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Baroplastic diblock copolymers exhibit order—disorder transitions
and melt upon compression at low temperatures, in some cases
even at ambient temperatures. Their unique low-temperature pro-
cessability makes them promising candidates for sustainable poly-
meric materials. Despite their potential, however, the molecular
mechanisms governing the pressure-induced phase transitions of
these copolymers remain largely unexplored. This study develops a
compressible self-consistent field theory for baroplastic copoly-
mers based on a simple lattice vacancy model that explicitly
incorporates voids to account for compressibility. The theory
shows that the selective presence of voids in compressible domains
stabilizes the ordered phase, while a reduction of voids under
compression leads to the order—disorder transition. In addition,
this work demonstrates for the first time the critical role of gas
absorption rates in each segment in the pressure-induced order—
disorder transition of baroplastic diblock copolymers. These find-
ings have significant implications for the rational design of baro-
plastic polymers with tailored low-temperature processability.

Block copolymers (BCPs) have unique properties resulting from
order-disorder transitions (ODTs), phase transitions between
ordered phases formed by microphase separation and disor-
dered phases."”” Most BCPs are thermoplastic and undergo
ODTs in response to temperature changes. Over the past two
decades, baroplastic BCPs, which undergo phase transitions
from ordered to disordered states in response to elevated
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pressure, have attracted increasing interest.®> Typical baroplas-
tic BCPs are composed of a hard segment with a high glass
transition temperature (high T,) and a soft segment with a low
Ty, such as some of polystyrene-block-poly(n-alkyl methacry-
lates) and polystyrene-block-poly(n-alkyl acrylates).**° Under
elevated pressure, baroplastic BCPs exhibit improved miscibil-
ity and undergo ODTs, as shown in Fig. 1a.

Disordered baroplastic BCPs flow even below the T, of a
hard segment due to the presence of a soft rubbery segment.
Therefore, they can be processed at much lower temperatures
than thermoplastics, in some cases even at ambient
temperatures.>'""'> Because of their unique low-temperature
processability, baroplastic BCPs have attracted considerable
attention as a new class of sustainable polymer materials that
enable polymer processing with reduced energy consumption
and CO, emissions. Low-temperature processing also signifi-
cantly extends the life of polymers in material recycling by
minimizing thermal degradation of the polymer chain. In
addition, recent studies have reported the development of
biodegradable baroplastics from renewable resources.'***

Theoretical considerations have played a pivotal role in
understanding pressure-induced ODTs in baroplastic BCPs.
The compressible regular solution (CRS) model, which incor-
porates compressibility into the Flory-Huggins regular solution

(@)

Ordered State

Fig. 1 (a) Pressure-induced order—disorder transition (ODT) in baroplastic
diblock copolymers. (b) Lattice vacancy model of the symmetric diblock
copolymer system. The vacant sites are called voids, expressing the free
volume of the system.
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theory, has been successful in predicting the baroplasticity of
BCPs.>®'>1® However, the CRS model was originally developed
for conventional homopolymer blends, not specifically for BCPs.
Consequently, a theoretical framework based on BCP theories
was needed to accurately and quantitatively describe the bar-
oplastic BCP behavior. Cho and co-workers pioneered basic
frameworks using two prominent mean-field BCP theoretical
methods: the self-consistent field (SCF) theory'” and the random
phase approximation theory.'® They elucidated the compressi-
bility of baroplastic BCPs using the perturbed hard-sphere chain
model,'® revealing that the finite compressibility difference
between different segments induces baroplastic behavior.

This study introduces the compressible SCF theory based on
the lattice vacancy model®*>? for baroplastic BCPs. Unlike Cho
and co-workers’ perturbed hard-sphere chain model, which
accounts for compressibility using the perturbed fields for
hard-sphere chains," our model incorporates compressibility
effects into the Flory-Huggins lattice model>*** by explicitly
considering lattice vacancies called voids (Fig. 1b). We adopt
the lattice vacancy model due to its simplicity and high
extensibility to complex multi-component systems. Our theory
provides a perspective on the molecular mechanisms under-
lying baroplastic behavior from the unique point of the lattice
vacancy model, with a specific focus on voids. Furthermore, we
demonstrate the extensibility of our theory by applying it to
elucidate the phase behavior of baroplastic BCPs when absorb-
ing gas pressure media.

