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Magnetic Orientation of Crystalline Polymers in View of Liquid 
Crystallinity during Induction Period of Crystallization 

TSUNEHISA KIMURA', HIDETOSHI EZUREa, HIROAKI SATA', 
FUMIKO KIMURAb, SHINTARO TANAKA', and EIKO [TO* 
'Department of Industrial Chemistry, Tokyo Metropolitan University, 1-1 
Minami-ohsawa, Hachioji, Tokyo 192-03, Japan; bNicolet Japan Co., 2-5- 
8 Hatsudai, Shibuya, Tokyo 151, Japan 

Magnetic orientation of poly(ethylene-2,6-naphthalate) (PEN) and isotactic 
polystyrene (ips) has been reported. The orientation starts to occur during 
the induction period of isothermal melt crystallization process, i.e. during 
the initial stage of crystallization process where no crystal growth is yet 
observed with respect to the wide angle X-ray diffraction. In the case of 
PEN, the crystallites obtained at later stages of crystallization were aligned 
with its c-axis parallel to the magnetic field, while in the case of IPS, the 
crystallites obtained were aligned with its c-axis perpendicular to the 
magnetic field. X-ray, infrared, and magnetic birefringence measurements 
indicated that mesophases appearing during the induction period could be 
responsible for the magnetic orientation of these polymers. 

Kevwords. poly(ethylene-2,6-naphthalate); isotactic polystyrene; 
magnetic orientation; induction period 
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I42 T. KIMURA CI (11 

INTRODUCTION 

Liquid crystalline polymers (LCPs) align under magnetic fields due to their 
anisotropic diamagnetism and their propensity to form liquid crystalline 
phases[']. On the other hand, crystalline polymers including the polymers 
studied in this work, poly(ethylene-2,6-naphthalate) (PEN) and isotactic 
polystyrene (ips), have been considered to be indifferent to magnetic fields 
because they lack in liquid crystalline natures which LCPs possess. 
However, we have reported'" that these two polymers align in the 
magnetic field (6") during the isothermal melt crystallization. 

Some crystalline polymers exhibit stable liquid crystalline phases and 
hence are called liquid crystalline polymers. On the other hand, majority 
of crystalline polymers are not classified as liquid crystalline polymers 
because they do not form liquid crystalline phases in a stable and clearly 
distinguished manner. However, m e s o p h a ~ e s ~ ~ ~ ~ ~ ,  including liquid 
crystalline (LC) phase and condis crystal (CC) phase exist between the 
isotropic melt and the crystal though they may be unstable and/or transient. 
Also exist the corresponding glasses including LC glass and CC 
For example, recent studies on the cold crystallization of poly(ethy1ene 
terephthalate)'61 have revealed that a liquid-crystalline-like orientational 
order appears during the induction period of crystallization, prior to the 
appearance of crystals. Another example is isotactic polypropylene which 
is usually regarded as a crystalline polymer but forms a liquid crystal glass 
when quenched from a melt[']. 

These observations seem to indicate that our finding of the magnetic 
orientation of PEN and ips is explained in terms of their liquid crystallinity, 
or mesophases in general, which shows up probably during the induction 
period of the crystallization process. In this study, we report the condition 
of the magnetic orientation and the orientation structures of these polymers 
studied by the magnetic birefringence, the X-ray diffraction, and the FT-IR 
spectroscopy in relation to the liquid crystallinity. 
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143 MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS 

EXPERIMENTAL 

Pellets of PEN (M,=SOOO) supplied by Teijin Co. Ltd. were dried and 
pressed at 300°C for 10 rnin followed by a quench in ice water to obtain 
amorphous films. Pellets of PEN with other molecular weights (M,=9500, 
12500, 17000), supplied by Teijin Co. Ltd., were also used for the study of 
molecular weight dependence. Pellets of PS (Mw=400000) purchased 
from Scientific Polymer Products, Inc. were pressed at 255°C for 2 min 
followed by a quench in the air to obtain amorphous films. These 
amorphous films were subjected to the isothermal crystallization to measure 
the temporal change in magnetic birefringence. The films were also 
subjected to the heat treatment to prepare samples quenched at various 
periods of crystallization time. 

