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ABSTRACT The microstructure and dynamics of liquid crystalline Copolymers of p-hydroxybenzoic acid 
(HBA) and ethylene terephthalate (ETP) were investigated by proton and l9C solid-state NMR spectroscopy. 
The HBAIETP 80120 (80 mol ?6 HBA) copolymer contains poly(HBA)-like crystallites with a mass fraction 
of 4-7 ?6 and a smallest linear dimension of about 80A. The dominant crystal structures in HBA/ETP 60140 
(60 mol % HBA) have a similar mass fraction but resemble poly(ethy1ene terephthalate) crystallites. NMR 
spin-lock relaxation indicates cooperative motion in both copolymers above 130 "C involving small angular 
fluctuations of the local polymer chain axis about the local nematic director. A minority 'rigid" component 
in HBAIETP 80120, which is 22-28% abundant a t  150 "C and about 15% abundant a t  290 "C, does not 
exhibit cooperative motion. HBA/ETP 60140 displays similar behavior. Static l9C NMR line shapes indicate 
that aromatic rings exhibit free rotation about the polymer chain axis within the component that exhibits 
cooperative motion, while aromatic rings exhibit small-angle (- 20") fluctuations about their substituted axes 
in the rigid component. '9C MAS NMR shows that the compositions of the rigid components in both copolymers 
above 130 "C are nearly the same as the bulk compositions. The observed behavior is consistent with the 
presence of nonperiodic layer crystallites. 

Introduction 
Random copolymers of p-hydroxybenzoic acid (HBA) 

and ethylene terephthalate (ETP) have received much 
attention because they exhibit a nematic liquid crystalline 
phase upon melting. The microstructuure of HBA/ETP 
copolymers has been studied extensively by calorimetry,' 

m i c r o ~ c o p y , ~ ~ ~  chemical etching,6 dielectric 
spectro~copy,B*~ and nuclear magnetic resonance (NMR) 
spectroscopy.&l2 Although there is not complete agree- 
ment, the general consensus is that HBA/ETP copolymers 
exhibit a complex microstructure as evidenced by the 
presence of two glass transitions,' a spatially heterogeneous 
HBA monomer concentrat i~n,~-~ and homopolymer-like 
~ r y s t a l l i t e s . ~ ~ J ~  It is likely that these microstructural 
features play a significant role in the complex melt rheo- 
logical behavior of HBA/ETP , copolymers, including 
viscosity power law behavior that persists over more than 
eight decades of shear rate and reversible transient growth 
of the storage modulus.*4 This paper presents an inves- 
tigation into the microstructure of HBA/ETP copolymers 
by means of solid-state NMR spectroscopy. In particular, 
two issues are addressed the nature of crystallites in HBA/ 
ETP copolymers and the nature and spatial heterogeneity 
of molecular motion associated with the glass transitions. 
HBA/ETP 80/20 and HBA/ETP 60/40 (80 and 60 mol 
5% HBA, respectively) were studied. The 80/20 compo- 
sition is fully nematic in the melt, while the 60140 
composition contains isotropic material.gJOJ5 Proton spin- 
lock relaxation was used t o  characterize slow (mid-kilohertz 
frequency) molecular motion. Proton and 13C spectra were 
used to determine chemical structure and molecular 
dynamics, and proton spin diffusion was used to measure 
microstructural geometry. 

Experimental Section 
Materials. HBA/ETP 80/20 and HBA/ETP 60/40 polymer 

samples were provided by Tennessee Eastman Co. in the form 

* To whom correspondence should be addressed. 
t Present address: AT&T Bell Laboratories, 600 Mountain Ave., 

Murray Hill, NJ 07974. 

of extruded pellets and flakes. Polymer samples were dried under 
vacuum at 130 "C for approximately 2 days and then flame- 
sealed under vacuum in Pyrex NMR tubes. Most experiments 
were performed on polymer samples as received from Tennessee 
Eastman (extruded from the melt). Experiments were also 
performed on polymer samples that were heated to the melt (310 
"C for HBAIETP 80120 and 250 "C for HBAIETP 60140) and 
then either slowly cooled (5  or 10 "Clmin) on a Mettler FP82 
programmable hot stage or quenched in liquid nitrogen. The 
melt temperatures were chosen to be well-above reported melt 
transitions.' 

NMR Experiments. All NMR experiments, except l9C magic 
angle spinning experiments, were performed on a home-built 
180-MHz NMR spectrometer. Proton free induction decays 
(FIDs) were collected after a 1-2-ps excitation pulse. Presumably 
because of molecular motion, solid-echo experiments resulted in 
much line-shape distortion, and so FIDs were collected imme- 
diately after an excitation pulse and the initial FID data lost due 
to the 7-9-m spectrometer recovery time were reconstructed by 
an extrapolation of a polynomial fit to the undistorted portion 
of the FID.15 Spin-lock relaxation experiments were performed 
by application of a resonant spin-lock field (typically 5 or 10 G )  
phase shifted 90" from the excitation pulse. Relaxation of 
transverse magnetization was monitored by measuring the FID 
amplitude after various spin-lock times, and a weighted least- 
squares minimization routine was used to fit the spin-lock 
relaxation data to a single-exponential decay or sum of two 
exponential decays in order to determine 7'1, values. All spin- 
lock relaxation experiments performed with a 5-G field strength 
were repeated ueing a 10-G field strength as a precaution against 
anomalous behavior due to local dipolar field effects. The 
relaxation behavior at the two field strengths was always very 
similar. In addition, the proton line shape as a function of spin- 
lock time was monitored to ensure that the observed nonexpo- 
nential relaxation behavior was not due to anisotropy in TI,. In 
all cases, there was no significant change in the proton line shape 
with spin-lock time beyond some broadening, and this was caused 
by increased rigidity of the long-7'1, component. 

Spin-diffusion experiments involved three steps: preparation, 
diffusion, and detection. In the preparation step, transverse 
proton magnetization was created by a u/2 pulse and then spin- 
locked for 12 ms in order to eliminate the magnetization in the 
short-TlP component of the sample, after which the magnetization 
was rotated back to the magnetic field axis by another ir12 pulse. 
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Figure 1. Free induction decay intensity as a function of the 
spin-lock time for HBA/ETP 80/20 at 24 O C .  The solid line is 
a best fit of the data based upon a two-exponential decay. 
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Table I 
Best-Fit Parameters for Spin-Lock Relaxation of Protons 

in HBA/ETP S0/20 and 60/40 

The diffusion step was merely a delay of time Td in which spin 
energy was allowed to diffuse acroea spin energy gradients. 
Finally, in the detection step, magnetization was rotated back to 
the transverse plane, and the spin-lock relaxation behavior was 
measured by detection of the FID after several spin-lock times. 
Reemergence of a short-Tl,, signal indicated the occurrence of 
spin diffusion. 

