.

B. Dynamics

In the previous section, NIPS was discussed based on
SAXS data. We suggested that the termination of phase sepa-
ration was caused by a decrease in the mobility of the polymer.
To confirm the hypothesis, the dynamic fluctuations of the
phase-separated structure were investigated based on XPCS
data.
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FIG. 4. Two-time correlation function C; at ¢ = 0.0285nm™! atz,, =

(e), and 519-537 s (f).

Here, we discuss the temporal variation of the dynamics
via a two-time correlation function:

(I(q, 1)l (g, 12))
(Ip(q7 n ))\p (Ip(Q7 tZ))\p '

Cl(q7t17t2) - (1)

where I,(q, t) is the scattering intensity detected at a pixel
at time ¢, and (-- - )y denotes the average over pixels within
q £ Aqg [37,38]. The range of averaging, Ag, was set to
0.0015nm™", which was determined by considering the scat-
tering intensity and the number of pixels. From Cj, the
variation in the relaxation time can be represented visually
by the width of the diagonal band [39]. The representative C;
at ¢ = 0.0285nm™" at various t,, values are shown in Fig. 4
(see all the obtained C; at ¢ = 0.0285nm~! in Fig. S2 in the
Supplemental Material [36]). As shown in Fig. 4(a), in the
initial stage, the band is thinning with ¢y, which means that
the relaxation was becoming faster. Thereafter, as shown in
Fig. 4(b), the relaxation starts slowing down from ¢, & 192 s.
Subsequently, the relaxation continues to slow down, eventu-
ally slowing down to exceed the measurement timescale, as
shown in Figs. 4(c)—4(f).

For a more quantitative discussion, the temporal time-
autocorrelation function was calculated from 100 frames
(corresponding to 3 s) for #, < 240 s and 600 frames (cor-
responding to 18 s) for ¢, > 240 s, respectively, at various t,

161-179 s (a), 186-204 s (b), 262-280 s (c), 314-332 s (d), 416-434 s

using the following formula:
((Ip(q. DIp(q. 1 + 7)) ),
(I (q. 1))y (g, t + 7)),

where (- - - ), indicates time averaging. The obtained data were
analyzed by fitting with the following equation:

§2q. 1) = )

g (q. 7) = Bexp[—2(I't)"] + baseline, 3)

where g, I, and « are the speckle contrast, relaxation rate, and
compressed exponent, respectively. In the present measure-
ments, fy-independent 8 ~ 0.12-0.15 were obtained, which
were similar to the measurements obtained from the differ-
ent static samples with the same setup. Thus, although the
previous studies have suggested that 8 has information on
the relaxation being faster than the measured time window
[40-42], it is not necessary to consider in this study. The value
of o was between 1.0 and 2.0 and did not show systematic
variation over time (see Fig. S3 in the Supplemental Material
[36]). Due to the limited time range of the analysis caused by
the 1,, dependence of g®)(¢, 7) and the presence of additional
slow decay, the values of o were scattered, making it difficult
to discuss them in detail.

Figure 5 shows the normalized time-autocorrelation
functions, [¢?) (g, T) — baseline]/B at various f, at g =
0.0285nm~'. Several g?(q, t) showed additional slower
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FIG. 5. Normalized time-correlation function of scattering inten-
sity, [g®(z)-baseline]/B8 at ¢ = 0.0285nm™! in the range of (a)
ty = 161-192 s and (b) t,, = 195-4009 s, respectively. The solid lines
show the fitting curves by Eq. (3).
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decay that behaved in a t,-independent manner. Although
the origin of the slower decay is not clear, we presume that
it comes from a small amount of aggregate which separated
from the membrane. We focused on faster decay as a main
component to discuss phase separation. As mentioned in the
discussion of Cy, in the time region of #, < 192's, g®(q, 1)
tends to relax faster with f,, as shown in Fig. 5(a), whereas
in the time region of #, > 192 s, g? (g, 1) tends to relax
slower with ¢, as shown in Fig. 5(b). No significant time-
autocorrelation functions were obtained for 7, < 161 s due to
the low scattering intensity.

The obtained g dependences of I' are shown in Fig. 6.
As depicted by solid lines in Fig. 6, all measured I" values
were proportional to g, as expressed by I' o ¢" (n = 1), in
the measured g range. The behavior of n and « differ from
the characteristics of simple Brownian motion, i.e., n = 2 and
o = 1. This indicates that the observed dynamics of the phase-
separated structure cannot be attributed to simple diffusive
motion and rather are attributed to ballistic or hyperdiffusive
motion [17]. The behavior of n =1 and « > 1 has been
observed in XPCS analysis for several soft matter systems
such as polymer grafted nanoparticle system [24,43], and filler
particles dispersed in rubbers [44] and in a physical gel [45].
Although there is no clear consensus regarding the micro-
scopic origin for the behavior, a shared feature of the systems
is that the fluctuation accompanies some elastic deformations
and stress relaxation [17,18]. In the present system, fluctua-
tion in the phase-separated structure is affected by viscoelastic
properties of the polymer-rich phase. It is assumed that such
an effect of the viscoelasticity resulted in ballistic or hyperdif-
fusive behavior of the dynamics.

