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Abstract : The effects of chemical structure on crystallization behavior in poly(ethylene terephthalate
-co- 1,4-cyclohexylene dimethylene terephthalate), P(ET-CT) copolymers were investigated by DSC
analysis. The melting temperature, crystallinity and crystallization rate in the copolymers decreased
with an increase of the copolymer composition. However, the copolymer of 34 mole % CT was obser-
ved not to crystallize. Such crystallization behavior in the random copolymers could be discussed su-
cessfully with the critical crystallizable sequence length based on the averaged sequence. Non-crystal-
lizability of the copolymer containing 34 mol % CT could be explained with its average sequence le-

ngth shorter than the critical crystallizable sequence length.

INTRODUCTION on the crystallization of copolymers 1is available

Much less are crystallization studies on copolymer

Crystallization behavior of pure polymers has system over the entire range of the copolymer com-
been studied widely. In contrast, little information position.!™® A small variation in chemical struc-
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ture, such as the copolymer composition and se-
quence distribution, brings about considerable
changes in crystallization behavior as well as crys-
tal structure in random copolymers. The melting
temperature and the crystallinity sharply decrease
with increasing the composition of comonomer for
the following reasons. The crystallization behavior
in random copolymers is controlled by local crys-
tallization due to fractionation of the crystallizable
sequences. The short sequences can not be invol-
ved in crystallization, whereas the longer crystall:-
zable sequences in major component can crystal-
lize. The shorter is the crystallizable sequences of
repeating units, the lower is the temperature nee-
ded to induce its crystallization from the molten
state. As the temperature is lowered, however, the
chain mobility is increasingly restricted, hindering
the diffusion of crystallizable sequences to crystal-
lization sites.?

Before investigating the effect of chemical struc-
ture on crystallization behavior in random copoly-
mer systems, the chemical structure was investi-
gated. According to previous NMR study,” poly
(ethylene terephthalate -co- 14-cyclohexylene di-
methylene terephthalate), P(ET-CT) copolymers
were characterized as statistically random copoly-
mers, which could be confirmed by ‘diad’ seque-
nce distribution calculated with "C NMR spectra.

In this study, the effect of average copolymer
sequence length on crystallization behavior of ran-
dom P(ET-CT) copolymers is investigated from
the viewpoint of the crystallizable sequence length
over the entire copolymer composition.

EXPERIMENTAL

Samplés. Poly(ethylene terephthalate -co- 1,4-
cyclohexylene dimethylene terephthalate), P(ET-
CT) copolyester samples were used in this study.
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All samples were kindly supplied by Eastman
Kodak and Sun Kyung Industries. The composition
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and average sequence lengths calculated from diad
sequence distribution were obtained previously
with 'H NMR and “C NMR spectroscopies,” and
listed in Table 1.

Samples were dried at 100C. under vacuum for
24 hours, hot-pressed to form a thin film, and
quenched in liquid nitrogen. The isothermally cry-
stallized film samples were obtained by crystalliza-
tion at 180C for 50 minutes. :

Measurements. The measurement of thermal
properties was made using a DSC(Du Pont 900)
at a heating rate of 20C/min: Temperature calibra-
tion was done with indium.

Wide-Angle X-ray Diffractogram(WAXD) was
obtained with a diffractor(Rigaku Rad B) at 40 kV
and 20 mA. Ni-filtered Cu Ka radiation(the wave
length : 0.154 nm) was used.

The degree of crystallinity was determined by
X-ray method, evaluating the contributions of cry-
stalline reflections and amorphous halo separately,
8 and it was also confirmed by DSC method.

RESULTS AND DISCUSSION

Fig. 1 shows DSC thermograms for the quen-
ched samples. The melting temperature(T,.) dec-
reases and the cold crystallization temperature
(T..) increases with an increase of the minor com-
ponent of copolymer. It is interesting to note that

Table 1. The Copolymer Composition and Averaged
Sequence Lengths in P(ET-CT) Copolymer Samples,
Cited from Ref

Composition Inherent Averaged sequence length
(ET/CT) viscosity (Lnye {Lndc {Lwye {Lw)c
PET, 100/0 0.74 - - — —
COP- 95/5 0.80 177 11 294 11
80/20  0.65 4.7 1.3 84 15

66/34  0.75 30 15 49 20

34/66  0.75 16 28 21 45

20/80 0.75 13 45 16 79

PCT, 0/100 0.89 - - - -

*n and w indicate the number-averaged and the weight-avera- -
ged.
** e and ¢ indicate ET and CT repeating units.
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the peaks of T, and T. in COP-(66/34) are not
observed during heating process. The enthalpies of
cold crystallization and fusion can be obtained
from the exothermic and endothermic peak areas,
respectively, and its values are shown in Fig. 2.
These thermal properties can be discussed on the
basis of copolymer sequence length.