Nonspinning 'Bc FID signals were collected after cross- 
polarization with protons for 2 ma. The Hartmann-Hahn 
frequency and proton-decouple frequency were 21 kHz. lSC 
spectra of the long proton TI,, components were collected by 
proton spin-lock relaxation followed by cross-polarization and 
detection of the l9C signal; in each case the spin-lock relaxation 
time was chosen so that the short-Tl,, proton magnetization was 
insignificant at the end of the spin-lock. 

A home-built heater surrounding the NMR probe sample 
solenoid was ueed for elevated-temperature studies. The heater 
element consisted of nichrome wire windings inside a layer of 
heat-treated Fiberfrax insulation. Care was taken to minimize 
the mutual inductance between the NMR solenoid and the ni- 
chrome wire windings. Design details can be found in ref 15. To 
avoid interference from the magnetic field emanating from the 
heater current, the heater current was interrupted during and 
50-ma prior to pulse sequences and signal detection. 

Room temperature 1% crose-polarization (CP) magic angle 
spinning (MAS) NMR experiments were performed on the 
University of California College of Chemistry's home-built 180- 
MHz NMR spectrometer with a Nicolet data station. It was 
equipped with a Doty double-resonance MAS probe. The cross- 
polarization time was 1 ma, and the Hartmann-Hahn frequency 
and proton-decouple frequency were 40 kHz. Elevated-temper- 
ature l*C CP MAS NMR was performed by Dr. Grant Haddix 
at Shell Development Corp., Westhollow Research Center using 
a 200-MHz spectrometer. lBC spectra were collected after a 1-3- 
me crose-polarization with protons. The Hartmann-Hahn and 
proton-decouple frequencies were 50 kHz. The proton spin-lock 
field strengths were adjusted to match those of prior proton spin- 
lock relaxation experiments. In this way, the results from the 
various spectrometers could be related. 

Investigation of Crystallites. Experiments and 
Results 

Proton Spin-Lock Relaxation and W MAS NMR. 
The spin-lock relaxation behavior of protons in HBA/ 
ETP 80/20 is described well by a sum of two exponential 
decays; the long-7'1, component is typically between 4 and 
7% (Figure 1 and Table I). The proton line shape of the 
long-Tl, component is slightly broader than the line shape 
of the total polymer sample (Figure 2). With an increase 
in temperature from 24 to 125 "C, the line shape from the 
total polymer sample narrowed significantly so that a 
doublet character is apparent. The doublet character 
results from the strong dipolar couplings between neigh- 
boring protons on aromatic rings. At room temperature 

short  TI^, ma long  TI^, ma lona-T1. fraction 
HBA/ETP 84/20 1.4 33 5%0 
HBA/ETP 60140 1.6 15 5 % b  

a Typical value between 4 and 7 % . b Typical value between 4 and 
5%. 
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Figure 2. Total and long-Tl, proton line shapes of HBA/ETP 
80 20 at (a) 24 "C and (b) 125 "C. The long-TI,, line shapes were 

short-Tb magnetization. The dipolar interaction between nearest- 
neighbor aromatic protons gives rise to the doublet character, 
which becomes clear at 125 "C where molecular motion reduces 
the intermolecular interactions. The small narrow peak in the 
long-Tl, line shape at 24 "C is probable due to a mobile impurity 
such as residual water or monomer. 

co il ected after spin locking for sufficient time to suppress the 

this doublet is broadened by intermolecular and other 
intramolecular dipolar couplings, while at 125 "C aromatic 
ring motion is sufficient to greatly reduce these couplings. 
The long-7'1, line shape, on the other hand, still exhibits 
strong intermolecular couplings at 125 "C, and so this 
component is more rigid than the rest of the polymer. 
Figure 3 shows 13C spectra of (a) the entire polymer sample 
and (b) the long proton 7'1, component. The similarity 
between the long-7'1, spectrum and the spectrum of poly- 
(HBA) (Figure 3c) indicates that the long-7'1, component 
is rich in the HBA monomer. The sharp lines of the long- 
7'1, spectrum are indicative of either regions of high mo- 
lecular mobility or a more uniform environment than the 
surrounding liquid crystal glass environment, i.e., a 
crystalline phase. The broadness of the long-7'1, proton 
line shapes indicates the latter. Therefore, the long-7'1, 
component of HBA/ETP 80/20 is poly(HBA)-like crys- 
tallites. 

The spin-lock relaxation behavior of protons in HBA/ 
ETP 60/40 was also described well by a sum of two 
exponential decays; best-fit parameters are shown in Table 
I. The proton line shapes were also very similar to the line 
shapes of HBA/ETP 80/20. The bulk and long proton 
7'1, 13C spectra of as-received HBA/ETP 60/40 are shown 
in Figure 4. The long proton 7'1, 13C spectrum for this 
composition matches the 13C spectrum of poly(ethy1ene 
terephthalate) (PET) shown in Figure 4c. The aliphatic 
carbon peak of PET can be divided into a sharp peak at 
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Figure 3. 19C CP MAS spectra of (a) HBA/ETP 80/20, (b) the 
long-Tl, component of HBA/PET 80/20, and (c) poly(HBA). 
The latter is taken from ref 25. Peak assignments are indicated 
by the circled numbers and the chart to the left. Asterisks indicate 
spinning sidebands. 

250 2 0 0  1 5 0  1 0 0  5'0 0 ppm 
6 (ppm f rom TMS)  

Figure 4. lac CP MAS spectra of (a) HBA/ETP 60/40, (b) the 
long-Tl, component of HBA/ETP 60/40, and (c) PET. Peak 
assignments are indicated by the circled numbers and the chart 
in Figure 3. Asterisks indicate spinning sidebands. A 5X 
expansion of the region containing the aliphatic peak in the long- 
TlP and PET spectra is shown to allow detailed comparison. 
61.5 ppm emanating from ethylene units in the all-trans 
conformation and a broader upfield shoulder from gauche 
conformations.16 The aliphatic peak at  62 ppm of the 
long-Tlp component of HBA/ETP 60/40 matches the 
sharp, all-trans component of the aliphatic peak of PET. 

short TIP 

0 I 0  20 30 
dz, (ms)"2 

Figure 5. Short and long TlP for HBA/ETP 80/20 as a function 
of the square root of the diffusion time (.a). Dashed lines indicate 
TlP values obtained from a spin-lock relaxation experiment at 
the same spin-lock field strength (5 G). 
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Figure 6. Short-Tlp component fraction as a function of the 
square root of the diffusion time (Td) .  The filled circles are the 
data points and the solid line shows the beat fit from the numerical 
simulation. 
This observation, the broad proton line shape, and the 
long- TlP value indicate that this component emanates 
predominantly from PET-like crystallites. 

A minute amount of poly(HBA)-like crystalline phase 
was also detected in HBA/ETP 60/40. The small peak 
at  155 ppm seen in Figure 4b indicates the presence of 
HBA monomer. In additional experiments in which the 
proton spin-lock time before cross-polarization was in- 
creased from 12 ms to values up to 40 ms, this peak decayed 
with spin-lock time more slowly than the other spectral 
features, indicating the presence of a very small fraction 
of poly(HBA)-like crystallites with a very long Tip. An 
HBA/ETP 60/40 polymer sample that had been slowly 
cooled from the melt (10 OC/min from 250 "C) prior to the 
NMR experiments exhibited an even larger poly(HBA)- 
like crystalline fraction, although the PET-like crystalline 
fraction was still predominant. 

