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ABSTRACT

Mesoporous polymer microparticles are promising for energy, environmental, and biomedical

applications. A linear polymer microparticle is desirable from the perspective of polymer



recycling. In this study, mesoporous crystalline microparticles of a commercially available high-
performance polymer, poly(ether sulfone) (PES), were prepared. Solvent-induced crystallization
of PES in nitrobenzene resulted in nearly spherical microparticles with an average size of 5 um
and narrow size distribution. The microstructure and mesoporosity of the microparticles were
characterized with scanning electron microscopy, X-ray diffraction, differential scanning
calorimetry, and nitrogen adsorption/desorption, which gave a pore size distribution peaking at 7
nm with a porosity of 0.44. Fourier-transform infrared spectroscopy, Raman spectroscopy, and
thermogravimetric analysis confirmed the cocrystal of PES and nitrobenzene. The formation
mechanism of the PES microparticles was elucidated based on the theory of polymer spherulite
formation. This study gives an insight on solvent-induced crystallization of rigid high-T;

polymers useful for the mesoporous polymer particle fabrication.

INTRODUCTION

Mesoporous polymer particles have interesting properties and are promising materials for
applications such as battery polyelectrolytes !, healthcare and pharmaceuticals *>* supports for
catalysts and nanoparticles % and optics 7. Therefore, the fabrication of mesoporous particles is
intriguing and has been extensively investigated so far ®1°.. The most popular fabrication method
is suspension polymerization and its derived methods, in which an optimal choice of porogen
and polymerization conditions provide particles of different sizes, shapes, and pore structures in
a controlled manner 12, Despite several advantages, however, polymer crosslinking is usually
required to maintain the mesoporosity '*, which severely impacts the reprocessing and does not
meet the recent norms for polymer recycling. Therefore, the fabrication of mesoporous particles

from a linear polymer is a major challenge in polymer science. The mesopore stability of



polymers can be increased by crystallization and high rigidity of the polymer main chain. Thus,
mesoporous particle fabrication via crystallization of a high-performance polymer in a solution is
a promising approach that has not yet been reported. Thermally induced and solvent-induced
deformation of mesoporous microparticles may also provide additional possibilities for stimuli-

response applications.

Polymer crystallization in a solution is used as a physical principle of membrane fabrication,
which is well-known as thermally induced phase separation or solid-liquid phase separation '*13,
Compared to membrane fabrication focusing on the interconnected morphology of polymer self-
assembly, crystallization-mediated particle fabrication has not been established because it
requires another approach for isolating polymer self-assembly at the microscale. Several groups
have reported the formation of spherical particles by crystallizing poly(ethylene oxide) *!7,
isotactic polystyrene '8, poly(L-lactide) !°, and polyamide 6 (nylon 6) 2*2!. Unfortunately,
however, most of these studies did not investigate the mesoporous structure of the particles in
detail. It is argued that the flexible polymers forming the particles are inadequate for sustaining
mesoporosity. Therefore, a polymer with a rigid backbone is desirable for the formation of
mesoporous crystalline structures despite the rarity of crystallization in rigid polymers. Daniel et
al. reported solvent-induced crystallization of rigid polymers syndiotactic polystyrene and
poly(2,6-dimethyl-1,4-phenylene oxide) to successfully form nanoporous structures that were
stable in the dried state % Solvent-induced crystallization is a process in which polymers
crystallize with the assistance of solvent molecules. Sometimes semicrystalline and even
amorphous polymers in the bulk state are crystallized in a solution because of the formation of

cocrystals with solvent molecules and/or the plasticization effect of the solvent. Crystallization

of semicrystalline poly(ethylene terephthalate) and amorphous poly(carbonate) was discovered



in the 1960s 2%, and it has been investigated in isotactic poly(propylene) 2°, syndiotactic