The magnetic birefringence measurements were carried out in an 
Oxford superconducting magnet (6T) by using the apparatus, which is 
reported elsewhereP1. The measurements without the magnetic field were 
also carried out by using this apparatus. The analyzer was fixed to make 
an angle of 45" with respect to the direction of the magnetic field. The 
polarizing plane of the impinging He-Ne laser light (632.8 nm) was set 
perpendicular (crossed polars) to the analyzer. Under the crossed polars, 
the transmitting light intensity detects the increase in the birefringence 
caused by the formation of anisotropic structures or the magnetic orientation 
of these structures. The temperature detected by the chromel-alumel 
thermocouple was corrected against a Mettler hot stage FP82HT system. 
The correction necessary due to the effect of the magnetic field was also 
made. The amorphous film sample was put between two mver glasses and 
set in the heating cell. Then, the sample was brought to the melt and kept 
for 5 min followed by a cooling down to the isothermal crystallization 
temperature. The start of the crystallization time was taken at the time 
where the temperature reached the isothermal crystallization temperature. 
The melt temperature was 300°C for PEN and 255°C for ips, and the 
isothermal crystallization temperatures were 245 to 255°C for PEN and 205 
to 215°C for ips. The measurements were carried out both in the magnet 
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144 T. KIMURA PI at. 

and outside the magnet. 
PEN samples quenched at various periods of the crystallization time 

were prepared in a furnace designed to carry out the heat treatments in the 
magnet (6") as well as outside the magnet[*]. The crystallization 
temperature was 255°C. Quenched IPS samples were prepared by 
introducing cold nitrogen gas to the heating cell unit in the apparatus used 
for the magnetic birefringence measurement"'. The same thermal history 
was applied as was used for the magnetic birefringence measurements. 
The crystallization temperature was 210C. 

X-ray diffraction analyses were carried out by using a MAC Science 
MXP system. Fourier transform infrared measurements were carried out 
by using a Nicolet Magna 750. The in-situ FT-IR spectroscopy was 
carried out on the same spectrometer with the use of a Mettler hot stage 
FF'82HT system. 

Refractive index measurements were carried out by using a KOBRA- 
21ADwDSP system (Oji Scientific Instruments Co.). 

RESULTS AND DISCUSSION 

Figure 1 displays the change in transmitting light intensity measured under 

Crystallization t ime  /min 

F I G U R E  1 
of PEN at 255°C (a)  and of IPS at 210  "C (b)  measured under the crossed  
polars .  T h e  c i rc l e  and the triangle indicate the measurements  ins ide  and 
o u t s i d e  the magnet ,  resDectivelv. 

Change  in transmitting l ight  intensity during the crystal l izat ion 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS 145 

the crossed polars during the isothermal crystallization from a melt for both 
PEN (a) and ips (b). In both cases of PEN and iPS, the changes in 
intensity with crystallization time measured in the magnetic field are 
different fiom those measured without the magnetic field. The increase in 
the intensity is attributed to the formation of some anisotropic structures. 
In the absence of magnetic field, the increase in the intensity is associated 
with the formation of crystals, which is evidenced by the X-ray 
measurement of the quenched samples as will be discussed later. The 
decrease of the transmitting light intensity observed in the later stage of the 
crystallization is due to the enhanced scattering of the impinging light by the 
crystallites developed. 

