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The studies of time-dependent structural changes in the solvent-induced
crystallization and phase transition phenomena have been reviewed by
focusing mainly on syndiotactic polystyrene (SPS) and its relatives having the
functional groups on the phenyl rings. The time-resolved measurement of
X-ray diffraction and vibrational spectra has revealed the structural evolution
process in the solvent-induced crystallization of SPS, which depends on the
type (polarity, bulkiness, etc.) of the solvent molecules. The heating of the SPS-
solvent complexes causes the complicated phase transitions from the § form
(complex) to the y form and to the « (or ) form. The introduction of such a polar
functional group as OCH= or halogen units on the phenyl rings enhances the
interactions between the SPS and the solvent, the strength of which depends on
the substitution position of the OCHz units on the phenyl ring. For example, the
ortho- or para-substitution dissolves the sample quite easily at room
temperature, while the meta-substitution makes it possible to create the
solvent complexes. The discussion has been made for the structural relation
before and after the formation of the solvent-complexes.

KEYWORDS

syndiotactic polystyrene, solvent induced crystallization, solvent induced phase
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1 Introduction

Solvent-induced crystallization and phase transition behavior of polymers have been
attracting much attention in both the academic research and the industrial production.
Many polymers have been found to exhibit the solvent-induced crystallization
phenomenon, including polyethylene terephthalate (PET) (Desai and Wilkes, 1974;
Durning et al, 1986; Ouyang et al, 2002; Ouyang et al, 2004), polybutylene
terephthalate (PBT) (Waywood and Durning, 1987), polycarbonate (Sheldon and
Blakey, 1962; Park and Hong, 1997), nylon (Liu et al., 1995), poly(ether ether ketone)
(PEEK) (Cornélis et al., 1996) and so on. In some cases, the spatial orientations of the
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crystallites are controlled through the interactions between the
polymer chains and the solvent molecules. The well-known
example is seen for an electronically-conductive polymer,
poly(3-hexylthiophene) (P3HT) (Tremel and Ludwigs, 2014);
the folded polymer chains stand vertically (end-on) or lie
horizontally on the substrate (edge-on or face-on), which are
dependent on the solvent evaporation process. The chain
orientations affect the electronic transport performance of this
polymer.

In many cases, the solvent molecules play a role as a kind of
accelerator of the cold-crystallization and they do not remain in
the thus-created crystalline lattices. They may be assumed to be a
kind of plasticizer. In another type of solvent-induced
crystallization, the whole system is stabilized through the
polymer-solvent interactions and these two species are
coexistent in the common crystal lattices, that is, the
formation of the so-called polymer-solvent complex. This type
of complex is not only unique and important from the scientific
point of view but also useful for the industrial application. For
example, the solvent molecules trapped in the crystal lattices can
be displaced easily with the other kinds of solvent. This behavior
can be utilized as a molecular filter (Mensitieri et al., 2003). In
addition, the heating of these complexes may purge the solvents
with or without keeping the spaces originally occupied by the
solvent molecules and cause the drastic change in the higher-
order structures, which cannot be realized by the usual melt-
crystallization process. As a result, the physicochemical
properties become quite different between these two cases.
The typical examples are seen for polylactic acid (PLA)
(Wang and Tashiro, 2022) and syndiotactic polystyrene (SPS)
and its relatives (Gowd et al., 2009). PLA, as one of the very
popular renewable source-based polymers, produces the complex
(e form) with CO, (Marubayashi et al., 2012a; Marubayashi et al.,
2012b) or organic solvent like cyclopentanone (CPO) (Rizzo
et al., 2015; Shaiju et al, 2016) and N,N-dimethylformamide
(DMF) (Praveena et al., 2022a; Praveena et al., 2022b) from the
amorphous or meso phase. By controlling the type of the solvent
and/or the pressure of the solvent atmosphere, the phase
transition is induced among the different PLA/solvent
complexes (Marubayashi et al., 2013).

