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The detailed characterization of the phenylene motions in phenylene- deuterated poly(ethylene terephthalate)
(PET) samples has been performed at different temperatures by solid-state ‘H n.mur. spectroscopy. Samples used
are slowly cooled PET, quenched PET, and quenched PET containing 10 wt% bisphenol-A. H spm -lattice
relaxation analyses reveal that there exist three components with different 7', values at each temperature in each
sample, which can be assigned to the crystalline, less mobile noncrystalline, and mobile noncrystalline
components in the order of decreasing 7', value. Using these differences in 7, H n.m.r. spectra of the respective
components are separately recorded, and they are compared to the simulated spectra obtained by the two-site 180°
flip model for the motion of the phenylene group. As a result, it is found that the ?H n.m.r. spectra are successfully
reproduced for the respective components by introducing the individual characteristic log-Gaussian distributions
in the flip rates. Moreover, the mass fractions of the respective components are determined for each PET sample as
a function of temperature. On the basis of these results, the features of the phenylene motions are discussed,
particularly in the noncrystalline regions. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is one of the most
important plastics in chemical industries because of its
extensive use for bottles, fibres, films, and different parts of
machines. In such wide uses PET may be indebted to the
excellent properties for transparency, gas barrier ability,
thermal expansion coefficient, flatness and so on, but many
efforts are still being made to improve the physical
properties for a higher performance material.

To gain a clue for further improvement of the physical
properties of this polymer, it is necessary to study the solid-
state structure and molecular motions in detail. Previously
'H and "*C n.m.r. have been used to assess the nature of the
molecular motions for PET'~’. For example, reonentauons
of the ethylene and phenylene groups were 1nvest1gated
and four separate motional processes were distinguished?;
rapid small angular fluctuations, a slower motion that is
unique to the ethylene groups (probably trans—gauche
isomerization), a specific motion of the phenylene ring
(possible flipping), and an almost effectively isotropic
reorientation of some amorphous polymer segments.
Furthermore, it was found that the phenylene flip motion
starts at room temperature’ and its isotropic motion also
becomes possrble at lower temperatures than that of the
ethylene group

Solid-state *H n.m.r. spectroscopy is well suited for
determining modes and frequencies of local molecular
motions of different components included in solid polymers,
because this technique has a number of advantages. First,
the sample can be selectively deuterated so that specific sites
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of interest are observed. Second, the quadrupole interaction
between the spin / = 1 deuterium nucleus and the electric
field gradient of the C-D bond dominates the spectrum.
Third, the shape of the quadrupole spectra are sensitive to
orientation in the sample and to molecular motion involving
the C-D bond. For example, prev10us investigations show
that poly(butylene terephthalate)® contains three distinct
motional regimes consisting of the crystalline, intermediate
mobility, and amorphous regions: the phenylene rings
undergo, respectively, slow 180° flip motions or more
rapid 180° flips superimposed on rapid librational motion in
the inter-phase or amorphous regron whereas those rings
are static in the crystalline region on the H n.m.r. time
scale. It is also found that in PET the phenylene flip motion
begins well below the glass transition temperature while the
trans—gauche jump motion of the ethylene units is still
restricted at that temperature .

However, molecular motions of the respective phases of
solid polymers are not always described by a single
correlation time for a single type of motion. The molecular
dynamics of nylon 66 was extensively characterized by *H
nm.r. line shape analysis combined with spin-lattice
relaxation experiments and wide distributions of angles of
librational motions were determined for the constituent
methylene carbons in the crystalline and noncrystalline
regions'™!!. On the other hand, distributions of correlation
times or flip angles were found for the phenylene ﬂrp motion
in bisphenol-A polycarbonate by H n.mur. spectra'®! 2 or
C chemical shift anisotropy'* analyses.

