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ABSTRACT Miscible blends of poly(buty1ene terephthalate) (PBT) with polyarylate (PAr) have been 
investigated by solid-state 13C NMR. High-resolution solid-state NMR results show that the chemical shifts 
of PBT and PAr in the PBT/PAr blends have the same values as their homopolymer counterparts. The 
proton relaxation times in the rotating frame have been measured through the proton-carbon cross-polarization 
study. Results indicate that the TlpH for quenched PBT and PAr are very close in value, at 2.5 and 2.8 ma, 
respectively. For the melt-crystallized PBT and PBT/PAr blends, the NMR line width decreases as the PAr 
content increases, indicating more perfect crystals appear in the blends compared with that in the PBT 
homopolymer. This is a result of the much slower crystallization of PBT in the blends. Protonated aromatic 
carbons of PBT in melt-crystallized PBT and PBT/PAr blends for the first time are shown to exhibit peak 
splitting, due to chain conformation effects. 

1. Introduction 

Blends of poly(buty1ene terephthalate) (PBT) with 
polyarylate (PAr) have been shown to be miscible a t  all 
compositions in the melt or in the amorphous state.14 
This is based on the measurement of the glass transition 
by using differential scanning calorimetry (DSC); dynamic 
mechanical analysis (DMA),B and dielectric relaxation 
spectroscopy.2 Our previous results on the equilibrium 
melting point depression of PBT in the PBT/PAr blends 
lead to the conclusion of a negative interaction ~ a r a m e t e r . ~  
Both quenched and crystallized PBT/PAr blends have 
been investigated by dynamic mechanical analysis and 
small-angle X-ray scattering.6 Results indicate that 
crystallized blends with a PAr mass function less than 
0.40 exhibit an interlamellar structure, and blends with 
a PAr mass fraction higher than 0.40 possess an inter- 
fibrillar or interspherulitic structure. The purpose of our 
previous studies is to investigate the effect of PAr on PBT 
for both quenched and crystallized blends in terms of the 
morphological aspects. 

There have been extensive reports of the solid-state 13C 
NMR studiea of PBT homopolymer.'-" Both carb0n-13~-l~ 
and deuterium" NMR were used to explore the confor- 
mation, the relaxation, and the local motion of PBT. But, 
so far, there are no studies of PBT/PAr blends using solid- 
state 13C NMR, although solution proton NMR was used 
to investigate the transesterification reaction for PBT/ 
PAr blends.12 To compliment our prior thermal, dynamic 
mechanical, and small-angle X-ray scattering studies5p6 
and to access information at the molecular level, we present 
here results of our 13C NMR spectroscopy study of PBT/ 
PAr blends prepared over a wide composition range. 
Dipolar decoupling, magic angle spinning, and cross- 
polarization techniques were performed to obtain the high- 
resolution 13C-NMR spectra of quenched and melt- 
crystallized PBT, PAr, and PBT/PAr blends. One of the 
main observations of this work is the splitting of the ortho 
carbons in the terephthalate rings of well-crystallized 
blends which is due to chain conformation effects. 
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2. Experimental Section 

Poly(buty1ene terephthalate) was obtained from Polysciences, 
Polyarylate was obtained from Amoco, with a 1:l ratio of 
isophthalic and terephthalic units. Blends of PBT/PAr weight 
fractions 80/20,60/40,40/60, and 20/80 were made by following 
the method of Kimura et al.,l which involves coprecipitation from 
phenol/TCE into methanol. The quenched samples were made 
by heating the precipitates to 250 OC, holding for 60-90 s, 
compression molding, and then quenched in ice water. The 
quenched PBT and 80/20 blend show a little paracrystallinity, 
while quenched 60/40, 40160, and 20/80 blends are purely 
amorphous. Melt-crystallized samples were prepared by heating 
the quenched film from room temperature to 250 OC for 1 min 
using a Mettler FPSO hot stage, then cooling quickly to the 
crystallization temperature T,, and holding there for a time 
sufficient for completion of crystallization as required by the 
crystallization  kinetic^.^ Crystallized samples prepared in the 
above way possess only a-form crystals as investigated by wide- 
angle X-ray scattering.lPl6 

Furthermore, we used differential scanning calorimetry in a 
cyclic procedure to test the transesterification reaction at 250 
"C. A previous report by Kimura et al. indicates that the 
transesterification reaction is severe only after holding at 250 OC 
for more than 100 min.' To test this, we scanned the 60/40 blend 
at 20 OC/min 10 times from room temperature to 250 "C and held 
there for times ranging from 2 to 30 min. The DSC scans were 
the same for accumulated times shorter than 10 min but show 
significant differences as the total time at 250 OC approached 1 
h. This indicates that the blend sample we prepared for 1 min 
at 250 OC has not undergone any transesterification reaction. 

