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Gels are very important states of matter in our life and can be classified into three types: chemical, stable
physical, and transient gels. The first two are formed by the percolation of chemical and physical bonds,
respectively, and practically have an infinite lifetime, meaning that they have nonzero static shear moduli and
behave as soft solids. On the other hand, the last one is formed only transiently during demixing of a dynamically
asymmetric mixture composed of large (slow) and small (fast) components. It emerges as a transient percolated
network of the large components, and accordingly it has a finite lifetime (or, it eventually behaves as a liquid).
Although the states of chemical and physical gels are reasonably well understood, the physical understanding
of transient gelation has remained very poor; for example, a mechanical boundary condition originating from
transient elasticity has not been considered before. The fundamental difficulty originates from the fact that
transient gelation is a dynamically evolving nonequilibrium process as a consequence of complex dynamical
interplay between phase separation and mechanical relaxation (or rheology), but there is no reliable theory for
the rheology of a nonequilibrium system. To overcome this difficulty and elucidate the physical essence of
transient gelation, we combine experimental and theoretical approaches to study the volume-shrinking kinetics
of a transient gel and compare it with that of a permanent chemical gel undergoing a volume phase transition. We
reveal that the volume-shrinking behavior of a transient gel is fundamentally different from that of a chemical
gel. A permanent gel has static elasticity coming from its permanent network topology. In contrast, a transient
gel is formed by hierarchical structure formation (polymers — globules — percolated network) and is stabilized
only by weak van der Waals bonding between globules, and thus it does not have static elasticity and its elasticity
decays with time: viscoelastic relaxation. This relaxational feature leads to the switching of the relevant order
parameter during phase separation in the order of scalar (composition), tensors (volume and shear deformations),
and scalar (composition). Depending on the relation of the deformation rate generated by phase separation
itself to the bulk and shear mechanical relaxation rates, a transient network behaves liquid-like, viscoelastic,
and elastic; leading to liquid-like, ductile, and brittle fracture of the network during shrinking, respectively.
We also find that the emergence of elasticity during transient gelation is the reverse of its disappearance and
there is a one-to-one correspondence between them, strongly indicating the key role of viscoelastic relaxation in
transient gelation. We argue that these basic features should be generic to any demixing-induced transient gels
of soft matter, including polymer solutions, colloidal suspensions, emulsions, and biological solutions such as
protein solutions. Our finding not only sheds new light on the physical nature of this intrinsically nonequilibrium
transient state of matter but also provides the physical basis for demixing of soft- and bio-matter.
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I. INTRODUCTION

A transient gel is formed when a dynamically asym-
metric mixture composed of large (slow) and small (fast)
components undergoes phase separation [1,2]. Such dynam-
ically asymmetric mixtures include polymer solutions, col-
loidal suspensions, emulsions, and biological solutions such
as protein solutions. A transient gel is nothing but a tran-
sient percolated network of the large components of such
a mixture. In this type of phase separation, even the slow-
component-rich minority phase can transiently form a per-
colated network structure, contrary to the common rule of
normal phase separation [3] that the minority phase always
forms isolated droplets to minimize the interfacial energy.
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This unconventional phase separation caused by the dynam-
ical coupling between composition and stress fields is called
“viscoelastic phase separation” (VPS) [1,2]. This type of
phase separation is widely observed in various fields such as
materials science [4,5], food science [6,7], bioscience [8,9],
medical science [10], and geoscience [11,12]. Very recently,
liquid-liquid phase separation in biological cells has attracted
considerable attention after the discovery of non-membrane-
bounded domain structures termed membrane-less organelles
in cells [13-20]. Because these domains are formed by con-
centrated macromolecular and protein solutions, viscoelastic
effects may play a crucial role during phase separation. For
example, Iborra [21] argued that nuclear compartmentaliza-
tion can be explained by viscoelastic phase separation of the
dynamically different nuclear components, in combination
with macromolecular crowding and the properties of colloidal
particles.
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Thus, transient gelation is an extremely important phe-
nomenon that may take place in any mixture with strong
dynamical asymmetry between the components. Despite its
significance, however, their macroscopic behavior—their for-
mation, the evolution of elasticity, and final relaxation back to
a fluid state—has not been explored yet, and thus the phys-
ical mechanism behind this complex dynamical process has
remained elusive. The fundamental difficulties arise from the
fact that, unlike a chemical gel, (i) a transient gel only appears
during phase demixing and thus is essentially heterogeneous,
and (ii) it does not possess static elasticity and its elasticity
is intrinsically transient, since it is a consequence of vis-
coelastic effects; that is, the dynamical crossover between the
deformation rate induced by phase separation and the internal
rheological relaxation rate. For example, the internal structure
of a transient gel and thus its viscoelastic properties are almost
completely unknown, unlike the case of a chemical gel.

The network of a transient gel is formed only during
phase separation by transient bonding, different from that of
a permanent chemical gel formed by intermonomer covalent
bonding. Thus, it is natural to think that the origin of the
elasticity of a transient gel is basically dynamical and that
its mechanical behavior depends on the relation between the
characteristic time of deformation induced by phase separa-
tion itself, t;, and the bulk and shear relaxation times of the
network, g and ts, respectively [1,2]. Just like in ordinary
viscoelastic matter [22,23], a system can be regarded as elastic
for t; <« 1B, T5, Viscoelastic for t; ~ g, 75, and fluid for
T4 > T, Ts. Here we note that the term “bulk” deformation
represents the deformation of the volume occupied by a
transient gel network, which must be accompanied by the
transport of the solvent: The volume increase and decrease of
a transient gel is realized only through absorbing or expelling
the solvent, respectively. To show the relevance of this idea,
we need to compare experiments with theories in a quantita-
tive manner. However, such studies have not been performed
so far, because of difficulties associated with the intrinsically
nonequilibrium nature of a transient gel. We stress that it
is extremely difficult to develop a microscopic rheological
theory for an unstable state of matter undergoing spinodal
decomposition.

In this paper, we aim to reveal the physical nature of
a transient gel and its dynamical evolution during phase
separation. To do so, we experimentally study the volume-
shrinking kinetics of freely shrinking cylindrical transient gels
formed in polymer solutions undergoing phase separation.
We successfully studied the volume-shrinking kinetics quan-
titatively for the first time. By comparing these results with
a theory as well as the known results of volume shrinking
in permanent chemical gels [24-32], we elucidate how elas-
ticity emerges during the formation of a transient gel and
how the transient elasticity decays in the viscoelastic relax-
ation process. We show that the sequential fluid-to-solid and
solid-to-fluid transition during the phase demixing process
of a polymer solution can be fully explained by the concept
of spontaneous viscoelastic relaxation in phase separation;
more specifically, as a consequence of dynamical crossover
of the domain deformation rate, 7, ! with bulk and shear
mechanical relaxation rates, 75 ' and g . We also reveal that

hierarchical structure formation upon transient gelation (poly-
mers — globules — network formation) not only plays a piv-
otal role in the presence of independent dynamical crossover
behavior for bulk and shear modes, but is also responsible for
unique viscoelastic properties of a transient gel.

II. EXPERIMENT

The systems studied were mixtures of monodisperse
polystyrene (PS) and diethyl malonate (DEM). Note that PS,
being an atactic polymer, neither crystallizes nor forms any
stable bonds between chains. We mainly used two PSs with
the weight-average molecular weights (M,,) of 7.04 x 10°
(PS1) and 3.84 x 10° (PS2). The molecular weight distribu-
tions M,,/M, (M, is the number-average molecular weight)
were 1.05 (PS1) and 1.04 (PS2).

For observation of a volume-shrinking process of a tran-
sient gel in a polymer solution, we insert the sample into a
cylindrical tube and quench it into an unstable region of the
solution. See the Appendix for the details of our experimental
and analysis methods.

A. Phase diagram

The PS-DEM mixtures have upper-critical-solution-
temperature (UCST) type phase diagrams [1,2,22,33], which
are shown as a function of the temperature 7 and the initial PS
composition ¢ in Fig. 1(a) for PS1-DEM and in Fig. 1(b) for
PS2-DEM. The critical composition ¢, and temperature 7, of
the mixtures were determined to be 4.1 wt% PS1 and 22.3°C
for PS1-DEM and 2.1 wt% PS2 and 27.2°C for PS2-DEM
[34]. The dependence of the phase-separation behavior near
¢. on the degree N of polymerization is shown in Fig. 1(c).
The theta temperature ® [note that ® = T,.(N) in the limit of
N — 00] [22,33] of the PS-DEM mixtures is ~32.2 °C [34].

B. Three types of viscoelastic phase separation

When a polymer solution is quenched slightly below the
binodal line, where dynamical asymmetry is weak enough,
ordinary phase separation takes place. When a solution with
oo 2, ¢ is quenched below the spinodal line, the system be-
comes unstable and spinodal decomposition takes place. Here
we show typical pattern evolution processes during spinodal
decomposition observed in quasi-two-dimensional (2D) thin
films of mixtures of PS and DEM in Figs. 2(a)-2(c). In these
experiments, the edge of a sample is fixed. Because of this
fixed boundary condition, the macroscopic volume shrinking
of the entire sample does not take place; instead, the volume
shrinking of the polymer-rich phase proceeds by creating
solvent holes in the PS-rich phase. In our phase-contrast
microscopy observation, the dark domains are the PS-rich
phase, whereas the bright domains are the DEM-rich phase.
We also show in the phase diagrams in which region each
type of VPS is observed (see Fig. 1). As shown in Fig. 1, we
can classify spinodal decomposition into the following three
types:

(i) Weakly viscoelastic phase separation (wVPS): For
wVPS [see Fig. 2(a)], the solvent-rich phase forms droplets
rather than a bicontinuous structure, even though the volume
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FIG. 1. Various types of phase separation behavior observed in PS-DEM solutions. Panels (a) and (b) show the state diagrams for PS1-DEM
and PS2-DEM mixtures, respectively. The regions where the three types of phase separation, wVPS, sVPS, and FPS, are observed [see
Figs. 2(a)-2(c)] are also indicated in the phase diagrams with the same labels. Triangles show the binodal line [34], squares show 7; below
which transient gelation takes place (Refs. [34,35]), and diamonds show Ty below which FPS takes place (Ref. [35] and Appendix 2). The
circles labeled “CP” indicate the critical points (see Appendix 2). The dashed straight lines are the lines of the symmetric composition [1,2]. The
three types of circular symbols correspond to the three types of VPSs [see Figs. 2(a)-2(c)] and volume-shrinking behavior [Figs. 3—-5]. Open
circles show wVPS [Figs. 2(a) and 3], black-filled circles show sVPS [Figs. 2(b) and 4], and black double circles show FPS [Figs. 2(c) and 5].
Rectangular boxes labeled A and B indicate the state points near the critical composition ¢.. The dashed-dotted curves at the low ¢ region
indicate the boundary between network-forming and droplet-forming phase separation [35], the latter of which is not discussed here. Panel (c)
shows the N dependence of T, T; (Ref. [34]), and T at the critical compositions. Points in rectangular boxes A and B are common to those
in panels (a) and (b), respectively. The dashed-double dotted line indicates the expected onset temperature Ty of gel-type phase separation
(“GPS”), which will be discussed later. The regions where wVPS and FPS take place are shaded by light blue and red colors, respectively. The
light green region in the right-hand side of panels (a) and (b) indicates a sVPS region, where a percolated network (or transient gel) is directly
formed through the growth of concentration fluctuations. The light yellow region in the left-hand side of panels (a) and (b), on the other hand,
indicate a sVPS regions, where droplets are formed first and then they form a percolated network (or transient gel) later. The light-orange
region in panel (c) indicates the region of gel phase separation.