The value in Table 1 is plotted again in Fig. 3.
The average sequence lengths for both ET and CT
units become shorter with an increase of minor
copolymer component. The crystallizable sequence
length of random copdlymer can be statistically in-
terpreted in terms of the average sequence length
(<L>). The shorter is the crystallizable sequence
length, the lower are melting temperature and the

ET/CT  0/100

34/66

66/34

dQ/dt

80/20

%

95/5

endo

100/0
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T (C)
Fig. 1. DSC thermograms for quenched samples.
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Fig. 2. Plots of enthalpy against the mole fraction of
CT unit.(@ : cold crystallization, O : melting)
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Fig. 3. Plots of the number-averaged sequence against
the mole fraction of CT units.(@ : ET unit, O : CT
unit)

higher cold crystallization temperature needed to
induce its crystallization from the glass state, as
shown in Fig. 1. The shortened average sequence
length of major component and the increased inte-
rference by minor component give rise to an inc-
reased free energetic barrier during crystallization
process, preventing the major component molecu-
les from rearranging and packing.

According to the X-ray study on P(ET-CT) co-

Polymer (Korea) Vol. 17, No. 6, November 1993



Effect of Chemical Structure on Crystallization Behavior in Random Copolymers

polymer,® the copolymer in the composition range
of 0 to 20 mol% CT makes PET crystal, whereas
the copolymer in the range of 66 to 100 mol % CT
makes PCT crystal. In addition, the critical crystal-
lizable sequence length(£.) of these copolymers
were obtained from the critical crystal core size
along the chain axis with the assumptions({. =1,
=LXX.=mXc, where |, L, X, m and ¢ indicate
the critical crystal core size, long spacing, crystalli-
nity, an integer and repeating unit length, respec-
tively). As the results, four ET units for ET crystal
and three CT units for CT crystal were obtained
on the base of the number-averaged sequence le-
ngth® The dotted area in Fig. 3 corresponds to the
sequences longer than &. Comparing two copoly-
mers containing same copolymer sequence length,
COP-(66/34) with three ET units is noncrystalli-
zable for the sequence length shorter than (=
four ET units), whereas COP-(34/66) with three
CT units is crystallizable for sufficient sequence
length(&, =three CT units). Accordingly, the crys-
tallizability of random copolymers can be discus-
sed successfully with average sequence length. In
addition, the & values based on the weight-avera-
ged sequence length were six ET units for PET
crystal and four CT units for PCT crystal®
However, the investigation of isothermal crysta-
llization should be required for more detailed dis-
cussion, since cold crystallization process is a non-
equilibrium condition. Fig. 4 shows DSC thermo-
grams for the isothermally crystallized samples at
180T for 50 minutes that is enough time to reach
a saturated(or equilibrium) state of the crystalli-
zation. The thermogram of COP-(66/34) is exclu-
ded here, since its shape is as almost same as that
in Fig. 1, showing neither cold crystallization nor
melting peak. No cold crystallization peak is found
for all samples and two melting peaks are obser-
ved, as seen in Fig. 4. The high melting peak is at-
tributed to the crystal formed by the primary crys-
tallization. In contrast, the low and small melting
peak can be associated with melting of the crystal
formed by the secondary crys.talliza‘[ion.9~11 The
low melting peak in polymers is usually observed

EZz|H 41738 A6z 1993 11€Y
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Fig. 4. DSC thermograms for the samples crystallized
isothermally at 180T for 50 minutes.

at about 10T above the isothermal crystallization
temperature, !
secondary crystallization behavior still remains
unknown. This behavior is usually interpreted as

even though exact interpretation of

the melting of ‘fringed micelle type’ crystal’ or of
the crystal formed during crystal perfection pro-
cess.!!

Fig. 5 is the plots of the heat of fusion(a), and the
crystallinity determined by DSC(X.= AH/AH") and
WAXD methods(b), for the samples of Fig. 4. The
heat of fusion for the perfect crystal{ AH®) could
be determined by extrapolation to the perfect cry-
stal density of 1.265 g/fem® for PCT' and 1.515 g/

em® for PET." The extrapolated values are found
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Fig. 5. Plots of the heat of fusion(a), and the crystalli-
nity(b) against the mole fraction of CT unit.

to be 27.75 KJ/mol for PCT and 26.9 KJ/mol for
PET.M In WAXD method, the crystallinity can be
obtained from the relative ratio of crystalline peak
area to the total area observed® The crystalline
peaks and amorphous halo could be separated suc-
cessfully by a fitting program using a Lorentzian
type of diffraction function, as shown in Fig. 6. A
good coincidence between two methods can be ob-
tained.