) 2627 poly(2,6-dimethyl-1,4-phenylene)oxide 2, and poly(lactic acid) *° to form

poly(styrene
cocrystals with solvent molecules. Guenet summarized such crystallization behavior of synthetic
polymers and biopolymers as the part of the polymer-solvent molecular compounds *°. The
solvent-induced crystallization was also found on high-performance polymers that have a high
glass transition temperature (7g) above 200 °C and are classified as an amorphous polymer in
bulk. Blackadder et al. reported poly(ether sulfone) (PES) crystallized in dichloromethane,*!3? of
which crystal structure Benhalima et al. investigated by X-ray diffraction using a low-molecular-
weight model compound.*® Recently, Handge and coworkers reported the solvent-induced
crystallization of poly(phenyl sulfone) to form cocrystals with N,N-dimethyl formamide (DMF)
and N,N-dimethyl acetamide **. In a previous study by the author, solvent-induced crystallization
of another high-performance polymer, poly(ether sulfone) (PES), in a DMF-benzene mixture
was reported **. The percolation network growth of PES nanofibrils caused physical gelation of
the solution, which enabled the facile fabrication of a mesoporous PES monolith. The
mesoporous monolith had high thermal stability of the mesopores (up to 150 °C) due to the high
Ty of PES. In this study, owing to successive and comprehensive solvent exploration, solvent-
induced crystallization of PES in a single solvent system (nitrobenzene) was found, which
allowed the systematic investigation of the crystallization behavior of PES. Interestingly,
crystallization afforded nearly spherical mesoporous microparticles. From the perspective of
potential application, fabrication of macroscopic material shapes such as films, monoliths, and
particles is important because the shapes determine the usage of the materials. Most studies on
porous polymer fabrications via polymer crystallization in solutions have reported that aerogel

monoliths via physical gelation and particle formation via spherulite formation are limited.



Considering the author’s previous work , this study demonstrated that the same polymer, PES,
gives different macroscopic morphologies in solvent-induced crystallization and suggests the
possibility of targeting self-assembly of homopolymers using solution crystallization. The
crystalline structure was validated using X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). Nitrobenzene molecules trapped in the cocrystals were detected using
Fourier-transform infrared (FT-IR) and Raman spectroscopies as well as thermogravimetric
analysis (TGA), which confirmed the room-temperature stability of the cocrystals when
subjected to vacuum drying. The formation mechanism of the microparticles was elucidated

based on the growth of the polymer spherulites.

EXPERIMENTAL

Chemicals

PES powder (SUMIKAEXCEL 3600P) was supplied by Sumitomo Chemical (Japan). The
number average and weight average molecular weights (Mn and Mw) of the PES are 28000 and
47000, respectively, which were analyzed using gel permeation chromatography (GPC). All
organic solvents (purity, >95%) (Supporting Information) were purchased from Tokyo Chemical
Industry (Japan). The boiling temperature (7b) and melting temperature (7m) of the solvents were

referred from a solvents handbook *¢ and are listed in Table S1 (Supporting Information).

Preparation of PES microparticles

In a typical procedure (Scheme 1), PES powder (2.0 g) was added to nitrobenzene (8.0 g) under
stirring at room temperature (25 + 2 °C, unless otherwise stated) for 10 min and heated at 140 °C

for 0.5 h for complete dissolution. The 20 wt.% solution was cooled to room temperature under



vigorous magnetic stirring. The clear solution gradually became turbid at room temperature
while under stirring. The time course of the appearance change depends on the PES
concentration, as discussed later. The white solution was poured into an excess amount of
methanol (5-10 times the weight of nitrobenzene), and solid microparticles were collected via
centrifugation (3000 rpm, 3 min). The microparticles were sequentially washed with methanol (2
times), ethanol (1 time), and hexane (2 times). After the solvent exchange, the particles were
vacuum-dried at room temperature for at least 24 h using a rotary pump (GCD-136X, ULVAC
KIKO, Japan). The process yielded fine microparticles in a dried state with high yields (>90%).
The microparticles are denoted by the PES concentration (Cp) of the solution; for example, P20

indicates PES microparticles obtained from a 20 wt.% solution.