Let us consider a compressible system of diblock copoly-
mers under constant temperature T and isotropic pressure P.
The lattice vacancy model introduces, in addition to the poly-
mer segments, voids that express the free volume and are
distributed throughout the system (Fig. 1b). Because voids are
considered a hypothetical solvent species, the compressible
SCF theory with voids can be formulated as straightforwardly
as the incompressible SCF theory based on the mean-field
approximation.>*">® Although Noolandi and colleagues have
previously proposed a similar method in the context of
temperature-induced phase behavior,?® we explicitly apply the
treatment via voids to the field of pressure-induced phase
behavior for the first time. This application is achieved by
using the Sanchez-Lacombe equation of state (SL-EOS)*°7>?
derived from the lattice vacancy model: in the present theory,
the number of voids, or the system density, changes with
temperature 7 and pressure P, obeying the SL-EOS. The lattice
vacancy model allows us to apply these classical frameworks
developed in the field of incompressible SCF theory and poly-
mer EOS theory. Therefore, instead of repeating the formula-
tion and the validity of each classical method discussed in the
references, this paper focuses on discussing the calculation
results. The details of the theory are provided in the ESI¥
together with the references. Note that applications of this
compressible SCF theory to copolymer systems of more com-
plicated structures, such as linear multiblock copolymers and
starpolymers, are straightforward.>®>”*°

We employ polystyrene-block-poly(n-pentyl methacrylate)
(PS-b-PnPMA) as a model system to elucidate the molecular

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

(a) (b)
8 0.7 - 0.145 %) 0.7 530 P 0.145
P=0.1 MPa =3 a
O s RS 0140 O g4 0.140
G “—
8 0.135 8 RS 0.135
05 05 \
L 0.130 L ~ - = = —0.130
0.4 04F I
GE) 0.125 GE') _k—\ 0.125
S03E T\ 0120 3 %3fpPnPMA \ . 10.120
o PnPMA Void o Void
> 02 0.115 >> 0.2 0.115
00 02 04 06 08 10 00 02 04 06 08 1.0
x/IL x/IL
(C) 0.75 0.07064 (d)
- - 0.75 0.03616
2o P =5MPa @ 070} PS P =100 MPa
O 065 007080 S 065N\ -~ 0.03612
G 060 060
PS 007086 © 0.03608
® 055 \ © 055
LL 050 - —— 007052 LL. 0.50 0.03604
© 045p——< O 045
£ 040 \ / 0.07048 & 040 0.03600
o3 PMMA Void 10.07044 Sosst \ {0.03596
g 030 ol g 030F “PMMA Void <
0.25 0.07040 0.25 0.03592
00 02 04 06 08 10 00 02 04 06 08 1.0
x/L x/L
Fig. 2 (a) and (b) Normalized concentration profiles of baroplastic PS-b-

)
PnPMA lamellar (Ny ~ 2600, f = 0.5, T = 468 K) at (a) 0.1 MPa and (b)
3.2 MPa. (c) and (d) Normalized concentration profiles of hon-baroplastic
(barotropic) PS-b-PMMA lamellar (Ng ~ 1100, f = 0.5, T = 393 K) at
(c) 5 MPa and (d) 100 MPa. The x-axis is taken perpendicular to the lamellar
interfaces, and L is the lamellar period.

mechanisms underlying baroplastic behavior. SL-EOS para-
meters of each component characterize the molecular proper-
ties. The parameters of PS and PnPMA are provided in Table S1,
ESI} Particularly, the characteristic pressure and temperature
of PnPMA are smaller than those of PS. Since these parameters
are proportional to the self-interaction energies of each com-
ponent, this indicates that PnPMA has lower self-interaction
energies and is comparatively softer, making it easier to com-
press. In this paper, we investigate the case of Ng ~ 2600 (N4
being the degree of polymerization of the diblock copolymers)
and f = 0.5 (f being the block ratio) at T = 468 K, which
corresponds to the original experimental data for PS-b-PnPMA
with a molecular weight of M, = 48700.>