Compared with cases of nylon 66 and polycarbonate PET
has not been characterized in detail by *H n.m.r. despite the
importance of this material as described above. In this paper
we present a detailed investigation of the phenylene flip
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motion in pamally deuterated semicrystalline PET
samples by a “H n.m.r. line shape analysis. Distributions
of correlation times in the crystalline and noncrystalline
regions can be separated by using differences in spin-lattice
relaxation times. This analytical method is applied for the
characterization of the phenylene motion in PET samples
prepared under different conditions.

EXPERIMENTAL SECTION

Samples

Phenylene-ring deuterated PET was synthesized as
follows: deuterated terephthalic acid (0.1 mol) and ethylene
glycol (1.0 mol) were directly reacted in a flask at 200~
230°C for about 5 h in a N, atmosphere. Next the system
was evacuated at 200-230°C for 5 h and then kept at 270°C
in vacuo for about 3 h. The product was extracted with
hexafluoroisopropanol for purification, and dried in vacuo at
60°C for about 9 h. The viscosity-average molecular weight
of this sample was estimated to be 7700 by using phenol/
1,1,2,2-tetrachloroethane (60/40 wt. ratio) as solvent.

A part of the PET sample thus obtained was pressed into
films with a thickness of about 200 nm at room temperature
after pouring the sample melted at 280°C into a mould left at
room temperature. This specimen is referred to as quenched
PET film (QCD) hereafter, although the degree of crystal-
linity estimated by wide-angle X-ray diffractometry is as
high as about 0.20, as described later, because of insufficient
quenching. In contrast, slowly cooled PET films (SCD)
were pressed at 280°C in the melted state and then cooled to
room temperature spontaneously. Other quenched PET
films containing bisphenol-A (QBPA) were prepared in a
similar way to the case of QCD for the PET sample mixed
with 10 wt% bisphenol-A at 280°C.

2Ii n.m.r. measurements

Solid-state “H n.m.r. measurements were performed on a
JEOL JNM- GX4OO spectrometer equipped with a JEOL
variable temperature “H n.m.r. probe operating at 61.25 MHz
under a static magnetic field of 9.4 T. Fully relaxed spectra
were acquired with a standard quadrupolar echo pulse
sequence, where the #/2 pulse width and the delay time
were 3.1 and 20 us, respectively. Spin-lattice relaxation
behaviour was measured at each temperature by the saturation
recovery method to separate the contributions from the
crystalline and noncrystalline regions. The temperatures of
samples were calibrated by using a thermocouple

Simulations of *H n.m.r. spectra

Simulated “H n.m.r. spectra were obtained on a Stella
Serge computer by the program orrgmally prepared using
the two-site exchange model'*~'®. The asymmetric para-
meter 5 of the phenylene ring was determined to be 0.03
according to the method previously reported'’, The
simulated spectra were corrected for the effects of pulse
power fall-off'® and for the effects of motlons that occur
during the quadrupolar echo delay time'®

RESULTS AND DISCUSSION

It has been found by d.s.c. and wide-angle X-ray diffraction
measurements that each sample contains the crystalline
component, although the degree of crystallinity depends on
the preparation condition of each sample. Therefore, the *H

n.m.r. spin-lattice relaxation process has been measured by
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Figure 1 “H spin-lattice relaxation recovery process obtained by the
saturation recovery method for QCD at 25°C. Open circles are experimental
data. The thick solid line is the composite line obtained by the least-squares
method for the three components with different T, values, which are
indicated as thin solid lines

the saturation recovery method to discriminate between the
contributions from the crystalline and noncrystalline
regions. Figure | shows the saturation recovery process
measured for QCD at 25°C, where the peak intensity at
+15.5 kHz from the resonance center is plotted against the
time for relaxation. Since this recovery curve is not
described in terms of a single exponential relaxation, we
assume the existence of three components of different T
values (T, T1m, T1s). In this case the magnetization M(¢) at
time ¢ should be expressed as follows;

