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Plasticizers have been widely utilized to adjust the glass transition
temperature (T;) of glassy polymeric materials. To optimize perfor-
mance while minimizing volume, plasticizers with a strong affinity for
the target polymer are typically chosen. If we consider a combination
of a glassy polymer and a plasticizer with a critical miscibility condi-
tion, where the miscible/immiscible states are altered by changing
the temperature, phase separation induced by temperature variations
will trigger the glass transition. In this study, we report on a polymeric
material synthesized from a blend of a high Ty polymer and a
plasticizer, exhibiting a phase separation-induced glass transition
around the upper critical solution temperature (UCST). It is expected
from a crossover point of the Ty curve and the demixing curve in a
thermodynamic phase diagram, corresponding to the Berghmann
point. Poly(isobornyl acrylate) (PIBXA) with an original Ty of
~100 °C and triethyl phosphate (TEP) were employed as the glassy
polymer and plasticizer, respectively. When the TEP fraction was
relatively small (~10 wt%), the sample showed no phase separation
and a decrease in T; compared to that of the pristine PIBXA, following
the conventional trend of plasticizer addition. Conversely, at 20 wt%
or higher fractions, the samples displayed UCST-type phase separa-
tion and an abnormal increase in Ty with increasing plasticizer
content. Furthermore, this miscible/immiscible transition can be
predicted through an analysis of the temperature-corrected Hansen
solubility parameter (HSP). This report proposes a novel role for
plasticizers in adjusting T, and prediction of objective combinations
that satisfy the critical miscible condition.

In present-day societies, polymeric materials have become as
essential as metals and ceramics. To adjust the mechanical
properties, thermal stability, and flame resistance of glassy poly-
mers, the addition of plasticizers has been widely utilized."™ The
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principle behind how conventional plasticizers soften polymeric
materials involves inserting themselves between polymer chains
and weakening the intermolecular forces. The interactions
between polymer chains primarily include van der Waals forces
comprising dispersion forces, induction forces, and orientation
forces as well as hydrogen bond and ionic bond interactions.
Although each individual interaction is weak, numerous interac-
tions within polymers significantly influence the material proper-
ties, leading to rigid crystalline or glassy states. Small molecular
compounds exhibiting similar interactions can effectively pene-
trate between polymer chains, weakening these interactions and
thereby tuning the properties of the polymer materials. Therefore,
plasticizers with a small molecular structure should be carefully
selected to interact effectively with the target polymer.

Usually, a plasticizer, which is highly compatible with the
objective glassy polymer, is selected so that a minimal amount
of the plasticizer is sufficient to achieve the desirable effect.
Furthermore, the polymer and the plasticizer should exhibit
stable compatibility over a wide temperature range. In contrast
to the above conventional use of plasticizers adjusting the
mechanical properties, we here consider a critical case between
a glassy polymer and a plasticizer whose miscibility dramatically
changes with temperature. Specifically, they are miscible at high
temperatures but not below a critical temperature in this study.
We refer to this as the “critical miscible condition.” If polymer-
plasticizer mixtures satisfy this condition, they will have a
demixing temperature corresponding to the upper critical
solution temperature (UCST).*” Fig. 1a depicts a thermody-
namic phase diagram of glassy polymer-plasticizer materials,
where @ represents the polymer volume fraction. The blue line
represents the demixing curve separating the upper miscible
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Fig. 1 (a) Thermodynamic phase diagram with a demixing curve and a T4
curve for a two-component system showing phase separation-induced glass
transition. If a polymeric material does not show any phase separation, it will
show the glass transition at Tg,¢-s,. On the other hand, if a material possesses
UCST-type phase separation, the dense phase will follow the pinkish arrow
passway and become glassy state at T, g’ due to the growing phase separation
structure. This cross-over point is also called the Berghmann point. Tg¢-1
corresponds to the Ty of the pure polymer (@ = 1). (b) Molecular structures of
PIBXA and three plasticizers, TEP, DBP, and DBA.