Scheme 1. (a) Chemical structure of PES. (b) Preparation procedure of PES microparticles.
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Characterization of PES microparticles

The particle size distribution was measured using a laser diffraction particle size analyzer
(SALD-2100, Shimadzu, Japan). PES microparticles were dispersed in methanol by 15-min
ultrasonication before the measurements. The particle size was analyzed assuming a spherical
particle shape and the complex refractive index of a PES particle to be 1.60—0.10i. Shape and
surface morphology of the microparticles were observed using scanning electron microscopy
(SEM) (S-4800, Hitachi, Japan) at an acceleration voltage of 5 kV. The microparticles were

dispersed in methanol via ultrasonication, filtered using a track-etched polycarbonate membrane



(Isopore, pore size: 0.22 um, Millipore) , and coated with a platinum layer via ion sputtering (E-
1030, Hitachi, Japan). The specific surface area (Sser), meso, macro, and total pore volumes
(Vmeso, Vmacro, Viotal) were evaluated using a gas adsorption analyzer (BELSORP-MAX,
MicrotracBEL, Japan). X-ray diffraction (XRD) patterns were recorded using a benchtop X-ray
diffractometer (MiniFlex 600, Rigaku, Japan). A wet sample was obtained as an intermediate
product by directly filtering the microparticles from the 20-wt.% solution without methanol
washing. Fourier transform infrared (FT-IR) spectroscopy (IRTracer-100, Shimadzu, Japan)
analyses were performed using a single reflection diamond crystal attenuated total reflectance
accessory (Quest, Specac). Raman spectroscopy (RAMANplus, Nanophoton, Japan) was
performed with a 785-nm excitation laser to avoid the fluorescence emission of PES. Owing to
the limited spectral window of the detector, Raman spectra were recorded at a few separate
ranges under the same measurement conditions and merged into one by adding a small spectrum
offset. The thermal behavior of the microparticles was studied using differential scanning
calorimetry (DSC) (Q2000, TA instruments, USA). Nitrogen gas (flow rate = 50 mL/min) was
used as the carrier gas. TGA was performed using an STA/TG-DSC instrument (STA 2500
Regulus, NETZSCH, Germany) in the temperature range of 25-300 °C (heating rate: 5 °C/min)
under a nitrogen flow of 20 mL/min. The microparticles (5-10 mg) were vacuum-dried at room

temperature prior to the analysis.

Characterization of PES solution

Prior to the experiments, the dissolution behavior of PES in various organic solvents was
preliminarily examined based on the Hansen solubility parameter (HSP) calculated using a
commercial software (HSPiP, ver. 5.2). In the general case of polymer crystallization in a

solution, a polymer dissolves in an organic solvent at a high temperature and crystallizes at a low



temperature due to supersaturation caused by the temperature drop. The maximum and minimum
experimentally-accessible operation temperatures are constrained by the 7 and 7m of a good
solvent, respectively. To ensure a large supersaturation by cooling to room temperature, solvents
with a high 7b (= 100 °C) and low Tm (< 20 °C) were selected from the list of organic solvents
provided in the software. The HSP values of the solvents and their relative energy difference
(RED) to PES are listed in Table S1. The RED value is an indicator of polymer dissolution,
suggesting that a solvent will dissolve (RED < 1), partially dissolve (RED = 1), and not dissolve
(RED > 1) a polymer *’. Accordingly, PES dissolution in 21 organic solvents was tested with a
Cp of 10 wt.% at 140 °C. Solvents with Th < 140 °C were tested at 100 °C. Solutions with
completely dissolved PES at high temperatures were tested for phase separation at room
temperature. The phase separation behavior was visually inspected for turbidity at room

temperature after a few days.

Gel permeation chromatography (GPC) was performed with JASCO EXTREMA system
equipped with polystyrene mixed gel columns at 40 °C using RI detector and DMF as an eluent.
The GPC was calibrated with PMMA standards. The optical transmittance of the PES solutions
was monitored at a wavelength of 500 nm using an Ultraviolet-visible spectrometer (V-670,
JASCO, Japan) equipped with a Peltier temperature control unit. The PES solution prepared at
140 °C was sealed in a quartz cell with a 10-mm cell length. The solution was equilibrated at
100 °C for 5 min and quenched at the targeted crystallization temperature for isothermal

crystallization.

Details of the XRD measurements, gas adsorption experiments, and PES solubility examined

using HSP have been reported previously by the author .



