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Magnetic orientation of poly(ethylene-2,6-naphthalate) [PEN], reported in the previous paper, was studied in
detail. Birefringence, X-ray and infrared analyses were carried out on the samples quenched at different periods of
the crystallization time during the crystallization at 265n the magnet (6T). These analyses showed that the
orientation observed in the birefringence measurements starts during the induction period in which little
crystallinity is observed with respect to the X-ray and infrared measurements. At a later stage of crystallization,
the samples exhibited the orientation of crystallites withcttais parallel to the magnetic fiel@ 1998 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION was dried under vacuum for three days. The thickness of
the film was about 4@m and the melting point was 284.

This film was used for the preparation of the samples heat-
treated in and outside the magnet for various periods of
crystallization time. The sample for the magnetic birefrin-
gence measurements was prepared by the same methods,
except that a polyimide film was used instead of the
aluminium foil.

Figure 1shows a schematic diagram of the furnace used
to prepare samples heat-treated in a superconducting
magnet (6T). A piece of the pressed film (B0 mm),
cut from a larger film with the aluminium foil remaining on
both sides, was screwed between two aluminium plates
(sample cell) and heated in the heating cell under a nitrogen
atmosphere. The film was melted at 300for 10 min,
cooled at a rate of ®/min to a given crystallization
temperature, and subjected to the crystallization. This
process was completely carried out in the magnet. The
start of the crystallization process was defined as the point
where the temperature reached the given crystallization

poly(ethylene terephthalate) and exhibits excellent physical 'EMPerature. After a given period of crystallization time, the
properties. The magnetic orientation could provide a new sample cel[ was removed from the heating cell quickly and
way of processing PEN and expand the range of uses of PENJU€nched in ice-water. The film was taken out from the
in final products. The present study is a continuation of our S&MPle cell and the aluminium foil was removed by
previous work and has been carried out to clarify the dissolving in dilute hydrochloric acid followed by washing

structures susceptible to the magnetic field and the conditionWlth water. The film thus obtained was dried under vacuum
of magnetic orientation. for 24 h. Exactly the same procedure was followed for the

preparation of heat-treated samples outside the magnet.
The correction of the chromel—-alumel thermocouple was
EXPERIMENTAL necessary for use in the maghehe temperature indicated
Material and sample preparation by the thermocouple_in the magnet is Taigher than the _
. ) actual temperature in the temperature range used in this
A PEN sample M, = 8000) supplied by Teijin was dried  gtydy. This is due to the effect of the magnetic field on the

under vacuum at 10Q for 24 h. The sample was put thermocouple. This value was determined by the melting
between two pieces of aluminium foil and melted at¥0  point measurements of the tin and lead.

for 10 min, and pressed at 80 kgf/émfollowed by
quenching in ice-water. The pressed film thus obtained \wjde angle X-ray measurements

Wide angle X-ray diffraction measurements were carried
*To whom correspondence should be addressed out by using a MAC Science MXP system operating at

It is well known that liquid crystalline polymers align under
magnetic field5™® but non-liquid crystalline polymers are
usually regarded as being indifferent to the magnetic fields
because these polymers lack the ability to form liquid
crystalline phases. However, we have shown that poly-
(ethylene-2,6-naphthalate) [PEN] and isotactic poly-
styrené align under the magnetic field during the crystal-
lization from a melt. In analogy to the magnetic orientation
of liquid crystalline polymers, we have assumed that some
liquid—crystalline-like structures appearing in the course of
the crystallization process are responsible for the magnetic
orientation. This assumption of a liquid—crystalline-like
structure seems to be supported by the observitibiat a
nematic-like structure appears during the induction period
of a cold crystallization of poly-(ethylene terephthalate),
although the crystallization they studied was from a glassy
state.

A number of studies have been reported® on PEN
which has a chemical structure similar to that of
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Figure 1 Schematic figure of the furnace used for the sample preparation
in the superconducting magnet (6T)
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Figure 2 Block diagram of the apparatus for the measurement of the
magnetic birefringence

40 kV and 300 mA to generate a Ni-filtered Cyk-ray
beam. A fixed time method (5 s, 0.92vas used to obtain
equatorial diffractions, and a continuous method was used
for the acquisition of azimuthal profiles.

Infrared measurements

A Nicolet Magna 750 was used for Fourier transform
infrared (FT-IR) measurements with a resolution of 2¢m
and 128 scans.