fraction is not so low. This is a consequence of both viscoelas- polymer solution, leading to a solid-like brittle fracture: for-
tic and wetting effects (see Appendix 2 on the latter effect). mation of cracks and its growth (see the leftmost image).
The mechanical stress plays a role only in the initial stage and Reflecting the brittle nature of fracture, solvent holes have
the domain coarsening in the late stage, primarily driven by a crack-like anisotropic shape unlike the rounded shape in
interfacial tension as in ordinary phase separation: collisions sVPS. The large degree of the volume shrinking is a mani-
between droplets and the resulting coalescence lead to the festation of the large magnitude of the self-generated internal
domain coarsening. The domain shape is always rounded in mechanical stress. After crack formation, the polymer-rich
wVPS. phase keeps expelling the solvent and shrinks its volume.

(i) Strongly viscoelastic phase separation (sVPS): In After a very long time, the effects of viscoelasticity will
sVPS [see Fig. 2(b)], the minority phase forms a transient disappear and thus the interface tension should play a major
gel state just after the temperature quench, which shrinks its role finally. But this final relaxation takes place much later
volume by creating solvent holes and expelling the solvent than 40 min.

to them (see the leftmost image). Then, the volume of the These three types of VPS, wVPS, sVPS, and FPS, corre-
polymer-rich phase keeps shrinking, leading to the forma- spond to liquid-type, ductile, and brittle fracture of amorphous
tion of a well-developed network structure of the minority materials, respectively [35,36]. For all cases, the origin of
polymer-rich phase, whose shape is determined by the me- the mechanical instability is commonly strong dynamical

chanical force balance condition (see the third image). The asymmetry for the change of an order parameter (composition
coarsening of the network structure of the polymer-rich phase and density, respectively, for phase separation and material
takes place via liquid-type or ductile fracture of strands of  fracture) [1,2,36-38]. The only difference between transient
the network due to the concentration of the self-generated  gels and amorphous materials is that, for the former, the
mechanical stress on weak parts of the network [1,2,34,35]. In deformation is self-generated by demixing whereas for the
the final stage, however, the interfacial tension starts to play a latter it is applied externally. In the next section, we show
major role since the system approaches the final equilibrium what kind of volume-shrinking behavior is observed under the
state and the mechanical stress decays, reflecting the slowing  free boundary condition, corresponding to these three types of

down of the deformation rate generated by phase separation. VPS shown in Fig. 2 for the fixed boundary condition.
Accordingly, the domain shape becomes rounded (see the
rightmost image). III. RESULTS

(iii) Fracture phase separation (FPS): In FPS [see
Fig. 2(c)], brittle fracture of the transient gel is the major A. Methods to characterize volume-shrinking behavior
coarsening mechanism [35]. A deformation rate created by To characterize the volume-shrinking behavior of a cylin-

demixing (or a strong shrinking tendency) due to interpolymer  drical transient gel, we study the temporal changes of the
attractions is much faster than the relaxation rate of the following four physical quantities (see Appendixes 3 and 4):
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FIG. 2. Typical phase-contrast-microscopy images of the temporal change of phase-separated structures characteristic of (a) wVPS [21.5°C
for 4 wt% PS1; see Fig. 1(a)], (b) sVPS (0°C for 8.53 wt% PS; M,, = 1.9 x 10%), and (c) FPS (-2 °C for 4 wt% PS2). The dark domains are
the PS-rich phase, whereas the bright domains are the DEM-rich phase (see Appendix 2). In these experiments, the samples were sandwiched
between two cover glasses and thus were quasi-two-dimensional, and the boundaries of the samples were clamped by the edges of the cover

glasses.

(1) the scaled length A£(t) = [£(t) —£s]/(£o — £f), where
£(t) is the length of a cylindrical gel along its long axis,
and its initial and final values are respectively denoted £,
and £7; (2) the scaled width (or diameter) Aw(¢), which
is defined in the same manner as A{(¢); (3) the average
transmitted light intensity through a cylindrical tube, (I(?));
and (4) the intensity fluctuation amplitude [(A%(¢))]'/?. Both
AL(t) and Aw(t) characterize the change in the outer shape of
transient gels (see Appendix 4 a and Figs. 12 and 13), whereas
both (I(t)) and [(AI?(t))]'/? characterize the change in the
internal structure (see Appendix 4 b and Fig. 14).

From the observation of phase-separation behavior of
quasi-2D systems (see Fig. 2), we find that there are three
types of deformation behavior, depending upon the initial
average composition of the polymer ¢y and the quench depth
AT =T, — T, i.e., the temperature distance from the critical
temperature 7,.. We confirm that these three types of volume-
shrinking behavior (shown in Figs. 3-5) have one-to-one
correspondence to the three types of pattern evolution of
quasi-2D samples shown in Figs. 2(a)-2(c) respectively, i.e.,
wVPS [open circles in Figs. 1(a) and 1(b)], sVPS (black
filled circles), and FPS (double circles). In the following, we
qualitatively describe the characteristics of the three types of
shrinking behavior of cylindrical transient gels one by one.

B. Case of weakly viscoelastic phase separation

For wVPS [see Fig. 3(a)], the system immediately be-
comes very turbid and the image becomes very dark af-
ter a quench, but quickly becomes brighter when the inter-
nal phase-separation structure is visible. This change in the
brightness of the image is caused by the crossover between
the wavelength of light and that of the internal structure. This
can be seen by the temporal change in (I) and ((A7?))'/? [see
Fig. 3(b)]: Both (I) and ((AI?))!/? steeply decrease almost
to zero immediately after quenching, suggesting the steep
increase in turbidity upon the initiation of phase separation.
We call this process “regime i.” This regime i is already
finished before the leftmost image of Fig. 3(a). After a short
time 7y, these quantities start to gradually increase, whereas
A/ decreases exponentially with time [see the red fitted curve
in Fig. 3(b)]. We call this process “regime I.” As shown
below, viscoelastic stress plays a role only in regime i and has
already decayed in regime I. Reflecting this, there is almost
no temporal volume change of the PS-rich phase in the late
stage of regime I [Fig. 3(c)], which is a typical late-stage
demixing behavior of a fluid mixture [3]. The quick decay
of the mechanical stress can also be confirmed from the fact
that the outer shape of the big polymer-rich domain becomes
rounded. Although there is almost no volume change in the
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FIG. 3. Volume-shrinking dynamics of a transient gel in wVPS, which is observed at 16°C for 8§ wt% PS1 [see Fig. 1(a)]. (a) Back-
illuminated images of sample tubes. We can see the PS-rich transient gel of darker contrast in the cylindrical glass tube (inner diameter:
1 mm) (see Video 1 in the Supplemental Material [39]). (b) Volume-shrinking dynamics characterized by the scaled length A£(¢), the average

light intensity (1), and the variance of the light intensity fluctuations ({(1%(¢)))

1/2 of the PS-rich transient gel phase. See Appendix 4 b for the

definitions of (I) and ({I*(¢)))"/?. (c) Temporal change of both the width ratio w/w, and the apparent volume ratio V,/V,, calculated as
w?e/ (wgéo). ‘We use the mean values of V,/V,, and of w/w, between its maximum and minimum represented by the endpoints of the error
bars (those smaller than the size of the indicator of the data points are not shown). The errors are due to shape fluctuations of the PS-rich phase
shown in panel (a). Regime I is further divided into regime (1) and (2), although this division is not essential (see text). We note that, although
divided into these two subregimes, regime I is characterized by the single exponential decrease of A£ with the characteristic decay time 7! (see
the fitted curve Afg and Sec. VI B 1). We identify regime i before #, and regime I after 7, (see Appendix 4 a). Solid lines without legends are

to guide the eye.

PS-rich phase itself, the volume of the outer shape apparently
shows the volume decrease [see Fig. 3(c)]. Reflecting this
behavior, we divide regime I further into two regimes [see
Figs. 3(b) and 3(c)]: In regime (1) there is an apparent volume
change, but this is due to escape of solvent-rich droplets from
the PS-rich domain (not the volume shrinking of the PS-rich
phase itself). In regime (2), on the other hand, the volume
is almost constant since the DEM-rich phase is confined as
large droplets inside the large PS-rich domain [see Fig. 3(a)]:
the slight decrease of V,/V, after 10* s is again due to the
escape of a few large droplets from the PS-rich domain (see
Video 1 in the Supplemental Materials [39]). Although we
divided regime I into these two subregimes (1) and (2), this
division is not essential. Regime I is characterized by the
single exponential decrease of A¢ [see the fitted red curve in
Fig. 3(b)]. This should be compared with regimes II and I in
sVPS in Figs. 4(b) and 4(c).

C. Case of strongly viscoelastic phase separation

For sVPS [see Fig. 4(a)], after regime i, composition
fluctuations are frozen for a while, where not only (/) and
((AT*)/? are kept low [see Fig. 4(b)] but also £ and w
only slightly decrease with time [Figs. 4(b) and 4(c)]. This
frozen state is caused by viscoelastic effects (see below).
We refer this time regime continuing until #y as “regime ii”
(see Appendix 4b). Only the leftmost image in Fig. 4(a)
belongs to this regime. After #), macroscopic deformation of
the transient gel takes place. The first process, which we call
“regime II,” is characterized by the exponential decrease of
both A¢ and Aw [Fig. 4(d)], the coarsening of the internal
domain structure, and the temporal change in the outer shape
[more specifically, the aspect ratio, see the lower inset of
Fig. 4(d)]. The domain coarsening results in the increase in
both () and ((AI?%))'/? [see Appendix 4 b and Fig. 4(b)]. This
behavior is characteristic of volume shrinking of a transient
gel formed in regime ii (see below). Then the second (final)
process, which we call regime I, is the same as regime I in

wVPS, where the transient gel looses elasticity and comes
back to a fluid due to viscoelastic relaxation [Fig. 4(c)].