and lower immiscible regions, obtained from the Flory-Huggins
theory.®® When a material with a certain @, is in the miscible
state and is cooled down, it exhibits demixing temperature
(Tgemix) On the demixing curve. Below this temperature, the
composition separates into polymer-dense (reddish circle) and
dilute phases (bluish circle) following the demixing curve.
Considering the glass transition of a glassy polymer, the red
curve of the glass transition temperature (T,) can be drawn on
the same diagram. Generally, the T, of a glassy polymer remains
almost constant when the plasticizer concentration is high
enough, but it dramatically increases with decreasing plasticizer
concentration at relatively high ¢.'° Taking these two curves
into account, the growth of the phase separation structure
during the cooling process increases the polymer fraction of
the dense phase. Ultimately, the dense phase transits to a glassy

state at the crossover point of the two curves (Tg') Therefore,

the glass transition is induced by strong phase separation
forming a two-phase composite state. This crossover point is
also referred to as the Berghmann point in the literature.’*** In
a broader sense, this phenomenon can also find an analogy with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the liquid glass transition of metals."® The phase separation-
induced glass transition can be realized in the heating process
like a low critical solution temperature (LCST)-type phase
separation. Similar to this study, we previously reported that
an extremely strong phase separation in a hydrogel induces
rubbery-to-glassy transition with elevating temperature.'*

In this study, a polymeric material exhibiting a UCST-type
phase separation-induced glass transition is synthesized satis-
fying the critical miscible condition. To explore the desired
combination of a glassy polymer and a plasticizer, an analysis
of Hansen solubility parameters (HSPs) was carried out."” The
Hildebrand solubility parameter (6) at ambient temperature
and pressure is defined using eqn (1),'® utilizing the molar
potential energy of the liquid (—e,) and its molar volume (V).

o= (—eo/Vm)O's (1)

Here, the potential energy can be replaced by the evapora-
tion energy of the solvent, AE, and the solubility parameter is
calculated as the square root of the cohesive energy density for
all liquids where the vapor can be considered ideal.

6 = V/AE[ V| MPa'?] (2)

In the HSP, ¢ is divided into three terms; a dispersion force
term (d4) corresponding to the van der Waals force, a polar
force term (dp,) corresponding to the dipole moment, and a
hydrogen bond term (dy,) corresponding to the hydrogen bond-
ing contribution. ¢ is related to dq, J,, and Jy, as follows,

0 =4/0d® + 0p> + On’ (3)

Therefore, the HSP of substances can be described as a
coordinate in three-dimensional Hansen’s space with axes of
44, 0p and dy,. The miscibility of two different substances can be
evaluated from the distance between the coordinates in the
Hansen’s space. The closer the distance, the higher the mis-
cibility. This distance (R,) is written as,

Ry = \/4(001 — 802) >+ (0p1 — 0p2) +(0n1 — 02)>  (4)

Substances with closely matched HSPs are more likely to be
miscible with each other, while perfect HSP congruence is not
necessary for miscibility. For this reason, the Hansen solubility
sphere model, which represents a spatial region where misci-
bility is possible, can be considered. For instance, the sphere of
a polymer is often determined through a solubility test. The
solubility of the target polymer in various solvents with known
HSPs is assessed. Subsequently, the sphere is defined by
including only the coordinates of the miscible solvents. The
radius of the sphere is referred to as the interaction radius (R).

Often, the HSP analysis is carried out at room temperature
(25 °C). But when temperature is varied, the values of HSPs
must be corrected from the reference temperature. Williams
et al. suggested the temperature effect on 64, 6, and o by
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considering the thermal expansion coefficient in volume,
« (K1), as follows:"”

064\
<8_T> Pf —1255(10( (5-1)
06\ o
(a?); ~Or3 (5-2)
85}1 _ -3 g
<£TT>P_ on(1.32x 107 + 2) (5-3)

Here, o can be described as a derivative form of volume V or

density p,
_lgovy o 1(0p
= i{ar),~ = 57), )

Dissolving these differential equations under constant pres-
sure, the HSP equations are obtained as the volume change,

(7-1)
(7-2)