RESULTS AND DISCUSSION

Thermal behavior of PES solution

The thermally induced phase separation behavior of the PES solutions is exemplified by the
photographs shown in Figure l1a and S1 (Supporting Information). The dissolution test validated
the trend suggested by the RED values, as depicted in Figure 1b. The solvents with RED > 1.2
failed to completely dissolve PES even at a high temperature, whereas those with RED < 1.0
dissolved PES. The marginal solvents with 1.0 < RED < 1.2 led to complete or partial
dissolution. In this range, it was found that the dissolution behavior is affected by another
molecular parameter of the solvent, the molar volume (¥m), which represents the size of a solvent
molecule. Four solvents with Vm < 128 cm*/mol enabled complete dissolution at high
temperatures, whereas EGMBE and ethyl cinnamate with Vm > 143 cm®/mol, only partially
dissolved the PES. The incomplete dissolution gave an opaque solution or a rubbery paste with a
transparent supernatant, implying that it was not the result of the slow permeation kinetics of
large solvents into the free volume of glassy PES, but insufficient thermodynamic free energy for

molecular mixing.

PES solutions that were completely dissolved at high temperatures were cooled to room
temperature under vigorous stirring. The turbidity of the solutions was classified into two, as
shown in Figure 2c. Solvents, such as NMP and DMSO with dp > 11.4, and du > 7.2 maintained
PES dissolution at room temperature for more than a week. The solvents, such as NB and DMB
with dp < 5.8 or du < 5.2 exhibited an opaque appearance except for y-butyrolactone. The opaque
appearance was ascribed to the phase separation in the solution. Hereafter, this study focused on

the NB solvent because it was interesting that the NB caused solvent-induced crystallization of



PES, forming spherical mesoporous microparticles spontaneously. Detailed studies of other

solvent systems will be reported in a future paper.
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Figure 1. (a) Photographs of PES solutions in different organic solvents at a high temperature
(upper) and at room temperature (lower). (b) Dissolution behavior of PES in organic solvents at
high temperatures displayed as the plot between RED and Vm: complete dissolution (squares),

incomplete dissolution (circles). The behaviors are summarized in Table S2 (Supporting
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Information). (c¢) The turbidity of PES solutions at room temperature was classified into two on

the plot of dp and Ju: transparent (circles) or opaque (squares).

Crystallization Kinetics

To follow the kinetics of phase separation in NB, the optical transmittance of solutions was
monitored over time at a constant holding temperature (Figure 2a). When a 5-wt.% PES solution
was kept at 20 °C, the change in transmittance started after 60 min and quickly decreased by
110 min. At 50 °C, the change in transmittance occurred after 220 min and gradually proceeded
up to 450 min. The characteristic time of phase separation was defined as the time at 50%
transmittance (Figure 2b). The kinetics became quicker at a lower temperature owing to the
higher supersaturation of the PES solutions. When the PES concentration was increased to

20 wt.%, the transmittance change accelerated considerably (Figure 2b). The 20-wt.% solution
had an opaque appearance after approximately 20 min. The acceleration at high concentration
was also due to high supersaturation, which is consistent with the temperature dependence and
common behavior of polymer crystallization in a solution *. Upon heating, the transmittance of
the opaque solutions recovered steeply at high temperatures (Figure 2c). The solutions showed
reversible temperature changes, indicating the reversible formation of polymer aggregates from
the isolated polymers in the dissolution state. These aggregates were determined to be PES
crystals, as discussed later. The maximum temperature of the opaque appearance characterizes
the thermal stability of the PES crystals in the solution state. The 20-wt.% solution showed an
upper temperature of 94 °C, whereas that for the 5-wt.% solution was reduced to 85 °C due to

lower supersaturation.
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Figure 2. (a) Optical transmittance of the 5-wt.% PES solution monitored with time at several
holding temperatures. (b) Characteristic times of transmittance change determined at various
holding temperatures. (c) Reversible change in transmittance recorded by heating at high

temperatures. Circle and square symbols represent 5-wt.% and 20-wt.% solutions, respectively.