Under magnetic field, the initial increase in the intensity occurs in an 
earlier stage of the crystallization, and the magnitude of the intensity is 
larger than that for the corresponding intensity in the absence of magnetic 
field. In the case of the ips, the initial increase is followed by a decrease 
and an increase before ending up with a monotonous decrease at a later 
stage of the crystallization. The decrease at the later stage is attributed to 
the scattering by the crystallites as it is the case for the measurement outside 
the magnet. The reason for the initial sinusoidal behavior observed in iPS 
is not clear at present. However, a possible explanation would be given by 
the following equation describing the change in the transmitting light 
intensity measured under the crossed polars: 

dAI1 z2 = I , t S i n 2 ( 2 8 ) S i n Z ( - )  a 

where 8 is 45' in this study, thus giving the unity for the first factor; d is 
the sample thickness, 2 is the wavelength of the impinging He-Ne laser 
light, and A n  is the birefringence. The second sine square factor 
including Air explains the sinusoidal behavior when the increase in Art is 
sufficiently large. In this view, the increase inAn for PEN is not very 
large. 
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146 T. KIMURA rrtd. 

The birefringence behavior observed in the magnetic field indicates a large 
change in Air probably associated with the magnetic orientation. In order 
to confirm this, we carried out the optical azimuthal measurements on the 
samples quenched at various periods of crystallization time. If the 
orientation exists, this measurement gives a sinusoidal curve according to 
the first sine square factor in Eq. (1). Figure 2 compares the azimuthal 
scans of the sample prepared with and without the magnetic field. It is 
clearly demonstrated that the samples prepared in the magnetic field exhibit 
the orientation in the direction of the magnetic field, while no orientation is 
observed for the samples prepared outside the magnetic field. The 
sinusoidal behavior is less enhanced for the samples with prolonged heat 
treatments, which is because of the low transmitting light intensity caused 
by scattering by crystallites. 

PEN 

p2J-j 
0 50 100 150 

iP S 

- 
0 50 100 150 

Azimuthal angle /degree 

FIGURE 2 
at various periods of crystallization time indicated in the fi ure. 

(a) and ( c )  are for  the samples prepared outside the magnet, and (b) 
and (d)  are for these prepared in the magnet. 

Optical azimuthal scans for PEN and iPS films qucnched 

Crystallization temperature were 255 for PEN and 210 % for IPS. 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS 147 

The quenched samples were also subjected to the X-ray diffraction 
measurements (Fig.3). The crystallization form of PEN obtained was of 
the a -modification[gJ. The samples quenched in the vicinity of the onset of 
the magnetic orientation (10-20min) exhibit little diffraction peaks 
assignable to crystallites. This is the case for both PEN and IPS. 
Therefore, we might say that the magnetic orientation starts during the 
induction period. In the case of iPS, the onset of the crystal formation 
appears earlier (ca. 30 min) in the magnetic field than outside the magnetic 
field (ca. 60 min), indicating that the magnetic field accelerates the 
crystallization process. On the other hand, the acceleration is not evident 
in the case of PEN. 

PEN iPS 

2 8  /degree 

FIGURE 3 Wide angle X-ray diffraction for PEN and iPS films 
quenched at various periods of crystallization time indicated in 
the fi ure. Crystallization temperature were 255s: for PEN and 

the magnet, and (b) and (d) are for these prepared in the magnet. 
210 T! for ips. (a) and (c) are for the samples prepared outside 
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148 T. KIMURA et ul. 

Figure 4 shows the X-ray azimuthal scans carried out for the quenched 
The orientation of crystallites is evident for the samples prepared 

No orientation of crystallites was observed for the 
PEN aligns with its 

samples. 
in the magnetic field. 
PEN and iPS samples heat-treated outside the magnet. 

0 90 180 270 360 
0 lzz3 90 180 270 360 

Azimuthal angle /degree 

FIGURE 4 Change in X-ray azimuthal profile for PEN (a) and 
for IPS (b) with respect to the crystallization time (min) inside 
the magnet. The direction of the _magnetic field is taken at 90 
Azimuthal prtfiles for @lo) and (110) of PEN also exhibit the 
maxima at 0 and 180 
exhibits the maxima at 0 and 180 . All these observations 
indicate the orientation of the c-axis arallel to the direction 
of the magnetic field. Maxima at 90 
IPS indicates the orientation of the c-axis perpendicular to 
the direction of the magnetic field. 

