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ABSTRACT: Thermal transitions of the three crystalline phase® (ande¢) of syndiotactic polystyrene (s-PS),
presenting s(2/1)2 helices, have been compared by X-ray diffraction, differential scanning calorimetry (DSC),
and dynamic-mechanical analyses. These analyses have been conducted on crystatii {iims, obtained

by similar solvent sorption and desorption procedures, starting from a gdoren film. The Fourier transform
Infrared (FTIR) spectra of the three films have also been compared. The obtained results indicate that the recently
discovered:-phase, as the already knowrphase, is transformed jnphase by heating above 100. However,

thee — y transition occurs directly without the formation, for intermediate temperatures, of a helical mesomorphic
phase, as instead observed for ¢he- y transition. DSC studies and FTIR measurements also suggest that the
crystalline packing of the-form could be rather similar to that one of theform.

Introduction

16.120.1
Nanoporous crystalline structures can be achieved for a large 03 A

variety of chemical compounds: inorganic (e.g., zeolites), g !

metal-organié as well as organié. These materials, often 120C

referred as inorganic, metabrganic, and organic “frameworks”, 3 f necl 3

are relevant for molecular storage, recognition and separations s

techniques. c 0oc|
Recently also “polymeric frameworks”, i.e., semicrystalline Z’ d/"’f/\\ ‘;’ 90°C

polymeric materials presenting a nanoporous crystalline phase, X W

have been discoveréd.In particular, for syndiotactic polysty- Z |c wc| Z 70°C

rene (s-PS), a nanoporous crystalline phasghase) presenting b

two identical cavities and eight styrene monomeric units per M o 63505 30°C

unit celt has been discovered more than a decade ago. Several | 34 S \82 €

studies have shown that this crystalline phase is promising for T amb A T amb

applications in chemical separations and air/water purificétion g i

as well as in sensorics. 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
This hostd-phase rapidly and selectively absorbs suitable 2 6 (deg) 20 (deg)

gues"t molecules even at very lO,W activities, producing clathrate Figure 1. X-ray diffraction patterns (Cu K) at room temperature of
and intercalatécocrystals. Particularly relevant are s-PS coc-  essentially unorientedi-form (A) ande-form (B) films: (a) unannealed;
rystals with active guest molecules, which not only reduce the annealed for 40 min at (b) 50, (c) 70, (d) 90, (e) 100, (f) 110, and (g)

guest diffusivity and prevent guest self-aggregation, but also 120°C.

allow to control at molecular level guest location and

orientation®®-10 In fact, films presenting s-PS/active-guest ~ In the present communication, the thermal behavior of
cocrystals have been proposed as advanced materials, mainipamples presenting the recently discoverenlystalline phase
for optical applications (e.g., as fluorescent, photoreactive, and IS shown and a comparison with the thermal behavior ofjthe

chromophore materiald}. nanoporous phasé,as well as of the/-phasé'? is presented.
Very recently, for the same stereoregular polymer (s-PS) a ~Moreover a comparison between FTIR spectra on s-PS films
new crystalline form, namee has also been discovere@his containing the three crystalline phases ¢, and €) with

new crystalline phase is also able to form cocrystals with long S(2/1)2 helical conformation, has been reported.

and high-polarity organic guest molecules. Moreover, it has been ) .

shown that, in cocrystals obtained from thephase, the  EXPerimental Section

orientation of the guest molecular planes can be parallel to the Materials. The s-PS used in this study was manufactured by

polymer host chain-axésather than perpendicular, as generally Dow Chemical Company under the trademark Questra 101. The

observe®& 10 for cocrystals obtained from thiphase. 13C nuclear magnetic resonance characterization showed that the
This e “polymeric framework”, being able to form stable content of syndlqtactlc triads was over 98%. The Welght-averag.e

cocrystals with low-molecular-mass molecules presenting highly MClar mass obtained by gel permeation chromatography (GPC) in

polarity and high hyperpolarizability, could be in principle trichlorobenzene at 13%C was found to bé/, = 3.2 x 10° with

. . . L the polydispersity indexyl,,/M, = 3.9.
suitable not only for optical but also for electrical applicatiéns. s-%syam%rphgus filn):zlwlezlzo um thick, were obtained by

extrusion of the melt with an extrusion head of 200 n¥0.5
* Corresponding author. E-mail: prizzo@unisa.it. mm. The films are essentially amorphous and have been crystallized
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Figure 2. DSC scans for the heating rate of 1&/@in, of thed- (A),
e-, (B), andy-form (C) films.