Here it may be worth explaining the difference in the
behavior in wVPS [Fig. 3(b)] and sVPS [Fig. 4(b)] in more
detail, since they might look apparently similar. To consider
this problem, it is crucial to recognize the following facts:
(i) Since g > 15 (see Sec. IV B), the absence of the bulk
elasticity automatically means the absence of shear elastic-
ity, and the presence of the latter means the presence of
the former. (ii) The volume shrinking is driven by the bulk
mechanical stress, while the domain coarsening is allowed
when the shear elasticity is absent. Then, for the case of
Fig. 3(c), there is little volume shrinking after #y, whereas
the domain coarsening proceeds since (/) (green triangles)
and ((AI?%))!/? (blue squares) increase. This indicates that the
process after 7y should be liquid-like and should be identified
as regime I, where neither bulk nor shear elasticity is active.
For the case of Fig. 4(c), on the other hand, there is significant
volume shrinking after #y. This means that the bulk mechanical
stress is operative. However, the domain coarsening proceed
as can be seen in the increase in (/) and ({(AI%))!/? [see
Fig. 4(b)], indicating the absence of the shear elasticity. Thus,
we identify this process as regime II, where bulk elasticity is
active but shear elasticity is not.

D. Case of fracture phase separation

For FPS [see Fig. 5(a)], after #, i.e., after regimes i and ii
(only the leftmost image belongs to this regime), which are
the same as in sVPS, there appears a new “regime III,” where
both bulk and shear stresses are active. In this regime [the
second and third images in Fig. 5(a) belong to this regime],
Al and Aw decrease exponentially with time [Fig. 5(d)] and
the outer shape is preserved, i.e., the aspect ratio is constant
with time [see the lower inset of Fig. 5(d)] but, unlike regime
II, composition fluctuations are kept frozen. The latter fact
can be seen from the fact that (/) and ((AI2))!/? are kept
low [Fig. 5(b)], indicating that shear elasticity is active.
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FIG. 4. Volume-shrinking dynamics of a transient gel in sVPS [at 12 °C in panels (a)—(c) and 3 °C in panel (d) for 4 wt% PS1; see Fig. 1(a)].
The descriptions of panels (a)—(c) are the same as in Figs. 3(a)-3(c), respectively. In panel (b), we fit the decay of A¢ by a two-step exponential
decay with the two characteristic times, t™" and 7' (see Sec. VI B). See Video 2 in the Supplemental Materials [39] for the shrinking process
shown in panel (a). The fluidity of the polymer-rich phase in regime I in sVPS can also be seen in panel (c) from the recovery of w/w, due
to hydrodynamically driven interface reduction. The slight decrease of the V,/V,, after 10* s comes from the escape of the large DEM-rich
droplets encapsulated in the PS-rich phase (see Video 2 in the Supplemental Materials [39]). (d) A process of shape-thickening shrinking in
regime II, which is characterized by the same exponential decrease of the A¢ and Aw and also by the decrease in the aspect ratio £/w in the
lower inset. The upper inset in panel (d) shows the T dependencies of ™. Solid lines without legends are to guide the eye.

This suggests that this deformation process is different from
regime ii and II (see below). This regime III is followed by
regime II and regime I sequentially in this order, as in sVPS.
We note that the relaxation time ¥ of the exponential decay of
AZ in each regime k (k = 1, II, or III) satisfies the relation of

' > !l > 71 (see Figs. 3-5, and Fig. 12 and Appendix 4 a).

E. Summary

whereas, below T/, the shear modulus g also plays a pivotal
role in addition to K [35]. The details will be discussed later.

Next we summarize the volume-shrinking behavior shown
in Fig. 6(a) in terms of the strain defined as —y, = (£ — £y) /4o
rather than time in Fig. 6(b). The strain —y; is a measure of the
degree of volume shrinking and a monotonically increasing
function of time. We plot the final strain values in regime
IIT and those in regime II, which provide the border (red

curve) between regimes III and II and the border (green curve)
between regimes II and I, respectively. Regime I, II, and III are
shown by light blue, light green, and light red, respectively.
We can see that regimes ii and II appear only below the onset
temperature of sVPS, T;, whereas regime III appears only
below the onset temperature of FPS, T'.

Here we summarize the above-mentioned three types of
behavior in Figs. 6(a) and 6(b). Figure 6(a) shows the volume-
shrinking behavior induced by phase separation taking place
at various temperatures. We can see that, for wVPS taking
place between 7, and T;, the volume-shrinking sequence is
regime 1 — regime 1. For sVPS taking place between 7; and
Ty, the sequence is regime i — regime ii — regime Il —
regime 1. For FPS taking place below T, the sequence is
regime i — regime ii — regime III — regime II — regime I.
Below T; but above T, only the bulk modulus of a transient
gel, Ky, plays a crucial role in its volume-shrinking behavior

IV. UNIQUE FEATURES OF TRANSIENT GELS

Before making a theoretical description of the volume-
shrinking kinetics of a transient gel, we need to clarify the
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(b) & (c) fy (d)
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FIG. 5. Volume-shrinking dynamics of a transient gel in FPS [at 19 °C for 1 wt% PS2 in panels (a)—(c) and at 17 °C for 2 wt% PS2 in panel
(d); see Fig. 1(b)]. The descriptions of panels (a) and (b) are the same as in Figs. 3(a) and 3(b), respectively. See Video 3 in the Supplemental
Materials [39] for the shrinking process in panel (a). (c) An isotropic (or up-hill-diffusion-like) shrinking process in regime ii characterized
by the same decrease of w — wy and £ — £, (see Sec. VI B). The lower inset in panel (c) demonstrates the temporal change in the aspect ratio
£/w characterizing the shrinking process of shape thinning in regime ii. (d) A process of shape-preserving shrinking in regime III, which is
characterized by the same exponential decrease of the A¢ and Aw but the constant aspect ratio £/w in the lower inset (in contrast with the
lower inset of Fig. 4(d); see also Sec. VI B for more details). The upper inset in panel (d) shows the T dependencies of t'!!. Solid lines without
legends are to guide the eye.
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FIG. 6. Summary of phase-separation behavior of PS2-DEM
mixtures near the critical composition. (a) The experimental results
on the transformation between various time regimes as a function
of T for PS2 (¢ =2 wt%). The notation #}' and 7} denote the
terminal times of regimes III and II, respectively (see Appendix 4 a).
7! and ¢! are the characteristic relaxation times of regimes III and
II, respectively (see text). We determine the short- and long-time
sides of the error bars of the terminal time of regime i, t}, to be
respectively the terminal time just before isotropic shrinking starts
in regime ii and the starting time of the macroscopic shrinking (their
midpoints are represented by triangles) (see Appendix 4 a). We also
show the type of elasticity that is active in each process by the
labels K, (bulk modulus) and p,, (shear modulus). (b) Temperature
dependence of the characteristic regimes measured by the degree of
strain —y,. Here the behavior in panel (a) is shown as a function
of the strain rather than time. The strain associated with £(¢), —y,,
is obtained as —[£(t) — £9]/£o. The final strains at £(1) = £¢, —yyy,
were measured for 2 wt% PS2 (~¢,) (see Appendix 4a). Both y,}'
and y,; in regimes I1I and II are defined by those at the terminal
times 7}/ and 7}/, respectively. Solid curves are to guide the eye. The
horizontal solid lines show the three key temperatures 7., T;, and T
for 2 wt% PS2 [see Fig. 1(b)].

basic physical nature of a transient gel, which exhibits me-
chanical relaxation towards a liquid unlike a permanent gel.
Here we consider this fundamental problem on a qualitative
level.

A. Hierarchical structure formation

It is natural to assume that the early-stage structure for-
mation upon demixing takes place from a shorter to a longer
length scale sequentially as time proceeds. The first step of
phase separation right after a temperature quench should be
collapsing of polymer chains to form “globules,” i.e., the
coil-to-globule transition induced by a change of the solvent
quality from good to poor [33]. Then, in the next step these
globules form a transient gel network due to van der Waals
attractions between them with a help of hydrodynamic in-
teractions [1,2,40,41]. This process should be essentially the
same as transient gelation of colloidal suspensions (or protein
solutions) since globules can be regarded as solid-like elastic
balls [1,2,6,40-49].

B. Relaxational nature of a transient gel network

Unlike a permanent gel, which has static elasticity coming
from a permanent network topology, a transient gel, whose
network is formed by transient energetic bonds, does not have

static elasticity and its elasticity decays with time: viscoelastic
relaxation. There are two types of mechanical relaxation
modes, one of which is associated with the volume deforma-
tion of a transient gel and the other with its shear deformation.
Here it should be noted that the volume deformation of a
transient gel inevitably is accompanied by the transport of a
liquid whereas its shear deformation does not. Because of this,
the volume relaxation time g should be much longer than g
in general: tg > Ts.

Whether a transient gel behaves like solid or liquid for
volume and shear deformation is determined by the relation-
ship between the characteristic mechanical relaxation times
for volume and shear deformation, tg and g, respectively, and
the characteristic time of the network deformation 7,. Elas-
tic and liquid-like responses to volume deformation should
be observed for g > t; and 13 K 74, respectively. Then,
similarly, elastic and liquid-like responses to shear deforma-
tion should be observed for g > 15 > t; and t; > 8 > Ts,
respectively.

C. Dynamical crossover and order-parameter switching

To understand the action of mechanical stresses during
phase demixing, the key is the time relation of 7; to 7
and 75 [1,2], which tells us the relevance or irrelevance of
bulk and shear elasticity, respectively. In the initial stage of
phase separation, 7, rapidly decreases with time, reflecting
the increase of the domain deformation rate, or velocity fields,
induced by the growth of the composition gradient, whereas
7 and tg increase due to the increase in the local polymer
composition (see above). In the late stage, on the other hand,
the system gradually approaches the equilibrium. Thus, 7,
increases indefinitely, reflecting the slowing down of domain
deformation, whereas tg and 75 saturate to the relaxation
times of the equilibrium polymer-rich phase. Thus, 7; can
become shorter than g and g in the initial stage but becomes
longer in the late stage [Figs. 7(a)-7(c)]. Under the constraint
of the relation ts < 7, which always holds (see above), thus,
the following three situations can be realized:

(A) 15 < 18 K 74: In this case, the system behaves like
a fluid, and thus there is no volume change of the polymer-
rich phase. This corresponds to regimes i and I [Fig. 7(a)]. A
typical example can be seen in Fig. 3.