Optical measurements

Birefringence measurements were carried out by using a
home-built optical apparatus, as showrFigure 2 Details
on the apparatus have been reported elsewheFhe
direction of the magnetic field (6T) makes an angle of 45
to the analyser. By using a half-wave plate, the polarizing
plane of the impinging He—Ne laser beam is set parallel or
crossed with respect to the analyser. The same therma
history was applied as was employed for the sample
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preparation in the furnace: the film was melted at “800
for 10 min, cooled at a rate of°6/min to a given
crystallization temperature and subjected to the crystal-
lization. The start of the crystallization was defined as the
point where the temperature reached the given crystal-
lization temperature, and the crystallization time measured
from this point is referred to as the elapsed time. The same
calibration for the thermocouple was applied for the
measurements in the magnet. The reproducibility was
about =5 min with respect to the peak position observed
under the crossed polars.

Temperature calibration among measurements

The thermocouple is not monitoring the sample tempera-
ture itself, but it monitors the temperature in the vicinity of
the sample. Hence, the actual sample temperature could
differ from the temperature indicated by the thermocouple.
Since we need to compare the data from the optical
measurement with the spectroscopic data obtained for the
sample prepared in the furnace, temperature calibration
between the optical apparatus and the furnace was
necessary. The calibration was made with respect to the
hot stage/microscope system (an Olympus BH-2/a Mettler
hot stage FP82HT). Then situ optical measurement
was carried out on the pressed film by using the
hot stage/microscope system, and the temporal change
in the transmitting light intensity was monitored by a
photo-monitor.

In Figure 3 the measurements with the optical apparatus
are compared with those with the hot stage/microscope
system, where the temperature for the optical apparatus is
corrected by & lower than the value indicated by the
thermocouple. Both measurements were carried out under
the parallel setting of the analyser, and the decrease in the
transmitting light intensity is a reflection of the formation of
ordered structures including crystallites. Similar decay rates
in both measurements indicate that the correction°6fiS
appropriate. This value of correction is the same as was used
in previous work.

The transmitting light intensity for the sample, which was
crystallized in the furnace followed by quenching at a given
period of the crystallization time, was measured on the
microscope with the photo-monitor. The intensity is

Transmitting light intensity (a. u.)

20

60

Elapsed time / min

Figure 3 Comparison of the temporal change in the transmitting light
intensity between the measurement on the hot stage (a) and the
measurement on the optical apparatus (b) during the crystallization at
various temperatures. The analyser is set parallel. The correctien53€

Iis made on the temperatures in (b). Similarity in decay rates suggests that
the correction of-5°C is appropriate
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Figure 4 The temporal change in the transmitting light intensity obtained = M

for the measurement on the hot stage at°@5% compared with the

measured transmitting light intensities obtained for the samples quenched at

respective elapsed times in the furnace (open circles). The furnace 0T s T T 00 s
temperatures are corrected B2°C. Similarity in decay rates suggests

that the correction of-2°C is appropriate Azimuthal angle /degree

Figure 6 Optical azimuthal scans for the samples heat-treated aC255

for various elapsed times indicated in the figure, (a) outside the magnet and
(b) in the magnet. Measurements are under the crossed polars, and the zero
azimuthal angle corresponds to the direction of the magnetic field

hand, the increase in the intensity observed under the
crossed polars indicates the formation of the oriented
structures whether they are oriented randomly or to a
specific direction. This increase turns out to be a decrease
because of the enhancement of the scattering due to the
formation of crystallites. For the measurement outside the
magnet, the intensity under the crossed polars starts to
increase at about 30 min, while for the measurement in the
magnet, the increase starts at about 15 min. In addition, a

Transmitting light intensity (a. u.)

higher intensity is observed for the measurement in the
50 100 magnet.
Elapsed time / min The high birefringence observed in the magnetic field