Proton Spin Diffusion. The characteristic size of the 
poly(HBA)-like crystallites in HBA/ETP 80/20 was 
measured by means of a proton spin-diffusion experiment. 
The spin-lock relaxation data collected in the detection 
stage of the spin-diffusion experiment were fit to a sum 
of two exponential decays; the best fit parameters are 
shown in Figures 5 and 6. Also shown in Figure 6 is the 
best fit to the data based upon a simulation of the spin- 
energy transport during the spin-diffusion experiment. 
The model was used to infer the crystallite size from the 
spin-diffusion data and will be presented in the Discussion 
section. The finite amount of spin diffusion at  zero 
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Figure 7. Long-2'1 component fraction as a function of tem- 
perature for HBA E!TP 80/20 (both aligned and unaligned) and 
HBA/ETP 6 O / d  Melting points of the two copolymers as 
determined by Meesiri et a1.l are indicated. 

diffusion time indicates that some spin diffusion occurred 
during the preparation stage of the spin-diffusion exper- 
iment. 

Elevated-Temperature NMR Experiments and 
Rssults 

Proton NMR. Above 130 "C, the proton spin-lock 
relaxation behavior of HBA/ETP 80/20 is again described 
well by a sum of two exponential decays, but the long-2'1, 
fraction is about 22-28% near 130 "C and drops mono- 
tonically to about 15% near the polymer melting point 
(Figure 7). Data from an aligned polymer sample are also 
shown. (Alignment was achieved by heating the polymer 
sample to about 40 "C above the melting point for 20 min 
in the large NMR spectrometer magnetic field. Based 
upon proton line-shape measurements, the order param- 
eter of the aligned polymer sample was about 0.8.) The 
aligned and unaligned polymer samples show qualitatively 
similar spin-lock relaxation behavior. The transition in 
spin-lock relaxation behavior between 110 and 130 "C is 
completely reversible. Similar behavior was observed for 
HBA/ETP 60/40 (Figure 71, although there was insuf- 
ficient data to define a trend above 130 OC. The remainder 
of this section describes proton and 13C NMR measure- 
menta performed in order to elucidate the nature of mo- 
lecular dynamics in the short-2'1, and long-2'1, components 
above 130 "C in both copolymers. 

Figure 8 shows the bulk and long-Tl, proton line shapes 
of an aligned HBA/ETP 80/20 polymer sample at  220 "C. 
The dominant feature is the symmetric doublet resulting 
from the dipolar interaction between nearest-neighbor 
protons on the aromatic rings. Fluctuations of the 
aromatic rings about their para-substituted axes reduce 
other intramolecular and intermolecular proton dipolar 
interactions. The signal from the aliphatic protons is not 
apparent, presumably due to the fact that aliphatic protons 
are only 17 % abundant and that their line shape is broad. 
As expected, the aromatic proton spectral splitting scales 
as IPz(Wl (the absolute value of the second Legendre 
polynomial, where \k is the angle between the applied 
magnetic field and the alignment direction)."J* Note that 
the longT1, line shape is very similar to the total line 
shape for all alignment directions, except that the features 
are slightly more broadened, suggesting that molecular 
motion in the long-Tl, component is somewhat more 
restricted than in the rest of the polymer. 

A dependence of TI, on the spin-lock field strength is 
an indicator of the presence of mid-kilohertz frequency 

-60 -40 -20 0 20 40 60 
frequency (kHz) 

Figure 8. Total and long-Tl, proton line shapes of an aligned 
HBA/ETP 80/20 polymer sample at 220 "C for three angles (9) 
between the alignment direction and the magnetic field. The 
slightly increased broadening of the long-2'1, line shapes over the 
line shapes of the total polymer sample suggests that molecular 
motion is somewhat more restricted in the long-Tl, component 
than in the bulk. 
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Figure 9. Spin-lock relaxation rate (1/2'1 ) as a function of the 
spin-lock frequency for unaligned HBA/E!TP 80/20 at 270 O C .  

molecular motion.lg The spin-lock relaxation rates (1/ 
2'1,) of the short- and long-2'1, components a t  270 "C are 
shown in Figure 9. The decreasing relaxation rate with 
spin-lock field strength in the short-2'1, component 
indicates the presence of a mid-kilohertz frequency mo- 
lecular motion. This motion is absent in the long-2'1, 
component. 

The spin-lock relaxation behavior of protons in HBA/ 
ETP 80/20 a t  220 OC was measured for three orientations 
of the aligned polymer with respect to the direction of the 
magnetic field. The polymer sample was rotated by hand 
approximately 55" and 90" away from the orientation of 
alignment with the magnetic field; the temperature was 
sufficiently low that realignment of the polymer sample 
did not occur. The short-2'1, exhibits a strong anisotropy 
(Figure lo), which is strikingly similar to  the proton 
relaxation behavior seen in small-molecule liquid crystals 
when the dominant relaxation mechanism involves fluc- 
tuations of the long molecular axis about the preferred 
direction of alignment.20 By analogy it is expected that 
the mid-kilohertz frequency molecular motion that causes 
relaxation in the short-2'1, component is angular fluctu- 
ations of the local polymer chain axis. The nature and 
time scale of this motion suggest that it is cooperative. 
The lack of any significant anisotropy of the long TI,, on 
the other hand, suggests that this motion is absent in the 
long-TI, component. 

An Arrhenius plot of the short-2'1, spin-lock relaxation 
rate for both copolymers is shown in Figure 11. The 
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Figure 10. Short- and long-Tl, values for aligned HBA/ETP 
80/20 at 220 O C  for the alignment direction at 0,55, and 90' with 
respect to the magnetic field. 
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Figure 11. Spin-lock relaxation rate of the short-Tl,, component 
times inverse temperature versus the inverse temperature for 
HBA/ETP 80 20 and HBA/ETP 60/40. The best exponential 

line). The slope of this line gives an activation energy of 4.8 
kcal/mol for the dominant relaxation mechanism in the short- 
TI,, component of the polymer sample. The HBA/ETP 60/40 
data above 130 O C  could not be described adequately by a single- 
exponential curve. 

fit to the HB I( /ETP 80/20 data above 130 O C  is shown (solid 

abscissa is multiplied by the inverse temperature to 
account for an expected increase in amplitude of motion 
with temperature.21 The data for HBA/ETP 80/20 above 
130 OC exhibit Arrhenius behavior with an activation 
energy of 4.8 kcal/mol. (The slope is positive because the 
spin-lock relaxation mechanism is in the weak collision 
limit.19*n) The behavior of the data above 130 "C for HBA/ 
ETP 60/40 are more complex; there is an apparent break 
in the slope around 180 OC, although there are insufficient 
data for a definitive inference. I t  is perhaps significant 
that this is near the temperature a t  which the nonnematic 
fraction of this polymer first becomes apparent.15 