In addition, the edge view for (100) 

and 270' observed for 
g 

c-axis parallel to the magnetic field, while iPS aligns with its c-axis 
perpendicular to the magnetic field. The direction of orientation is 
reasonable in considering the crystal structures of these polymers. Both 
polymers contain aromatic rings which could be the main source of the 
magnetic anisotropy of these polymers. Because of the ring current 
induced by the magnetic field, the aromatic rings are energetically more 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS I49 

stable when they align with the ring plane parallel to the magnetic field than 
perpendicular to the magnetic field. The iPS chain forms 3, helix in the 
crystal and the benzene rings are pending approximately with its plane lying 
perpendicular to the axis of the helix. Hence the parallel alignment of the 
benzene ring is achieved by the orientation of the c-axis perpendicular to the 
magnetic field. In the case of PEN, the parallel orientation of the c-axis 
with respect to the magnetic field is consistent with the parallel alignment of 
the naphthalene rings. However, this orientation of the c-axis is not the 
only one that is consistent with the parallel alignment of the naphthalene 
rings. The detail of the anisotropic magnetic susceptibility of the 
naphthalene ring is necessary for the further discussion. 

lar We- 
PEN samples with different 
molecular weights (M,,=9500, 
12500, 17000) were also 
subjected to the heat- 
treatment in the magnet by 
using the furnace described 
before. The thermal history 
was the same as that applied 
to the sample with M,=SOOO. 
Figure 5 shows the X-ray 
azimuthal scans along (100) 
plane. The orientation of 
the c-axis along the magnetic 
field is clearly observed. In 
the birefringence measure- 

c c a 
0 u 

Azimuthal angle /degree 

FIGURE 5 X-ray azimuthal scans along 
the (100) plane of magnetically oriented 
PEN with different molecular weight 
indicated in the figure. 

ments, the samples with larger molecular weights do not exhibit a clear 
difference regarding the onset time of the increase in the transmitting light 
intensity between the measurements in the magnet and outside the magnet. 
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0- 

-l?o iP S 
- 2 -  

- PEN 

A 0  

0 

1.  

s o  P d - 40 g -3-  A 
-4 -  4 0 0 

In the birefringence measurements, we have seen that the time required for 
the onset of the transmitting light intensity (ton) measured under the crossed 
polars is shorter in the magnet than outside the magnet. If we assume that 
a critical size or a critical order parameter value of an anisotropic domain is 
necessary for the onset of the transmitting light intensity, the value ion-] 
would be a measure of the growth rate of the anisotropic domain. 
Therefore, a shorter t ,  in the magnetic field could indicate the acceleration 
of the formation of the anisotropic structure. 

Figure 6 displays 
the temperature depend- 
ence of the logarithm of 
rOn-l. The plot is made 
against (TAT).', where 

A T  is the supercooling 
measured from the 
equilibrium melting 
temperature (243 and 
300°C for iPS and PEN, 
respectively) deter- 
mined by means of 
Hoffman-Weeks plot. 
In the Figure 6, circles 
indicate the original 

F I G U R E  6 The inverse o f  time to ,  required 
for the onset of the increase in transmitting 
li ht intensity is plotted against 1/ T A T  with 
J T  the supercooling. 

data with the open ones for the measurement in the magnet and the filled 
ones for the measurement outside the magnet. Filled triangle symbols are 
for the plots in which the original data obtained in the magnetic field are 
shifted by adding 4 and 5°C to the actual A T  values for iPS and PEN, 
respectively. 

The linearity of the plot indicates that rO:l is proportional to exp(-1/T 
AT). Since the ron'' is a measure of the rate of formation of the anisotropic 
structure"01, this temperature dependence seem to suggest that some 
nucleation process is involved in the formation of the anisotropic structures. 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS 151 

The shifted data obtained for the measurements in the magnetic field 
approximately fall on the same line obtained for the measurements outside 
the magnet. Therefore, we might conclude that the magnetic field has an 
effect to increase the supercooling temperature, resulting in the acceleration 
of the formation process. Of course, other evidence is necessary to 
confirm this conclusion because to, is just a rough measure for the formation 
of the anisotropic structures. In addition, as was mentioned in a preceding 
section, no acceleration is observed for the PEN samples with higher 
molecular weights, suggesting that the diffusion term is also important. 