Mesoporosity of PES microparticles

PES microparticles were readily collected from white solutions in high yields with slight
handling loss. The P20 microparticles were nearly spherical with a diameter range of 2—6 um
(Figure 3a). The size distribution of P20 in the dispersed state was characterized by the laser
diffraction method. The particle size distribution exhibited a large peak and a small peak at

7.5 um and 1 pm, respectively (Figure 3b). The average diameter (Dav), the median (Dmed), and
Doo were determined to be 4.9 um, 5.8 um, and 9.8 um, respectively. The Dav was consistent
with the particle sizes observed in the SEM images. The Dmed coincident with Day and small Doo

approximately 2 times of Dav confirmed the small size distribution of P20. A surface SEM image

12



of P20 revealed the fibrillar network of PES and numerous mesopores smaller than 100 nm
(Figure 3c). These mesopores could be quantitatively characterized by nitrogen gas adsorption
analysis. The adsorption/desorption isotherm of P20 showed Type II isotherm with a Type H3
hysteresis loop (Figure 3d), which suggests that the pore network had macropores that were not
completely filled with pore condensation 3°. P20 had large total pore volume (Viota) of 0.59
cm?®/g, mesopore volume (¥meso) of 0.48 cm?/g, and a specific surface area (Sser) of 205 m?/g.
Ignoring the macropores that are undetectable by nitrogen gas adsorption, the porosity of a
microparticle ¢ can be expressed by the relation: ¢ = Viotal / (Viotal + 1/p), where p is the true
density of the polymer. Using a PES density of 1.37 g/cm® and Viotal of 0.59 cm®/g, ¢ was
calculated to be 0.44. The pore size distribution exhibited a sharp peak at 7 nm (Figure 3e),

which confirmed the mesoporous structure of the PES microparticles.
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Figure 3. (a) SEM images of P20 microparticles. (b) Particle size distribution of as-formed P20
in solution (dashed line) and redispersed P20 after drying (solid line). (¢) Surface morphology of
P20 microparticles. (d) Nitrogen adsorption/desorption isotherm of P20 at =196 °C. (e) Pore size

distribution of P20 analyzed by nitrogen adsorption analysis.
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Crystalline structure of PES microparticles

The PES microparticles were characterized using XRD in both wet and dried states. While
pristine PES exhibited only a broad halo due to the amorphous structure, the wet microparticles
exhibited several distinct XRD peaks in the 26 range of 5-35 °, indicating a crystalline structure
(Figure 4). The XRD pattern of the dried microparticles also exhibited four strong peaks and
eight weak peaks at the same 26 values. Strong peaks were observed at 13.4°, 16.8°, 17.9°, and
24.4°, which correspond to d spacings of 6.60 A, 5.27 A, 4.96 A, and 3.65 A, respectively.
Specific values of the XRD peaks are summarized in Table S3 (Supporting Information).
Compared to the wet microparticles, the dried ones showed a relatively flat baseline, implying
less amorphous regions. This indicates that the crystalline structure formed in the solution was
preserved during the purification processes, including methanol washing and vacuum drying at
room temperature. Some peaks marked by circular symbols showed similar peak intensities
between the wet and dried microparticles, while the others marked by cross symbols decreased
the intensity of the dried microparticles. This result might indicate that the microparticles grown

in NB contain a polymorph of the crystals.

Intensity (a.u.)

pristine PES
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Figure 4. XRD pattern of pristine PES and P20 in wet and dried states.
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Cocrystals of PES and NB molecules

To confirm the entrapped NB molecules in the microparticles, the FT-IR spectrum of P20 was
compared with those of pristine PES powder and NB solvent (Figure 5a). The FT-IR spectrum of
P20 showed sharp peaks at the same wavenumbers as the pristine PES. In addition, small but

distinct peaks were observed at 1346 cm ' and 1521 cm™! due to the presence of NB. The peak

series of P20 attributed to PES or NB confirmed that P20 contained NB. The entrapment of NB
molecules was further confirmed by Raman spectroscopy (Figure 5b), where in addition to the

characteristic Raman peaks of PES, P20 exhibited sharp peaks at 1001 cm ™' and 1343 cm™!,

which were attributed to NB.
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Figure 5. (a) FT-IR and (b) Raman spectra of P20, pristine PES, and NB solvent. The arrows

indicate the peaks originating from entrapped NB molecules.
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The presence of NB molecules in P20 was further confirmed via TGA (Figure 6a). P20 exhibited
a 10% reduction in sample mass during the heating process up to 300 °C. The mass reduction
started at the onset temperature of 146.8 °C and ended at 210 °C. The onset and endset
temperatures are consistent with the 7m of P20 and the 7b of NB (210.9 °C). Considering the

negligible mass change of PES, the mass reduction was attributed to the loss of NB molecules.