M(1) = Mgy[1 — exp( — t/Ts)] + Mol 1 — exp( — t/T )]

+ M o[1 —exp(—#/T;)] n

where Mgy, My and My are the equilibrium magnetizations
of the components with short, medium and long 7, values,
respectively. The simulated curve of equation (1), which is
shown by a thick solid curve in Figure 1, is in good accord
with the experimental data. As a result, the three 7', values are
determined as follows; Ts = 0.051s, T\ = 0.99s, T} =
14 s. Almost the same T, values were also obtained by the
same analysis for the spin-lattice relaxation processes of
the peak intensity at = 64 kHz from the resonance centre.
On the basis of this fact, it is assumed that the anisotropy in 7
may be negligibly small compared to the ratios between the
respective T values. Here, it is also assumed for a similar
reason that there may be no significant effect of the spin
diffusion on the T’ analysis, particularly on the spectral edit-
ing of the different 7') components which will be described
below.

Using the same method, two or three T; values have
been obtained for each sample from —30 to 130°C,
which are plotted against the inverse absolute temperature
in Figure 2. The respective T values clearly decrease with
increasing temperature for each sample. This trend suggests
that the longer T, values are associated with less mobility;
thus we simply assign the components with short, medium
and long 7| values to the mobile noncrystalline, less mobile
noncrystailine, and crystalline components, respectively.
This assignment will be conﬁrmed later through the line
shape analysis of the respective “H n.m.r. spectra.

With the use of such a large difference in 7', we separate
the total spectrum into the respective contributions as
follows: According to equation (1), the magnetization at
time ¢, is expressed as the following equation, when ¢, is five
times longer than Ty

M(t,) = Mgy + Mo +Mp[l —exp(—1,/Ty1)]  (2)
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Figure 2 Temperature dependences of the spin-lattice relaxation times
(Ty) for the three components; A, QCD: O, SCD; O, QBPA

Similarly the magnetization at time ¢, is
M(ty) = Mso + Myo + My o[l —exp(— /Ty )] (3)

where it is assumed that t, > t, > 5T u.

By subtracting equation (3) from equation (2), the
magnetization M, of the component with T, which
corresponds to the spectrum of the crystalline component,
is given by

M =M(t,) — M(t,) = Miglexp( — £,/T\1.) — exp( — /T )]
“4)

For the purpose of separating the contributions of the com-
ponents with 7y and T s, we need another magnetization at
time ¢, described as

M(t.) = Mgy + Mpoll — exp(—1./Tyy)
+ Myl —exp( —£/T))] (5)

where f,, > t. > 5T 5. Then, by using equation (2), equation
(3), and equation (5), we can separately obtain the magne-
tizations, M, and M, for the components with 7'y and Ts,
which correspond to the spectra of the less mobile and
mobile noncrystalline components, respectively, as follows:

My =B-M(1,) + (A — B)-M(t) — A-M(1,) =AC-My,  (6)
Mg = — (BD + CE)-M(t,) + [CE — (A — BYD]-M(1,)

+A(C+ DyM(t.) =AC-Mg, (7)
Here,
A=exp(—t/T\L) — exp(— 1,/T 1) (8)

B=exp(—1,/T\.) —exp(—t./T)..)
C=exp(—1./T\n)
D=1- exp( — tC/T]M)

E=1—exp(—tJT\.)

In real cases, however, the signal/noise ratios were seriously
low for the less mobile component in each sample at differ-
ent temperatures. Accordingly, the spectra of the total non-
crystalline component My are obtained by the following
equation instead of My

My =[(A — F)IA}M(t,) + (FIA)-M(t,) = Mgy + My (9)

where,
F=1—exp(—1,/T\) (10)

The spectra of the crystalline component obtained for
QCD at 25-130°C by the subtraction based on equation (4)
are shown in Figure 3. These spectra are almost unchanged
in line shape with increasing temperature and resemble the
rigid Pake pattern, suggesting that the phenylene motion is
hindered in this temperature range. Since this fact reflects
one of features of the crystalline component, the method of
spectral separation seems to be supported in that a
population of chains with low mobility is identified as the
crystalline component.