-0.5

v

5h = 5h.ref (—) CXp{—1.32 X 1073(7—' — Tref)} (7-3)
Viet

where the subscript “ref” corresponds to the reference state of

25 °C. If o is assumed to be constant in the range of experi-

mental temperatures, o can be described as,

I V="Vt
p=—-— (8)
Vref T - Tref
Finally, the temperature-corrected equations of HSPs can be
obtained as a function of temperature,

34 = S reflT — Trer) + 11757 (9-1)

Op = Oprer{lo(T — Trep) + 1} *° (9-2)

On = Onrer{o(T — Trer) + 1} %% exp{—1.32 x 10 *(T — Tyer)}
(9-3)

In this study, poly(isobornyl acrylate) (PIBXA) was chosen as
the glassy polymer,'®'® and three plasticizers, triethyl phos-
phate (TEP), dibutyl phthalate (DBP), and dibutyl adipate (DBP)
were selected (Fig. 1b). Firstly, to predict the miscibility of
PIBXA and the plasticizers, HSP analysis was conducted at
various temperatures. In material synthesis, pristine PIBXA
was obtained through UV-irradiated radical polymerization
from a solution of the liquid IBXA monomer (4.7 M) containing
0.1 mol% benzophenone initiator (referred to as the IBXA
concentration, detailed procedures are described in the ESIY).
Fig. 2a and Table 1 depict the determination of PIBXA’s HSPs
through solubility tests using 28 different solvents with known
HSPs (Table S1, ESIt). Their HSPs at the reference temperature
were referred from the database of HSPiP™ software. These
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solvents, selected to ensure HSP diversity, were categorized as
miscible (blue, score 1) or immiscible (red, score 0). Experi-
mentally, the state of PIBXA swelling or dissolving in a solvent
was score 1, and other states were score 0. The miscible sphere,
representing pure PIBXA’s HSP, was calculated through least-
squares fitting of the sphere including the miscible solvents by
HSPiP®.2*! The coordinates and radius corresponded to the
HSP of PIBXA (4, Jp, and Jy) and the interaction radius (R,),
respectively. When determining HSPs at different temperatures
from the reference state (25 °C), the HSPs of the 28 solvents
were adjusted using eqn (9). The thermal expansion coefficient
(o) of each solvent was measured using a density meter at
various temperatures with eqn (6). The density versus tempera-
ture curve showed good linear relation for all solvents within
the measured temperature range (Fig. S1 and Table S1, ESI) so
that o can be considered constant in this study. Additionally, a
test with an evaporating solvent was excluded from the HSP
evaluation. Since PIBXA became miscible with several solvents
such as 1-butanol and propylene glycol monoethyl ether at high
temperatures, dq, dp, On, and R, were shifted. Especially, it is
found that the 0, contribution and R, were increased with
increasing temperature. Next, the resulting miscible sphere was
then overlaid with three plasticizers, TEP, DBP, and DBA
(Fig. 2b). Similar to the test solvents, the HSPs of plasticizers
were also adjusted for temperature variations (Table 1). DBP
and DBA were included in the PIBXA sphere at every tempera-
ture, while TEP altered from sphere-out to -in with elevating
temperature. Additionally, the distance between the coordi-
nates of PIBXA and the plasticizer (R,) was calculated. Since
both PIBXA and the plasticizer shift with changing temperature
in this analysis, the relative energy density (RED), defined as
R./Ry, serves as a useful index for easily predicting miscibility
(Fig. 2c). The REDs of DBP and DBA were consistently less than
1 (included in the PIBXA’s sphere) at every test temperature,
indicating that PIBXA will be miscible with DBP and DBA
within this temperature range. On the other hand, the RED of
TEP was larger than 1 from 25 to 45 °C and then eventually
became less than 1 at 55 °C. This suggests that PIBXA-TEP is
not miscible at low temperatures but becomes miscible around
55 °C. Thus, the PIBXA-TEP mixture would be an upper critical
solution temperature (UCST)-type elastomer displaying a
phase-separation structure at the critical temperature.