250 300

into the y-form by acetone sorption at room temperattfr@he
y-form crystallinity was then increased by annealing of the films
at 140°C for 5 h. As described in detail in ref 14, this particular
procedure allows obtaining essentially unorientddrm films (see,
e.g., Figure 9B of ref 14).

Thed-form*@ande-form® films compared in this paper have been
both obtained from these-form films. In particular,y-form films
have been treated at room temperature with carbon disulfide (for 3
days) and chloroform (for 12 h) to obtain the corresponding
cocrystalline phases, which after guest removal are transformed in
nanoporous) ande phases, respectively. The £§uest removal
has been effected by thermal treatment at@ador 1 day, whereas
CHCI; removal was effected by immersion in acetonitrile for 10
min. An alternative and equivalent route to prepareand ¢

Syndiotactic Polystyrene 9471

Jos
i ]
A 04 g
3 a =
02
1 1 1 1 1 0,0
m
an
Q
-
n
en
2
1 1 1 1 1

0,0
100 150 200 250

Temperature °C
Figure 3. DMA scans for the heating rate of 2@nin, of thed- (A),

e- (B), andy-form (C) films. For the main tad peak of Figure A,
deconvolution curves are reported as dotted lines.

nanoporous phases, from the corresponding cocrystals, consists of

guest removal by carbon dioxide in supercritical conditi¥ns.

Samples have been annealed in air, for 40 min at increasing
temperatures into an ISCO oven, in the range-520 °C.

Methods. Wide-angle X-ray diffraction patterns with nickel
filtered Cu Ko. radiation were obtained, in reflection, with an
automatic Bruker diffractometer.

Dynamic-mechanical properties were studied using a Triton
dynamic-mechanical thermal analyzer. The spectra were recorde
in the tensile mode, obtaining the modulds and the loss factor,
tan 9, at a frequency of 1 Hz, as a function of temperature. The
heating rate was 2C/min in the range of 0;+250 °C.

Differential scanning calorimetry (DSC) measurements were
carried out with a DSC 2920 TA Instruments in a flowing nitrogen
atmosphere, on-67 mg of films 100um thick at a heating rate of
10 °C/min.

Infrared spectra were obtained at a resolution of 1.0%cwith
a Vector 22 Bruker spectrometer equipped with deuterated triglycine
sulfate (DTGS) detector and a Ge/KBr beam splitter. The frequency
scale was internally calibrated to 0.01 chusing a He-Ne laser.

A total of 32 scans were signal averaged to reduce the noise.

The degrees of crystallinity, as evaluated by the FTIR procedure
described in ref 14, are similar for all the considered s-PS films
(y, 0, ande) and not far from 40%.

Results and Discussion

X-ray Diffraction. The X-ray diffraction pattern of the
o-form film (curve a in Figure 1A) is rather similar to that one
of the essentially unoriented-form film presented in Figure
9D of ref 14 and presents the (010) peakl at 1.06 nm (D¢, ka
~ 8.4°). The X-ray diffraction pattern of the-form film (curve
a in Figure 1B) is rather similar to that one of théorm powder
presented in Figure 1D of ref 5b. In particular, the equatorial
peaks ford = 1.28 nm (Pcy ke ~ 6.9°) andd = 1.08 nm
(20cu ke ~ 8.2°) typical of thee-form are clearly apparent,
although less intense than those for the powder sample.

Changes produced in these X-ray diffraction patterns by
successive annealing procedures, for 40 min at increasing

temperatures in the range 5020 °C, are shown in Figure 1,
parts A and B. The polymorphic behavior observed for the
o-form film (Figure 1A) is similar to that one described in the
literature for othep-form s-PS samplée®.In fact, by annealing
above 90°C the nanoporous-phase is transformed into an
“helical” mesomorphic phase which is characterized by a
proader peak at@2~ 9.8, while by annealing above 11T

tthe y-phase, with typical (200) and (020) pe&fat )¢y ko &

9.25 and 10.2and a well-defined peak at 18,13 is obtained.

Changes of X-ray diffraction patterns of tkeform film
(Figure 1B) are rather different with respect to those observed
for the 6-form film (Figure 1A). In fact, for thes-form sample,
by annealing at increasing temperatures there is a direct
transformation of the-phase into a-phase, without transition
through any mesomorphic phase. Particularly informative is,
for instance, the comparison between the spectra collected after
annealing at 90C: in fact, for thed-form film (curve d of
Figure 1A) the mesomorphic phase (with its typical broad peaks
at 20 ~ 9.8 and 19.8) is clearly present while for the-form
film (curve d of Figure 1B) they crystalline phase has been
nearly completely formed.