(B) s < 14 < 7g: In this case, the system has only K,
and no p, i.€., behaves like a solid only for volume defor-
mation but like a fluid for shear deformation. Accordingly, it
changes its volume but does not preserve its shape [regimes ii
and II; Figs. 7(b) and 7(c)]. A typical example can be seen in
Fig. 4.

(©) s < 15 < 8 In this case, the system has both K,
and p and thus behaves like a solid for both volume and
shear deformation. Thus, it changes its volume while preserv-
ing its shape [28] [regime III; Fig. 7(c)]. A typical example
can be seen in Fig. 5.

This consideration leads to the following identification of
the relevant order parameter for each regime. In case (A),
the order parameter should be the polymer composition ¢
as in ordinary phase separation [3], and the composition
diffusion is the relevant transport mechanism. In cases (B)
and (C), on the other hand, the order parameter should be
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FIG. 7. Characteristic regimes and their sequence during phase separation. Panels (a)-(c) show schematic diagrams of both characteristic
times (the top of each) and relaxation moduli (the bottom of each) for wVPS, sVPS, and FPS, respectively. Their AT dependencies are
schematically shown in panel (d). The bulk and shear relaxation modulus of a transient gel, Gp and Gg, are the volume-averaged ones. The
dotted lines in panel (d) denote K, and ji,,, Which are respectively extrapolated from the solid lines of the relaxed Gg and Gs. All the curves

are schematic representations of the behavior inferred from our theory.

the deformation tensors (bulk and shear): d}j =V .u,; and

dy = dul/dx; + du', /dx; — v ~u,8;;, respectively, where
u,, is the deformation vector. This means that, during VPS,
the order parameter should switch its nature (see below),
reflecting the time crossovers [1,2].

V. TWO-FLUID MODEL DESCRIPTION OF
VOLUME-SHRINKING KINETICS

On the basis of the above physical picture, we construct a
theory that describes the volume-shrinking kinetics of tran-
sient gels undergoing phase separation, putting a focus on
the linear regime. The key is to incorporate volume and
shear deformation “independently” in the framework of a
phenomenological two-fluid model [1-3,50]. Since we have to
treat theological properties in a thermodynamically unstable
state, we cannot rely on microscopic rheological theories,
all of which have been developed to describe a stable state.
Thus, we develop a theory based on a phenomenological, but
physically relevant argument.

The basic equations of viscoelastic phase separation (VPS)
in polymer solutions are expressed by the viscoelastic model
[1-3,50] as follows:

d¢
5 = V@V, (D
1-¢
Vp—vs=—T(V-H—V-ap), ()
av
paz—V-H+VP+V~o,,, 3)

where ¢ = ¢(r, t) is the polymer composition as a function
of the position r and time 7, ¢ is the friction constant, and p is
the density. Here v, and v, are the average velocities of poly-
mer and solvent, respectively, the volume-averaged velocity

v = ¢v, + (1 — ¢)v,, which satisfies the incompressible con-
dition V - v = (. P is a part of the pressure and is determined
to satisfy the incompressible condition V - v =0. II is the
osmotic stress tensor given by

V.1 = ¢V(SF/5),

where F is the Ginzburg-Landau free energy of a mixture,
which is given as

Fe / drl fru(B(0) + (C/2) V@)1,

where C is a positive constant. frg(¢(r)) is the Flory—
Huggins-type free energy per unit volume of the mixture [33]:

(@, T) = kgT[(1/N)pIng + (1 — ) In (1 — ¢)]
+x(T)e( — ¢),
where kg is the Boltzmann constant and y is the Flory’s inter-
action parameter. Then, o, is the mechanical stress tensor for
polymers. For simplicity, we employ the following Maxwell-

type constitutive equation to describe the time evolution of
o, [12]

o/ (t) = [ dt'{Gs(t — 1) (1)
+Gg(t — 1)V - vp(1)18;5}, (4)

where k) (1) = dvj(1)/dx; + dvi,(1)/dx;—2/3[V - v, (1)]5;;.
Here Ggs(z) and Gg(t) are the relaxational shear and bulk
modulus given respectively by

t t
Gs(t) = pg exp (——>, Gg(1) = Kigexp (——>, %)
Ts B
where (1, and Ky, are respectively the elastic plateau modulus
for shear and bulk deformation and ts and tg are respectively
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the shear and bulk stress relaxation time. In general, the
quantities g, Kig, Ts, and 7, are functions of ¢(r, t). Here,
however, we use these values as the volume-averaged ones
that depend only on time.

A. Linear theory for a transient gel

We linearize Eq. (1) with respect to the composition fluc-
tuations, §¢(r, t) = ¢(r, t) — ¢, including effects of both the
bulk and shear stress in a polymer solution through Eqgs. (2)—
(5). We also assume §¢ = —¢oV -u, [51], where u, is the
deformation vector of a transient gel and du,/dt = v,. Then
we obtain the following expression in the wave number (g)
space of this linearized equation:

9 2612
E(bq(l‘) = qu’q(t) - (1 - ¢0) ?

o r—1"\ d ,
X th dt exp _‘[_ g(ﬁq(t )
—00 B

4 ! t—t"\ 0
- dt’ —— ) —¢, )|, (6
+#%[m em( IS>M¢A>}<>

where I'y = (1 — ¢0)2q2(—|KOS| + C¢§q2)/§ is the growth
rate in the absence of viscoelastic effects and K,3 =
$3(d% f/3¢?) is the osmotic modulus. For simplicity, we
assume thatin Eq. (6) K, i, T, and Ts are time independent
in each regime, or that the major change takes place in the
boundary between the regimes [Figs. 7(a)-7(c)].

First we consider regime i, which appears immediately
after quenching. It is characterized by a transient globule
network with small values of tg and g, which satisfy relation
(A), or t; > t; (j = S or B). The order parameter governing
this process is ¢ since elasticity does not play a role in
phase separation. For regime i, we can thus approximate the
integrals in Eq. (6) by t;0¢,(t)/dt. Here we introduce the
viscoelastic lengths for bulk and shear deformation as &g and
&g, respectively. Following the definition of &g [1,2,50,51], we
also define &g as follows:

4
3 Mg

¢

Then, the linear theory for VPS [51] tells us that the composi-
tion fluctuations §¢ = ¢ — ¢ obeys the following equation:

04
[+ (82 +e2)vi] 22

at
o 2
= _%(—mq — CHVHV3eh.  (8)

By rewriting Eq. (6) as d¢,(t)/0t = —F?cffd)q(t), we obtain
the growth rate including viscoelastic effects of a transient gel,
[y, for regime i [i.e., Eq. (1)]:

£ =(1— o)’

K,
Ts, %=a—%ﬂfm.<n

Ff/
1+ (&5 +£5)q?
(]_2 _|Kos| + C(png
¢ 1+ (85 +&5)q°

i
Iﬂcff -

= (1 —¢o)’ 0, 9)

where —TI'; is the growth rate in the absence of viscoelastic
effects. Note that the negative sign of I\ ;. means the growth
of §¢.

Next we consider regimes ii and III, where elasticity plays
a crucial role, or the order parameter is d;;. For convenience,
we use u, as a key variable rather than d;;, as in the case of a
permanent gel [24-31]. Using 6¢ = —¢oV - u, [51] [Eq. (1)]
with Egs. (4) and (5), we obtain the following linearized
equation for u, from Eq. (2):

gup(t) — Vs

_ 1 —¢o
¢

{—|KOS|VV u,(t) + CHVAVYV -u, (1)

+|K /l arrexp (7Y vy w
X —_— — .
® —00 P B atr’ r

t , f — t/
+ g dt'exp | — =
—00

(577w Vo) |
—(=VV u, () + Vu, ) ) |} (10)

X
ar’' \ 3

Hereafter we use the long-wavelength-limit approximation
to obtain the solution for surface deformations and also the
relation VV - u, = V?u,, from the factthat V. x V x u, = 0
for the cylindrical geometry [28]. In this limit, the shear stress
term (~552V28u,,/8t) in Eq. (10) can be ignored [since &5 <
ro, where ry (=wq/2) is the initial radius of the cylinder].

For regime ii where tg > t; 3> 15, We can approximate
the integrals in Eq. (10) by VV -u, for bulk stress (the
third term on the right hand side) and by 750/0tVV - u, for
shear stress (the fourth term). Furthermore, we can assume
vy ~ —[¢o/(1 — ¢o)]9u,, /0t since v ~ 0 in regime ii, where
the motion of a transient gel is purely diffusive since there
is no shear elasticity. Then, the time development of u, can
be described in the long-wavelength limit (see above) by the
following diffusion-type equation,

du,  (1—¢o)
at e
(1= ¢o)’
¢
The characteristic decay time is thus given by Eq. (2):

(V-o,—V-1)

(Kig — |Kos)V?u,,. (11)

2
i o e

— >
(1 — ¢0)* Kig — | Kos|

where ry (=wg/2) is the radius of the cylinder. In regime ii,
the mechanical force density V -0, = thvzu p (from bulk
stress in this case) should overwhelm the osmotic one V -
I = |K05|V2up. This situation is expressed by the relation
(a) Ky > |Ko|. This relation V - ¢, > V - II means that the
spontaneous shrinking is the result of mechanical stabilization
of the thermodynamically unstable system (Ko < 0) by self-
generated stress. Note that this situation is the same in regime
III, as shown later.

For regime III where g, ts > 74, on the other hand, we
approximate the integrals by VV - u,, for both stresses. In this
regime, thus, we have the following equation of motion for u,

0, (12)

062617-9



TAKEHITO KOYAMA AND HAJIME TANAKA

PHYSICAL REVIEW E 98, 062617 (2018)

in the long-wavelength limit (see above), which is identical to
the one describing a permanent gel [24,25,28-31]:
b, 1=
ot

4
<th + §Mtg - |Kos|)vzup, (13)

where v, is the local solvent velocity. Regime III appears
when V.0, > V -1II as the same as regime ii. However,
since V-0, = (K + g‘mg)wu,,, we also need relation (b)
Ko + %‘ Mg > | Kol in addition to the above relation (a) Kz >
|Kos|. Following Refs. [24,25,28-31], we derive a special
solution with relation (c) Ky — [Kqs| < ‘3‘ Mg (see below and
Sec. VIB3): A¢M(t) = Aw™(¢) = exp(—t/t™) and con-
stant £/w, implying “shape-preserving” shrinking. Here r!!
is the characteristic time of shrinking given by Eq. (3):

2
m_ "o ¢
aIH(l - ¢0) th + %H«tg - |K0s|

>0, (14

where a'! is a positive constant. This solution explains our
results shown in Fig. 5(d) with its lower inset and in Fig. 13(a).