Static l3C NMR. Rapid molecular motion modulates 
the effect of the chemical shift interaction on the line shape 
in a predictable way, and thus static 13C spectra contain 
information about molecular motion. Typically, static 13C 
spectra are not utilized in the study of unenriched polymers 
because of the severe overlap of the various line shapes 
from chemically distinct 13C species. The inhomogeneous 
line width can be greatly reduced, however, by aligning 
the polymer samples in the magnetic field as described 
previously. Figure 12 shows '3C spectra of HBA/ETP 
80/20 at  210 "C with the direction of alignment along the 

400 300 200 100 0 -100 

6 (ppm from TMS) 

Figure 12. Static 18C spectra of HBA/ETP 80/20 at 210 O C  
aligned parallel to the magnetic field: (a) the 'Bc spectrum of the 
entire polymer sample and (b) the spectrum of the long proton 
Tl component. Both spectra have been normalized. (c) The 
suhraction of spectrum a from spectrum b. Peak assignments 
are indicated. 

magnetic field. Peak assignments were made, based on 
previously reported chemical shift data,w signal strengths, 
and relative signal strengths between spectra of HBA/ 
ETP 80/20 and HBA/ETP 60/40. Unambiguous assign- 
ment of all spectral features is not possible. The substi- 
tuted aromatic carbon signals cannot be resolved from 
one another and can be barely resolved from the carbonyl 
carbon peak. The large protonated aromatic carbon peak 
at  172 ppm and the aliphatic peak a t  42 ppm can be easily 
resolved, however. 

The 13C spectra of both the bulk and the long proton 
TI, component are nearly identical. The subtraction 
spectrum (Figure 1212) reveals only a slight difference in 
the two spectra, resulting in a weak peak within a broad 
well centered at  about 170 ppm; this feature indicates 
that the protonated aromatic carbon signal from the long- 
2'1, component is slightly narrower than for the polymer 
bulk. This narrowing can be explained by a slightly greater 
degree of alignment of the long-Tl, component over the 
bulk, since misalignment results in inhomogeneous broad- 
ening of spectral features. This is qualitatively consistent 
with the absence of cooperative motion in the long-Tl, 
component, since cooperative motion reduces the degree 
of alignment. Analogous results were found for HBA/ 
ETP 60/40 at  130 "C (Figure 13). Since static 13C NMR 
experiments required 1-3 days to complete, initial 13C 
measurements and proton spin-lock relaxation measure- 
ments were repeated at  the end of each sequence to check 
for microstructural changes during the course of the 
experiments. No changes were observed. 

Figure 14 shows 13C spectra of HBA/ETP 80/20 taken 
under conditions similar to those for the spectra shown in 
Figure 12, but with the direction of alignment perpen- 
dicular to the magnetic field. Peak assignments were 
made, based on 13C chemical shift positions for alignment 
parallel to the magnetic field and the isotropic chemical 
shifts determined from the 13C MAS NMR experiments 
(see below) and the relationship 

~ h m ~ i ~  = (1 /3 ) (~ ,a~ l+  2 ~ ~ ~ ~ d i - )  (1) 
where uParallel and Uperpendi- are the chemical shifts for 
alignment parallel and perpendicular to the magnetic field. 
This relation is valid when the alignment of the polymer 
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Figure 13. Static 19c spectra of HBA/ETP 60/40 at 130 OC 
aligned parallel to the magnetic field (a) the 13C spectrum of the 
entire polymer sample and (b) the 13C spectrum of the long proton 
Tl component. Both spectra have been normalized. (c) The 
suhtraction of spectrum a from spectrum b. 
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Figure 14. Static spectra of HBA/ETP 80/20 at 210 "C 
aligned perpendicularto the magnetic field: (a) the l9C spectrum 
of the entire polymer sample and (b) the l9c spectrum of the long 
proton TlP component. Both spectra have been normalized. (c) 
The subtraction of spectrum a from spectrum b. 
sample is strong and there is rapid rotational motion of 
polymer chain segments about the polymer chain axis. (It 
will be shown that the second condition is the case only 
for the short-Tl,, component of the polymer samples.) The 
protonated aromatic carbon peak of the polymer bulk is 
now at  112 ppm. This peak has the same line width as in 
Figure 12a, indicating that the aromatic rings experience 
rapid isotropic motion about their substituted axes, as 
will be explained in the Discussion section. The proto- 
nated aromatic carbon peak of the long proton TlP 
component, however, is significantly broadened (Figure 
14b). From the difference spectrum (Figure 14c), the in- 
homogeneous line width of the protonated aromatic carbon 
line shape of the long-Tl,, component was determined to 
be 124 f 20 ppm. Assuming that the line shape is close 
to Gaussian in shape, the square root of the second moment 
of the line shape is 53 f 8 ppm. Nearly identical results 
were obtained for HBA/ETP 60/40 at  130 OC (Figure 15). 
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Figure 15. Static 13C spectra of HBA/ETP 60/40 at 130 "C 
aligned perpendicular to the magnetic field: (a) the 13C spectrum 
of the entire polymer sample and (b) the l3C spectrum of the long 
proton T1, component. Both spectra have been normalized. (c) 
The subtraction of spectrum a from spectrum b. 

In the Discussion section, this broadening will be explained 
in terms of restriction of aromatic ring motion in the long- 
TI,, component. 

Elevated-Temperature l3C CP MAS NMR. The 
elevated-temperature 13C CP MAS spectra of HBA/ETP 
copolymers have two uses in this study. First, knowledge 
of the isotropic chemical shift values of the various 13C 
species obtained from these spectra was used to assign 
features of the static 13C spectra (viaeq 1). Second, because 
of the well-separated features and high signal-to-noise ratio 
of MAS spectra, the HBA mole fraction of the long proton 
TI,, regions could be easily determined. Figure 16a shows 
the l3C CP MAS spectrum of HBA/ETP 80/20 at  210 OC. 
Peak assignments were made by using the 13C NMR 
spectrum of PET (see Figure 4), the l3C spectrum of poly- 
(HBA),25 relative magnitudes of peaks, and differences in 
peak heights between the spectrum of HBA/ETP 80/20 
and HBA/ETP 60/40. The 13C MAS spectrum of the 
long proton TI,, regions (Figure 16b) was obtained by spin 
locking the proton magnetization for 64 ms prior to a 3-ms 
cross-polarization using a 5-G spin-lock field. The long 
proton TI, spectrum was scaled so that the largest peak 
(at 131.3 ppm) had the same magnitude as in the bulk 
spectrum; the resultant spectrum was subtracted from 
the bulk spectrum to give the subtraction spectrum shown 
in Figure 16c. The subtraction spectrum shows features 
a t  123.0, 163.9, and 171.5 ppm. The peaks at  163.9 and 
171.5 ppm are a t  spinning sideband positions, and their 
presence reflects an apparent slight difference in the 
sample spinning speed during collection of the two spectra 
or a difference in the size of the residual chemical shift 
anisotropy for carbons in the short- and long-Tl, com- 
ponents. For an unknown reason, the peak a t  122.2 ppm 
was found to be shifted by about 1 ppm in the long-Tl, 
spectrum. This shift manifests itself in the subtraction 
spectrum as a feature with no net area. However, the 
absence of residual mass a t  the positions of parent peaks 
corresponding to the ETP monomer indicates that the 
monomer fraction in the long proton TI,, component is the 
same as in the bulk, within uncertainty. The uncertainty 
in the stoichiometry of the long proton TI,, phase is 
dominated by the noise in the long proton TI,, spectrum 
and is about f l 9 % .  Thus, it can be determined that the 
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polarization. The 130.2-ppm peak height was used to 
normalize the two spectra (as with Figure 16), which were 
then subtracted to yield the subtraction spectrum shown 
in Figure 17c. The absence of features in the subtraction 
spectrum indicate that the HBA monomer fraction of the 
long proton TI, component is the same as for the total 
polymer sample. The uncertainty in the HBA mole 
fraction, based on the noise level of the long-Tl, spectrum, 
is i 6 % .  Thus, the long proton TI, component has an 
HBA monomer fraction of 0.60 f 0.04. 