First, we investigate the pressurization of the pure copolymer
system to consider the effects of voids on the phase behavior of
baroplastic BCPs. Fig. 2a and b show the concentration profiles of
the PS-b-PnPMA lamellar structure as a function of pressure. As
pressure is applied, the concentration profile of the lamellar
structure becomes flatter. This compatibilization of PS and
PnPMA can be attributed to the influence of voids. Voids are
more compatible with PnPMA because PnPMA is softer than PS
resulting in significant differences in the interactions between the
blocks and the voids. Therefore, at low pressure, the lamellar
state, where voids are preferentially located within the soft PnPMA
layer, is more stable compared to the disordered state where voids
randomly interact with both the PS and PnPMA segments. How-
ever, at high pressure, the stabilization effect of the void distribu-
tion within the lamellar structure diminishes due to the reduction
in the number of voids caused by compression. As a result, the
disordered state, characterized by a stress-free configuration of
polymer chains, becomes more favorable and stabilized.

Soft Matter, 2024, 20, 3728-3731 | 3729
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Fig. 3a demonstrates the pressure dependence of the dimen-
sionless free energy difference per segment between the
ordered lamellar phase and the disordered phase, denoted as
Af = flamellar—fdisordered- The lamellar structure is destabilized to
reach the ODT condition by pressurization. The calculated
pressure-induced ODT point is determined to be 3.3 MPa,
which agrees with the literature value."®*' These results suggest
that the effective Flory-Huggins repulsion between the two
blocks in the baroplastic system decreases with pressure.
Investigating the relationship between the effective Flory-
Huggins interaction parameter and pressure is an important
area for our future research.

For comparison, we present calculation results for polystyr-
ene-block-poly(methyl methacrylate) (PS-b-PMMA), a barotropic
material that undergoes a transition from a disordered state to
an ordered state upon compression.”*> The molecular para-
meters of PS and PMMA are provided in Table S1, ESL.{ Our
calculations in Fig. 2¢ and d also successfully reproduced the
pressure-induced ordering of the system of Ng ~ 1100 (M,, =
22160) and f= 0.5 at T = 393 K. In this case, voids are almost
uniformly distributed because there is little difference in com-
pressibility between PS and PMMA. Uniformly distributed voids
reduce contact between incompatible PS and PMMA segments
and stabilize the disordered state. As the number of voids
decreases with compression, the interfacial stabilizing effect
of the voids also decreases, eventually forcing the system to
phase separate to reduce the interfacial area. While voids
exhibit a roughly uniform distribution also in the ordered state
(note that the difference between the volume fractions of voids
in two layers in Fig. 2d is about one thousandth smaller than
that for baroplastic PS-b-PnPMA in Fig. 2a), they preferentially
exist at lamellar interfaces to prevent contact between the PS
and PMMA domains (Fig. 2d) and stabilize ordered structures
by suppressing the interface energy.

Next, we show the high extensibility of our theory to more
complex multi-component systems. As an illustrative example,
we study the pressurization of PS-b-PnPMA by gas pressure
media. When baroplastics are compressed by a gas pressure
medium, the gas medium is absorbed into the polymer phase
to affect the phase behavior. In fact, according to Kim and co-
workers, the phase behavior of PS-b-PnPMA changes depending
on the kind of pressure medium, even if the medium is an inert
gas such as nitrogen and helium.*'
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Fig. 3 Pressure dependence of Af (= fiametiar—fdisordered) iN the unit of kgT
and ODT points of (a) PS-b-PnPMA, (b) PS-b-PnPMA/He and PS-b-
PnPMA/N, (Ng ~ 2600, f = 0.5, T = 468 K).
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Because of the simplicity of the lattice vacancy model, we
can easily consider the diblock copolymer system absorbing the
gas medium by a simple addition of another gas solvent
species. The absorption amount of the gas with applied pres-
sure is determined by the Henry’s law: w, = HP where wy is the
weight fraction of the gas absorbed by the polymer and H is
the Henry’s law constant. According to the SL-EOS theory, the
Henry’s law constant is expressed with EOS parameters.®® The
complete formalism of the theory for the BCP/gas systems is
given in the ESL¥