The most widely studied solvent complexes are those of SPS.
Many different types of crystal modifications have been revealed
so far, which are formed variously depending on the
crystallization conditions: in the crystallization from the melt
(o, a”, B, B” phases etc.) and in the atmosphere of the solvent
vapors (), 8, 8., and ¢ phases) (Gowd et al., 2009). Figures 1-4
show, respectively, the chain conformations and crystal
structures of the representative crystal forms. When an
(oriented) amorphous SPS sample is exposed to a solvent
atmosphere, it forms the complex with solvent. The chain
conformation is contracted from the fully-extended planar-
zigzag form (Figure 1). By washing the complex using
acetone, for example, the so-called empty § (4,) is obtained
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FIGURE 1

Chain conformations of SPS in the various crystalline forms.
(A) Planar-zigzag conformation of the a and g forms. (B) TTGG
helical conformation in the §, 8. and y forms (Gowd et al., 2009).

(Figure 2), (De Rosa et al, 1997) which keeps the empty
spaces (cavities) originally occupied by the solvent molecules.
The heating of the J, form induces the transition to the y form
without any voids in the unit cell. The heating at higher
temperature results in the formation of the « and f forms
consisting of the closely-packed planar-zigzag chains. The
latter two phases are obtained by the melt-crystallization.
However, as mentioned, the heat treatment of the solvent-
related crystalline phases causes the phase transition to the
crystalline phases of the zigzag chains.

These behaviors are sensitively changed depending on the
shape, polarity and/or thermal activity of the solvent molecules
(Tarallo et al, 2010). Not only the solvent, but also the
modification of the parent polymer itself is important for the
control of the solvent complexation. The introduction of
functional groups into the phenyl rings of SPS modifies the
physicochemical property of the original SPS remarkably. For
example, methoxy group (-OMe) has been found to remarkably
affect the chain aggregation state and the solvent solubility of SPS
(Wang et al., 2022). Besides, the substitution positions of the
OMe groups on the phenyl ring, i.e., the ortho, meta and para-
substitutions were found to change the chain conformation and
the chain packing structure drastically. In this way, the
phenomenon of the SPS-solvent complexation is quite
complicated and is affected sensitively by the change of the
solvent species and also by the introduction of the functional
groups to the polymer chain.
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FIGURE 2

(A) The schematic illustrations of the crystal structures of SPS

in the solvent-induced and thermally-induced crystallization
phenomena. Starting from the (oriented) amorphous state, the
crystallization to the § form occurs when the sample is

exposed in the atmosphere of good solvent like toluene,
chloroform, etc. The & form changes to the empty § (8.) by washing
with acetone. By heating, the §. transforms to the y form and then
to the a and g forms. The supply of poor solvent like acetone to the
amorphous SPS sample causes the direct crystallization into the y
form (Gowd et al., 2009). (B) The crystal structure of the § form
analyzed by the X-ray diffraction data analysis (Chatani et al,,
1993a).

In the long history of the scientific and industrial
development of synthetic polymers, the role of solvent is
indispensably important. In order to understand this
intimate relation between polymer and solvent, we need to
reveal their behaviors from the molecular level. The study of
the liquid state of polymers in the solution gives us the
averaged information of the spatial relation between the
polymer and solvent molecules from the phenomenological
point. The concrete information of the polymer chain
the distribution of the
molecules, and their interactions with polymers may be

conformation, spatial solvent
obtained in more detail by focusing on the solid-state
system, i.e., the polymer-solvent complexes. The study of
the solvent complexes of SPS and its relatives may be a

good chance for us to know these information.
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FIGURE 3
Crystal structure of SPS a form (De Rosa et al,, 1991).

In the present article, we will review the studies of SPS and
phenyl-substituted SPS by focusing on the solvent-induced
crystallization behaviors and the associated phase transition
processes from the viewpoints of microscopic structure level.

Before the concrete description of the detailed stories, it is
needed to note about the naming of the various crystalline forms
of SPS. In general, the naming of the various crystalline forms has
not yet been established even in the IUPAC (International Union
of Pure and Applied Chemistry). In many literatures of the
solvent-SPS system, too, we encounter the variously different

» o« » o«

names: “‘complex,” “clathrate,” “clathrate complex,” “adduct,”

» <«

“inclusion compound,” “co-crystals,” etc. The “clathrate” meant
originally the cage structure with small molecules (like water)
trapped inside. The concept of “clathrate” is now becoming wider
and may cover even the general inclusion complex composed of
the several different kinds of molecules. The several researchers
are now using “clathrate” for the SPS-solvent system. The term
“complex” is more general and is used in a variety of inorganic
and organic compounds. Anyway, rather more important point
is that we have to avoid the confusions in the discussions by using
the variously different kinds of terminologies. Then, we will unify
the naming by using the term “complex” through the manuscript.