Next, PIBXA containing plasticizer was synthesized from a
pre-mixing solution of the IBXA liquid monomer and plastici-
zer. Fig. 3a displays the appearances of PIBXA with TEP, DBP,
and DBA at the reference temperature. The weight fraction of
plasticizers varied from 10 to 30 wt%. PIBXA-DBP and PIBXA-
DBA were transparent at every plasticizer fraction. PIBXA with
10 wt% TEP was transparent, while samples with 20 and 30
wt% TEP concentrations became turbid after polymerization
due to the formation of phase separation. Transmittance with
temperature variations was measured using a UV-vis spectro-
meter (Fig. 3b). The DBP and DBA remained transparent at
every fraction, as did 10 wt% TEP, across the temperature range
from 25 to 100 °C. However, samples with 20 and 30 wt% TEP
exhibited very low transmittance at low temperatures and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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space. Purple, pink, and orange points are TEP, DBP, and DBA, respectively. (c) REDs of PIBXA-plasticizer at different temperatures. The RED < 1and >1

mean miscible and immiscible, respectively.

Table 1 Summary of HSPs of PIBXA, TEP, DBP, and DBA calculated at
various temperatures using egn (9)

HSP (MPa'?)

Chemical Temp. (°C) dq Op On R, (MPa'?) RED
PIBXA 25 17.35 3.24 230 7.14 —
35 16.65 242 141 7.97 —
45 16.09 3.53 5.04 6.31 —
55 15.55 3.88 7.14 8.29 —
TEP 25 16.70 11.40 9.20 — 1.51
35 16.50 11.35 9.04 — 1.47
45 16.30 11.29 8.87 — 1.37
55 16.11 11.24 872 — 0.92
DBP 25 17.80 8.60 4.10 — 0.80
35 17.62 8.57 4.03 — 0.87
45 17.45 8.53 3.96 — 0.92
55 17.28 8.50 3.89 — 0.80
DBA 25 16.30 3.70 490 — 0.47
35 16.12 3.68 481 — 0.47
45 15.94 3.67 473 — 0.07
55 15.76 3.65 4.65 — 0.31

became dramatically transparent around 50 and 65 °C, respec-
tively, indicating the presence of an upper critical solution
temperature (UCST). This observation was consistent with the
HSP analysis, except for very low fractions of TEP. HSP analysis
proves to be highly beneficial in material development,
enabling the prediction not only of miscibility at reference
temperature but also of the critical miscible condition of
multiple components. Purposely ideal candidates from infinite
combinations can be found based on the parameters.

The T, of samples affected by mixing the plasticizer was
evaluated using modulated differential scanning calorimetry
(MDSC) measurement.>>>* Fig. 3c illustrates the reversing heat
flow separated from the total heat flow. Pure PIBXA exhibited a
Ty at 97.6 °C. The T,s of both PIBXA-DBP and PIBXA-DBA
decreased with increasing plasticizer concentration, consistent
with the common trend of plasticizer addition to glassy poly-
mers. However, PIBXA-TEP showed that T, decreased to 49.5 °C
initially at 10 wt%, while increasing at 20 wt% (57.7 °C) and

© 2024 The Author(s). Published by the Royal Society of Chemistry

30 wt% (80.9 °C). The two abnormal T,s observed at higher TEP
fractions were not consistent but approximately 10 °C lower
than the temperatures at which transmittance changes
occurred in the UV-Vis profiles. Supporting this observation,
the T, of the 20 wt% TEP sample, as determined viscoelastically
from the peak of the tangent delta in the rheogram, was
43.3 °C, almost consistent with the T, observed in MDSC
(Fig. 3d). These results can be explained from the thermody-
namic phase diagram in Fig. 1. With decreasing temperature,
the homogeneous and rubbery PIBXA-TEP firstly shows phase
separation with starting of turbidity detected by UV-vis
measurement that corresponds to Tgemix While still keeping
the rubbery state. With further decreasing of temperature, the
modulus increases dramatically, and the PIBXA-TEP finally
becomes glassy state with the peak of tand shifting in MDSC

that corresponds to Tg/ in the diagram. Therefore, both Tqemix
and Tg' come from the phase separation while they are not
consistent because of the degree of phase separation.
Approaching this point from higher temperatures, the PIBXA
polymer chains begin to demix from the TEP plasticizer at
T4emix, €ventually losing mobility and transitioning to a glassy
state. Contrary to the normal role of plasticizers, the addition of
TEP exceeding 20 wt% to PIBXA increased T, because this glass
transition was driven by the formation of UCST-type phase
separation.