We here consider the same baroplastic diblock copolymer as
above: PS-b-PnPMA of N4 = 2600 and f= 0.5 at T = 468 K. The
molecular parameters of N, and He are shown in Table S1,
ESL{ Fig. 3b shows Af of PS-b-PnPMA/gas. N, gases invert the
phase behavior of the pure PS-b-PnPMA: the system is ordered
with increasing pressure and decreasing Af. In contrast, He
gases have little effect on the original baroplastic behavior of
PS-b-PnPMA, and Af is increased with applied pressure.

In the former case of the N, absorption, the polymer-gas
interaction difference is relatively large, yps,x,~Zpnpman, = 1.21
(x; being the Flory interaction parameter between the i-th and
the j-th components). This means that the contact of PnPMA-N,
is more favorable than that of PS-N,. Therefore, N, is prefer-
entially contained in the soft PnPMA layers as seen in Fig. 4a
and b. Absorbed gases behave as substitute voids because voids
are decreased while gases are increased upon compression.
Namely, increased N, with applied pressure stabilizes the
lamellar structure because highly selective absorption makes
N, gases behave like voids. As a result, N, makes PS and PnPMA
incompatible with increasing pressure, which is the opposite
behavior of the original baroplastic behavior (Fig. 3).

In contrast, in the latter case of the He absorption, the
polymer-gas interaction difference is relatively small,
7ps,He—/pnpma,He = 0.55, and there is little difference between
the contact of PS-He and that of PnPMA-He. As a result, He
distributes almost uniformly as shown in Fig. 4c and d. He has
little effect on the compatibility between PS and PnPMA and
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Fig. 4 (a) and (b) Normalized concentration profiles of PS-b-PnPMA/N,

(Ng ~ 2600, f= 0.5, T = 468 K) at (a) 0.1 MPa and (b) 5.0 MPa. (c) and (d)

Normalized concentration profiles of PS-b-PnPMA/He (Ny4 ~ 2600, f =

0.5, T = 468 K) at (c) 0.1 MPa and (d) 4.0 MPa.
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slightly weakens the baroplasticity of PS-b-PnPMA leading to
the shift of the ODT point to higher pressure, 4.0 MPa (Fig. 3).

Previously, Cho and colleagues showed that differences in
compressibility between hard and soft segments lead to baro-
plastic behavior using their perturbed hard-sphere chain
model."”'® Our study further complements and reinforces their
findings, with a particular focus on the role of voids. In addition,
our model reveals the molecular mechanisms underlying the
effect of gas-pressure-medium absorption on baroplastic beha-
vior, taking advantage of the high extensibility to multi-
component systems. The extensibility of our model, achieved
through the straightforward conversion from the classical
incompressible model to the compressible one by the introduc-
tion of voids, has the potential to advance theoretical considera-
tions across a wide range of compressible polymeric materials.

Conclusions

We have employed the compressible SCF theory based on the
lattice vacancy model to investigate the pressure-induced phase
behavior of BCPs. Our results have revealed a preferential
distribution of voids within soft segment domains, which
stabilizes the lamellar structure at low pressure. With increas-
ing pressure, these voids gradually diminish, eventually leading
to the destabilization of the lamellar structure and resulting
disorder. Computational results for the actual baroplastic, PS-b-
PnPMA, are consistent with experimental observations.*" The
high extensibility of our framework, facilitated by the simplicity
of the lattice vacancy model, has also enabled us to examine the
impact of the gas type used as the pressure medium on the
baroplastic behavior. When gases are preferentially absorbed
into the soft segment, they induce a shift in the baroplastic
behavior, transitioning towards ordered structures at elevated
pressure. This shift occurs because the absorbed gases stabilize
the ordered structure under high pressure. This study provides
valuable insights into the pressure-induced ODTs governing
the low-temperature processability of BCPs, with a particular
emphasis on the crucial role played by voids. While this work
has primarily focused on baroplastic BCPs, the exploration of
compressible BCP systems exhibiting various pressure-induced
phase behaviors is a topic for future research.
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