Discussion 
Investigation of Crystallites. Room Temperature 

Spin-Lock Relaxation and '3C CP MAS NMR. All of 
the proton and l3C NMR results for HBA/ETP 80/20 
below 110 OC are consistent with the assignment of the 
long-2'1, component to apoly(HBA)-like Crystalline phase. 
The broad proton line shape of the long-Tl, component, 
which does not narrow with increasing temperature, is 
consistent with a rigid domain, and the 13C spectrum 
identifies this component as a poly(HBA)-like crystalline 
phase. This interpretation is consistent with the obser- 
vation made by Zachariades and co-workers2 of poly(HBA)- 
like lamellar structures in HBA/ETP 80/20. The crys- 
talline fraction as measured by spin-lock relaxation was 
insensitive to quenching or slow cooling from the melt. 

Similar proton NMR results were obtained for HBA/ 
ETP 60/40, but in this case, the 13C NMR spectra clearly 
identify the long-Tl, component as predominantly PET- 
like crystallites. A very small amount of poly(HBA)-like 
crystallites was also detected. These observations are 
consistent with the melting point data for HBA/ETP 
copolymers, which indicate that for HBA-rich composi- 
tions the dominant crystalline form is poly(HBA)-like, 
while for ETP-rich compositions the dominant crystal form 
is PET-like, with a crossover point near the 60/40 
composition.' This trend is also supported by X-ray 
diffra~ti0n.l~ 

Although slow cooling or quenching from the melt had 
no detectable effect on the poly(HBA)-like crystalline 
fraction in HBA/ETP 80/20, slow cooling of the HBA/ 
ETP 60/40 polymer sample from the melt did result in an 
increase in the small amount of poly(HBA)-like crystal- 
lites, although the PET-like crystalline fraction was still 
predominant. 

Proton Spin-Diffusion Simulation. I t  is character- 
istic of diffusion experiments that the shortest linear 
dimension across which diffusion occurs is relatively easy 
to determine, but more detailed geometric information, 
such as shape or size dispersion, is difficult to infer. The 
"fuzziness" of spin gradients created during the preparation 
stage of the spin-diffusion experiments further limits the 
obtainable information, and a t  best a crystallite length 
scale can be extracted. Thus, the spin-diffusion simulation 
must be based upon a model for which the crystallite 
geometry is assumed, and only the crystallite size and mass 
fraction are varied in order to find agreement with the 
spin-diffusion data. 

Electron microscopy work by Zachariades and co- 
workers2 revealed poly(HBA)-like crystalline structures 
in HBA/ETP 80/20 in the form of platelets. The crys- 
tallite geometry model chosen for our simulation is a 
simplification based upon this observation, namely, a 
periodic array of planar crystallites of infinite extent in 
two dimensions and a finite thickness in the third (Figure 
18). The spacing between crystallites in the model is made 
uniform. This model is chosen because it reduces the spin 
energy transport equation to a one-dimensional equation 
within a finite unit cell, while retaining the important 
physical characteristics. 
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Figure 16. (a) Tote1 and (b) long proton T1,W CP MAS spectra 
of HBA/ETP 80/20 at 210 OC. (c) Subtraction spectrum ((a) 
minus (b)), where a scaling factor was applied to (b) so that 
subtraction of the peaks at 131.3 ppm gave no residue. Numbers 
indicate chemical shifts and asterisks indicate spinning side- 
bands. Peak assignments for spectrum a are indicated by the 
circled numbers and the charts to the left. 
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Figure 17. (a) Total and (b) long proton T1,W CP MAS spectra 
of HBA/ETP 60/40 at 130 O C .  (c) The subtraction spectrum 
((a) minus (b)), where a scaling factor was applied to (b) so that 
subtraction of the peaks at 130.2 ppm gave no residue. Numbers 
indicate chemical shifts and asterisks indicate spinning side- 
bands. Peak assignments for spectrum a are indicated by the 
chart to the left and the diagram in Figure 16. 

long proton TI, component has an HBA monomer fraction 
of 0.80 f 0.15. 

Figure 17a,b show the bulk and long proton 2'1, CP MAS 
13C spectraofHBA/ETP60/40at 130OC. Thelong proton 
TI, spectrum was obtained by using a 16-ms proton spin 
lock with a 5-G spin-lock field prior to the 3-ms cross- 
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Figure 18. Simple model for crystallite geometry. Crystallite 
sheets are of infinite extent in two dimensions and are arranged 
in an infinite periodic array in the third dimension. The primitive 
cell boundary planes are indicated by solid lines. 

In each diffusion experiment step, the spin energy 
transport equation is of the form 

I 

dm(x,t)/dt = V.[D(x)Vm(x,t)] - '[m(x,t) - mW] (2) 
T(x) 

where m(x,t) is the nuclear magnetization density as a 
function of position (x) and time (t), D(x) is the diffusion 
coefficient for spin energy, l/T(x) is the local intrinsic 
spin-lattice relaxation rate, and mw is the equilibrium 
magnetization. During the preparation and detection steps 
the proton magnetization is spin-locked, so meq is very 
close to zero and T equals TI,,. 2'1, of the noncrystalline 
phase protons is known from the spin-lock relaxation data. 
The intrinsic 2'1, of the crystalline phase protons was 
assumed to be much larger than the diffusion time scale 
(the square of the crystallite half-thickness divided by D), 
based on the fact that the long 7'1, of protons in poly- 
(HBA), which is mostly crystalline, was measured to be 
120 ms.l5 (The 2'1, value of 33 ms associated with the 
crystalline phase of HBA/ETP 80/20 is due to spin 
diffusion out of the crystalline phase into the noncrys- 
talline phase and does not reflect the intrinsic spin-lock 
relaxation of the crystalline phase.) For the diffusion stage, 
meq equals the equilibrium magnetization strength in the 
absence of resonant irradiation, and T equals 2'1, which 
is 1.3 s16 in the noncrystalline phase. The intrinsic 2'1 of 
the crystalline phase is presumably at  least as large as TI 
of poly(HBA), which is much larger than the experimental 
time s~a1e. l~ The diffusion coefficient was estimated to 
be 5 X 10-l2 cm2/s in both the crystalline and noncrys- 
talline phases by using the diffusion coefficient for PET 
determined by Havens and VanderHart26 and the proton 
densities of HBA/ETP copolymers and PET and by 
assuming that the diffusion coefficient scales as the proton 
density to the one-third power.27 Because spin locking 
partially averages the homonuclear proton dipolar inter- 
actions, the diffusion coefficient in the limit of strong spin 
locking is one-half this value22 and between unity and one- 
half this value for the spin-lock strength used in these 
 experiment^.^^^^^ Also, it was assumed that the diffusion 
coefficient was isotropic and independent of position. 