The plateau of storage modulus G’ of PIBXA-TEP (20 wt%)
around 25 °C was slightly small when compared to that of
pristine PIBXA at the same temperature, indicating that the
locally dense structure of PIBXA formed by phase separation
exhibits similar dynamics to that of the conventionally global
glassy state. The reason for the modulus slightly lower than that
of the pristine PIBXA might be the difference in the polymer
volume fraction. If the glass transition originates from the
Berghmann point, the T, should remain the same regardless
of the initial fraction of the polymer-plasticizer mixture. The
difference in T, observed for 20 and 30 wt% TEP would be
attributed to the phase separation and the T, curve changes due

Mater. Adv., 2024, 5, 7140-7146 | 7143
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to the primary structure of PIBXA. TEP, acting as a solvent,
would influence the stereoregularity of PIBXA during polymer-
ization. It is known that polymers with different stereoregula-
rities exhibit different interaction parameters in solvents and
T,.** On the other hand, when the molecular weight is suffi-
ciently high, the contribution from the difference in the poly-
mer molecular weight becomes almost negligible. TEP slightly
reduces the efficiency of polymerization, but the weight-average
molar masses (M,,) of PIBXA polymerized with 20 and 30 wt%
TEP were 288.9 k and 173.7 k, respectively, both of which are
sufficiently high values.

To elucidate the stiffening effect caused by the formation of
phase separation, the local microscale structure was evaluated
using microscopy techniques. Fig. 4a presents scanning elec-
tron microscopy (SEM) images of the cross-section of PIBXA-
TEP (20 wt%) annealed at 25 and 50 °C. No specific structure
was observed at 50 °C, while a pore structure with an approx-
imate diameter of 3 um was evident at 25 °C. Considering the
loading weight fractions of PIBXA and TEP, the pore likely
corresponds to the PIBXA-dilute and TEP-dense region, which
are softer than the surrounding area. Next, the local modulus

7144 | Mater. Adv., 2024, 5, 7140-7146

profiles of PIBXA-TEP (20 wt%) and pristine PIBXA. The UV-vis profiles are
rheogram and UV-vis profiles are T4 defined in rheology and the end point

was analyzed by force mapping with atomic force microscopy
(AFM)*>*® (Fig. 4b). Young’s modulus (E) of the hard phase,
indicated by the yellowish region, was measured to be 39 + 18
MPa, almost comparable to G’ (=E/3) in Fig. 3d. Conversely, the
modulus in the pore region (soft phase) was determined to be
26 + 13 MPa. Considering the unmeasurable whitish region at
the center of the pore, the true average modulus in the pore
region might be smaller than the calculated value. The mod-
ulus mapping results indicate that the global modulus of the
phase-separated PIBXA-TEP at the macroscale is governed by
the continuous hard phase at the microscale. Phase separation
can induce a glass transition by reducing the plasticizer content
from the glassy polymer.

In conclusion, we have successfully developed a UCST-type
material with a phase separation-induced glass transition by
combining the glassy polymer PIBXA and the plasticizer TEP
under “critical miscible conditions.” Based on the thermody-
namic phase diagram featuring phase separation and glass
transition curves, the T, arises from the growth of the phase
separation structure, corresponding to the Berghmann point.
While the T, of polymeric materials typically decreases with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing plasticizer content, the trend is reversed in the PIBXA-
TEP system. This abnormal trend extends the role of plasticizers.
In the material design process, this critical miscible condition can
be predicted using temperature-corrected Hansen solubility para-
meters. This is a simple prediction based solely on whether the
relative energy density is above or below 1. The HSP method offers
industrial benefits as it allows for the selection of the optimal
combination based on these parameters. By utilizing this concept,
materials exhibiting LCST-type phase separation can also be
developed in the future, demonstrating vitrification at high tem-
peratures, which will represent an inverse glass transition.
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