2 Solvent-induced crystallization and
phase transition of syndiotactic
polystyrene

Immediately after the SPS was synthesized using a metallocene
catalyst, the solvent-induced crystallization phenomenon of SPS has
been discovered (Ishihara et al., 1986; Ishihara et al., 1988). The
solvents used are categorized into non-guest and guest solvents
(Immirzi et al., 1988; Vittoria et al., 1988).
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FIGURE 4
Crystal structure of SPS  form (Chatani et al., 1993b).

2.1 Role of non-guest solvents

There are several types of non-guest solvents that accelerate the
crystallization and phase transition of SPS (Rizzo et al, 2005),
among which acetone (Naddeo et al, 1999) and super-critical-
fluid (SCF) CO, (Handa et al, 1997) were usually used. Non-
guest solvent works as a plasticizer and accelerates the crystallization
of SPS, which induces the formation of the y form, not the ¢ form. As
mentioned above, the y form consists of the closest packing of the
helical chains of TTGG conformation and it does not contain any
solvent molecules. Generally, the y form is produced by heating the
solvent-complex [ form (Chatani et al., 1993a)] so that the solvent is
purged out (Figure 2). The y form is formed more easily by
immersing the SPS sample in the SCF-CO, atmosphere
compared with in the SCF-N, atmosphere. This is because the
free volume in the amorphous region is expanded more effectively in
the SCF-CO, environment (Ma et al., 2004; Ma et al., 2008).

In this way the crystallization of the y form is induced by
supplying the non-guest solvent. The growth of the crystallite size
of the y form is enhanced by annealing the thus-created nuclei of
the y form. Figure 5 shows the experimental result about the
relation between the lamellar thickness (d.) evaluated by the
SAXS data analysis and the heat treatment temperature. The data
may be classified into the three temperature regions: the stable
(25-90°C),
(90-185°C), and the region of pre-phase transition to the «
and f forms (185-195°C) (Wang et al., 2018). These data are
fitted well to the Gibbs-Thomson equation (Wunderlich, 1980).

lamellae  region melt-recrystallization  region

20,T°
T, =T¢ - —<m
" " d.Ah

where T,, is the observed melting point, T, is an equilibrium
melting point, o, is the surface energy of a lamella, and Ah is the
melting enthalpy change. The extrapolation of the curve into the
infinitely-large lamellar thickness (d. — 00) gives the equilibrium
melting temperature of the y form, T}, (y) = 220°C. However, this
evaluation is more or less ambiguous. The temperature range
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available for this extrapolation was limited, since the heating of
the y form at a higher temperature (>195°C) causes the transitions to
the 8 and « forms (Figures 3, 4, respectively). The planar-zigzag all-
trans chains are packed in the pseudo-hexagonal unit cells of the a
form (Greis et al., 1989; De Rosa et al., 1991) or orthorhombic unit
cell of the 8 form (Chatani et al., 1993b). The relative contents of
these two phases are different depending on the annealing
temperature (Tashiro et al., 2006). As illustrated in Figure 6, the
relative content of the 5 form decreases as the annealing temperature
is increased, and almost pure a form is obtained at the annealing
temperature 150°C. The high temperature annealing increases the
lamellar thickness, making the formation of the « form more
preferable. It is speculated that the « form is thermodynamically
more stable than the 3 form, while the  form is kinetically more
preferable than the a form (Woo et al,, 2001).

2.2 Role of guest solvents in the complex
formation

In order to understand the intimate relation between SPS
chains and solvent molecules, we need to clarify the behavior of
the solvent molecule themselves in detail. We may imagine that
the solvent molecules are absorbed (or penetrate) into the SPS
sample, migrate (diffuse) in the amorphous matrix of SPS chains,
interact with them and are trapped by forming the stable (or
unstable) SPS-solvent complexes. Let us see the concrete
behaviors of the solvents.

