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ABSTRACT: The temperature dependence of the X-ray fiber diagram and polarized infrared spectra has been
measured successfully for the first time for thérm of uniaxially oriented syndiotactic polystyrene, which was
obtained by dipping the uniaxially oriented samples into organic solvents, for example toluen& fdrne is

known to transform to thg form in a broad temperature range by purging out the solvent molecules. It has been
confirmed that no other form like empty form appears during thié to y transition. At higher temperatures
around 196-200 °C they form was found to transform to the mixture afandf forms, not simply to thex

form as having been reported so far. The DSC thermogram showed an endothermic peak followed by an exothermic
peak in the course of transition from tireform to a (andp) form. These thermal peaks had been speculated to
reflect the melting of the, form followed by the recrystallization inta. (and ) form. But, judging from the

clear X-ray diffraction diagram of highly oriented(and) form, the molecular chains must keep the orientation
almost perfectly during this transition. The infrared spectra also show the well-oriented chain conformations of
T,G; and all-trans types during the transition. Theform has been speculated to transform transiently to a
disordered state without losing the chain orientation and then transform into more redalad 5) form.

Introduction The phase transformation of sPS among the above-mentioned
. ) o ) crystal modifications has been widely studied by using various

Syndiotactic polystyrene (sPS) exhibits various types of yocnniques including X-ray and electron diffractint51819.31.32

crystal m_odlflcatlons Wlth different molecular conf_ormatlo_ns aS jnfrared and Raman spectroscay3 3 solid-state NMF87:38

well as different packllng structures of t.hese chglns, which are gnd conformational energy analydfsThe ¢ form transforms

obtained by controlling the preparation conditions of the tq they form above 100°C, which transforms to the. form

samples: 2 The application of external conditions, e.g., ttm-  around 19C°C. Thed form andy form also transform into the

perature, solvent atmosphere, etc., causes quite complicateg form directly by heating the sample in the presence of solvent

phase transitions.?* The a. and forms with all-trans planar-  molecules in the amorphous region. Most of the measurements

zigzag (Tz) conformation are obtained by cooling the melt or about the crystalline transitions starting from thdorm had

by heating the glass prepared by quenching the melt inte ice been carried out at room temperature after annealing the samples

water battt=7 The a form crystallizes into a hexagonal unit  at elevated temperatures. Gowd et carried out the in-situ

cell whereas thg form crystallizes into an orthorhombic unit ~measurements of X-ray diffraction and infrared spectra starting

cell58-11 They are further classified into the disordered forms from thed form during the heating process to understand the

(o' andB') and the ordered formsx and ") depending on phase transition mechanisms. The transition fidmo y form

the disorderliness of chain packing modé.A mesophase of ~ depends on the relative amount of solvent present in the starting

all-trans planar-zigzag conformation was also reported, which 0 form sample'® Yoshioka and Tashifd*> measured the

can be obtained by stretching the amorphous sample aroundnfrared spectral change in the course of heatingdtferm

the glass transition temperatdfeThe 6 form having helical ~ @nd found that the transition occurs directly from theo y

conformation [-(T»G»),—] can be obtained by supplying an form gnd not via the)e form. On thg other hand, when thﬁg

organic solvent to the glassy samples and forms a CompleXform is heated, it transforms to an intermediate form transiently

i i 15,40-42
between the polymer and the solvé@3142527 The chains in b eicl)qre trﬁrﬁforrﬂlng n:to thf forr?. 10 v 10 o O b
the o form are packed in a monoclinic unit céfThe o form ough thé phase transitions 1raio y 10 a, o lo y were

. . . reported in this way, the detailed mechanism of these phase
(emptyod) is obtained by extracting the solvent molecules from " o . .
. T transitions has not yet clarified well. In most of the earlier studies
the 6 form in acetone and further rinsing in methanol or by

. . " . the 6 form samples used were unoriented. For example, the
keeping thed form in CO, of .the supercrltlcgl f|.UId stat&17:23 X-ray diffraction pattern of such an unoriented sample consists
The oc form retains the helical structure similar to theform of the reflections overlapping in a complicated manner, making
but contains the cayltles, which had been occupied by s.olventthe data analysis ambiguous more or less. We need to utilize
moleculesi>*/ Heating thej form at around 100C results in the oriented samples to avoid the overlap of reflections in the
the y form by purging away the solvent molecufés!>15-22 X-ray diffraction and infrared spectra, by which the data
They form is solvent-free, and the;&; chains are packed side  collected during the heating process should become more useful
by side in the crystal lattice. The form is also obtained by  for the clarification of the phase transition behavior. In the
dipping the glassy sample into solvents like acetérg1,2,2- previous paper we reported the temperature dependence of the
tetrachloroethan®, supercritical C@? or bulky molecules  X-ray fiber diagram and polarized infrared spectra of the
which are too big to be enclosed as a guest of sPS clathrateform in the heating process and discussed the structural change
phase?® from e to y form more clearly than befor€.In order to make