From the results of I' o ¢, the “velocity” of the observed
dynamics can be characterized by v =1I"/q. In Fig. 7, the
tw dependence of v is shown. At t, < 194 s, v dramatically
increases, showing a sharp peak at t, = 194 s, followed by
a drastic decrease at 194 s < 1, < 310 s. Beyond #, = 310
s, v becomes smaller over the measurement time range. To
understand how these dynamic changes are related to the
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FIG. 6. T at various immersion times obtained from the curve fitting analysis on g () by Eq. (3) in the range of (a) t,, = 161—192 s and
(b) 1, = 195—409 s, respectively. The solid lines show fitting lines by I' = vgq.
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FIG. 7. Time dependence of v = I'/g with a dimension of ve-
locity (blue filled circles). Time dependences of the derivative of the
correlation length, E, and the common logarithm of invariant, Q, are
also shown as the black solid line and red dashed line, respectively.

static structure changes discussed in the previous section,
differential functions with respect to f, of the correlation
length, d2/d t,,, and the common logarithm of the invariant,
d[log(Q)]/dty, which was calculated by numerical differen-
tiation after smoothing = of the data in Fig. 3, are plotted in
Fig. 7.

From the behavior of these parameters, the NIPS process
can be divided into three stages: an initial stage (I), a second
stage (II), and a last stage (III) as shown in Fig. 7. In stage
D, d[log(Q)]/dt,, has a clearly positive value, which im-
plies that the phase separation progressed in the polymer-rich
membrane (cuprammonium cellulose solution) by absorb-
ing solvents (aqueous acetone solution). However, the SAXS
profiles did not show a characteristic shoulder in the stage,
indicating that the phase-separated structure was still not clear.
During this process the polymer solution was diluted by sol-
vents. It enhanced the mobility of the polymer chains, which
resulted in an increase in v. Once v took the maximum at
ty = 194 s, v drastically decreased in stage (II). In stage (II),
although both the value and change in d[log(Q)]/dt,, are very
small, it is clear from Fig. 3 that Q gradually increases. In this
region, d E/d t,, varies significantly, indicating that a phase
separation process was in progress, which is different from
that in stage (I). In this stage, we assume that the solvents
diffused from the polymer-rich phase to the bath, causing
shrinkage of the phase-separated structure, which results in
negative d E/d t,. The decrease in v implies a reduction in the
polymer mobility in the polymer-rich phase caused by solvent
desorption. Eventually, in stage (III), both v and dE/d t,
asymptotically approached 0 at ¢, =~ 310 s. These results in-
dicate that the shrinkage was terminated by a decrease in the
mobility of the polymer.

In stage (II), the change of v is almost terminated, and the
averaged static and dynamic properties appear to be in a stable
state. However, the temporal fluctuations of dynamics clearly
exist as shown in Fig. 4(d), and such temporal fluctuations
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FIG. 8. x, the fluctuation of C; calculated from Eq. (4), at ¢ =
0.0285nm~! att,, = 314-332s.

T T T TTTT T T T T T

can include important information for the NIPS process. The
temporal fluctuations of C; have sometimes been discussed
in relation to the spatial heterogeneity of dynamics, dynamic
heterogeneity [19,20,46—49]. The fluctuation of C; can be
discussed quantitatively by its normalized variance [45],

(Citg,n, 1), —(Ci(g, 11,0,
<CI(Q$ 1,t= 0)>t2|

The parameter x exhibits a peak around the inflection point
of g?(q, t), and the height of this peak is proportional to
the variance of the characteristic relaxation time. The ex-
perimentally measured variance y is affected by statistical
noise owing to the use of a finite number of pixels np. Thus,
we corrected the measured y (g, t) by applying a correction
procedure based on extrapolation, 1/n, = 0, as reported pre-
viously [50,51]. The calculated x att,, = 314-332 s is shown
in Fig. 8. It shows a prominent peak at r ~ 2.8 s, indicating
that there are significant fluctuations on this timescale. The
large fluctuations were also observed in C; at t, > 332 s, as
shown in Fig. S2 in the Supplemental Material [36]. Although
it is difficult to evaluate using Eq. (4) due to the long timescale
of the fluctuations exceeding 18 s, they suggest that there
were significant fluctuations in stage (III) at #, > 332 s. These
results represent that even at the end of the NIPS process, there
are significant dynamic fluctuations that settle down with .

x(g,1) = 4)

IV. CONCLUSIONS

We investigated the structure and dynamics in the NIPS
process of cuprammonium cellulose solution immersed in
aqueous acetone solution by an in siru XPCS measurement.
Our findings revealed that NIPS occurs in two steps. The
first step involves solvent absorption into the polymer-rich
membrane, which increases the characteristic length obtained
by the SAXS profiles and speeds up the dynamic fluctuation
observed by the XPCS analysis. The second step is the solvent
desorption process. In this step, the characteristic correlation
lengths decrease, and the dynamic fluctuation slows down.
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After this step, the solidification of the polymer phase is
completed.

This complex NIPS process was first revealed by simulta-
neously observing both microscopic structural and dynamical
changes. For more specific characterization of NIPS process,
it is important to investigate the effects of coagulation con-
ditions, such as the composition of the polymer solution and
coagulation solution, on the structure and dynamics. Such a
systematic study will be presented elsewhere as future works.
NIPS is an important phenomenon during the manufacture of

fibers and other polymeric industrial products; thus, the opti-
mization of industrial processes through such analysis should
become increasingly important in the future.
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