The penetration rate of the solvent into the SPS film was
estimated on the basis of the time-dependent 2D IR spectral data
measured in the solvent-induced crystallization process by using a
rapid-scan-type transmission 2D FTTR microscope equipped with a
2-dimensionally-arrayed focal plane detectors (Varian Fast Image
FTIR microscope”) (Tashiro et al,, 2006). A drop of TOL liquid was
supplied on the edge of a thin amorphous SPS film. The solvent
started to diffuse into the film, during which the IR images were
collected at a time span of about 10 s. The crystallization-sensitive IR
bands were observed to increase their intensities. Figure 7 shows the
time dependence of the integrated absorbance estimated for the
various IR bands. When the inner position distanced about 80 pm
from the film edge was focused, the crystalline band increased in
intensity in parallel to the TOL band, and the amorphous band
decreased the intensity instead as the solvent penetration was
proceeded. The infrared band absorbances (A) are expressed as a
function of the position (x) and the time (f), which were analyzed on
the basis of the so-called Fick’s diffusion equation to obtain the
diffusion constant D of the solvent passing through the film.

A=Aa-erf<2L\/E>

where erf refers to the error function. The D constant was about
4.4 x 1077 cm?/s at room temperature. This value is comparable
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(A) Plot of temperature against d. ™ of sPS y form annealed at various temperatures in the range of 20—190°C. (B) The extrapolation of the curves
to the high temperature region to estimate the equilibrated melting point. The phase transition to the « and  forms did not occur in these
temperature regions. (Reprinted with permission from Wang et al. (2018) Chin. J. Polym. Sci. 2018, 36, 749-755. Copyright 2018, Springer Nature).
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FIGURE 6
The relationship between the initial lamellar thickness (d.)
and the crystal modifications obtained by heat treatment of the y
form. (Reprinted with permission from Wang et al. (2018)
Macromolecules 2018, 51, 497-503. Copyright 2018,
American Chemical Society).

to that of the TOL molecule penetrating into the amorphous
atactic-PS (APS) sample, 3 x 10”7 cm*/s measured at 110°C and
1 x 107° cm?*/s measured at 160°C higher than the glass transition
temperature. (Duda et al., 1979) The diffusion rate of TOL
molecules is almost common to both of SPS and amorphous
APS. However, in the former case, the crystallization occurs
immediately once when the solvent molecules contact with the
amorphous chains of SPS even at a temperature below the glass

transition point.

2.2.1 Effect on the thermal motion of chains

As mentioned above, the solvent molecules and SPS chains
interact to form the crystalline complex finally. Since the
structural reconstruction must occur in the crystallization
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process, the micro-Brownian motion of the amorphous chains
may be enhanced by the solvents. As a result, the short helical
segments are formed and grow longer with time. A series of these
processes must occur at room temperature, far below the glass
transition temperature (T, ~ 90°C) of the original SPS sample.
We may speculate that the solvent molecules reduce the glass
transition temperature through the strong interactions between
the SPS chains and the solvent (Tashiro et al., 2003). In fact, as
the
experiment (Yoshioka and Tashiro, 2003a) and the molecular

confirmed by temperature-dependent  crystallization
dynamics calculation (Yoshioka and Tashiro, 2004), the
magnitude of the depression of T, was found to be
remarkably large, as shown in Figure 8. In that experiment,
the crystallization rate (k) of the solvent-induced crystallization
was estimated from the time-dependence of the IR spectral
change at the various temperature (see Figure 8A). The
extrapolation of the k values to almost negligibly small value
gives the glass transition temperature (Tg) below which no
crystallization occurs any more (Figure 8B). In the thermally-
induced crystallization of the amorphous SPS sample, the Ty is
about 90°C. The T, was found to decrease to about -40°C in the
toluene (TOL) atmosphere (Figure 8B). The comparison is made
in Figure 8C) among the various kinds of solvent. The shift of T,
from the thermally-induced crystallization is about 130°C for
TOL, 180°C for benzene, and 200°C for chloroform! The size and
polarity of the solvents are important factors for the effective

acceleration of the micro-Brownian motion of the chains.