Figure 5 Change in transmitting light intensity during the crystallization Squ_eStS t_hat the_ O”_ented structures _a“_:" aligned m_acro'
at 255C monitored outside the magnet (a) and in the magnet (b). The circle Scopically in the direction of the magnetic field. To confirm
and triangle indicate the measurements with the parallel setting and underthis, the samples quenched at several points of the elapsed
the crossed polars, respectively time were prepared and subjected to the optical azimuthal
scans.Figure 6b clearly demonstrates that the sample
) ) ) ) ) ] quenched at 20 min is highly oriented. Even the samples
normalized by the film thickness. Ifigure 4 the intensity  guenched at 0 and 10 min exhibit a slight orientation. For
data are compared with the situ measurement carried out  the samples quenched at longer elapsed times, the azimuthal
on the hot stage/microscope system, where the temperatur@cans are flat, but this does not mean that there is no
for the furnace is corrected by’'@ higher than the value  grientation. This is due to the low intensity of transmitting
indicated by the _the.rmocouple. Similar decgy rates in both light caused by the enhancement of the scattering light by
measurements indicate that the correction 6C 2is crystallites. As will be discussed later, the orientations of
appropriate. crystallites are confirmed by X-rays for the samples
Hereafter, the corrected temperatures are used: thequenched at prolonged elapsed times. No macroscopic

temperatures indicated by the thermocouple are correctedyrientations are observed for the samples heat-treated
by —5°C and+2°C for the optical apparatus and furnace, gytside the magnef€igure 69.

respectively. In addition, a further correction e8.8°C is

applied for the experiments in the magnet. FT-IR
Infrared spectra of the samples quenched at different
RESULTS AND DISCUSSION elapsed times are shownkigure 7. With an increase in the
S elapsed time, the intensity of the bands assignable to crystals
Magnetic birefringence increases for the samples prepared both in and outside the

Figure 5shows the temporal changes of the transmitting magnet.Figure 8 shows the difference spectra in order to
light intensity measured under the crossed polars and theshow clearly the increase in the crystal bands: the spectrum
parallel setting during the crystallization at 285 The of the pressed sample was subtracted from the spectra
decrease in the intensity observed under the parallel settingguenched at the respective elapsed times so that the
is attributed to the scatter of the light caused by the gauche band at 1450 crhdisappears''® The difference
formation of ordered structures including crystallites. The spectrum of the sample quenched at 80 min exhibits the
decrease may also occur due to the rise in orientation alongcrystal bands of the-form (812, 839, 905, 932, 983, 1005,
the direction of the magnetic field, because in the parallel 2908, 2971 and 2990 ci). The trace of bands appearing at
setting the impinging polarizing light and analyser are 921 and 975 cm' indicates the formation of thg-form™®.
inclined by 45 against the magnetic field. On the other The crystal bands at 812, 932 and 2990 ¢rare relatively
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2960 cm* during the induction period seems to support
the increase in the amorphotrans conformation, but the

W data are insufficient to draw a definite conclusion.
As was shown irFigure 5 the onset of the increase in
transmitting light under the crossed polars is located at
m around 15 min in the case of measurement in the magnet.

The azimuthal scan shown fRigure 6 confirms that this
Lo T increase is attributed to the orientation. The results of the
infrared measurements suggest that the magnetic orientation
starts during the induction period or at the end of the
induction period in which no significant crystal growth has
yet is started. This supports the assumption we made in our

% previous work on PEN as well as on isotactic polystyréne
A

(@

Absorbance

that some ordered structuf@sppearing during the induction
period, most probably a liquid—crystalline-like structure
similar to the structure occurring during the cold crystallization
000900 800 of poly(ethylene terephthalal‘g@) are responsible for the
magnetic orientation.

-1
Wavenumbers /cm

Figure 7 FT-IR spectra for the samples heat-treated af@56r various X-ray

elapsed times (min) indicated in the figure, (a) outside the magnet and (b) in Figure 9 shows the X-ray diffraction patterns. The

the magnet samples quenched at 60 min exhibit high crystallinity.
Large peaks at®= 15.6, 23.3 and 27°@re attributed to the
(010), (100) and110) planes of thex-form*!, respectively,

(@ while small peaks at® = 16.4, 18.6 and 25%&re attributed

to the (111), (020) and(242) planes of theg-form®®,
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Figure 8 Difference spectra showing the change in conformation during 10 20 30

the crystallization. The spectrum of the pressed sample was subtracted from

the respective spectra in Figure 8, so that the gauche band at 14%0 cm 20 /degree

dis_appear_s. (_a) Out_side th_e magnet and (b) in the magnet. Elapsed timeﬁ:igure 9 Wide angle X-ray diffraction of the samples heat-treated at

(min) are indicated in the figure 255°C outside (a) and inside (b) the magnet for various elapsed times (min)
indicated in the figure

stronger in the spectrum for the sample quenched in the
magnet than that for the sample quenched outside the
magnet. This is attributed to the orientation of crystals.