These equations for regimes ii and III are essentially
the same in their mathematical structures as the equations
of motion of a permanent gel, and thus we can solve
them by the method described in Refs. [28-31], under the
stress-free boundary condition. The solution for regime ii
in the absence of shear elasticity is obtained as Aw'(¢) =
Z,olozl B, exp(—t/ r,ili) with the relation for the characteristic
decay time in regime ii, 7'l = aliz!! [see Eq. (12)]. Here 7, is
the nth decay time, and a!! is a positive constant determined by
the boundary condition, and the coefficient B, is determined
by the initial condition. The solution for regime III is, on the
other hand, obtained as A¢™M(¢) = Aw'(r) = exp(—t /')
with the characteristic decay time in regime III, ™ [see
Eq. (14)]. The positive constant a™ in Eq. (14) is determined
by the stress-free boundary condition as a function of the
moduli [28,30,31] («™ <1 in our case). Here we briefly
discuss the meaning of these i and ™ and the origin of
the transient gel shrinking. The osmotic part of their denom-
inators in Egs. (12) and (14) (|Kos|) indicates the driving
force of phase separation, or deformation, of a transient gel.
The elastic parts of their denominators [K, in Eq. (12) and
K + %M[g in Eq. (14)] indicates elastic registing force for the
deformation. Thus, the denominators (with positive values)
represent restoring force in the shrinking process: a transient
gel shrinks by the restoring force. The numerators of these
characteristic times means friction force for the relative mo-
tion between a polymer network and solvent. Therefore, these
characteristic times depend on the ratio of the friction force in
the numerators and the restoring force in the denominators.

We obtain relation (a) for regime ii and relations (a) and (b)
for regime III from the stable shrinking condition (', 7™ >
0) as well as the consistency with the freezing of the inner
structure. We exclude the case where both Ky, < | K| [the
opposite of relation (a)] and relation (b) are satisfied, since
this case corresponds to “macroscopic instability” [29,51].
We obtain relation (c¢) from the fact that the decays of A£(z)
and Aw(t) are both described by single exponential decays
[Fig. 5(d)] (see the calculation in Refs. [28,30]). We note that
for the opposite case of relation (c) seen in a permanent gel
we should see multiple exponential decays [28,30,31].

Finally we consider the temporal change in the compo-
sitional field in regime ii and III, where elasticity plays a
dominant role. The decay rate of ¢, for regime ii, I"li;, and
that for regime III, Fgflf, are obtained as follows: by applying
the same approximation to the integrals in Eq. (10) for each

regime as to Eq. (6):

0)26]_2 Ky — | Kos| + C¢§qz

ri. =@ - >0, 15
et 2 1+&5q° )
q* 4
M =a- ¢o>2?<1<[g + e = Kol + C¢§q2) > 0.
(16)

These results indicate the decay of the composition fluctu-
ations for all ¢, i.e., phase separation proceeds in the form
of volume shrinking of a transient gel without the growth
of composition fluctuations. The apparent freezing of the
coarsening of “inner structure” observed in these regimes
indicates that the slow decay of §¢, and thus that Kz — | K]
should be small.

B. Justification of the linearization with respect to composition
fluctuations for regimes ii and II1

Here we consider how the linearization of the theory
with respect to composition fluctuations can be justified for
regimes ii and III. What is important is that, even though
Kos < 0 in the unstable state, the elastic nature of a transient
gel leads to the situation Kz — |Kos| > O for regime ii and
Kig +4p1g/3 — |Kos| > 0 for regime III, which suppresses
the growth of the composition fluctuations. Thus, as long as
a transient gel behaves as an elastic network, the mechan-
ics rather than thermodynamics dominates the behavior for
regimes ii and III: Macroscopic volume deformation takes
place while the growth of the composition fluctuations being
suppressed. This allows us to treat the process as a linear
regime with respect to the composition fluctuations as in
Eq. (6), even when macroscopic volume change takes place.
This argument can also be justified by the following fact: The
linear approximation provides us with Eq. (13), which is the
same for the equation describing the volume shrinking of a
permanent chemical gel, and this equation can indeed describe
the experimentally observed volume-shrinking processes in
regimes ii and III. Thus, we argue that we may treat not only
regime I, but also regimes ii and III as the linear regime with
respect to the composition fluctuations. On the other hand,
regime II should be treated as a nonlinear process because the
coarsening of internal structures takes place due to the relax-
ation of the shear stress. Furthermore, regime I corresponds
to the ordinary nonlinear late stage of phase separation since
both bulk and shear stresses are already relaxed.

VI. DISCUSSION

On the basis of the above theory, we now explain our
experimental results on the volume-shrinking dynamics of a
transient gel during phase separation in more detail.
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A. Physical nature of transient globule network

In the above we show that the transient nature of a globule
network plays a crucial role in understanding a transient gel
state. Here we consider its physical nature in more detail. First
we estimated the friction constant ¢ from ¢ ~ 6nno¢§ /b?
[51], where we regard b as the globule diameter and 1
is the solvent viscosity. We approximate the value of b to
be of the order of 10 nm [52], although it should depend
on the quench condition, the molecular weight of polymers,
and the number of polymer chains involved in a globule.
Under these assumptions, we obtain ¢ ~ 10'° Pas/m? for
no ~ 2 mPas (for DEM) and ¢y ~ 0.01. Next, inserting this
value of ¢ and T ~ 103 s [the upper inset in Fig. 5(d)] into
Eq. (14), we obtain Kz — |Kos| + %‘,utg ~ 1 Pa. In our case,
Kig — [Kos| ~ 0.1 [28], and thus we obtain i ~ 1 Pa. We
speculate that Kz ~ |Kos| ~ 1. We note that these values of
¢ and pg are many orders of magnitude smaller than those
of a permanent gel (¢ = 10'?> ~ 10'* Pas/m? and u = 10 ~
103 Pa [24,25,28,29]). This is a direct consequence of a much
larger mesh size of the transient network than the chemical
gel network; for example, the elastic moduli scales as A3
[3,7], where A is the pore size, or the characteristic length of
network strands. Note that A should be roughly proportional
to the characteristic size of a strand unit, which is a monomer
(or blob [51]) for a permanent gel [24,29] and a globule for a
transient gel, when ¢ is similar between the two types of gels.
Using these values, the above 7'l is roughly estimated as 7l ~
r3/D ~ 10* s [Eq. (12)], by assuming ro = 0.5 mm and
the diffusion constant in regime ii D' ~ (Kig — |Kos|)/¢ ~
10~ m? /s, which is comparable to the cooperative diffusion
constant of polymers in a good solvent [22,53].

Here we list special characteristics of the transient globule
network.

(1) The network composed of globules is responsible for
the softness of a transient gel (see above).

(2) Interglobule attractions due to the large thermody-
namic driving force |Kol /¢§ [1-3] are the origin for the
formation of the connected network. Thus, a transient gel has
the elasticity of energetic origin, unlike a permanent gel whose
elasticity is of entropic origin [33]. Thus, the elasticity of a
transient gel should increase with an increase in AT. This can
indeed be seen from the fact that a transient gel can keep its
shape for large AT but not for small AT under the action
of gravity (Fig. §). We note that the entropic contribution
to a transient gel should be very small because of a much
fewer degrees of freedom of a globular state than a coil state
of polymer. Finally, the finiteness of the relaxation times
g and 1 leads to the following very unique features of a
transient gel:

(3) The unique relaxational nature of the network under
the self-generated mechanical stress is the key to have the
relation g > tg, as explained in Sec. IV B. This condition
leads to the realization of relations (A)—(C): For relation (A), a
transient gel without elasticity (regimes i and I) is realized; for
relation (B), a transient gel with only K\, is realized (regimes
ii and II); and for relation (C) a transient gel with both K,
and pu is realized (regime III). Such independent variations
of K, and pg are the characteristics of a transient gel and are
not allowed for a permanent gel, where tg, Ts — 00 and thus

1h 3h 12h 38h 312 h

FIG. 8. Shape-preserving effect of shear modulus of transient
gels under gravity and its temperature dependence. We show pro-
cesses of shrinking and collapsing of transient gels under gravity
in a glass vial at 2 wt% PS2 for three temperatures; (a) at 20 °C,
(b) at 16°C, and (c) at 12.6°C. In this experiment, a sample vial
containing a solution in a mixed one-phase state was immersed into
a water bath whose temperature is controlled at a target temperature.
Here the reflected light image of the process was captured by a
CCD camera and, thus, a phase-separated transient gel was observed
as a bright white object, unlike the above back-illuminated image,
where it appears as a dark object. For a lower temperature, the speed
of the collapsing is slower because of the larger shear modulus of
transient gels, which also strengthens the shape-preserving ability
during shrinking. “Voids” in top and bottom of these transient gels
may be formed by mechanical instability characteristic of shrinking
under gravity. We note that similar instability, or bubble formation,
was observed in a volume shrinking of a chemically cross linked
permanent gel [27].

both static bulk and shear moduli (K and p respectively) of
the permanent gel are strongly correlated.

B. Characteristic features of each regime

In the following, we consider the characteristic features of
regimes i, ii, III, II, and I one by one in more detail.

1. Regime i

Regime i appears immediately after a quench for all of
wVPS, sVPS, and FPS: This is the process before forming
a transient globule network by random connection between
globules, and characterized by short g and tg, which satisfy
relation (A). We note that, for the PS-DEM mixtures, the onset
temperature of sVPS, T;, has a maximum at a composition ¢,
slightly lower than the critical composition ¢, [34] [Figs. 1(a)
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and 1(b)]. The appearance of sVPS at ¢, even for a very
shallow quench indicates that in the unstable region of ¢y >
¢, the transient connectivity of a globule network is realized
in the early stage of VPS. However, the appearance of wVPS
near ¢, indicates that viscoelastic effects appear even in
regime i. In regime i, §¢p can grow in the characteristic length
scale beyond the viscoelastic lengths, &g and &s, which are
rather short there.

The order parameter governing this process is the composi-
tion ¢ since elasticity does not play a role in phase separation.
The growth rate including viscoelastic effects, —T'L, is given
by Eq. (9). Note that the negative sign of Féff means the
growth of composition fluctuations, §¢. As phase separation
proceeds, t; decreases, whereas tg increases [1,2]. If §¢
reaches the equilibrium value before tp exceeds 7;, then
regime i is followed by (fluid-like) regime I [wVPS, Fig. 7(a)].
Otherwise, regime i is followed by regime ii.