2.2.2 Effect of solvent type on the crystallization
rate

Figure 9 shows the experimental results to clarify the effect of
solvent on the crystallization phenomenon of amorphous SPS
sample, where chloroform, benzene, toluene and acetone were

frontiersin.org


https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2022.1041872

Wang et al.

uicrons
Microns

Mcons
Microns

150~

4:0590 Ficure 1. Time

FIGURE 7

10.3389/frsfm.2022.1041872

1320 1240 1160
Wavenumber/cm™
C X =88 ym
1.0 L SPS(amorph) SPS(crystal)

H
2 08+
£
8
c 05¢
[}
2
]
3 03l
<
004
0 100 200 300 400
Time / sec

(A) The time-dependent 2D-IR images measured in the solvent-induced crystallization process of SPS film. (B) The IR spectral change at a fixed
position of the film in (A). (C) Time dependence of the integrated absorbance estimated for the various IR bands of SPS in the presence of TOL. The
diffusion constant D of toluene molecule in the amorphous SPS matrix is estimated from the curve. (From Tashiro et al. (2006) the Polymer Reprints,

the Society of Polymer Science, Japan, 2006).

used as the solvents (Tashiro et al., 2003). The induction time,
that is, the waiting time for the start of crystallization is longer in
the following order.

CHCl; < Benzene < Toluene < Acetone

The degree of crystallinity increased with time. The slope of
the curve, or the crystallization rate depends on the solvent type
in the following order.

CHCIl; >> Benzene ~ Acetone > Toluene

As pointed out above, the solvent molecules diffuse in the
amorphous matrix and interact with the polymer chains.
Roughly speaking, the relative size of the solvent molecules
must be smaller for the higher diffusion motion, which is.

Acetone (54 A%) < CHCI3 (61 A%) < Benzene (73 A%)
< Toluene (86 A?)

However, this geometrical order is not very well associated
with both of the observed induction time and crystallization rate.
Rather the interaction may be more important. The solubility of
SPS chain, as a measure of interaction, is in the following order.

CHCl; > Benzene > Toluene > Acetone

The quantitative estimation of the relation between the
solubility and crystallization rate should be a future theme.
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The actual solvent-induced crystallization phenomenon is quite
complicated and cannot be easily understood simply from the
above-listed several factors (size, thermal activity and interaction
of solvent with polymer chain). The whole amount of the penetrated
solvent molecules might be another factor which will increase the
starting points of the crystallization phenomenon in the amorphous
matrix and may decrease the T, of the polymer chains more
effectively (Yoshioka and Tashiro, 2004).

The capacity to accept the solvents of various sizes is much
larger than our expectation. In fact, even the relatively long
n-alkanes molecules (n = 6-10) (Uda et al., 2004; Kaneko et al.,
2006; Gowd and Tashiro, 2011; Tarallo et al, 2011), the
polyethylene glycol (Kaneko and Sasaki, 2011), and the crown
ether molecules (Kaneko et al., 2011) can form the complexes
with SPS. These alkane molecules trapped in the complex were
found to take an extended zigzag form (Gowd and Tashiro, 2011;
Tarallo et al, 2011). The consideration of the higher-order
structure composed of the crystalline and amorphous phases
is also important as a future theme.

2.2.3 Solvent exchange

Another useful hint for the above discussion is seen in the
solvent-exchange phenomenon. Because of such relatively high
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band at 572 cm™, which is assigned to the vibrational mode characteristic of the TTGG form, measured at the various temperatures in the
atmosphere of toluene vapor. (B) The rate constants (k) of the solvent-induced crystallization were evaluated from the steepest slope of the
individual curves, and plotted against the temperature. The extrapolation of log(k) to the zero value gives the apparent glass transition
temperature below which no crystallization occurs. (C) The similar plot is compared among the three different kinds of solvent. The T is found to be
different remarkably depending on the kind of solvent. (Reprinted with permission from Yoshioka and Tashiro, Polymer 2003, 44, 6681-6688.
Copyright 2003, American Chemical Society; Reprinted with permission from Yoshioka and Tashiro, Macromolecules 2004, 37, 467-472. Copyright

2004, American Chemical Society).