Since the crystal bands are not clearly observed for the (010)
samples quenched at 30 min or shorter, the initial period of
crystallization up to 20 or 30 min could be regarded as the (100)

induction period. The X-ray data also supports this, as will

be shown later. The samples quenched during the induction

period (0, 10 and 20 min) exhibit some bands different from

the crystal bands. These bands might reflect some

conformation changes during the induction period, includ- (110)
ing the formation of. the amorphousans conformaﬂpn, 0020030
as was suggested in our previous wdrkn thein situ

FT-IR measurement. However, the bands characteristic of Azimuthal angle / degree

the amorphousrans conformation are not available in the g6 10 x-ray azimuthal scans along the (010), (100) £ba) planes
present work, except the 2960 cmband, because the of the samples heat-treated at 255or 80 min in the magnet. The zero
sample is thick. The appearance of the band aroundazimuthal angle is normal to the direction of the magnetic field

Intensity (cps)
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Figure 11 Change in X-ray azimuthal profile with respect to the heat- Figure 13 Onset timet,, plotted as a function of the inverse of the
treatment time (min) in the magnet supercooling temperature

In Figure 13 the logarithm ofty: is plotted against the
inverse of the supercooling temperatuk& = T,, — T,
where T, is the crystallization temperature and 300is
used for the value of%. A linear dependence oAT s
obtained. However, this does not necessarily meartghat
is an exponential function ciT~*, because the number of
data points is limited and other choices of the abscissa, e.g.
1/(T.AT) or 1/T, also give a linear dependence. In any case,
— the temperature dependencetgf seems to suggest that a
B —T T nucleation proceés is involved in the formation of the

Elapsed time / min ordered structures susceptible to the magnetic field. Further
) o studies are necessary, however, to clarify the mechanism,
Flgu_re 12 Temperature dependence of magnetic birefringence measuredsince little is known so far about the structure formation
at different temperatures - - . -
during the induction period, except the study on poly-
(ethylene terephthalate) during the cold crystallizatfon

Transmitting light intensity (a. u.)

respectively. Since no crystal peaks are observed up to
20 min, this period of the crystallization process is regarded CONCLUSIONS

as the induction period, which is in agreement with the The magnetic orientation of PEN during the crystallization
infrared results. _ at 255C was studied by means of the magnetic bire-
The azimuthal scans for the (010), (100) 4id0) planes fringence, X-ray and infrared measurements. The onset of
of the a-form are displayed ifrigure 1Q The peaks around  tne orientation was observed during the induction period
0, = and 2r indicate that thec-axis is oriented along the  jn which little crystallinity was observed with respect to the
magnetic field.Figure 11 shows the development of the x_ray and infrared measurements. This suggests that some
crystal orientation viewed as the change in the azimuthal orgered structures, most likely liquid—crystalline-like struc-
scan of the (100) peak. The orientation is observed as earlyyyres, are responsible for the magnetic orientation. The
as 30 min. In the present experiment, it is not clear whether jyfrared measurements suggest that the conformation of
the orientation is a result of the orientation of the crystals or these structures is different from the crystalline or
the oriented structures are crystallized in time resulting in amorphous conformations, but the quality of the spectra
the orientation patterns in the X-ray scan. The intensity of a5 not sufficient to draw a definite conclusion. A further
the peak increases with the elapsed time, but the half-width s,y is needed. The orientation of crystallites was observed
seems glmost unchanged..Th|s_ indicates that the.deg_ree ofor the samples quenched after the end of the induction
orientation of the crystallites is not enhanced in time, period. It is not clear whether the observed orientation of
although the amount of the oriented crystallites 'S'ncreased-crystallites is ascribed to the fact that the crystallites
Temperature dependence randomly _oriented when they were forme_d_vx_/ere aligned
; . under the influence of the magnetic field, or if it is a result of
The optical measurements under the crossed polars in thepe crystallization of the aligned structure already formed
magnet were carried out at various temperatures, and theguring the induction period. The crystallites observed at the
results are shown iRigure 12 The onset of the increase in |ater stage of crystallization exhibit the orientation with the
the transmitting light intensity shifts toward shorter elapsed ¢_axjs parallel to the magnetic field.
times with the increase in the supercooling temperatiire
The magnetic orientation at 285 suggests that the increase
observed at other temperatures is associated with the
orientation of some ordered structures. Since a critical REFERENCES
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