When P20 was heated to 300 °C in the DSC experiment, the first heating curve exhibited a
blurry baseline shift in the 89—-109°C and a sharp endothermic peak with an onset temperature of
153.6°C and an enthalpy of 11.1 J/g (Figure 6b, Figure S1). The baseline shift represents 7y,
which is much lower than that of pristine PES due to the plasticization effect of NB molecule.
The peak appeared above 75 indicates the melting of the cocrystals. After the second cycle, no
peak was observed due to the dissociation of NB molecules from the cocrystal. In fact, GPC
analyzed the molecular weights of PES in P20 (Mx: 28100, Mw: 47500) and those after DSC (Mn:
28500, Mw: 47000), which are almost the same with the pristine PES. Preparing microparticles
and DSC analysis of the microparticles does not change the molecular weight of PES, indicating
no chemical reaction and thermal degradation in the fabrication process and the characterization.
In contrast to the heating process, no exothermic peak was observed during the cooling process
(from 20 to —60 °C) (Figure S2). This suggests that the NB molecules did not behave as a
crystallizable free solvent because they were trapped in the molecular-sized space of the PES

crystal and/or strongly interacted with the polymer chains.
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Figure 6. (a) DSC curve and (b) TGA profile of P20. The dashed line represents the TGA profile
of pristine PES. To prevent the loss of NB molecules before data acquisition, unheated

microparticles were used and the DSC and TGA curves were recorded at the first run.

Effect of PES concentration

The polymer concentration generally affects the thermally induced gelation of solutions driven
by polymer crystallization . When PES crystallization occurred at room temperature, PES
concentrations up to 20 wt.% produced a white slurry that maintained its fluidity for at least a
few weeks. This is interesting because thermally induced gelation may occur even at a low
polymer concentration (<10 wt.%) *>#%4_ The fluidity of the PES solutions was attributed to the
crystalline particles isolated from each other, well contrasted with nanofibrillar network in
physical gels. When the concentration was increased to 40 wt.%, the solutions finally solidified.
Compared to a soft sticky gel generally obtained via thermo-reversible gelation of a polymer

solution, the solid was relatively hard but fragile and could be readily crushed into small pieces

17



by a spatula. When the pieces were ground by magnetic stirring in the dilution with NB, a slurry

was obtained and microparticles were collected by washing and vacuum-drying.

The particle morphology of the PES crystals showed a concentration dependence (Figure 7). In
contrast to the spherical shape of P20 (Figure 3(a-c)), PS5 had curved discs or twisted dumbbell
shapes (Figure 7a). P10 showed a folded or branched platelet structure (Figure 7b). The shapes
of P5 and P10 appeared to be mid-spherical, which probably resulted from a shortage of PES
polymer because many crystal nuclei are generated under vigorous stirring at room temperature.

By contrast, P40 showed nearly spherical microparticles, similar to P20 (Figure 7c¢).

The particle size distribution determined via laser diffraction exhibited a slight dependence on
the polymer concentration (Figure 7d). P40 had a Dav of 6.0 um, which is slightly larger than that
of P20 because P40 grew in a solid phase involving a partial fusion of microparticles. P5S and P10
exhibited larger Dav because of many unfolded polymer chains on crystal growth fronts, which
quickly aggregated on contacting poor solvent (methanol) during the washing process. Despite
the aggregation, P5 and P10 exhibited quite a narrow size distribution, as confirmed by the
coinciding Day and Dmed and a small Doo. It is noteworthy that such spherical microparticles were
never obtained via mechanical crushing or ultrasonication of a soft sticky gel consisting of a

percolated network of polymer crystals.
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Figure 7. SEM images of mesoporous (a) PS5, (b) P10, and (c) P40 microparticles. (d) Particle
size distributions of P5, P10, P20, and P20. (e) Statistical parameters of microparticle size (Dav,

Dmmed, and Doo) plotted as a function of Cy.