2. Regime ii

Next we consider regime ii, which appears for sVPS and
FPS. Regime ii is characterized by relation (B). A transient
network shrinks its whole volume while the internal structure
is kept, but cannot keep its outer shape, since it has only bulk
elasticity K, and no shear elasticity j. Thus, it behaves as
an elastic body for volume deformation, but as a fluid for shear
deformation, resulting in volume shrinking without preserving
the shape [note that the aspect ratio changes with time as
shown in the lower inset in Fig. 5(c)]. Such a behavior can
be seen as “isotropic shrinking” [here, “isotropic shrinking”
means the same amount of shrinking in both directions: note
that £ — £y = w — wy in regime ii; see Fig. 5(c) and its lower
inset]. In this regime, the “pure” diffusion-type equation of
u,, Eq. (11), holds and thus the process is similar to nonlocal
“up-hill diffusion” rather than ordinary /ocal mechanical re-
laxation. Although the volume-shrinking process takes place
through the side surface of a cylindrical gel as well as its
both end caps [see Fig. 5(c)], the characteristic lengths of the
former and latter are both about the radius of the cylinder ry.
Thus, the characteristic decay times for the two directions
are commonly characterized by 7'l = r&{ /(1 — ¢0)2(th -
|Kosl)] [Eq. (12)]. This explains the isotropic shrinking (see
above for its meaning) seen in Fig. 5(c).

In regime ii, the order parameter is d;;. The characteris-
tic decay time is thus given by Eq. (12). In regime ii, the
mechanical force density from bulk stress should overwhelm
the osmotic one: (a) Kz > |Kq|. This relation means that
the spontaneous shrinking is the result of mechanical stabi-
lization of the thermodynamically unstable system (K,s < 0)
by self-generated stress (the same occurs in regime III, as
shown later). Continuous network reorganization induced by
interglobular attractions leads to the increase in the network
density. This causes the increase in tg, leading to the following
bifurcation towards regime II or III: Regime II appears if the
network starts to be disconnected before 15 exceeds t; [sVPS,
Fig. 7(b)], whereas regime III appears if 75 exceeds 7, before
the network breakup starts [FPS, Fig. 7(c)].

3. Regime 111

Next we consider regime III, which is characterized by
relation (C). This means that both shear and bulk elasticity

(e and Kiyg) are active: the network macroscopically de-
forms as a permanent gel [1-3,51] while keeping its shape
[28]. The characteristic time of shrinking in regime III is
given by Eq. (14). This solution explains our results of the
exponential decays shown in Fig. 5(d) with its lower inset
and in Fig. 13(a). Regime III appears when (a) Kz > | Ko
as in regime ii, but we also need relation (b) K + % Mg >
|Kos|. During this permanent-gel-like shrinking, the liquid-
type coarsening cannot proceed because of the action of both
bulk and shear elasticity. We also have another relation (c)
Kig — |Kos| < 344 for a transient gel. This relation is oppo-
site to the relation K — | K| 2 ‘3—‘ wu for a permanent gel hav-
ing both static bulk and shear modulus, K and p [28,30]. This
is a consequence of the fact that a transient gel is much softer
than a permanent gel (see Sec. VI A). As the shrinking process
proceeds, ¢ approaches its equilibrium value, leading to the
increase of t; with time. Thus, 7, exceeds tg again [Fig. 7(c)],
which results in the crossover from regime III to regime II.

4. Regime I1

Now we consider regime II, which is characterized by
relation (B). In this regime, the globule network is mechan-
ically relaxed for shear deformation but still keeps its bulk
elasticity, and thus it shrinks further but without the action of
shear elasticity. Thus, A£™(¢) = Aw"(¢) = exp(—z/t™") but
£/w decreases with time [see Fig. 4(d) with its lower inset
and Fig. 13(b)]. The relaxation time t'! is given by an equation
similar to ''. However, when 7, far exceeds s [Figs. 7(b) and
7(c)], the network becomes gradually softer with time. This
allows domain coarsening of the inner structure (or fracturing)
to take place unlike in regimes ii and IIl. As the result, 7,
eventually exceeds tg [Figs. 7(b) and 7(c)], leading to the
crossover from regime II to regime I.

5. Regime I

This final stage, regime I, is characterized by relation (A).
In this regime, the fully relaxed network can follow slow
deformation by reorganizing its structure; in other words, the
polymer-rich phase behaves as a fluid. Upon the crossover
from regime II to regime I, thus, the relevant order parameter
switches back from d;; to ¢. Thus, the change of the outer
shape of the polymer-rich phase is not driven by mechanical
stresses, but by interfacial tension [Figs. 3(c) and 4(c)], as in
ordinary fluid phase separation [3].

6. Summary

We can summarize these dynamical crossovers associated
with the emergence of a transient gel state and its disap-
pearance as follows (see Table I): In the initial stage the
system sequentially acquires elasticity in the order of bulk
(from i to ii) and shear (to III) and then in the late stage it
looses elasticity in the order of shear (from III to II) and bulk
(and to I) [Figs. 7(a)-7(c)]. The experimental results on the
temperature dependence are summarized in Fig. 6.

C. Dependence on quench depth

On the basis of the above transient network model, we now
provide qualitative explanations for the transitions between
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TABLE I. Characterization of various regimes in phase separation.

Symbol Phenomena Phase-separation type
i Spinodal decomposition with a viscoelastic delay wVPS, sVPS, FPS
ii “Up-hill-diffusion-like” shrinking with internal structure freezing sVPS, FPS
I “Shape-preserving” shrinking with internal structure freezing FPS
II “Shape-changing” shrinking with coarsening of internal structure sVPS, FPS
I Hydrodynamic coarsening driven by interfacial tension wVPS, sVPS, FPS
Symbol Rheological relations Moduli Characteristic time
i i : P 1 slHERHEDe
i Relation (A): 75 < 13 K 7y T = o —|Kos|B+C;3112
2
- : . o " ¢
ii Relation (B): 15 < 1; < T8 K = WW
2
- . mr __ y
11 Relation (C): 1; < 15 < T3 Kz and 11 T = (10_ ) KXo T
11 Relation (B): 75 < T4 < Tp Ky i~ i~ )
tg—|Kos|
I Relation (A): 15 < 13 < T4 7!
Symbol Stage [1-3,51] Order parameter
i Early stage Polymer composition, ¢
ii Early stage Deformation tensor of a transient gel, d;;
I Early stage Deformation tensor of a transient gel, d;;
11 Intermediate stage Deformation tensor of a transient gel, d;;
I Late stage Polymer composition, ¢

the three types of VPS. First, we explain the AT dependence
of the transitions [see Figs. 6(a) and 6(b)] by comparing tg
and ts with 7; when 7; becomes minimum. An increase in
|Kosl/ ¢g with AT leads to the increase in 7 and ts [the above
feature (2)], but to the decrease in 7,4 [1,2] [Fig. 7(d)]. Thus,
the increase in AT induces the crossover between t; and tg
around 7y [Figs. 7(a)-7(c)]. This realization of relation (B)
leads to the emergence of a transient globule network with
only K, resulting in the change from wVPS [regime i — I in
Fig. 7(a)] to sVPS [appearance of regime ii and Il in Fig. 7(b)].
A further increase in AT leads to the crossover between t;
and tg. This realization of relation (C) leads to the emergence
of both K, and g, resulting in the change from sVPS to FPS
[appearance of regime III in Fig. 7(c)].

D. Dependence of 7, and T, on ¢ and N

Next, we explain the dependence of T; and T, on ¢ near
the critical composition ¢, [Figs. 1(a)-1(c) and 9]. Both T;
and T decrease with an increase in ¢o [34,35] [Figs. 1(a) and
1(b)]. In other words, the crossover temperature below which
7; becomes shorter than 7z and 75 becomes lower with an
increase in ¢by. The increase in ¢ should lead to the increase in
both tg and tg, but the increase in 7, is steeper than these; that
is, the phase-separation speed becomes slower more rapidly.
Thus, we need a larger quench depth, or a stronger driving
force for demixing (| Kos|/ ¢g), for higher ¢ to induce elastic
response to both volume and shear deformation. We note that,
for a too low ¢y, a transient gel cannot be formed any more
and thus phase separation proceeds with droplet morphology
[1,2] since the percolation of globules cannot be attained
below a certain ¢ [see the dashed dotted curves in the left
sides of Figs. 1(a) and 1(b)].

The same arguments can also apply to the polymerization
index N dependencies of Ty at ¢., which are shown in
Figs. 1(c) and 9. This is because larger N means lower ¢y ~
¢. [note that ¢. depends on N as ¢.(N) ~ l/ﬁ [22,33]].

0 $(N) ~ ¢ (N)
B A =
—1 A, A A4 :
— wVPS
® | e
N ® ° L
~
= °
> -2 sVPS
é ()
|
°
3 @®
®| Fps EX
Tf
-4
0 0.005 0.01 0.015

1NN

FIG. 9. Dynamical state diagram of critical PS solutions with
various degrees of polymerization N. The reduced temperatures
—(T — ®)/(T. — ®©) for the three transition temperatures, 7, T;, and
Ty, fall onto the straight lines when they are plotted against 1/ VN.
The data points for the three transition temperatures are the same as
those in Fig. 1(c). State points studied in this work are expressed by
the same black symbols as those in Fig. 1(c).
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Thus, we may conclude that whether a transient gel behaves
elastic or liquid-like for shear deformation is controlled by
neither ¢p nor N in a direct manner, but by the crossover
between the relevant timescales.

E. Difference in shrinking behavior between
a transient and permanent gel

In regime III, we obtain relation (c), Ky — |Kos| < %ulg,
for a transient gel. For a permanent gel, on the other hand,
we usually have the following relation opposite to relation
(©): K —|Kys| = %/L [relation (c¢’)], where K and p are the
bulk and shear modulus, respectively. This difference leads to
a crucial difference in the shrinking behavior between the two
types of gels.

Below we show that this stems from the difference in the
softness between them. First we assume that K, and g are
of the same order, i.e., Ki; 2 i for a transient gel, as in
a permanent gel (K 2 w) [24,25,29]. Then, from relations
(c) and (c’), we obtain Kz — %‘,ulg < K — % W, provided that
|Kos| is of the same order for both cases. This indicates
that both Kz and . are much smaller than K and . This
difference in the softness comes from the difference in the
sparseness, reflecting the difference in the unit size between
globules for a transient gel and monomers for a permanent
gel, as discussed in Sec. VI A.