The copolymer composition dependence of the
crystallinity is very noticeable. If the content of
minor component is higher than about 34 mol %,
the copolymer does not crystallize independent of
the crystallization method. In general, block and
graft copolymers can easily contain crystallizable
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Fig. 6. The separated WAXD curves of PCT. a) amor-
phous halo, b) crystalline reflections.

repeating unit of sufficient sequence length to
build up crystallinity. In contrast, random copoly-
mers show sharp reduction in crystallinity with a
increase of the content of minor copolymer compo-
nent® The crystallinity in random P(ET-CT) co-
polyesters decreases with minor copolymer com-
position and drops to zero around the composition
of 34 mol % CT. Effect of the copolymer compos-
tion on crystallization behavior is also found in cr-
ystallization kinetics. Fig. 7 shows the reciprocal of
the crystallization half time, namely a crystalliza-
tion rate, which was measured from the exother-
mic peak at 180C in DSC thermogram. COP-(66/
34) sample did not crystallize at all.

The crystallinity can also be discussed with the
fraction of copolymer sequences. The fraction of
sequence with the length of ‘'m’ can be calculated
by random copolymer statistics based on a equilib-

rium theory.>~7
Ny(m)=P™1(1-X,) (1)
WA(m):mXPm'l(l—XA)z (2)
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where N, and W, indicate the fractions of the nu-
mber- and the weight-averaged sequence with the
length of m, X, is the mole fraction of A repeating
units. In equation (1) and (2), m=2.

Fig. 8 is the plots of N(m} for ET and CT units
sequences against the sequence length m calcula-
ted with equation (1). The dotted area indicates
the fraction of copolymer sequences longer than
the critical crystallizable sequence length(m =4 for
ET unit, and m=3 for CT unit), as in Fig. 3. This
area can be regarded as the fraction to build up
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Fig. 7. Plots of the reciprocal of the crystallization half
time against the mole fraction of CT unit.
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Fig. 8. Plots of N(m) against the length of sequence.
(e and ¢ indicate ET and CT units)
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the theoretically maximum crystallinity in random
copolymers.’®” To discuss this fraction, a new pa-
rameter needs to be defined for the number- and
weight- averaged sequences as follow

X.°(Ny) =ZN4(m=4 for ET, 3 for CT)/EZN,

(m=2) (3)
X S(Wy)=ZW,(m=6 for CT, 4 for CT)/ZW,
(m=2) (4)

Here, X.° can represent the degree of the maxi-
mum or equilibrium crystallinity in random copol-
ymers, assuming all sequences longer than &
could take part in crystallization. In addition, the
relative crystallinity of copolymer to that of homo-
polymer can be calculated with the experimental
value of AH(copolymer)/AH(homopolymer), and
it can be compared with the value(X.”) calculated
by equations (3) and (4).

Fig. 9 shows X .°(N,), X.°(W,) and the values
of relative crystallinity calculated from the values
of AH in Fig. 5-a. In the composition range of 66
to 100 mol % CT, the relative crystallinity can
reach the values of equation (4). This means that
almost all weight-averaged sequences longer than
&. can be included into the crystalline phase and

, PET PCT
oo
%< 05 | L/
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Fig. 9. Plots of X’ against the mole fraction of CT
unit. (1-X(Wer), 2-X(Ngr), 3-X(Wer), 4-X(Ner),
@-AH./AH;0,)
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build up the crystallinity upto equilibrium value.
According to solid state NMR study,'® the copoly-
mer in the range of 66 to 100 mol % CT makes
isomorphism due to co-crystallization of ET units
and thus the contribution of ET sequences to the
relative crystallinity can also be considered. On
other hand, the relative crystallinity in the range
of 0 to 20 mol % CT is lower than the equilibrium
crystallinity of equation (4). This can be explained
with the fact that CT sequences are almost exclu-
ded from PET crystal.’® However, it is observed
that the crystallinity in random copolymers can be
associated with the weight-averaged sequence ra-
ther than the number-averaged sequence.

CONCLUSION

The effects of chemical structure on crystalliza-
tion behavior in P(ET-CT) copolymers were inve-
stigated by DSC analysis.

In case of the melt-quenched samples, the mel-
ting temperature decreases and the cold crystalli-
zation temperature increases with an increase of
the copolymer composition. The peaks of cold cry-
stallization and melting decrease with the copoly-
mer composition and disappear at the composition
of 34 mol % CT.

The crystallinity and isothermal crystallization
rate at 180C also show similar composition depen-
dence as in cold crystallization behavior. No crys-
tallization of COP-(66/34) could be explained with
the average sequence length shorter than the cri-
tical crystallizable sequence length.

It is confirmed that the relative crystallinity in
random copolymer to its homopolymer is associa-
ted with the weight-averaged sequence rather than
the number-averaged sequence.
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