Figure 4 shows the ’H n.m.r. spectra of the crystalline,
total noncrystalline, and mobile noncrystalline components
obtained by the method described above for QCD at 25°C.
The corresponding simulated spectra are also shown in this
figure. Here, a log-Gaussian distribution in the flip rate is
assumed for the two-site phenylene flip motion in each
component, where the flip angle is fixed to 180°. A
satisfactory good fit is obtained using the least-squares
method for the crystalline and mobile noncrystalline
components by assuming a monomodal distribution for
the flip rate. It should be noted here that the frequency
distribution for the crystalline component seemingly covers
the region below the siow limit (~900 Hz) of the molecular
motion for H n.m.r. line shapes owing to the assumption of
the log-Gaussian distribution. Namely only a small amount
of the crystalline component with frequencies higher than
the slow limit contributes to the change in line shape from
the rigid Pake pattern. As for the total noncrystalline
component, a bimodal log-Gaussian distribution, incorpor-
ating both the contribution from the mobile noncrystalline
component and the additional contribution from the less
mobile noncrystalline component, is required in order to
obtain good fit. Finally the total spectrum can be success-
fully reproduced by adding the crystalline and noncrystal-
line contributions in an appropriate ratio. The mass fractions
of the respective components are determined as the
integrated fractions of the corresponding distributions.

Figures 5-7 show observed and simulated spectra
obtained at different temperatures for QCD, SCD, and
QBPA, respectively. Log-Gaussian distributions of the flip
rate for the three components, which are obtained as a result
of the spectral simulations. are also shown at each
temperature in these figures. It is found that the simulated
spectra agree well with the observed spectra for these
samples at the respective temperatures except for the results
at 130°C. At lower temperatures, as seen in Figures 6 and 7,
the crystalline and less mobile noncrystalline components
are superposed with each other in the distribution of the flip
rate. However, a small amount of the mobile noncrystalline
component still exists, with a wide distribution of the flip
rate even at —30°C. With increasing temperature, the
average flip rate, which is defined as a peak value in the
distribution function, shifts to a higher frequency side for
the less mobile component and the distribution becomes
broader for each sample.

As for the mobile noncrystalline component, the average
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Figure 3 “H n.m.r. spectra of the crystalline component for QCD at different temperatures
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Figure 4 Observed and simulated “H n.m.r. spectra for QCD at 25°C. (a,e) Crystalline; (b,f) mobile noncrystalline; (c,g) total noncrystalline; (d,h) total. The
distributions of the rate of 180° flip motion are also shown in the respective cases on the right side of this figure
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Figure 5 Total observed and simulated “H n.m.r. spectra for QCD at different temperatures

flip rate also becomes higher with increasing temperature,
but the width of the distribution becomes narrower. More
drastic changes in the average flip rate and the distribution
are recognized above 110 or 130°C; a much narrower
distribution with a much higher average value appears for
each sample. Moreover, an additional very sharp line, which
is described by a Lorentzian curve, appears at the resonance
centre at 130°C for each sample. This fact suggests the onset
of the isotropic motion of the phenylene rings, because
lower molecular weight compounds to possibly contribute
to the sharp line may have been removed by the solvent
extraction as described in the Experimental Section. Such a
drastic change of the noncrystalline component may be
associated with the glass-transition phenomenon detected
through the motion of the phenylene rings. All these
changes in line shape with temperature are found to be
reversible except for the case of QCD, where an annealing
effect appears as the increase in crystallinity during n.m.r.
measurements at higher temperatures, as described later. It
should be also noted here that the observed spectra for the
mobile noncrystalline component are somewhat different in
line shape at 130°C from the simulated spectra; in particular,
the central contribution due to this component shown in
Figure 5 is significantly narrower than in the simulated
spectrum. This may suggest the onset of the additional
fluctuation of the flip axis of the phenylene ring.