Next we discuss the different shrinking behaviors of the
two types of gels originating from this difference. Relation
(c) indicates that the shape-preserving tendency due to the
shear modulus 14 is much stronger than the volume-shrinking
tendency due to Kz — | K| for a transient gel, which is the
opposite of relation (c’) for a permanent gel. Since the shape-
preserving effect of g tends to minimize shear deformation
[28], a transient gel with relation (c) shrinks uniformly. This
results in the single exponential decay of its size during
shrinking [28,30] [regime III in Fig. 5(d)]. On the other
hand, a permanent gel satisfying relation (c¢’) shrinks in a
nonuniform manner, accompanied by the enhancement of
composition fluctuations due to a strong driving force towards
shrinking, K — | K| [28], and, thus, the shrinking in the early
stage is expressed by the summation of multiple exponentials
[25,28,30,31]; more precisely, the outer interface of a gel
shrinks faster than its bulk part in a nonuniform manner, but
its shape is kept almost the same during the process.

F. Possibility of permanent-gel-like phase separation

Although not yet observed experimentally, we speculate
that the increase of the elastic nature of a transient gel with
an increase in AT might eventually result in an interesting
situation below Ty. The increase of T o (Kig + % —
|Kos)™! and T o (Kig — [Kos|)™! with an increase in AT
[see upper insets of Figs. 5(d) and 4(d) respectively and
see also Fig. 10] indicates that Kz and f increase with
AT more slowly than |Ky| does (Fig. 11). Thus, there is a
possibility that, below a temperature Ty much lower than
Ty, the relation |Kof| > Kig + 314 is satisfied (Fig. 11).
Below Ty, thus, a transient gel should behave as an unstable
permanent gel, i.e., “gel phase separation” [29,51] [“GPS”
below Ty in Fig. 1(c)]. Furthermore, T; and Ty approach

IIin FPS B, (W%PS2)
1.0
I
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FIG. 10. Temperature dependencies of the mechanical relaxation
times, " in regime II of FPS. These values were obtained by the
fitting of A€ by Alg (see Appendix 4 a). Solid lines are to guide the
eye.

® with an increase in N. Note that the ® temperature is 7,
in the limit of N — oo, where ¢.(N — oo0) — 0 [22,33].
Similarly, Tye should also approach © in this limit. Thus,
both Ky, and p should immediately be switched on just
below © as in a permanent gel: Phase separation of a critical
polymer solution with N — oo should basically be the same
as that of a permanent gel. This provides us with a unified
understanding of phase separation of polymer solutions and
chemically cross linked polymer gels, which form a transient
and a permanent network, respectively.

Just before macroscopic deformation

N\
4
th+§l“tg

1Ko
th
Hig

/’_/’”tk———’

N

7

AT, AT, AT AT . AT ATy AT

FIG. 11. Schematic figure of expected transitions as a function
of the quench depth. We expect crossovers of | K| with K, Ko +
i, and Kig + %114, assuming that Ky, ~ AT, g ~ AT (0 <
Vg, Vs < 1) and |Kos| ~ AT? (y' > 1) [3]. These crossovers corre-
spond to transitions of a permanent gel suggested in Refs. [29,51]:
AT, is the macroscopic instability, AT is the surface instability,
and AT, is the phase separation of a permanent gel [or GPS in
Fig. 1(c)]. Even a transient gel might become unstable below AT,
as if it were a “permanent” gel. Although only the behavior of AT
is explained for simplicity, we infer that the AT,;; and AT; behave in
the same manner as AT.
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G. Effects of boundary conditions on viscoelastic
phase separation

Here we discuss the roles of boundary conditions in
the pattern evolution during viscoelastic phase separation
(VPS). The crucial difference between the side-cramped-disk
boundary condition employed in our previous quasi-2D
experiments [34,35] and the free boundary condition in the
present three-dimensional experiments is that the boundary
supports the self-generated mechanical stress for the former
but not for the latter. For the cramped case, the fixed boundary
prevents the system from shrinking as a whole, leading
exclusively to the internal mechanical instability, or the
mechanical fracture, of the transient gel [1,2,7,34,35]. This
internal mechanical instability leads to characteristic patterns:
creation of spherical holes for strongly viscoelastic phase
separation (sVPS) [Fig. 2(b)] and creation of anisotropic
cracks for fracture phase separation (FPS) [Fig. 2(c)]. On
the other hand, such a stress at the boundary is absent for
the free boundary condition employed in the present study.
Thus, the self-generated stress directly leads to the volume
shrinking of the system as a whole. Interestingly, however,
the internal mechanical instability and the resulting “solvent
bubble formation” can be induced even for the free boundary
case (see, e.g., Fig. 8). This is similar to bubble formation
formed upon shrinking of a permanent gel [27]. This should
be due to slow solvent diffusion, which leads to slow volume
shrinking (see above) and accordingly results in internal
mechanical instability. Thus, there is a competition between
macroscopic volume shrinking and shrinking via internal
mechanical instability accompanied by solvent-hole creation.
This balance depends on the relation between the size of a
system and its viscoelastic lengths; for example, a system
smaller than both & and &g can shrink as a whole without
internal mechanical instability. This feature may even be
enhanced by the formation of a skin layer [27].

We stress that for both fixed and free boundary conditions,
the basic behavior are controlled solely by the relationship
between the characteristic time of deformation t;, the relax-
ation time of a transient gel for bulk deformation, tg, and that
for shear deformation, g, as indicated by relations (A)—(C).
These relations (A)—(C) are then affected by the physical
conditions such as the temperature 7', the initial average com-
position ¢ and the degree of polymerization of the polymer,
N. Thus, there is one-to-one correspondence between wVPS,
sVPS, and FPS in the fixed boundary condition and those in
the free boundary condition, as discussed above.

Here it is worth pointing out an interesting similarity
in the temperature dependence of their characteristic times
between the two boundary conditions. When decreasing T
below the onset temperature of FPS, T, the characteristic
time of fracturing 7, increases for the side-cramped thin film
case [35], and similarly the characteristic time of shrinking
also increase for the free boundary case [see the upper inset
of Fig. 5(d) and also Fig. 10]. This similar tendency can be
explained by the “hardening” of a transient gel due to the
emergence of elasticity: For a nonclamped gel, its hardening
leads to the increase in the characteristic shrinking time in
regime III and regime ii (without fracture). This is because
Kig + 311 — |Kos| [the denominator of " in Eq. (14)] and
also Kz — | Kos| [the denominator of 7' in Eq. (12)] decrease

with decreasing 7': The hardening due to the increase of both
Kis and pi suppresses a tendency of deformation and subdi-
vision of the nonclamped gel represented by | K| (see also
Fig. 11 and Sec. V A). Thus, for a harder clamped transient
gel, a stronger driving force is required for its fracture, or for
creating cracks, leading to the increase in ..

Finally, we mention the boundary conditions for numerical
simulations. In simulations of VPS, the periodic boundary
condition has so far been employed [37,54-56]. This condi-
tion corresponds to the above clamped boundary condition in
experiments. It may be interesting to study VPS under fixed
and free boundary conditions by numerical simulations.

VII. CONCLUSION

A transient gel state is temporally formed in the early stage
of viscoelastic phase separation (VPS) of any polymer solu-
tions. The physical understanding of this dynamical process
is very challenging since transient gelation is a consequence
of complex dynamical interplay between phase separation and
mechanical relaxation, which takes place in a nonequilibrium
process. Such an interplay may be relevant to many biological
phenomena, which are basically viscoelastic multicomponent
systems. Here we elucidate the physical essence of dynamical
interplay in volume shrinking of a transient gel formed in
polymer solutions undergoing phase separation.

We have revealed that the process of the emergence of
elasticity in the early stage of phase separation is completely
the reverse of its disappearance process. This is a direct
consequence of the fact that both processes are controlled by
viscoelastic relaxation between the competing timescales, i.e.,
the characteristic deformation time (t;) and the mechanical
relaxation times (7 and ts). The emergence of elasticity is
the process of the former becoming shorter than the latter,
whereas its disappearance is the process of the former becom-
ing longer than the latter. On the basis of the time relation
and the switching of the relevant order parameter between the
scalar and tensor ones, we also clarify the dynamics in the
characteristic regimes in VPS. Furthermore, considering not
only whether globules made of collapsed polymers percolate
or not (the connectivity) but also how they percolate and
contribute to the bulk and shear relaxation, we explain the
relation of g > tg, which is responsible not only for the
emergence of three types of VPS, wVPS, sVPS, and FPS, but
also for various time regimes i, ii, III, II, and I. Thus, our study
has revealed the dynamically evolving nature of a transient gel
state (e.g., for FPS, liquid — gel with volume elasticity — gel
with volume and shear elasticity — gel with volume elasticity
— condensed liquid) formed in a nonequilibrium process of
phase separation.

Here we discuss a necessary condition for the emergence
of a transient gel state during phase separation and the
universality of transient gelation in dynamically asymmetric
mixture other than polymer solutions. We argue that it is the
presence of large size asymmetry between the components
and the presence of a liquid component, both of which are
necessary for strongly asymmetric stress division. We note
that a liquid just flows without supporting any mechanical
stress if the deformation induced by phase separation is slow
enough. Thus, our finding should directly be applied to any
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dynamically asymmetric mixtures satisfying these conditions,
which include polymer solutions, colloidal suspensions, emul-
sions, and biological solutions such as protein solutions.

Strong dynamic asymmetry between the components can
also be caused by a large difference in the glass-transition
temperature of the two components [57]. This allows the
characteristic deformation rate to exceed the mechanical re-
laxation rate. Thus, VPS itself should also be observed for
mixtures of any amorphous materials such as metallic and
oxide glasses. In such a case, however, we cannot expect the
formation of a transient gel since there is little size asymmetry
between the components of a mixture.

Finally we mention applications of transient gelation in
materials science to form network (or porous) structures of a
wide range of pore size. Our findings shed new light not only
on the nature of a transient gel state, which is a fundamental
out-of-equilibrium state of matter with network morphology,
but also on its applications to materials science [4,5], food
science [6,7], bioscience [8,9,21], medical science [10], and
geoscience [11,12]. Porous materials of nanometer scale can
be obtained by freezing a transient gel structure in the early
stage, whereas those of micron-to-millimeter scale by freezing
sVPS in the late stage. Nanoporous structures obtained in this
way should be quite uniform since they are formed by early
stage viscoelastic spinodal decomposition and thus are quite
useful for applications to batteries, catalysts, and filters. On
the other hand, mesoscopic porous structures can be used in
structural materials with high mechanical strength and low
weight, such as artificial bones, membrane filters, scaffolds
for biological cells, and food science. Our study shows the
importance of the boundary condition imposed on a transient
gel, reflecting its mechanical nature. This boundary condition
is a crucial factor for controlling the formation of porous
materials. The fundamental understanding of dynamical evo-
lution of a transient gel also provides a proper condition to
form a desired porous network structure during demixing and
a proper timing of structure freezing.
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APPENDIX: EXPERIMENTAL AND ANALYSIS
METHODS

1. Sample preparation

Here we note that the DEM solvent tends to absorb mois-
ture, which shifts 7, upwards. To avoid this impurity effect,
we dried DEM by using molecular sieves and mixed it with PS
in a glove bag filled with dried N, gas and silica gel. Then we
carefully sealed the mixture in a cylindrical glass tube, which
was kept in a good solvent condition at 40 °C for several days
to ensure perfect mixing.