sPS glass + solvent

s72em” (TTGG)|

FIGURE 9

Time dependence of the IR absorbance of the crystallization-
sensitive band (572 cm™) in the solvent-induced crystallization
phenomenon at room temperature. (Reprinted with permission
from Tashiro, Yoshioka and Hashida, Macromolecular
Symposium, 2003, 203, 13-25. Copyright 2003, John and Wiley).
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flexibility of the host polymer chains, the exchange of the
different solvent molecules can be induced relatively easily.
Figure 10 shows one experimental report, in which the
exchanging phenomena between the several solvents are
demonstrated (Yoshioka and Tashiro, 2003b). For example,
as shown in Figure 10A, when chloroform is supplied to
the sample of SPS-TOL complex, the SPS-chloroform
complex is immediately formed by purging out the original
TOL molecules. The exchange rate was not very much
different among these three kinds of solvents. However,
this phenomenon becomes a principle for the industrial
application of the molecular filter. In general, the order of
solvent-exchange rate is almost parallel to that of the
crystallization rate (Yoshioka and Tashiro, 2003b; Tashiro,
2005). The unique columnar structure and not-very-strong
interactions between SPS chains and solvent molecules are
speculated to be the main reason for this solvent exchange
phenomenon (Gowd et al., 2002; Yoshioka and Tashiro,
2003b).
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2.2.4 Transition of the § form

The solvent trapped in the complex is not permanently
stable. By washing the SPS ¢ form using acetone (De Rosa
et al,, 1997), a solvent-free §, form (the empty § form) is
obtained. The spaces of the original solvent molecules are kept
empty, being different from the y form in which the helical
chains are packed closely. This phenomenon may be assumed
also as a kind of the above-mentioned solvent exchange
phenomena; the acetone molecules push out the original
solvents but, since the SPS-acetone complex is not very
stable, the acetone molecules evaporate immediately to
remain the empty spaces.

Both of the § and §, forms transform to the y form by heating
at around 100°C. The further heating above 190°C causes the
transition of the y form to the « and B forms, as already
the The effects of
temperature, type of solvent, and higher-order structure on

mentioned in preceding  section.
the 8/8.—y -o/P phase transitions are reported in several
references (Gowd et al., 2003; Gowd et al., 2006; Gowd and
Tashiro, 2007; Gowd et al., 2008a; Gowd et al., 2008b; Gowd and

Tashiro, 2011).

3 Solvent-induced crystallization and
phase transition of syndiotactic
polystyrene relatives

In the previous sections, the complex formation of the
various kinds of solvents has been described for a unique
polymer, SPS. Inversely, we need to know the effect of the
parent polymer species on the polymer-solvent complex
formation phenomenon. Unfortunately, however, this type of
research was limited only in a few cases (Dell'Tsola et al., 1997;
Petraccone et al., 1998; Loffredo et al., 2001; La Camera et al.,
2001; Loffredo et al., 2003; Girolamo et al., 2003; Petraccone and
Tarallo, 2004). In this section we will see at first the case of SPS
derivatives with the polar OMe groups introduced on the phenyl
rings. The SPS derivatives with methyl or halogen groups will be
also reviewed as the other cases.

3.1 Methoxy-substituted syndiotactic
polystyrene

The substitution of a H atom with an -OCH3; (OMe) group
on the phenyl ring is possible in the three ways; the ortho-,
meta-, and para-substitutions as shown in Figure 11. They are
denoted as the ortho-OMe-SPS, meta-OMe-SPS, and para-
OMe-SPS, respectively. The crystal structures of the melt-
cooled and stretched samples were determined by the
quantitative analyses of the 2D-WAXD data (Wang et al,
2021; Tashiro, 2022). The meta- and para-OMe-SPS take the
planar-zigzag chain conformations in the crystal lattice,
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similar to that of the SPS «a and S forms. We call these
crystalline forms of the OMe-SPS having the zigzag
conformation the B form commonly. In the 8 form of the
para-OMe-SPS, the bulky OMe groups jutting out of the main
chain do not affect the chain conformation of the parent SPS
chain of the zigzag form remarkably. On the other hand, the
OMe groups located at the ortho-position of the rings are too
bulky to keep the zigzag form and the trans-gauche exchange
occurs to give the TTGG conformation even without any
solvent. The meta-substitution is different from these two
cases. The zigzag chains in the f form are relatively unstable
and they transform to the TTGG conformation easily once
when the solvent is supplied to the meta-sample.