Average correlation times 7 for the flip motion, which
are obtained as inverse values of the average flip rates, are

plotted against the inverse absolute temperature in Figure 8
for the mobile and less mobile noncrystalline components in
the respective samples. Here, the so-called slow and fast
limits are also shown as broken lines, between which the
line shape of the *H n.m.r. spectrum is significantly changed
depending on the correlation time. Although some average
correlation times for the less mobile component are greater
than the slow limit, those values were able to be determined
because some of the correlation times in their log-Gaussian
distribution are less than the slow limit. These plots are not
well described in terms of Arrhenius-type exponential
functions 7 = 7y exp(AE/RT), but we estimate the activation
energy for the flip motion from the slopes in the higher
temperature side; AE = 77, 50, and 46 kJ/mol for the less
mobile noncrystalline components and AE = 40, 24, and
40 kJ/mol for the mobile noncrystalline components in
SCD, QCD, and QBPA, respectively. Since some parts of
the two noncrystalline regions are interchangeable with
each other depending on temperature, AE values for both
components should be underestimated under this circum-
stance. Moreover, the increase of the degree of crystallinity
by annealing may affect the AE value for QCD. Never-
theless, the order of AE values seems reasonable compared
to reported values of 30—62 kl/mol for phenylene motions
in different BPA polycarbonates'?.

It should be noted here that the less mobile and mobile
noncrystalline components can be successfully discrimi-
nated by the difference in flip rate. As described above,
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Figure 6 Total observed and simulated *H n.m.r. spectra for SCD at different temperatures

these two components were originally separated by using
the difference in 7'; which is sensitive to the molecular
motion of the order of 10® Hz. It is found from Figure 8 that
there is also a marked difference of 100—-1000 Hz in flip
frequency of the order of 10°~10 Hz between the two
components. As for the content of each component,
significant differences in the average correlation times for
the less mobile noncrystalline component exist among the
three samples. In particular, these values of QBPA are
significantly longer than those of QCD, suggesting the
higher hindrance of the phenylene motion in QBPA. Such
low molecular mobility in QBPA may be due to the effect of
the addition of BPA. When some amount of BPA is added in
the preparation process of PET films, the gas barrier ability
of the films is found to be much improvedzo. This will be
closely associated to the low molecular mobility of the
phenylene groups induced by the addition of BPA. A similar
but smaller reduction of mobility is also recognized for the
mobile noncrystalline component. On the other hand, the
large temperature coefficient for the average correlation
time, which corresponds to the larger activation energy, for
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the less mobile noncrystalline component of SCD is not
clearly understood at present, but it may be associated with a
less restricted chain conformation in the noncrystalline
region for SCD, where the well phase-separated structure
may be produced. This presumption is simply based on
more enhancement in molecular mobility with increasing
temperature for SCD.

Figure 9 shows mass fractions of the respective
components at different temperatures for each sample,
obtained by the H n.m.r. analysis described above. It is
found that the crystalline, less mobile noncrystalline and
mobile noncrystalline components exist in these samples at
this temperature range. Although the mass fraction of the
crystalline component slightly increases in QCD with
increasing temperature, this value stays almost constant
for SCD and QBPA. This result confirms the assignment
that the longest 7', component is the crystalline component.
Moreover, it is suggested that some additional
crystallization will be induced for QCD during n.m.r.
measurements at higher temperatures. The degrees of
crystallinity, which are defined as mass fraction of the
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Figure 9 Mass fractions of the respective components in QCD, SCD and
QBPA at different temperatures obtained by the “H n.m.r. analysis