However, the following would be one possible explanation supporting 
this conclusion: The difference between the free energy densities of an 
anisotropic domain located inside and outside the magnetic field H is 
given"] as 

1 1 AFM,oni = FM,unim -Funk = --x H 2  - -,y (n. H)', 
2 l  2 "  

where FMonia and FoniEo are the free energy densities inside and outside the 
magnetic field, respectively, X is the magnetic susceptibility perpen- 
dicular to the direction of the director n representing the direction of the 
anisotropic axis, and X is the anisotropic susceptibility (= X,, - x I, with 
x / /  being the magnetic susceptibility parallel to n). The sign of xl l  and 
X .is negative and that of X is positive. The first term is independent of 
the orientation, just increasing the free energy because X I  is negative. 
The second term, on the other hand, is dependent on the angle between n 
and H and it reduces the free energy because x is positive. The amount 
of the reduction is largest when the director is parallel to the magnetic field. 
This means that an anisotropic domain aligning in the direction of the 
magnetic field is energetically stable by the amount of the second term in 
comparison to the domain aligning perpendicular to the magnetic field. On 
the other hand, the difference between the free energy densities of an 
isotropic domain located inside and outside the magnetic field is given as 
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152 T. KIMURA rt a/. 

- 
AFMsb = FM+h - Fb = - :xHL,  2 (3) 

where FM, 
magnetic field, respectively, and X = ( X , ,  t 2 XI) / 3. 
obtain that 

and Fi, are the free energy densities inside and outside the 
We therefore 

where A F = - F, and 8 is the angle between n and H. Since AF, 
represents the difference in free energy densities between the anisotropic 
and isotropic phases located in the magnetic field, this quantity could be 

proportional to -A T. Since A F is negative, the parallel alignment ( 8 =0) 

Wavenumbers /cm-’ 

FIGURE 7 Difference spectra obtained for the a -form (top), 
the amorphous-trans conformation (middle), and the gauche 
conformation (bottom) obtained for the PEN sample melted at 
300°C and crystallized at 245°C. The amorphous-trans 
conformation is characterized by the bands at 1178,1337, 
1724, and 2960cm-’. 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS I53  

In-situ FT-IR measurements were carried out without the magnetic field to 
investigate the anisotropic structures responsible for the magnetic 
orientation["'. Figure 7 shows the infrared spectra obtained during the 
early stage of the isothermal crystallization of PEN at 245"c, deconvoluted 
into three components, that is, the a- crystalline phase, the intermediate 
phase, and amorphous gauche phase. The spectrum of the intermediate 
phase is obtained by the subtraction of the spectra of the a -crystalline and 
amorphous gauche phases from the whole spectrum obtained during the 
early stage of the crystallization. The detail is described elsewhere["]. 
The spectrum of the intermediate phase is clearly distinguished from the 
spectrum of the crystal. 

Figure 8 shows the infrared spectra obtained during the isothermal 
crystallization of iPS at 200"c''21. Here, the spectrum corresponding to the 

r 1 

0 
0 c 
(0 

5 
4 

0 
Wavenumbers /cm-' 

FIGURE 8 Infrared s ectra of iPS obtained during the isothermfl 
crystallization at 2006 The spectra are normalized at 1024 cm- 
band. Spectra for 30 and 390 min are the difference spectra where 
the amorphous component is subtracted from the original spectra. 
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154 T. K I M U R A e / d .  

amorphous phase is subtracted, and hence the difference spectrum is the 
contribution from the crystalline and intermediate phases. The spectrum 
thus obtained during the induction period is slightly different from that 
obtained for highly crystallized sample and also different from that obtained 
for the amorphous sample. The feature characterizing the spectrum of the 
induction period, in comparison to the crystal spectrum, is that the band at 
981 cm" attributed to the crystalline conformation is relatively weak, and 
the bands at 899, 920, 1050, and 1081 cm-' attributed to the 3, helix 
conformation are also weak. The spectral profile is also different from that 
for the amorphous phase in that no helical and crystal related bands are 
observed in the amorphous phase. 