High-resolution solid-state 13C NMR spectra were measured 
using an IBM NR/200 AF (4.7 T) spectrometer operating at 50.3 
MHz fitted with an IBM solid accessory rack which housed the 
high-power amplifier and Doty Scientific probe for magic angle 
spinning. Contact time dependences of spectra for both ho- 
mopolymers and blends were performed by varying the contact 
time from 50 to lo00 pa. A contact time of lo00 pa was found 
to be the best for all  carbons for both homopolymers and blends. 
Dipolar decoupling was used in conjunction with a cross- 
polarization pulse sequence employing a 5-ps proton 90° pulse, 
a 1-ma contact time, and a 3-s recycle delay. Solid-state spectra 
were referenced to the methyl resonance of p-di-tert-butylbenzane 
(31.0 ppm from TMS). 

3. Results and Discussion 
For cross-polarization techniques, contact time is one 

of the most important parameters. Due to the different 
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Figure 1. (a) Solid-state 13C NMR spectra of quenched PBT 
for contact times of (a) 1O00, (b) 700, (c) 400, (d) 200, (e) 100, and 
(0 50 ws. (b) Peak intensities for quenched PBT as a function 
of cross-polarization time: carbon 1 (M), carbon 2 (A), carbon 3 
( x), carbon 4 (a), carbon 5 (0). The chemical structure is shown 
at the top of A, with carbons numbered from highest to lowest 
chemical shift. 

efficiency of cross polarization between different carbons 
and protons, we therefore expect that the NMR spectrum, 
and more specifically the relative peak intensity, will be 
dependent on the contact time. The contact time de- 
pendence of quenched PBT is shown in Figure l a  which 

shows the peak profile vs chemical shift for contact times 
ranging from 50 to lo00 ps. The peak intensity for the 
five peaks of quenched PBT vs contact time is presented 
inFigure lb. At  the top of Figure l a  the chemical structure 
of PBT is shown with carbons numbered. There exist five 
peaks numbered from highest to lowest chemical shift: 
(1) the carbonyl (C=O), (2) nonprotonated aromatic 
(NPA), (3) protonated aromatic (PA), (4) exterior meth- 
ylenes (OCH2), and (5) interior methylenes (CH2). The 
chemical shifts of each of the different carbons are listed 
as follows: 

chemical shifts of PBT in ppm 
(1) 164.2 (2) 133.5 (3) 129.1 (4) 64.8 (5) 24.7 

The agreement of the chemical shift is excellent com- 
pared with the previous results on homopolymer PBT.7-*o 
As can be seen from parts a and b of Figure 1, aliphatic 
(both exterior and interior methylenes) and protonated 
aromatic carbon resonance peaks increase quickly, showing 
almost the strongest intensity a t  a contact time equal to 
50 ps. Both nonprotonated and carbonyl carbon peak 
intensities are weak at  50 ps, and they increase slowly as 
contact time increases. At  contact time 500-1000 ps, all 
peaks appear to be at  about their maximum values, 
although the two aliphatic peaks start to decline as the 
contact time increases above 500 ps. This decline is due 
to the relaxation of protons in their rotating frame, which 
occurs with a time constant, TlPH, the proton spin-lattice 
relaxation time in the rotating frame. 

In parts a and b of Figure 2, we present the contact time 
dependence of PAr NMR spectra and peak intensity, 
respectively. The PAr chemical structure is shown a t  the 
top of Figure 2A with the carbons numbered. For PAr, 
we observed eight peaks, assigned to their corresponding 
carbons as shown at  the top of Figure 2A, numbered from 
highest to  lowest chemical shift. The chemical shifts of 
these eight peaks are listed as follows: 

chemical shifts of PAr in ppm 

( I )  163.2 (2) 148.2 (3) 133.6 (4) 129.5 
(5) 127.0 (6) 120.3 (7)  41.6 (8) 29.9 

The carbonyl carbon (PAr 1) and nonprotonated carbon 
(PAr 3) peak intensities appear to be small a t  short contact 
time, similar to that of PBT, and increase slowly as contact 
time increases. The protonated aromatic carbon (PAr 4) 
peak intensity increases quickly and then decreases as the 
contact time increases above 400 ps. The same study has 
been performed on quenched PBT/PAr blends, indicating 
a similar behavior for the growth of peaks as a function 
of contact time compared to the homopolymers. 