crystalline component at 25°C are 0.23, 0.47, and 0.31 for
QCD, SCD, and QBPA, respectively. These values are in
good accord with the degrees of crystallinities estimated by
wide-angle X-ray diffractometry; 0.20 for QCD, 0.50 for
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SCD, and 0.30 for QBPA. Such a remarkable decrease in
crystallinity in QCD is due to the quenching effect of this
sample. In contrast, QBPA has a significantly higher degree
of crystallinity compared to QCD, although QBPA was
prepared under the same conditions as for QCD. This result
suggests that the addition of bisphenol-A may promote the
crystallization of PET, probably by the increase of the
growth rate due to the enhanced diffusion of PET segments.
Higher T, values at higher temperatures for the crystalline
component of QBPA, which are shown in Figure 2, may
also indicate the production of more stable, larger-size
crystallites in QBPA.

As for the less mobile and mobile noncrystalline
components, their mass fractions markedly depend on the
measurement temperature in these samples; some parts of
the components are interchangeable as a result of the
increase or the decrease in molecular mobility. At
temperatures lower than —30°C the phenylene motion will
be greatly hindered, leading to no discrimination between
these two components. With increasing temperature,
however, the phenylene groups belonging to segments
with rather randomised conformation may start to contribute
the mobile noncrystalline components. Therefore, the
region close to the crystalline region will form the less
mobile noncrystalline component, which may correspond to
the interfacial region between the crystalline and amorphous
regions. However, the detailed structure should be char-
acterised by using spin diffusion measurements ' 2*, When
the temperature increases further up to 110 or 130°C, the
component with rubber-like mobility appears in SCD and
QBPA. This component can be really assigned to the
component with the random conformation with high
mobility.

Finally, it should be noted that the fraction of the
component with rubber-like mobility is highest for QBPA at
130°C. This result is in significant contrast to the lowest
molecular mobility of the noncrystalline regions at lower
temperatures as shown on QBPA in Figure 8. It may be
reasonably concluded, therefore, that BPA plays a role as
plasticizer above T, probably owing to the rapid phenylene
flip motion, whereas it should be an antiplasticizer below T,
due to the existence of the bulky phenylene rings with
limited molecular mobility. As for further discussion of the
effect of BPA, it should be necessary to characterise the
mixing state of BPA with noncrystalline PET segments.

CONCLUSIONS

Detailed “H n.m.r. analysis has been carried out for different
phenylene-deuterated PET samples at a wide range of
temperatures to characterise the phenylene motions in
different regions included, and the following conclusions
have been obtained.

(1) *H spin-lattice relaxation processes are described in
terms of three components with different T, values at —
30-130°C in slowly cooled PET, quenched PET, and
quenched PET containing 10 wt% bisphenol-A. These three
components are assigned to the crystalline, less mobile
noncrystalline, and mobile noncrystalline components in the
order of decreasing 7| value.

(2) By considering the T, relaxation process, some
equations for the magnetizations are derived as functions of
the time for relaxation to separately record *H n.m.r. spectra
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of the respective components. According to these equations
the total “H n.m.r. spectra are successfully resolved into the
crystalline, total noncrystalline, and mobile noncrystalline
components at different temperatures for each sample.

(3) *H n.m.r. spectra thus obtained for the respective
components are in good accord with the spectra simulated
with the two-site 180° flip model by introducing log-
Gaussian distributions in flip rate which reflect the
characteristic phenylene motions in the respective compo-
nents.

(4) Average correlation times of the flip motions and
mass fractions, which are both obtained by the above
simulation of the H n.m.r. spectra, are shown for the
respective components as a function of temperature in each
sample. On the basis of these results, it is found that the less
mobile and mobile noncrystalline components, which are
different in flip frequency by 100-1000 Hz, are signifi-
cantly changed in mass fraction and flip frequency
depending on the PET samples.

(5) BPA is effective as plasticizer of PET above T,,
probably owing to the rapid phenylene flip motion, whereas
it plays a role as antiplasticizer below T, due to the hindered
flip motion.
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