The transport equation (2) was discretized in space and 
solved on a grid of 100 equally spaced points across a unit 
cell using discrete time stepping. Symmetry boundary 
conditions were imposed at  each end of the cell. The 
crystalline fraction and the crystallite thickness were varied 
until both the spin-lock relaxation data and the spin- 
diffusion results could be consistently reproduced. The 
best fit to the spin-diffusion data (shown in Figure 6) is 
iven by a simulation where the crystallite thickness is 80 x and the crystallite mass fraction is 5 % . Note that the 

simulation indicates that the crystallite fraction of -5 % 
inferred from the two-exponential fit to the spin-lock 
relaxation data is a reasonable value even after spin 
diffusion is taken into account. Deviations between the 
simulation and experimental data at short and long 
diffusion times are probably due to crystallite size dis- 
persion and nonuniform distribution, which is not ac- 
counted for in the simulation. 

Another interesting observation was the anomalously 
large short-7'1, value at  short spin-diffusion times (see 
Figure 5). This can be attributed to a boundary layer a t  
the crystallite surfaces where molecular motion in the non- 
crystalline phase is inhibited by the crystallites. Perhaps 
this is due to the tight packing of chains in the crystallites. 
For short diffusion times, the proton magnetization will 
have diffused into the noncrystalline phase a distance on 
the order of ( 4 D ~ ) l / ~ ,  where 7 is the diffusion time. On 
the basis of the diffusion coefficient estimate during spin 
locking (-3 X 10-l2 cm2/s, determined by the simulation 
of the data) and the time scale of the 7'1, enhancement 
(-10 ms), the boundary layer is estimate to be about 30 
A thick. 

Elevated-Temperature Spin-Lock Relaxation. The 
goal of the elevated-temperature work was to develop an 
understanding of molecular dynamics associated with the 
glass transitions of HBA/ETP copolymers. Thermal 
analysis indicates two glass transitions in both copolymers: 
1*28 a lower glass transition at  66 "C in HBA/ETP 80/20 
and at 85 "C in HBA/ETP 60/40 and an upper glass 
transition at  183 "C in HBA/ETP 80/20 and at  167 "C 
in HBA/ETP 60/40. Dielectric relaxation spectroscopy 
has also been used to investigate the lower glass transi- 
t i ~ n . ~ ? ~  In this Discussion, it will be argued that the NMR 
spin-lock relaxation in both copolymers above 110 "C is 
induced primarily by motion associated with deglassifi- 
cation. 

Below 110 "C, spin-lock relaxation easily distinguishes 
a - 5 % signal from homopolymer-like crystallites. About 
110 "C, the long-7'1, component fraction of HBA/ETP 
80/20 rises to much larger values, between 22 and 28 7%. 
This rise is reversible and so is not a result of irreversible 
morphological changes such as annealing. The elevated- 
temperature proton line shapes of the long-2'1, component 
are similar to the bulk line shapes, although their features 
are slightly broader than those of the bulk line shapes 
(Figure 8). This indicates that the elevated-temperature 
long-7'1, component is not a tightly bound crystalline 
structure, but molecular motion is more restricted than in 
the rest of the polymer. A more quantitative conclusion 
can be drawn from analysis of the 13C data, as is discussed 
below. Also, a spin-diffusion experiment identical with 
the one described earlier was performed on HBA/ETP 
80/20 at  160 "C, with a maximum diffusion time of 100 
ms. No spin diffusion was observed, indicating that the 
proton magnetization in the elevated-temperature short- 
and long-7'1, components are not coupled via spin diffusion 
on the time scale of the spin-lock relaxation experiment. 
This is in contrast to the room temperature behavior, where 
spin diffusion was the dominant mode of relaxation of the 
long-7'1, magnetization. 

Several proton spin-lock relaxation measurements were 
made on HBA/ETP 80/20 to further characterize the 
dominant spin-lattice relaxation mechanism in the short- 
2'1, component. The fact that the spin-lock relaxation 
rate in the short-2'1, component decreased with spin-lock 
frequency indicates that the dominant relaxation mech- 
anism exhibits a correlation frequency in the mid-kilohertz 
range.lg This motion is absent in the long-2'1, component, 
where the relaxation rate is small and independent of the 
spin-lock frequency. 
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The angle dependence of the short-7'1, spin-lock re- 
laxation time of protons in HBA/ETP 80/20 is striking 
(Figure 10); 7'lP varied by a factor of about 3 between 0" 
and 55O orientations. A quantitatively similar anisotropy 
is also seen for proton spin-lattice relaxation in small- 
molecule liquid crystals when the dominant relaxation 
mechanism involves thermal fluctuations of the molec- 
ular long axis about its preferred alignment direction.2o 
Such a relaxation mechanism is predominant for many 
small-molecule liquid crystals." The essential ingredients 
giving rise to the strong anistropy are rapid rotational 
fluctuations of the molecule about a special "long axis" 
and slow fluctuations of the long axis about a preferred 
orientation. The former motion rapidly averages the 
dipolar couplings so that the residual interactions all have 
principal axes along the direction of the long axis. This 
uniformity gives rise to the strong anisotropy of the 
relaxation rate. The latter motion is responsible for spin- 
lattice relaxation. By analogy, it is inferred that the mo- 
lecular motion giving rise to spin-lock relaxation in HBA/ 
ETP copolymers above 130 OC is a cooperative motion 
that involves rapid rotational fluctuations of polymer chain 
segments about the local polymer chain axis and slower 
small-amplitude angular fluctuations of the polymer chain 
axis about the local nematic director. This motion is absent 
in the long-2'1, component. 

Takase and co-workers7 and Gedde and co-worker@ used 
dielectric relaxation spectroscopy to study the lower glass 
transition of HBA/ETP copolymers. Using the charac- 
terization by Gedde and co-workers, the CY and 0 processes 
associated with the lower glass transition should merge at 
about 80 "C, above which the glass transition process 
should exhibit an activation energy close to that of the 0 
process, about 5 kcal/mol. This activation energy is close 
to the 4.8 kcal/mol activation energy of the molecular 
motion associated with the short-2'1, spin-lock relaxation 
mechanism. This strengthens the connection between the 
lower glass transition as observed by dielectric spectroscopy 
and the dominant short-7'1, spin-lock relaxation mecha- 
nism above 130 "C. This is also consistent with the 
characterization of the mid-kilohertz frequency motion in 
the previous paragraph. 