In both cases of PEN and ips, the intermediate phase is identified 
during the induction period, and the infrared spectra suggest that in this 
phase the polymer chains are in more regular conformations than those in 
the amorphous phase, but the regularity is not so high as in the crystal phase. 
These observations indicate some ordered structures which could respond to 
the magnetic field. 

Figure 9 shows the refractive indices of the IPS films heat-treated at 210°C 
in the magnet (6T) plotted 
against the crystallization time. 
Here the x- ,  y-, and z-directions 
indicate the directions of the 
magnetic field, the width 
(perpendicular to the magnetic 
field), and the thickness, 
respectively. The figure shows 
that the refractive index (a,) is 
the largest and those in the other 
two directions (11, and n,) are 
almost of the same magnitude. 
This suggests that the helical 

Heat -t reat ment time /min 

FIGURE 9 Refractive indices n, (o), ny 
(A ), andn, (0)  in the direction of the 
magnetic field, the width, and the thickness, 
respectively. The average is set as n=1.6. 
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MAGNETIC ORIENTATION OF CRYSTALLINE POLYMERS 155 

axes are distributed uniformly on the plane normal to the magnetic field. 
The films prepared during the crystallization time shorter than 20 min do 
not exhibit crystallites, and they are almost transparent. This indicates the 
possibility of applying the magnetic orientation to the fabrication of 
products demanded for the optical use. 

Achow ledgments 
The authors thank to Oji Scientific Instruments, Co. for the refractive index 
measurements. This work was partially supported by a Grant-in-Aid for 
the Special Research Project from Tokyo Metropolitan University. 

References 
[ 1.1 P. G. de Gennes and J. Prost in the physics of Liquid Crystals, 2nd Ed. 

[2.] H. Sata, T. Kimura, M. Yamato, and E. Ito, Polymer, 37, 1879 (1996) 
[3.] H. Ezure, T. Kimura, S. Ogawa, and E. Ito, Macromolecules, 30, 3600 

[4.] B. Wunderlich and J. Grebowicz, Adv. Polym. Sci., 60/61,1 (1984) 
[S.] B. Wunderlich, M. Moller, J. Grebowicz, and H. Baur, Adv. Polym. Sci., 

87, 1 (1988) 
[6.] M. Imai, K. Kaji, S. Kanaya, and Y. Sakai, Plrys. Rev. B, 52, 12696 

(1995) 
[7.] B. Monasse and J. M .  Haudin in Polypropylerre, edited by J. Karger- 

Kocsis (Chapman & Hall, London, 1995), Vol. 1, Chap. 1; J. Varga, 
ibid., Chap. 3. 

(Clarendon Press, Oxford, 1993), Chap. 3. 

(1997) 

[S.] H. Sata, T. Kimura, S. Ogawa, and E. Ito, Polymer, in press 
[9.] Z. Mencik, Chem. Prum, 17,78 (1967) 
[lo.] K. Armitstead and G. Goldbeck-Wood, Adv. Polym. Sci., 100, 219 

[ l l . ]  F. Kimura, T. Kimura, A. Sugisaki, M. Komatsu, H. Sata, and E. Ito, J .  

[12.] T. Kimura, H. Ezure, S. Tanaka, and E. Ito, J. Polym. Sci., in press. 

(1 992) 

Polym. Sci.; Part B: Polym. Phys,, 35,2741 (1997) 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

23
 2

0 
A

ug
us

t 2
01

2 



D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

23
 2

0 
A

ug
us

t 2
01

2 