In contrast to the concentration-dependent morphology, the PES microparticles exhibited
identical XRD patterns, indicating that the microparticles had the same microstructure
irrespective of the concentration (Figure 8). Furthermore, DSC for P5, P10, and P40 showed a
sharp exothermic peak with a onset temperature at 157°C and an enthalpy of 15-17 J/g (Figure
S3), which is consistent with P20 and supports the crystallinity of the microparticles independent
on PES concentration. Therefore, the different morphologies of the microparticles could be
attributed to the different growth pathways consisting of the same crystalline components. At

higher concentrations, all XRD peaks became prominent and sharp, suggesting several
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possibilities, such as an increased crystallinity, an increase in crystal size, and/or reduced

crystalline disorder and defects.
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Figure 8. XRD patterns of P5, P10, P20, and P40 microparticles in dried state.

All microparticles exhibited mesoporosity that was detectable by nitrogen gas adsorption (Figure
9a). The particles with spherical shapes, P20 and P40, had a single peak at 7 nm, whereas P5 and
P10 showed broader pore size distribution with an additional peak at 5 nm (Figure 9b). P40 had
an SgeT of 170 m*/g and Vmeso of 0.40 cm?/g, which were slightly larger than those of P5 and P10
(Figure 9c¢). Despite widely different morphologies, all microparticles showed similar
mesoporosity with slight variations in Sser, pore size, and volume. This suggests an interesting
possibility where the microstructure of the PES crystal primarily influences the mesoporosity,
because both the XRD patterns and mesoporosity showed little dependence on the polymer

concentration.
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Figure 9. (a) Nitrogen adsorption isotherm of PES microparticles at —196 °C (solid: adsorption;
dashed: desorption). (b) Pore size distribution of PES microparticles. (¢) Sser and pore volumes

(Vtotal, Vmeso) of the microparticles plotted as a function of Cp.

Tracking the growth process of PES microparticles

To investigate the formation process of the PES microparticles, aliquots of the 20-wt.% solution
were taken at several crystallization periods and microparticles were collected via methanol
precipitation. The PES solution was transparent up to 0.5 h and gradually became turbid after

1.0 h (Figure 10a). When transparent solutions were injected into excess methanol, the resulting
dispersions had a white supernatant and large precipitates at the bottom. The particle size
distribution of the dispersion exhibited a large peak at 2040 pm and a small peak at 120 pm
(Figure 10b). SEM images showed irregular flakes larger than tens of micrometers and numerous
nanoparticles (Figure 10c). No spherical mesoporous microparticles were present, as observed
previously (Figure 3b). As confirmed by the 0-h solution, a mixture of large flakes and numerous
nanoparticles are usually obtained when a polymer solution completely dissolves and is injected
into an excess of poor solvent. The dispersion obtained from the 1-h solution had detectable

numbers of textured microparticles with a size of approximately 1 pm, as well as many
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nanoparticles (Figure 10c). The textured microparticles had similar morphologies observed for
low concentration solutions, as shown in Figure 7a, which could be considered as an
intermediate of a spherical spherulite. After 1.5 h, the particle size distribution decreased with
time because of the suppression of irregular large flakes during the recovery process (Figure
10b). Microparticles collected from the 1.5-h solution had a mesoporous structure similar to that
of P20 (Figure 10c). The Sset and pore volumes slightly increased after 24 h of crystallization

and were saturated after prolonged crystallization up to 48 h (Figure 10d).
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Figure 10. (a) Photographs of PES solutions (upper) and PES particles precipitated in methanol
(lower). (b) Particle size distribution of the dispersions. (c) SEM images of PES microparticles.