The solutions have no sol-gel transition, or do not form
physical gels. The two components have a slight difference in
the density (PS density is 1.04—1.065 g/cm?®, DEM density
is 1.055 g/cm?), and thus the PS-rich phase always sediments

and goes to the bottom of a sample vial after phase separation.
However, we minimize this gravitational effect by placing a
thin cylindrical glass tube so that its long axis lies along a
horizontal direction (see below).

2. Microscopy observation of phase-separation patterns
and their transition temperatures

For quasi-2D experiments, we prepared a sample cell on a
hot plate controlled at 40 °C, at which a sample is in the stable
one-phase region, inside the above-described dried glove bag.
We constructed the cell by sandwiching a sample solution by
two cover glasses, whose gap spacing was precisely controlled
by inserting a small amount of monodisperse glass beads (the
diameter was either 5 or 10 pum). Then we quenched the
temperature of the sample by manually transferring the cell
from on a hot plate to on a temperature-controlling hot
stage (Linkam TH-600), which was set for phase-contrast
microscopy observation. This enables us to make a very
quick temperature quench. This method was used for
observations of viscoelastic phase separation (VPS) shown in
Figs. 2(a)-2(c). We note that the weakly viscoelastic phase
separation (WVPS) pattern shown in Fig. 2(a) is affected by
wetting-layer formation of the solvent-rich phase on the glass
walls [58]. Accordingly, the pattern is not a bicontinuous one
expected for a symmetric composition, for which the two
coexisting phases occupy the same volume [1-3], despite the
nearly symmetric composition.

We measured the onset temperature of fracture phase sep-
aration (FPS), T [35], near ¢. [Fig. 1(c)] for PS of M,, =
1.09 x 10° (¢p. = 4.11 wt% PS, T, =23.5°C), for PS of
M, = 8.49 x 10° (¢, = 1.2 wt% PS, T. = 29.2°C), and for
PS2, with an accuracy of 2 K. We note that the values of the
binodal temperature 7}, (including 7,), the onset temperature
of strongly viscoelastic phase separation (sVPS), T;, and T
were reported in Refs. [34,35].

3. Preparation of sample cylinder tubes

We used, as a sample cell, a cylindrical glass tube, whose
inner diameter was 1 mm and length ~10 cm. The amount of
a sample solution was ~6 ul, and thus the length of a solution
after injected into the cylindrical cell was nearly 8 mm. The
glass tubes were flame sealed after injecting a solution, and
we dipped them into a temperature-controlled water bath for
observation. We carried out this flame sealing in a glove box,
which was filled by dried air supplied from a chamber of
silica gel connected to an air pump. This is because we need
to maintain a dried condition for hygroscopic DEM as well as
to supply oxygen for the flame sealing. Despite these efforts,
complete avoidance of moisture was difficult because drying
by silica gel is not perfect and the flame sealing inevitably
generates moisture, both of which occasionally cause a slight
increase in 7.

Thus, we carefully estimated the amount of the moisture-
induced shift of 7, for each sample before using it for
volume-shrinking experiments. We measured 7}, by gradually
decreasing T of a sample and detecting 7, as the onset
temperature of turbidity. Immediately after this measurement,
we increased T to 40 °C and kept the sample there for some
days to accomplish its perfect mixing.
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1.04

0.5-

0.25

FIG. 12. Three regimes of the temporal change in the scaled
gel length for a deep quench, where FPS takes place. The A¢ was
measured from images observed for 2 wt% PS2 at 23 °C (see also
images A—C observed in each regime). The solid curve is the best
fit of the function Al of triple exponentials to the data with the
following fitting parameters: £y = 7.6 mm, £; = 3.5mm, #t, = 1625,
T =3425,t"=5,770 s, T = 1.52 x 10° 5, A™ = 0.310, A" =
0.192, and A" = 0.498, respectively. The direction of incident light
is the same for A and B, but different for C.

4. Observation of a free shrinking process of a transient gel
and its characterization

A cylindrical tube containing a polymer solution was set on
a sample holder horizontally to minimize the effect of gravity.
The temperature quench was accomplished by quickly trans-
ferring a sample tube from on a hot plate (40 °C) to in a water
bath set at a target temperature [Figs. 1(a) and 1(b)]. A process
of phase separation and transient gel formation was observed
with optical microscopy equipped with a CCD camera (see
Videos 1-3 in the Supplemental Materials [39]), whose optical
axis (normal to the image plane) was set along the direction
of gravity. Digital images captured with logarithmic timing
ranged from 5 s to a few days were stored in a computer.
Then, the length ¢ and width (or diameter) w of a transient
gel undergoing volume shrinking were measured by using the
digitized image. The spatial resolutions were 12.5 pum/pixel
and 20 um/pixel for PS1-DEM and PS2-DEM, respectively.
A typical example of the shrinking process of a transient gel
in FPS is shown in Fig. 12.

a. Analysis of the volume-shrinking kinetics of a transient gel

The initial stage before #;, the onset time when the large
volume deformation starts, is divided into two, regimes i and
ii, for sVPS and FPS (see below). We determined the terminal
time of regime i, t} (note that t} =ty for wVPS) from the
onset of the isotropic shrinking characteristic of regime ii,
which induces the same decrease in w — wg and £ — £, where
wo and £, are the initial width and length, respectively. We
include regime ii to the process before 7y although this regime
involves macroscopic shrinking (the maximum amount of the
shrinking width is ~0.05 mm). This is because the duration
of regime ii (~100 s) is much shorter than the characteristic
decay time of the shrinking 7' ~ 10* s; and thus we cannot
make exponential fitting for this regime.

(@ 4 11l in FPS T(C) (b) 4 11in VPS T(C)
23 21 @18 @16
A19 @17 H12 A8
@3
S04 S04
0.01 0.01

0 1000 2000 3000 0 1000 2000
t-t (s) t-1,(s)

FIG. 13. Reconstructed reduced length in regime III and II. Each
solid line denotes a single exponential decay. (a) A¢"™(¢) at several
temperatures T for 2 wt% PS2. (b) A£"(¢) at several temperatures T
for 4 wt% PS1.

For characterizing macroscopic deformation after ¢y, we
introduce the following scaled length A¢(¢) of a transient gel:

@(t)—ﬁf
-0

where £ ¢ is the final length. We define similar quantities for w
using the same definitions. We analyzed the temporal change
of Al(t) by fitting the following function:

T — 1
Abu(1) =) Afexp (— = 0),
k

where k = I, II, or III, A is a constant satisfying Zk Ak =1,
fo is the induction time, t* is the relaxation time of regime k
with ™ < 7' < ¢!, This functional form is reasonable when
the regimes are rather well separated, which is actually the
case as can be seen in Fig. 12 (see also its legend). We
note that the number of regimes in the deformation process
depends on each phase separation type: wVPS has k = I only;
sVPS has k =1 or II (Fig. 4); FPS has k =1, II or III (see
Fig. 12).

We calculated the scaled gel length in regime ITI, A¢™, and
that in regime II, A¢" as follows:

Alexp (—51)

e(r) — Alexp (—52) — —
AT )
() — Alexp (—’;—1’0)
Al :

We estimated the ending times of regimes III and II, which
we refer to 7/} and 7}, respectively, as the times when A€ (r)

AL(t) =

AEIH(I) —

AL () =

and AY(t) reached 0.05, respectively. We show examples of
such analysis in Fig. 13.

We also calculated the strain —y, = (£ — £y)/£p and its
final value in regime III, —y ", by using the final length in
regime III, ¢, estimated from A" = (¢, — ZI}I)/ (Lo —€y)
(Fig. 6). Similarly, the final strain value in regime II, —y,", was
obtained from KI} estimated from AT = (Kl}l - Ei}) /(o —Ly).

b. Characterization of the inner structure of transient gels

The distribution of the light intensity 7(¢) transmitted
through a transient gel was measured with a resolution of 256
to characterize its internal structure. Note that a sample cell
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FIG. 14. Temporal change of the transmitted light intensity
through a transient gel. The transmitted light intensity / and its
distribution D(I) were measured from images observed for 2 wt%
PS2 at 25 °C, including A (160 s), B (1.5 h), and C (48 h).

was illuminated from its back. The average of I(¢), (I(1)),
and the variance of the intensity fluctuations, ((AI%(1)))'/?,
were calculated from the distribution function of 7(¢), D(I1(t))
(Fig. 14), by using image analysis software (Digimo Imagehy-
per 2). A part of a transient gel with a rectangular shape was
used for this analysis by excluding its boundary parts with the
width of 5-10 pixels. D(I(t)) estimated in this way has almost
the Gaussian distribution (Fig. 14). Then we calculated (1 (¢))
and ((AT?(¢)))!/? as follows:

LD (1))

() =C
" DU

AP0 = ¢, | B 2OPI©)

(I(1)2,
752 D((1))

where C; and C, are positive constants.

Here we summarize the temporal change in the intensity
distribution, which reflects the change in the internal structure
of a transient gel. There are basically three time regimes:
just after the initiation of phase separation, the entire sample
solution becomes dark due to strong multiple scattering of
the incident light by spatial fluctuations of the composition,
whose correlation length is comparable to the wavelength
of the light. This leads to the sharpening of D(/) [i.e., the
decrease in ((AI%))'/?] and the decrease in (/) (Fig. 14 A).
Then, the transient gel becomes brighter and its internal
structure becomes visible since the characteristic size of the
structure starts to exceed the wavelength of the light, resulting
in the decrease in the scattering. This leads to the broadening
of D(I) [i.e., the increase in ({AI%))"/?] and the increase in
(I) (Fig. 14 B). Finally, the transient gel becomes transpar-
ent since the DEM-rich domains trapped in a transient gel
gradually escape from the matrix phase and merges to the
surrounding DEM-rich phase. This leads to the sharpening
of D(I) again [i.e., the decrease in ((A7?))!/?] and results
in the large value of (/) (Fig. 14 C). We note that ((A1%))!/2
in the last regime is broaden by shadows of the interfaces of
large DEM-rich droplets. Since this is a kind of artifact due to
droplet interfaces and the geometry of a cylindrical tube, we
remove the contribution from interface shadows in the plot of
((AI%))'/? shown in Figs. 3-5 (see Sec. III).
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