Differential Scanning Calorimetry. DSC scans for the
heating rate of 20C/min, of thed- ande-form samples, whose
X-ray diffraction patterns are shown by curves a of Figure 1,
parts A and B, are shown in Figure 2, parts A and B,
respectively. For the sake of comparison, the DSC scan of the
y-form film, from which bothd- and e-form films have been
prepared, is shown by curve C in Figure 2.

All the considered semicrystalline samples present a similar
endothermic peak close to 27CQ corresponding to the melting
of the a-phase crystallites.

All samples also present minor exothermic peaks in the
temperature range 1905 °C, corresponding to thg — o
transition, whose position indicates that this transition occurs
at higher temperature for thefilm (200 °C) at intermediate
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Figure 4. FTIR spectra of thé-, e-, andy-form films of Figures +-3, for three spectral regions presenting conformation and packing sensitive
peaks. Positions of relevant peaks (in¢jnare indicated close to the curves.

temperature for the-film (197 °C) and at lower temperature  which in turn only at higher temperatures is reorganized into

for the 6-film (193 °C). the densey-phase’? On this basis, the nature of the phase
The specific heat increase typical of glass transition is clearly transitions has been explicitly indicated by labels close to the

apparent only for the DSC scan of thefilm and indicatesTg modulus and tad peaks in Figure 3A.

~ 105°C (Figure 2C). As for the DSC scans &f ande-films, The DMA scan of the-form film (Figure 3B) is more simple

the glass transition phenomenon is hidden by their transition and presents overall features similar to those/dérm film

toward they-phase (Figures 2A and 2B). (Figure 3C). The modulus decreases smoothly in the temperature
As described in previous repoftsg-form samples presenta range 86-170 °C and there is a modulus recovery above

complex behavior in the temperature range-8a0°C. In fact 195°C. As for the tan) curve, beside a nearly symmetric glass

the o-form film of Figure 2A presents a well-defined endot- transition maximum (centered at 126) there is only a minor
hermic peak at 102C (AH ~ 2.5 J/g) followed by an maximum (centered at 19T). This more simple behavior can
exothermic peak at 110C (AH ~ 5.4 J/g). These enthalpic  be rationalized on the basis of the X-ray diffractions data of
phenomena correspond to the above citee> helical meso- Figure 1, which have shown that by annealing ab®y¢here
morphic— y thermal transitions? is a direct transformation of thephase into &-phase, without
The DSC scan of the-form films (Figure 2B) shows only a  transition through any mesomorphic phase.
broad and less intense exothermic phenomenon centered at It is also worth adding that the temperatures corresponding
105°C (AH =~ 2.3 J/g). Hence, the enthalpic changes during to the increase of elastic modulus and the temperature of the
the e — y transition are much smoother than those observed secondary maximum of the tancurve, corresponding to the
for the 6 — v transition. This indicates that the structural — a transition, clearly indicate that this transition occurs at
reorganization leading to thephase is easier for thephase higher temperature for the-film (200 °C) at intermediate
than for thed-phase, thus possibly suggesting some higher temperature for the-film (197 °C) and at lower temperature
structural similarity. for the o-film (193 °C, respectively). This confirms the
Dynamic-Mechanical Thermal Analysis.A recent paper has  information obtained from DSC exotherm peaks discussed in
shown that dynamic-mechanical thermal analysis (DMA) of s-PS the previous section.
samples not only is one of the most efficient techniques to  Fourier Transform Infrared Spectra. FTIR spectra ob-,
determine the glass transition temperature but also is useful toe-, andy-form films of Figures +3 are shown in Figure 4, for

study thermally induced crystal-to-crystal transitiéps. three spectral regions where conformation and packing sensitive
In this section we compare the DMA behavior of the peaks are located.
essentially unoriented, € andy s-PS films of Figures 1 and 2. These three spectra are similar because all three crystalline

The DMA scans of thé&-form film (Figure 3A) is similar to phases present s(2/1)2 helidéddowever, small differences
that one of a clathrate film (including 8 wt % of 1,2- occur in the position and intensity of some peaks, corresponding
dichloroethane) reported in Figures 2B,C and 4 of ref 16. As to packing sensitive vibrational mod&sin particular, packing
already described in ref 16, this behavior is rather complex, in sensitive peaks of the-form are more similar to those of the
fact the modulus decreases abruptly in the temperature rangey-form rather than to those of thieform.

