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Abstract

A new finding is reported on the magnetic orientation of poly(ethylene terephthalate) (PET) in the magnetic field of 6 T. The orient
observed to start during the induction period of isothermal crystallization from melt. This observation is in accord with the observat
we made for the magnetic orientation of other two crystalline polymers, i.e. poly(ethylene-2,6-naphthalate) and isotactic poly
reported in our previous papers. The results obtained in this study is in support of the assumption that some ordered structure for
the induction period is responsible for the magnetic orientation though the detail of this ordered structure is still open to dis
Crystallites formed after a prolonged crystallization time exhibited the orientatioraivikis roughly aligned perpendicular to the magnet
field. This alignment of*-axis is explained in terms of the diamagnetic susceptibility of the aromatic ring in the crystal ofcPER9
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1. Introduction phases and hence are referred to as liquid crystalline p
mers. On the contrary, majority of the crystalline polyme
Liquid crystalline polymers align under magnetic fields, are not classified as liquid crystalline polymers because t
while crystalline polymers in their molten state were consid- do not form liquid crystalline phases in a clear and stal
ered to be unable to align in the magnetic field, except a low manner. However, mesophase [8—10], including liquid cr
degree of alignment due to Cotton—Mouton effect, becausetal and conformationally disordered crystal phases, co
the melts are isotropic and lack in anisotropic domains occur between the isotropic melt and the crystal thou
necessary for the magnetic orientation. There are very fewthey may be unstable and transient. In this view, we co
studies reporting about anisotropic structures in melt in expect that crystalline polymers could undergo magn
connection with the magnetic orientation [1]. However, orientation in general if a magnetic field is applied to t
we have recently reported that poly(ethylene-2,6-naphtha- mesophase which occurs during the crystallization proc
late) (PEN) and isotactic polystyrene (iPS), both are crystal- most likely during the induction period.
line polymers, align under magnetic field during the Formation of liquid-crystalline-like structures in poly
induction period of the crystallization from melts [2-5]. (ethylene terephthalate) (PET) has been reported [11]
In order to explain this phenomenon, we have assumedoccur during the induction period of cold crystallizatio
that some ordered structures are formed during the inductionin addition, our preliminary results [12,13] on PET ha
period of the melt crystallization and they align under the provided evidence supporting the scheme of the magn
magnetic field in a fashion similar to the magnetic orienta- orientation mentioned above. In this paper, we report on
tion of liquid crystalline polymers. Infrared spectroscopic magnetic orientation of PET observed during the melt cr
studies have provided evidence supporting the existence oftallization. The condition of the magnetic orientation a
these ordered structures [6,7]. the analyses of the aligned structures are presented.
The ordered structures which we have assumed to occur
for PEN and iPS do not seem peculiar to these polymers, but )
they might occur in other crystalline polymers in common. 2 Experimental

Some crystalline polymers exhibit stable liquid crystalline i
2.1. Sample preparation

*Corresponding author. Telz+81-426-77-2845; fax:-81-426-77-2821. Pellets of PET(M,, =ca 10000 supplied by Asahi
E-mail addresskimura-tsunehisa@c.metro-u.ac.jp (T. Kimura) Chemical were dried and pressed at Z@@or 5 min and
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Fig. 1. Thermal history applied for the in situ birefringence measurements | 1 | 1 | |
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as well as for the preparation of samples quenched at different points of
crystallization time. The origin of the crystallization time (time zero in the
figure) is taken as the time at which the temperature become¥C250
Experiments were carried out inside as well as outside the magnet (6 T).
For the experiments in the magnet, the magnetic field was applied from the
beginning, before the heating from the room temperature until the comple-
tion of the experiment.

Azimuthal angle / degree

Fig. 3. Optical azimuthal scans for the samples melted &t@@@d crystal-

lized at 250C, followed by quenching at various periods of crystallization
time indicated in the figure. Heat treatment was made in the magnet. Zero
azimuthal angle corresponds to the direction of the magnetic field. Sample
thickness is 20@.m.

allowed to quench in ice water to obtain a pressed film. The

pressed film thus obtained was dried under vacuum for 24 h.transmitting light intensity changes s~ sir?(2¢), giving