Generally, a "2'1, minimum* is observed near a glass 
transition. Perhaps the reason one is not observed for 
these copolymers is that, below 110 "C, a different 
relaxation mechanism is dominant (as evidenced by the 
different activation energy seen below 110 "C). This mech- 
anism probably involves intermolecular dipolar couplings. 
If the 2'1, minimum associated with cooperative motion 
is below 110 "C, it could be obscured by the dominance 
of the competing intermolecular relaxation mechanism. 

Static l3C NMR The protonated aromatic carbon peak 
is the dominant feature in the static 13C spectra and thus 
will be the focus of analysis. The inhomogeneous broad- 
ening of this peak can be estimated from knowledge of the 
chemical shift tensor. We assume that the chemical shift 
principal values of these carbons in the HBA and ETP 
monomer are the same as for the aromatic carbons of PET, 
specifically 226,153, and 15 ppm, as determined by Mur- 
phy and c o - ~ o r k e r s . ~ ~  The chemical shift principal axis 
system for aromatic ring carbons is assumed to have the 
axis of largest shielding perpendicular to the aromatic ring 
and the axis of least shielding along the carbon-substit- 
uent bond. These assumptions are supported by the fact 
that they correctly predict the positions of the protonated 
aromatic carbon peak of the aligned polymer samples at 
both orientations. Using the chemical shift tensor defined 
by these numbers and directions, the chemical shift of the 
protonated aromatic carbons as a function of the orien- 
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tation of the aromatic ring is 

urr(8,4) = (171 - 60 sin2 8 - 63 sin 8 cos 8 sin 4 - 
96 sin2 8 cos 24) ppm (3) 

where 8 is the angle between the aromatic ring substituted 
axis and the applied magnetic field and 4 is the angle of 
rotation of the aromatic ring plane about the substituted 
axis (4 equal to zero corresponds to the orientation for 
which the ring plane is perpendicular to the magnetic field 
when 8 equals a/2). 

In this analysis, we assume that the substituted axes of 
the aromatic rings are parallel to the direction of alignment 
in a well-oriented polymer sample. This is only approx- 
imately correct because of imperfect macroscopic align- 
ment of polymer chains in aligned samples and because 
the substituted axes are not exactly parallel to the local 
chain axis.29 Estimates show that errors due to these 
effects should be small, however. 

In the case of alignment of the polymer sample parallel 
to the magnetic field, 0 equals zero and eq 3 gives 

(4) 
Note that for this orientation the chemical shift is 
independent of the angle 9, and thus there is no inho- 
mogeneous broadening of the protonated aromatic carbon 
peak. The consequence of this is the relatively narrow 
peak for these carbons as seen in Figures 12 and 13. For 
orientation perpendicular to the magnetic field, 8 equals 
a/2 and the chemical shift is 

uzz(z,9) = (111 - 96 cos 29) ppm (5) 

The &dependence of uzz for this orientation indicates 
significant inhomogeneous broadening. From this equa- 
tion and the formula 

where Au is the square root of the second moment of the 
line shape and ( a )  is the chemical shift averaged over all 
angles 4, Au is found to be 68 ppm. 

This anticipated broadening for the case of perpendic- 
ular alignment is clearly not present in the short-7'lP 
component, since the line width of the aromatic carbons 
for perpendicular orientation is about the same as for 
parallel orientation and is much smaller than 68 ppm (see 
Figures 12a-Ea). Instead, the inhomogeneous broadening 
in the case of perpendicular alignment must be reduced 
by fast rotation of the aromatic rings about their substi- 
tuted axes. 

For the long-2'1, component, however, the line width 
for perpendicular alignment is significantly broader than 
for parallel alignment (see Figures 12b-15b). On the basis 
of the width of the broad peak in the subtraction spectrum 
for HBA/ETP 80/20, the inhomogeneous broadening is 
53 f 8 ppm, which is on the order of, but less than, the 
predicted value of 68 ppm. The most likely explanation 
for the small reduction of the inhomogeneous broadening 
from the expected static value is small-angle aromatic ring 
fluctuations about their substituted axes. A simple model 
for such motion is one in which the orientation angle 4 of 
a particular aromatic ring fluctuates about an equilibri- 
um angle 40. The exact shape of the time-averaged 
probability distribution of aromatic ring orientations is 
not important for this analysis, so a model is used in which 
the time-averaged probability distribution for an indi- 
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vidual ring, P(#) ,  is Gaussian about $0 with a half-width 
e: 
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c r ~ s t a l ' l t e  nematic m a t r i x  
domain o f  inf luence 

/ \ / 

(7) P(4) ='exP[-Z(T)2] 1 9 - 4 0  
(2*)'4 

This distribution is physically reasonable for small- 
amplitude fluctuations (t << T) .  On the basis of this model, 
the time-averaged chemical shift is 

a( qbo;e) = (1 11 - 96 cos 24) ppm = 
(111 - 96e-2' cos 24& ppm ( E  << T )  (8) 

Here, the bar indicates a time average over fast orienta- 
tional fluctuations. From thi! expression and eq 6, where 
u(4)  has been replaced by a(&;<), the inhomogeneous 
contribution to the line width Aa is 

Au = 68e-2'* ppm (t << T )  (9) 
Equating this expression with the observed value of 53 f 
8 ppm yields a value for t of 20 f 6". The static I3C NMR 
line shapes were nearly identical for HBA/ETP 60/40 at  
130 "C, and thus this conclusion applies to the long-7'1, 
component of that copolymer as well. Whether or not the 
aromatic rings in the long-2'1, component also undergo 
180" flips cannot be ascertained from the static I3C NMR 
data, since for the cases of parallel alignment (0 = 0) or 
perpendicular alignment (0 = go"), the chemical shift is 
invariant with respect to 180" flips (see eq 3). 

Recall also that the proton line shapes of the long-2'1, 
component of HBA/ETP 80/20 at  220 O C  (Figure 8) reveal 
that the intermolecular and cross-ring dipolar couplings 
are weak but are larger than in the short-7'1, component. 
This observation is explained by the presence of the above- 
mentioned small-amplitude angular fluctuations. Such 
fluctuations would significantly reduce, but not eliminate, 
those dipolar couplings, while not affecting the dominant 
nearest-neighbor intramolecular proton couplings. 