80—100°C while there is a modulus recovery close to 200 For instance, for both- ande-forms a broad absorbance band
as well a more marked recovery around T95 As for the tan centered at 909 cm is observed, with shoulder at 914, 904
o curve, beside the glass transition maximum (centered atcm~?, while for the o-form only a narrower band centered at
110°C) and a minor maximum (centered at 193), the clear 906 cnt! is present (Figure 4A). It is worth noting that this
asymmetry of the glass transition peak indicates the presenceband, mainly associated with aromatic-8 out of plane

of a third maximum (roughly centered at 120, which is more bending!® is particularly sensitive to the crystalline packing.
clearly apparent in the DMA scan of the uniaxially stretched In particular, this band has been widely used in the literature to
film of Figure 4A of ref 16). This complex behavior has been afford quantitative evaluations of relative amounts of the trans-
rationalized on the basis of previous IR and X-ray diffractions planar crystalline phases (the and S crystalline phases
data, which have shown that abovi, o-phase is first presenting well resolved peaks centered at 902 and 91%,cm
disordered, leading to a helical mesomorphic phase (fheso respectively)?
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Figure 5. Schematic representation of the main interconversion
conditions for the polymorphic crystalline forms of syndiotactic
polystyrene. G and NG stand for molecules which are guests or
nonguests od- ande-phasesT and P indicate increases of temperature
and pressure, respectively. Thick arrows indicate interconversion routes
shown in this paper.

A similar phenomenon occurs for other peaks also involving
C—H out of plane bending® In particular, for bothy- and
e-forms, peaks at 539 and 501 ciare observed, while for
the 6-form the corresponding peaks are definitely closer, i.e.,
at 535 and 503 cri(Figure 4C). Moreover, peaks at 610 and
599 cnt! and at 610 and 600 cr are observed fop- and
e-films while for the o-film closer peaks are observed at 60
and 601 cm?,

These FTIR results (as the DSC results of a previous section)
suggest that the packing of the s(2/1)2 helices which occur in
the e-form is more similar to that one of theform (presently
unknown) rather than to that one (well established) of the
o-form.#

Schematic Presentation of Crystalline Form Interconver-
sion Routes.In previous reports, we have presented schemes
showing crystallization and interconversion routes relative to
the known four crystalline forms of s-PS.

In Figure 5, we have extended the scheme to the fifth
crystalline forms of s-P&j, to the new kinds of s-PS cocrystals
(intercalate$ and clathrate with the orientation of the guest
molecular planes parallel to the polymer host chainxiss
well as to the two (trans-plarirand helicald)) mesomorphic
forms.

For the sake of simplicity, we have confined the scheme to
the interconversion routes without reporting crystallization
conditions.

Thick arrows indicate interconversion routes shown in this
paper.

8

Conclusions

This paper compares X-ray diffraction patterns and DMA and
DSC scans as well as FTIR spectrajefiorm ande-form films,
obtained by similar solvent sorption procedures starting from
the samey-form film.

X-ray diffraction patterns of essentially unorientéeform
ande-form s-PS films, annealed at different temperatures, show
that both crystalline forms are transformed in the€orm.
However, while for thed-form film, as already described in
the literature, this transformation involves an intermediate helical
mesomorphic phase, for tlhiform film a direct transformation
toward they-phase is observed.

DSC scans also point out a clearly different behavior: ethe
— y transition produces poor enthalpic effects (only a very broad
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endothermic peak centered at 185) while, as already well
established, th& — mesomorphic— y transition presents a
well-defined endothermic peak (at 10Z, associated with
formation of the mesomorphic form) followed by an exothermic
peak (at 110°C, associated witly-phase crystallization).

The DMA scan of thes-form films is simpler than that one
of d-form films while it is similar to that one of-form films.
Particularly relevant are the differences observed for the glass
transition temperature, which is located at nearly 2@0for
the 6-form film and nearly at 125C for the y- and e-films.
Several features of the DMA scans can be rationalized on the
basis of the different routes of thermal transitionseefand
d-phases toward thg-phase, being direct and being through a
mesomorphic phase, respectively.

A careful comparison between FTIR spectrayofd, ande
s-PS films show a definitely higher similarity between the
spectra of y- and e-films, as for the location of peaks
corresponding to packing sensitive modes. This FTIR analysis
and the occurrence of a smoother transition toward tpbase
suggest that the crystalline packing of thiform could be rather
similar to that of they-form.

On the basis of results presented in this paper and in other
recent papers, a more general scheme of interconversion routes
between s-PS crystalline forms has been presented.
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