10.1021/ma0703913 CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/28/2007



6292 Gowd et al. Macromolecules, Vol. 40, No. 17, 2007

characteristic features of the transition behavior ofdhérm
clearer, we need to perform a similar experiment for the
uniaxially orientedd form, as will be described in the present
paper. Strictly speaking, the phase transition behavior of the
oriented sample might be different from that of the unoriented
sample. But the essential features of the phase transitions from
the 6 form to y form anda (8) form have been found to be
almost the same between these two types of samples, as will 700 150 200 250 300
be mentioned in a later section. Temperature/°C

To our knowledge there is no article appearing in the literature Figure 1. DSC thermogram of uniaxially orientedl sample of sSPS
on the 2-dimensional X-ray fiber diagrams measured at different and toluene complex taken in the heating process.
temperature with a purpose to understand the structural changes
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heating of the uniaxially orientedl form film, which may give
us useful information about the intermolecular interactions as
well as the chain conformation. We believe that the present data|
should make a significant contribution to better understanding -

" 160°C
of the phase transitions of sPS.

Experimental Section

Samples.sPS pellets NI, 272 000,M,/M, 2.28) were kindly
supplied by Idemitsu Petrochemical Co., Ltd. The glassy samples

were prepared by quenching the melt into ice water. A small piece rigyre 2. Temperature dependence of the X-ray fiber diagram taken
of rectangular shape was cut out from the amorphous strip and for the uniaxially oriented form of sPS/toluene complex in the heating
stretched by about 5 times the original length at around the glassprocess.

transition temperature~100 °C) above the hot plate. These

uniaxially oriented samples were dipped in toluene for 3 days at Heating

ambient temperature to obtain the orientedorm. The samples

removed from toluene were kept at ambient temperature until they o+B 220°C

became perfectly dry. A similar method was followed to prepare

thin films for FTIR studies. 2 50
Measurements. The orientedd form sample was set into a 8 ' 760

homemade brass-block heater for the X-ray diffraction measure- £ __J/Mo

ment. This heater was set on a goniometer head of the X-ray

diffraction apparatus. The fiber diagrams were recorded using an 50

imaging plate system DIP 1000 (MAC Science Co. Japan) with 5 %o

graphite-monochromatized Cuine as an incident X-ray beam. 0

The infrared spectra were measured with a Varian FTS 7000 series 10 15 20 25

FT-IR spectrometer. The sample was sandwiched between a pair 20/°

of KB plates and then set to a homemade heating cell. The infrared gigyre 3. Temperature dependence of X-ray diffraction profile on the

spectral measurement was made at a resolution power1 gime equatorial line of the) form derived from the sPS/toluene complex.

IR polarization measurements were made using a KRS-5 wire grid

polarizer. Two successive IR measurements, with parallel and ,. gistrbance coming from the ambiguity due to the use of
perpendicular polarizations of the electric vector with respect to

the draw direction of the specimen, were performed at every the unoriented samples, as will be seen below.
constant temperature during heating. The DSC thermograms were Figure 2 shows a series of X-ray fiber diagrams measured at
measured in the heating process by using a differential scanningdifferent temperatures starting from the uniaxially oriented
calorimeter TA Instruments DSC Q1000 under a nitrogen gas form of sPS-toluene complex. The change in the equatorial
atmosphere at the rate of 2G/min. line profile evaluated from the fiber diagram is shown in Figure
3. The variation in the integrated intensities of the reflections
corresponding to each crystalline form was evaluated by the
o-to-y Transition. At first, the DSC thermogram was deconvolution method and plotted against temperature, as shown
investigated carefully on the uniaxially orientédorm of the in Figure 4. The 010 reflection of thieform at 2 = 8.0° started
sPS and toluene complex. A broad endothermic peak wasto decrease its intensity at 10€ and vanished at 13€C.
observed during thé to y phase transition in the temperature Simultaneously, a new reflection characteristic of théorm
range of 106-150°C, as shown in Figure 1. The endothermic appeared at about§2= 9.2° at 110 °C, and the intensity
peak in this temperature range is assigned to the evaporationincreased up to 130C. The phase transition fromto y occurs
of toluene molecules from thé form followed by theo to y over a broad range of temperature, and these two forms coexist
phase transition. It should be noted here thatthe-y transition in this temperature range. The 2-D X-ray fiber diagram looks
region observed for the oriented sample is essentially same adike a simple overlap of the two types of diagrams due todhe
that observed for the unoriented sample as seen in the DSCandy forms in this temperature region. It is worth mentioning
data reported so fdf This can be said also about the here that in the case of thi to y transition we observed an
temperature dependences of X-ray diffractfot and infrared intermediate form with halo-like diffuse scatterings in the fiber
spectral*~16 In other words, the utilization of the oriented sPS diagram because of the disordered structure due to the voids
samples may allow us to perform more detailed investigation present in thé form*° However, in the present casedform,
of the essential features of tldeto-y phase transition without  the toluene molecules in the crystal lattice might play a role to