The introduction of OMe groups modifies the solubility of
the polymer remarkably. Different from the parent SPS case,

toluene

FIGURE 10

Time dependence of the absorbances of the IR bands
characteristic of the solvent molecules in the solvent exchange
phenomena of SPS-solvent complexes (Reprinted with permission
from Yoshioka and Tashiro Macromolecules 2003, 36, 3593-
3600. Copyright 2003, American Chemical Society).
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ortho-OMe-SPS

meta-OMe-SPS

10.3389/frsfm.2022.1041872

para-OMe-SPS

FIGURE 11
Chemical structures of three different OMe-SPS polymers.
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Solvent induced phase transition process of highly oriented and crystalline meta-OMe-SPS in presence of THF and TOL and subsequent MeOH
washing (Reprinted with permission from Wang et al. (2022) Macromolecules, 2022, 55, 8222-8233 with some modification. Copyright 2022,

American Chemical Society).

these OMe-substituted SPS samples are easily soluble in such
solvents as TOL and xylene of weak polarity, tetrahydrofuran
(THF) of medium polarity, and chloroform of high polarity.
The interactions of polymer chains with these solvents are
strong for the ortho- and para-OMe-SPS, which are
immediately solved even at room temperature and even in
the rarefied solvent gas atmosphere. The meta-OMe-SPS
behaves in a unique manner, which can form the solvent-
complex in the rarefied THF or TOL atmosphere (Wang et al.,
2022). The solvent molecules cause the large conformational
change of the OMe-SPS skeletal chain from TTTT to TTGG
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form, as revealed in the remarkable changes of X-ray
diffraction patterns and IR spectra (Wang et al., 2022).
Figures 12 and 13 compare the crystal structures of the
original meta-OMe-SPS (B form), the solvent complex (§
form) with TOL (or THF) and the y form after extracting
TOL (or THF) through the exchange with MeOH (Wang
et al., 2022). Different from the case of SPS, the empty § (6.)
form cannot be formed stably, which transforms immediately
to the y form by the close packing of the alignments made of
the TTGG chains (Figure 13). The heating of the solvent-
complex (8 form) and the y form does not cause the transition
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THF-8 form

FIGURE 13

y form

10.3389/frsfm.2022.1041872

TOL-56 form

The packing modes of the solvent molecules in the vacant spaces produced by the surrounding TTGG molecular chains. Immediately after the
evaporation of solvent molecules, the molecular chains are packed closely to generate the y form. The chain conformation is kept unchanged in this
process (Wang et al., 2022) (Reprinted with permission from Wang et al. (2022) Macromolecules, 2022, 55, 8222-8233 with some modification.

Copyright 2022, American Chemical Society).

A THF induced phase transition of meta-OMe-SPS (unoriented/annealed)

0 min

300 min

B TOL induced phase transition of meta-OMe-SPS (unoriented/annealed)

0 min 480 min

FIGURE 14

1200 min

1200 min 11200 min

(A) THF and (B) TOL vapor induced phase transition in unoriented/annealed meta-OMe-SPS.

to the § form of the zigzag conformation, but they are melted
finally, as known from the temperature-dependent X-ray
diffraction measurement.

Another remarkable difference in the solvent complex
formation phenomenon between the SPS and OMe-SPS cases
is seen in the solid-to-solid phase transition. In the case of SPS,
the oriented  form was not observed to transform to the
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complex when it is immersed in a solvent. Contrarily, the
highly-crystalline meta-OMe-SPS shows the solvent-induced
phase transition from the  form (TT conformation) to the §
form (TTGG conformation), just like the solid-to-solid phase
transition although there might be another possibility of the
dissolution of the original 8 form followed by the recrystallization
to the § form (Wang et al,, 2022).
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The solvent-complexation rate depends on the morphology
of the OMe-SPS sample. The transition occurs relatively slowly
when the unoriented crystalline sample is immersed in the
solvent compared with the case of oriented sample. The kind
of solvent species affects also this transition rate, as shown in
Figures 14 and 15. In the case of THF, even the unoriented
sample showed the transition from the  form to the ¢ form
although the induction time (or the waiting time before the start
of the complexation) was not very short. In the case of TOL, the
oriented sample was found to show the transition to the oriented
0 form, while the transition did not occur even for 200 h in the
unoriented highly-crystalline sample. The effective size of THF
molecule is smaller than TOL, making the movement in the

sample easier for the former case.
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In this way, the various such factors as the sample
morphology, the interaction strength between the OMe
groups and solvents etc. affect the complex formation rate
of OMe-SPS sensitively. Similar observation was made for SPS
itself as seen in Figures 8 and 9.