The constraint of the aromatic ring rotation in the 
elevated-temperature, long-2'1, component must be caused 
by interchain interactions; the presence of aromatic ring 
fluctuations argues, however, that this long-2'1, component 
cannot be predominantly crystalline. Numerous research- 
ers have offered explanations for a rigid, amorphous 
component in semicrystalline polymers, either as tie chains 
between crystallites or as polymer chains in the amorphous 
phase in the vicinity of crystallites (e.g., refs 26, 30, and 
31). For the situation at  hand, the former scenario would 
only explain the absence of cooperative motion and not 
the restriction of aromatic ring rotation in the long-7'1, 
component. The latter scenario would explain the re- 
stricted aromatic ring motion, however. Chain reentry at  
the crystallite surface would be prohibited by the stiffness 
of the polymer chains, thus the crystal-type chain packing 
would be imposed upon the polymer chains for some 
distance after they have left the crystallite surface. Such 
a scenario is illustrated in Figure 19. The long-7'1, 
component includes the crystalline phase plus a =domain 
of influence" of the crystallites within which aromatic ring 
rotations would be inhibited. Given this scenario, since 
the crystalline fraction and the elevated-temperature long- 
TI, component fraction are known from spin-diffusion 
and spin-relaxation experiments, the composition of the 
elevated-temperature long- 2'1, components can be easily 
predicted. It should be 86 mol 5% HBA for HBA/ETP 
80/20 and 43 mol 5% HBA for HBA/ETP 60/40 at  the 
respective temperatures a t  which the I3C MAS spectra 
were collected. The 13C MAS spectra clearly rule out the 
predicted composition for the long-7'1, component of 
HBA/ETP 60/40; the uncertainty in the I3C MAS data 

Figure 19. Scenario in which the homopolymer-like crystallites 
restrict cooperative motion within the surrounding polymer 
matrix. Crystallites are indicated by heavy lines, and their 
domains of influence are indicated by the closed loops. 

Figure 20. Random copolymers are represented in this figure 
by random sequences of two monomers (denoted A and B) on 
polymer chains depicted by vertical lines. In the NPL crystal- 
lite scenario, random sequences on neighboring chains find 
matches (indicated by the rectangles), to form NPL crystallites. 

for HBA/ETP 80/20 is too great to make a definitive 
statement for that copolymer. However, because of the 
strong similarities in the elevated-temperature long-7'1, 
components of the two copolymers, this scenario is 
effectively ruled out for HBA/ETP 80/20 as well. 

An alternative scenario, which we offer as a speculation, 
is that the elevated-temperature long-2'1, components in 
both copolymers are nonperiodic layer (NPL) crystal 
structures. This concept was first proposed by Windle 
and c o - ~ o r k e r s ~ ~  in order to explain optical measurements 
on HBA/ETP 60/40. NPL crystals would form when 
matches of random monomer sequences between neigh- 
boring chains are made. Transverse to the local nematic 
director, the local intermolecular correlation function is 
that of a crystalline phase, but randomness exists in the 
direction of the chain axes (Figure 20), and so this phase 
is pseudocrystalline. Interchain interactions would inhibit 
cooperative motion within NPL crystallites, and such 
structures would be expected to have a stoichiometry 
similar to the bulk composition, as is observed in the long- 
2'1, component of both HBA/ETP copolymers. I t  is likely 
that the NPL crystals would have to be loosely packed, 
since the crystal structures of poly(HBA) and PET are 
incommensurate. This would allow for some motion of 
the aromatic rings, although that motion would be 
restricted, as is observed. The reduction of the long-TI, 
component fraction with increasing temperature between 
130 "C and the polymer melting point could then be 
interpreted as gradual melting of NPL crystal structures. 

The presence of small poly(HBA)-like crystallites and 
NPL crystals is also consistent with the steady and time- 
dependent rheological measurements on the HBA/ETP 
80/20 material a t  300 "C and above by Kalika and co- 
worker~.'~ Poly-HBA crystallites would persist a t  the melt 
temperatures studied, and the presence of submicrome- 
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ter particles a t  volume fractions as low as 5 % is known to 
cause shear thinning in otherwise constant-viscosity 
polymeric liquids. Hence this could be the cause of the 
unusual power law behavior, which persists over more than 
eight decades of shear rate. The transient increase of the 
storage modulus at  300 "C, which is reversible and 
repeatable following a short temperature excursion to 320 
OC, can be explained by the growth and subsequent melting 
of NPL crystals. 

Although the "NPL crystal" scenario perhaps best 
explains all of the observations associated with the 
elevated-temperature long-2'1, component, evidence for 
such structures is merely circumstantial. Direct evidence 
would involve measurements of the interchain monomer 
correlation function, which is unfeasible by the methods 
presented in this paper. 

Conclusions 

Microstructure and molecular dynamics of HBA/ETP 
80/20 and HBA/ETP 60/40 were studied by solid-state 
proton and 13C NMR spectroscopy. The HBA/ETP 80/ 
20 copolymer possesses structures resembling poly(HBA) 
crystallites, with a mass fraction of 4-7% and a smallest 
linear dimension of about 80 A. At 24 "C, a -30 A 
boundary layer just outside crystallite surfaces was found 
within which molecular motion is inhibited, as evidenced 
by a decrellse in the spin-lock relaxation rate within that 
region. In contrast, the dominant crystal structures in 
HBA/ETP 60/40 resemble PETcrystallites and are about 
4-5 % abundant. Poly(HBA)-like crystallites were also 
observed in HBA/ETP 60/40. Their mass fraction 
increased upon slow cooling from the melt, although PET- 
like crystallites remained predominant. 

Above 130 O C  and below the polymer melting temper- 
atures, spin-lock relaxation was shown to be sensitive to 
cooperative motion involving small angular fluctuations 
of the local polymer chain axis about the local nematic 
director. The activation energy associated with this motion 
is - 4.8 kcal/mol, similar to the activation energy of motion 
associated with the lower glass transition (at tempera- 
tures beyond which the a and 0 processes converge) as 
measured by dielectric spectroscopy.6 Proton NMR spin- 
lattice relaxation measurements of both copolymers reveal 
a dominant, short-2'1, component, which exhibits this 
cooperative motion, and a minority, long-Tl, component, 
which does not exhibit cooperative motion and exhibits 
slightly better alignment with the magnetic field in aligned 
samples. The mass fraction of the min0rit.y phase in HBA/ 
ETP 80/20 is about 22-28% at  130 "C, dropping to about 
15% near the polymer melting point. The mass fraction 
of the minority phase in HBA/ETP 60/40 is similar, but 
a trend could not be determined because of insufficient 
data. Static 13C line shapes revealed that within the short- 
TI, component, the aromatic rings exhibit free rotation 
about the polymer chain axis, while the aromatic rings 
exhibit small-angle ( -20") fluctuations about their sub- 
stituted axes in the long-Tl, component. 13C MAS NMR 
showed that the compositions of the long-2'1, components 
in both copolymers are the same as the bulk compositions, 
although the uncertainty in this result is large for HBA/ 
ETP 80/20. Several scenarios to explain the elevated- 
temperature long-2'1, component were considered. I t  was 
speculated that this component could be NPL crystal- 
lites, especially because of the similarity in the monomer 
mole fractions of the short- and long-2'1,componenta. The 
NMR results would then indicate that the NPL crystal- 
lites gradually melt with increasing temperature. More 
studies would be needed, however, before any such claim 
could be made definitive. 
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