Results and Discussion
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Figure 5. Polarized infrared spectra measured for the uniaxially rigyre 6. Temperature dependence of (a) the polarized infrared spectra
oriented 6 form of sPS and toluene complex 1at three different e frequency region 456600 cn? and (b) the peak position and
temperatures in the frequency region 4350 cm™. The solid and  apgorhance estimated for the bands characteristic of #rely forms
broken lines indicate the perpendicular and parallel band componentszjong with the toluene band starting from the uniaxially oriented
with respect to the draw direction, respectively. In the spectra at 180 sample of sPS and toluene complex. In (a) the solid and broken lines
and 200°C, both helical and planar-zigzag contribution is detected as jngicate the perpendicular and parallel band components with respect
seen from 572 and 1222 cfhbands (asterisks). to the draw direction, respectively. Integrated absorbance is estimated
for the perpendicular band component.

from the uniaxially oriented form of sPS and toluene complex.
The integrated absorbance was plotted against temperature in
Figure 6b. These bands were found to change only between
the 6 andy forms in the transition region of 16aL30°C. The
bands at 600.8 and 608.2 chcorresponding to thé form of

the sPS-toluene complex decreased in intensity drastically in
the temperature region 16A.30°C and disappeared at 13G.

accelerate the phase transition from théo y form without
such an intermediate form. Several papers were reported from
the viewpoints of experiments and computer simulation about
the diffusion behavior of solvent molecules included in the
crystal lattice?143-45 At present, it is not concretely clear how
the solvent molecules go out of the columns built up by sPS
chains and solvent molecules by heating dhirm. Anyway,
however, it might be speculated that the structure becomeSSimuItaneoust the bands at 598.5 and 610 cappeared
unstable once the solvent molecules leave the crystal lattice by, v\ are assi’gned to the form 'AS already reported b’y
hea.tlng. the form because Fhe thermal mobility of the sPS Yoshioka et al?? the infrared bands observed in the temperature
chains is also gnhanced by increasing temperature. Then SucrPegion 106-130°C are assumed to be a simple overlap of two
an unstable lattice transforms immediately to-Herm without pairs of the bands intrinsic iandy forms. We did not observe
any passage to the intermediate fornﬁ@ﬁgrm. ) _ any decrease in,G; content during thé to y transition unlike

To further understand the phase transition behavior with the the case Oﬁe to y transition' where the Z-GZ content decreased
eye of infrared spectroscopy, we carried out the temperature-drastically because of the structural disorder during the transi-
dependent polarized infrared measurements of uniaxially ori- tjon 1540 As the temperature increased furthermore, the bands
entedd sample. Figure 5 shows the polarized infrared spectra of the y form decreased steeply in a narrow temperature range
measured at various temperatures during heating from theof 190-200°C, as shown in Figure 6a. The transition frgm
Uniaxia”y orientedd form. Figure 6a shows the extended to o. form will be discussed in a later section.
polarized infrared spectra in the frequency region 4620 y-to-a. () Transition. As seen in Figures-24, on further
cm~L. The vibrational fr.equency and Integrated IntenSIty of the heating thq/ form reflection at 2 = 9.2° decreased Steep|y in
572 cn'* band along with the toluene band were evaluated by a narrow temperature range of 8090°C, and simultaneously
the spectral deconvolution method and were plotted againstpew reflections appeared aff 2= 6.2°, 6.6°, and so on. These
temperature, as shown in Figure 6b. As the temperature reflections can be assigned to both of thend 3 forms. In
increased, the toluene band started to decrease in intensitythis temperature range 18090°C both they anda (8) forms
around 100°C and disappeared completely at 150. The coexist. In Figure 2, the 2-D X-ray fiber patterns observed in
structure changed frodto y form in a broad temperature range  the temperature region 18@00 °C do not indicate any
from 100 to 130°C. disordering and ordering of the chains in the crystal during the