(d) Specific surface area and pore volumes of PES particles.
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Formation mechanism of PES microparticles

Recently, Crist et al. reviewed the structure and formation mechanism of polymer spherulites **.
A spherulite is a polycrystalline morphology formed by the assembly of microcrystals, which is
frequently observed during the crystallization of polymers in viscous melt and solutions at deep
supercooling. The deep supercooling of the solutions agrees with the process conditions of this
experiment. The primary component of polymer spherulite is a lamellar structure composed of
folded polymer chains. Branch formation during lamellar growth is the key for determining the
macroscopic morphology of spherulites ***¢. Grandsy et al. reproduced various morphologies of
spherulites using a phase-field simulation in a two-dimensional model by considering crystal
grain nucleation at the growth front (growth front nucleation) 4’. Random branching of lamellae
makes crystal growth isotropic and results in spherical crystal morphology, which occurs at deep
supercooling owing to the reduction of the rotational to translational diffusion coefficient ratio.
In this study, platelet and sheaf-like intermediates, as well as partially opened spheres, were
found during the growth process. The morphologies suggest that the formation mechanism of
PES microparticles corresponds to the well-known sheaf-like unidirectional growth model of

spherical polymer spherulite proposed in the previous study *°.

High nucleation rate of isolated crystal nuclei and slow growth of the nuclei favor the growth of
small crystalline microparticles because the conditions promote the simultaneous crystal growth
of large numbers of crystal nuclei. By contrast, the formation of uniformly sized crystalline
microparticles requires no additional nucleation during the crystal growth. This condition is
satisfied by crystal growth that is sufficiently faster than crystal nucleation. Thus, the small size
and size uniformity of crystalline microparticles require conflicting conditions on the nucleation

and growth rate, which are normally difficult to achieve under solution crystallization without
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external stimuli. In this study, the solution was vigorously stirred during the cooling and
crystallization processes, which facilitates the formation of microparticles. In fact, the 20-wt.%
solution kept at room temperature without stirring was transparent for more than a week, and
countable crystal nuclei appeared only on the vial wall and grew to a large size (Figure S4). A
possible route for microparticle formation is shown in Figure 11, on which small crystalline
intermediates that spontaneously form in the initial stage of polymer spherulite are mechanically
pulverized and results in numerous seeds for crystalline microparticles. There remains a
challenge to completely reveal the entire mechanism of the formation of highly ordered
structures via solvent-induced crystallization. The initial stage of the microparticle formation is

currently being investigated and will be reported.
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Figure 11. Schematic illustration of the formation mechanism of microparticles

CONCLUSION

Thermally induced phase separation of PES was investigated using 21 organic solvents. Based
on HSP, the behaviors were categorized into three categories: incomplete dissolution at a high
temperature, prolonged dissolution at room temperature, and phase separation upon cooling to

room temperature. The solvent, NB caused the crystallization of PES, forming cocrystals of PES
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and NB. The crystalline structure and thermal properties of the cocrystals were characterized
using XRD and DSC. The entrapped NB solvents were confirmed by FT-IR, Raman
spectroscopy, and thermogravimetric analysis (TGA). The cocrystals were stable under vacuum
drying at room temperature. The NB-induced crystallization resulted in nearly spherical
microparticles with a diameter of 6 pm. The microparticle had a mesoporous morphology with a
porosity of 0.44, and pore size distribution peaking at 7 nm. Based on the concentration
dependence of microparticle formation and tracking of the crystal growth process, the

mechanism of microparticle formation was elucidated by the theory of polymer spherulites.

The phenomenon of solvent-induced crystallization is still not very well understood and the
crystallization behavior of rigid high-7; polymers is intriguing in polymer science. A detailed
study on the formation process of the microparticle, particularly in the initial stage, will provide
concrete understanding and open a way to design high-ordered structure of homopolymers using
solution crystallization. In contrast to the mesoporosity of PES-NB cocrystals demonstrated in
this study, a nanoporous structure of PES may be obtained if NB molecules can be extracted
without loss of crystallinity, as was successfully achieved in a nanoporous morphology of
syndiotactic polystyrene and poly(2,6-dimethyl-1,4-phenylene oxide) via supercritical carbon
dioxide drying ?>*¥. As there are several practical applications of mesoporous particles, this
process is very much relevant for research on colloids, adsorption, catalysis, drug delivery, and

environmental and energy-related materials.
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Supporting Information: Tabulated properties of all the organic solvents used in this study,
dissolution and turbidity parameters for PES solutions, XRD peaks values and d-spacings for

Figure 4 and Figure 8, and photograph of 20-wt.% PES solution.
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