The thickness was ca. 50 and 206. The preparation of  maxima at 45, 135, 225 and 31®nabling the detection of
the samples, of which the crystallization was interrupted by the orientation. Herep is the azimuthal angle with respect
quenching at various periods of crystallization time, was to the orientation direction. In situ measurements for the
carried out using 20p.m films in a furnace designed for change in transmitting light intensity under the crossed
the heat treatment in the magnet. The detail of the furnace ispolars were carried out by using p@n films in a home-
reported elsewhere [3]. The heat-treated samples thusbuilt apparatus whose detail is reported elsewhere [4]. The
obtained were subjected to further analyses including the measurements were carried out both in a super conducting

X-ray and optical azimuthal analyses. magnet (6 T) and outside the magnet. The direction of the
magnetic field makes an angle of°4With respect to the
2.2. Wide angle X-ray measurements analyzer. Formation of the anisotropic structure whether

' . . they are aligned uniaxially or distributed randomly is
Wide angle X-ray diffraction (WAXD) measurements getacted by the change in the transmitting light intensity
were carried out by using a MAC Science MXP system ,hcoryeq under the crossed polars. The intensity changes

operated at 40 kV and 250 mA to generate Ni-filtered according tol? ~ sirA(mdArvA), whered, An, and A are
CuKa X-ray beam. the sample thickness, the birefringence, and the wavelength

2.3. Optical measurements of the light, respectively.

An Olympus BH-2 microscope equipped with a photo 2.4. Differential scanning calorimetry

monitor was used for the measurements of the azimuthal pgc measurement was carried out using a SEIKO

angle dependence of the heat-treated samples. By rotatinghgco00 equipped with a thermal analysis system

the sample under the crossed polar condition, the s5c5200H under a dry nitrogen atmosphere. The pressed
film was heated at a heating rate 6C%min. The melting

04 ﬁ o inthe magnet point (T,,), defined as the top of the endpthermic peak was
e & outside the magnet 261°C. Measurements was performed without the magnetic
03 539 field.
z °© 93
2 o ©Oo o) . .
802 5 o8 g 3. Results and discussion
R o | "
01 o ¢ In Fig. 1 is shown the diagram describing the thermal
§ process used both for the birefringence measurements and
for the preparation of the samples, for which the crystal-

60 120 lization was interrupted by quenching at various periods of

Time / min crystallization time. The pressed film sample was heated
Fig. 2. Change in the transmitting light intensity measured under the from the room temperatgre at@min, melted at 27@:
crossed polars during the crystallization at Z5@&fter melting at 274C. for 5 min, cooled at 8/min down to 250C and subjected
Sample thickness is 50m. to the isothermal crystallization.
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but it is opposite in Fig. 2. This discrepancy could be attri
uted to the difference in sample thickness between
sample used in the in situ measurement (Fig. 2) and
sample prepared by quenching (Fig. 3). Even with t
60min same temporal change ibn, the oscillating rate depend
M on the sample thicknesk The samples quenched at 23 a
M 60 min do not clearly exhibit the azimuthal angle depe
N dence, but this does not mean that there is no orientati
M At a later stage of crystallization, the angular depende
. | . R— becomes unclear because of the multiple scattering du
10 20 /QSegree 30 the crystallit_es fc_)rmed. The _scattering_is enhanced bec
the sample is thick (20Am) in comparison to the sampl
Fig. 4. Wide angle X-ray equatorial scans for the samples melted 56270  thickness for the in situ measurements.