Figure 7a shows the temperature dependence of polarizedy to o (8) transition. Above 200C, the 2-D X-ray fiber patterns
infrared spectra in the frequency region 585 cnt?! starting show well-defined reflections on the equatorial and layer lines,
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if” thtﬁ fr%quedncy rr]egiont 595t6_15 ?Th;an%(b)fthe abstort;?r‘c? eSﬂTﬁted appearing from 180C and became sharp at 20G. In the
uonriaxgllyagriZnﬁeggaga%ﬁIéco(f) sPSa;ndytolctjreTlsescg:nISEex.r ?rr? (a)ethe |n_frared spectra, we observed 0n|y_ the Spectrai(fbrm at_
solid and broken lines indicate the perpendicular and parallel band higher temperature because no residual solvent remains in the
components with respect to the draw direction, respectively. Integrated amorphous phase of the thin films used for the analysis. A
absorbance is estimated for the perpendicular band component. detailed discussion will be made about the solvent-induced
formation of thef form elsewhere.
indicating that the molecular chains maintained almost the same  As seen in Figure 1, the DSC thermogram shows a small
orientation during the phase transition. endothermic peak followed by an exothermic peak during the
In Figure 2 the layer line reflections corresponding to the transition fromy to a (andp) form. It had been speculated that
planar-zigzag conformation are detected even at such a relativelythese thermal peaks reflect the melting of theorm followed
low temperature as 140C. The intensity increases with by the recrystallization into the. (and 8) form.23247 At this
increasing temperature and merges to the reflections(ahd moment, however, we notice that we did not have any
p) form. So far, they form was said to transform only to tlee experimental evidence to support such a speculation. It is quite
form in a narrow temperature range above 1@ecause it is important to point out almost the perfect retention of molecular
kinetically favorable’31314.1%21 Recently, we have found that  chain orientation during the drastic conformational change from
the mixture ofa and 8 forms can be obtained at higher the T,G; type to all-trans type, as known from Figure 2. A
temperatures by heating the thicker filmsdoform ory form.46 similar observation was made for the stretched films and the
By increasing the thickness of the starting sample, the solventuniplanar oriented films to show that the phase transition from
evaporation in the amorphous phase may be delayed, and thesg to o. form occurs by retaining the molecular chain orientation,
solvent molecules are responsible for the appearance ¢f the although this observation was made by measuring the X-ray
form along with thea form. Although the detailed description  diffraction profiles at room temperature for the samples annealed
about this phenomenon will be made in a separate paper, theat higher temperatures, different from our in-situ observéfiéh.
same concept may be adopted here to explain the phaseBy combining all the experimental data presented in this paper,
transitions in the uniaxially oriented samples. The chain we may propose another model to explain the phase transition
orientation affects the diffusion behavior of solvent molecules behavior fromo to y to a (andp) form, as illustrated in Figure
as it determines the path length and the resistance to diffusion8. Theo form transforms into ther form. Some parts of the
through the amorphous region. These toluene molecules mayoriented amorphous phase may transform intofHerm. By
plasticize theorientedamorphous phase, and this effect leads increasing temperature furthermore théorm transform to the
to the formation of more stabfgéform along with the kinetically o andg form with keeping almost perfectly the chain orientation
favorable oo form during heating. The layer line reflections between (}Gy), helical form and the all-trans planar-zigzag
intrinsic to the planar-zigzag chain may correspond to that of form. We might have several possibilities to explain the retention
the s form. That is to say, the formation of the crystal forms of of chain orientation. For example, tlyform transforms into a
planar-zigzag chain conformation is considered to be made phase of nematic liquid crystal type with the disorder in the
through the various routes ¢fto o, y to 3, and amorphous to  relative height of the neighboring chains as well as the
p transitions in the solvent atmosphere. When we look at the conformational disordering, and then this disorder phase trans-
infrared spectra at higher temperatures, thdorm started forms into the all-trans type form. But, the X-ray fiber diagram
decreasing its intensity at 18C and disappeared completely did not give us any experimental evidence supporting the
at 200°C, as shown in Figures 6 and 7. Simultaneously, the generation of such a structurally disorder phase. Another
bands corresponding to the all-trans conformation started possibility is the melt of ther form immediately followed by
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the recrystallization to the oriented (and ) form. But there
is also no indication of the increment of the amorphous

component during this process. Rather, it might be possible to

speculate that some parts of thdorm crystallites change to
the irregular conformation from the stable@ form due to
the radical thermal motion of the chains. For example, the

conformational exchange between TT and TG bonds might

occur:

---TTGGTTGGTTGGTTGGTTGG---

M

-—-TTGGTTTTTTGGTTGGTTGG---

v

-—-TTTTTTTTTTGGTTTTTTGG---

v

-—-TTTTTTTTTTITTTTTTITT---

This type of conformational transformation in the crystallites
was proposed for the phase transition from form Il to form Ill
of poly(vinylidene fluoride) in the heating proce¥$1The small
exothermic peak in the DSC thermogram shown in Figure 1
might correspond to such a process occurring during tteea

(p) transition. Anyway, however, we need to investigate a more
concrete mechanism of theto a () transition with the total
reflection of the chain orientation by analyzing the X-ray
diffractions in more detail.

Conclusions
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