What we want to emphasize here is that, as mentioned above,
the crystalline « and 8 phases of SPS do not transform into the
solvent complex when the sample is immersed for a long time in
the solvent. Once the polar OMe groups are introduced, the
crystalline 8 form was found to transform to the § form in the
solvent vapor. This experimental result is important from the
practical pint of view. By controlling the side groups of the phenyl
rings, we might have a novel SPS derivative with the unexpectedly
remarkable change of the functional characters.
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3.2 Methyl- and halogen-substituted
syndiotactic polystyrene

Another types of the SPS derivatives synthesized so far are
methyl (Me)- and halogen-substituted SPS: the para-Me-SPS, the
meta-Me-SPS, the para-chloro-SPS, and the para-fluoro-SPS
(Dell'Isola et al., 1997; Petraccone et al., 1998; Loffredo et al.,
2001; La Camera et al., 2001; Girolamo et al., 2003; Petraccone
and Tarallo, 2004; Rosa et al., 1996; Petraccone et al., 2005; Galdi
et al, 2009). For example, the para-Me-SPS exhibits the
complicated phase transitions: the forms III, IV, and V having
the planar zigzag chain conformation, and the forms I, II, and
complex (§) of the 2/1 helical chain conformation (Dell'Tsola
etal., 1997; De Rosa et al., 1996). The form IV is a mesomorphic
form with planar zigzag chains. The oriented § form was
obtained by the exposure of form IV in the ortho-
dichlorobenzene or THF vapor atmosphere, where the right-
handed and left-handed chains are packed in the unit cell (8.ipha)-
When the sample is treated in such different type of solvent vapor
atmosphere as benzene or CS,, the § form consisting of the helical
chains with the same handedness is formed (8pern). When
cyclohexane or cyclohexanone are used in the solvent vapor
treatment of the para-Me-SPS sample, the solvent complex with
the c-axial length 11.7 A was obtained, where the polymer chain
takes the complicated conformation of T¢G,T,G, (Petraccone
et al.,, 2005).

The SPS samples having the halogen atoms are expected to
behave similarly to the case of OMe-SPS, since the halogen atoms
may induce the polar bonds. For example, the amorphous para-
chloro-SPS sample treated with para-chlorostyrene (p-CS)
(Girolamo et al, 2003) and the para-fluoro-SPS sample
treated with CHCl3, TOL, or p-difluorobenzene (Galdi et al.,
2009) were reported to give the solvent/polymer complexes,
although no detailed information was obtained about the
structure.

4 Concluding remarks and
perspectives

SPS and its derivatives exhibit a variety of solvent-induced
crystallization and phase transition phenomena. They provide a
very good platform to study the interactions between polymers
and small molecules.

The small solvent molecules play a role as a kind of plasticizer. In
many of polymer species, including PET, PLA, P3HT, etc., the
polymer chains are activated in their thermal motions by the
This results
crystallization even below the glass transition temperature. The

interactions with the solvent. in the easier
typical cases have been discussed in the early section. However,
the SPS chains are special cases. The SPS chains possess the phenyl
rings as the side groups. The exquisite balance between the skeletal

chain conformation and the phenyl rings creates the vacant spaces of

Frontiers in Soft Matter

12

10.3389/frsfm.2022.1041872

flexible size and shape, into which the small solvent molecules can be
stably entrapped with the relatively strong interactions with the
polymer chains. In an extreme case, even n-alkane molecules with
long size can be stored. Of course, the thermal effect enhances the
motions of these solvent molecules and the empty § form is
produced when the interactions are weak. Not only the
characteristic property of solvent molecules, but also the
functional groups introduced as the side chains of the phenyl
rings affect the solvent-induced crystallization and phase
transition remarkably. At present, the studies of the effects of
these functional groups on the solvent-induced transition have
not yet been developed enough well. The present review might
be a good stimulus for this research theme.

In this review, we have not discussed the solvent effect on the
higher-order structure consisting of the complicated crystalline and
amorphous phases. As seen for PET and P3HT, the lamellar
aggregation structure is more or less influenced by the
application of the solvent. The control of the higher-order
structure of crystalline polymers should be useful for the
industrial development of the engineering polymer materials with
the higher functional properties.
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