and crystallized at 25C, followed by quenching at various periods of Fig. 4 shows the X-ray equatorial diffraction profile
crystallization time i_ndicated in t_he figure. The equatprigl direction corre- gbtained for the same quenched samples as those us
rs]zzgtljss ;%(tg[]:q direction perpendicular to the magnetic field. Sample thick- the optical measurements. No crystallites are formed u
' the crystallization time up to 20 min. This crystallizatio
time is well after the onset time of the increase in the tra
The results of the birefringence measurements are shownmitting light intensity shown in the birefringence measur
in Fig. 2. For the measurement in the magnet, a sinusoidalment (Fig. 2). If we define the induction period o
change of the transmitting light intensity is observed under crystallization as the period in which no crystal formati
the crossed polars. The sinusoidal change is due to theis detected by means of WAXD, we could say that t
increase in An, as indicated by the equatiom® ~ magnetic orientation starts to occur during the inducti
sin’(wdAn/A), caused by a macroscopic orientation. On period. The orientation, therefore, is not due to the cryst
the contrary, the measurement outside the magnet showgdetected by WAXD) but some anisotropic structure form
little change in the transmitting light intensity, indicating prior to the crystallization. However, the possibility of cry:
that no orientation occurs. tallite orientation is not ruled out because the WAXD is n
In order to confirm the magnetic orientation, the optical sensitive to detect small amounts of disordered crystal.
azimuthal scans are carried out for the samples quenched aaddition, the origin of the anisotropic structure is not y
various periods of crystallization time during the same heat fully understood. One possibility of the origin is that th
treatment process as for the birefringence measurementanisotropic structure is formed from purely isotropic m
Fig. 3 indicates that the samples quenched at 10 andin the course of crystallization. Another possibility is th
20 min exhibit the orientation because the intensity change some residual order remains due to the ‘memory effe
obeys the equation)? ~ Asin’(2¢), where ¢ is the even though the sample is heated above the melting p
azimuthal angle with respect to the magnetic field. The Further investigation is under way regarding this point.
amplitudeA is equal to siA(mdAn/A), which is the quantity The orientation of the crystallites at the later stage
observed in Fig. 2. In Fig. 3, the amplitude is larger for the crystallization is observed by means of X-ray azimuth
sample quenched at 10 min than that quenched at 20 min,;scans. Fig. 5 shows the azimuthal scans along the (1
plane for the samples quenched at various crystallizat
times. The samples quenched before 20 min exhibit alm
flat profiles. This is because no crystallites are formed ye
this time period. The samples obtained for 23 and 60 m
which exhibit crystallinity as seen in Fig. 4, clearly show t

23minl azimuthal profile characteristic of orientation.
M In Fig. 6(a), the azimuthal scans along the different pla
— T obtained for the sample heat-treated outside the magne
shown. It is evident that no orientation is observed. In Fi

Intensity

60min

Intensity

10min|

- 3%mn 6(b), the azimuthal scans along the different planes obtai
Orpin for the sample heat-treated in the magnet are shown.

T 360 profile for the (010) plane indicates that tié-axis is
Azimuthal angle / degree aligned parallel to the magnetic field. The profile for t

(100) plane indicates thaf-axis is aligned roughly perpen

Fig. 5. X-ray azimuthal scans along (100) plane of the samples melted at dicular to the magnetic field though the broad peak indica
270°C and crystallized at 25C, followed by quenching at various periods . . P,
that the actual direction o&"-axis is inclined from the

of crystallization time indicated in the figure. The zero azimuthal angle . . : .
corresponds to the equatorial direction when the direction of the magnetic Perpendicular direction to some extent. These observati

field is meridional. on the directions ofa™ and b*-axes with respect to the
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Fig. 6. X-ray azimuthal scans of the samples crystallized af@50r
60 min after melting at 27C. Sample preparation was carried out (a)

outside and (b) inside the magnet (6 T). The zero azimuthal angle corre-

sponds to the equatorial direction when the direction of the magnetic field is
meridional.

magnetic field are consistent with the triclinic crystal form
of PET [14]. Although the azimuthal scans from the edge
and end views were not carried oat;axis is expected to be
distributed symmetrically around thé-axis because of the
axial symmetry of the magnetic field.

The perpendicular (though roughly) orientatiorabfaxis
with respect to the magnetic field could be explained by the
crystal structure of PET [14]. In the crystal of PET, the
direction of a*-axis lies approximately perpendicular to
the plane of the aromatic ring. In the direction of the
axis, the diamagnetic susceptibilityl is expected to be the
largest due to a ring current induced on an aromatic ring in
an external magnetic field. As a resuli;-axis aligns
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ing unit in a single chain is not necessarily the same as that
in the crystal. Finally, conformations in the ordered domain,
which is responsible for the magnetic orientation may be
different from that in the crystal. In this case, the estimation
of the susceptibility should be made not on the basis of the
crystal but on the basis of the ordered structure.

The orientation ofa*-axis is reasonable in view of the
above discussion. In contrast, the parallel orientation of
the b*-axis with respect to the magnetic field is not clearly
explained in a straightforward manner. For better under-
standing, we need full information about three principal
x values of PET crystal. In addition, the knowledge of
x values of the ordered domain is important since the
orientation starts to occur in the induction period, which
might determine the final orientation of the crystals.
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