The contact time dependence of peak intensity can be 
expressed by the following relationship developed previ- 
0us1y:'~ 

where X is defined as: 

where t is the H-C spin-lock time (which is the variable), 
TCH is the cross-polarization time, which is dependent on 
the specific carbons under investigation, and TlPH and 
TlPC are the proton and carbon spin-lattice relaxation 
times in the rotating frame. TlpH is the same for each 
carbon due to the strong spin diffusion, while TlPc is 
different for different carbons. For polymers, TlPC >> TlPH. 
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Figure 2. (a) Solid-state 13C NMR spectra of PAr for contact 
times as listed in Figure 1A. (b) Peak intensities for PAr as a 
function of cross-polarization time: carbon 1 (W), carbon 2 (A), 
carbon 3 (e), carbon 4 (O), carbon 5 (A), carbon 6 (+), carbon 
7 (o), carbon 8 (X). The chemical structure is shown at the top 
of A, with carbons numbered from highest to lowest chemical 
shift. 

Then X=l-TCH/TlpH, and M(t )  evolves to the f~llowing:'~ 

(3) 
For those peaks that have TlpH >> TCH, the second term 

of eq 3 vanishes a t  long contact time. We therefore can 

M ( t )  = A[exp(-t/T,?) - exp(-t/TcH)l 
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Figure 3. Solid-state 13C NMR spectra for quenched PBT/PAr 
blends at a cross-polarization time of ps, for compositions 
of (a) 100/0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, and (0 
0/100. 

use the long contact time portion of the data from those 
peaks to obtain the value of TlpH. Due to the extremely 
strong proton spin diffusion, TlpH is nearly the same for 
each sample, independent of the specific carbons used for 
the calculation of TIPH. The quenched PBT has TlpH = 
2.5 ms, while PAr has TIPH = 2.8 ms. For polymer blends, 
we observe either two TlpH or a single TlpH, all of which 
are between the TlpH of the two homopolymers. Generally, 
if a single TlpH is observed, a blend miscible within a certain 
length scale is assumed, while an immiscible blend is 
assumed if two TlpH are measured. The above method is 
only valid for those blends that have very different TlpH 
values for the two homopolymers. Here, the TlpH for PBT 
and PAr are very close, and therefore a miscibility study 
via TlpH measurement is not feasible under the condition 
of our experiment.17 

The contact time study above indicates that 10oO ps is 
the best contact time for all peaks for homopolymers PBT 
and PAr and PBT/PAr blends. Hereafter, we chose lo00 
ps to be the contact time in the following DD/CP/MAS 
experiments. In Figure 3, we present the DD/CP/MAS 
13C spectra for both quenched homopolymers and PBT/ 
PAr blends. PBT homopolymer is the upper spectrum, 
and PAr homopolymer is the lower spectrum. For all 
quenched PBT/PAr blends, the NMR spectra are inter- 
mediate between those of PBT and PAr homopolymers, 
as expected. The peak intensity for each carbon is 
approximately proportional to the mass fraction of PBT 
or PAr. Both PBT and PAr resonant peaks appear in the 
blend spectra, and the chemical shifts of these peaks are 
the same as those of PBT and PAr homopolymers within 
experimental error. 
NMR spectra of melt-crystallized PBT and PBT/PAr 

blends are shown in Figure 4. Compared with quenched 
amorphous samples, most peaks of melt-crystallized PBT 
and PBT/PAr blends are much sharper, which can be 
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Figure 4. Solid-state 13C NMR spectra for melt-crystallized 
PBTiPAr blends at a cross-polarization time of 1000 ps, for 
compositions as listed in Figure 3. 

explained by the much more uniform chemical environ- 
ment of carbons of the PBT crystal phase in both PBT 
and PBT/PAr blends. These sharper peaks are from the 
PBT crystalline phase in the blends, while other peaks of 
the blends have the same full width at  half-maximum 
(fwhm) as those of amorphous PAr. For the 20/80 blend, 
the melt-crystallized sample shows little difference from 
that of the quenched amorphous sample, implying very 
little crystal phase (about 0.01 mass fraction crystallinity) 
is formed during melt crystallization.6 This is due to the 
large PAr content that significantly reduces the ultimate 
crystallinity of PBT. 

The line width of the very sharp peaks (e.g., PBT carbons 
1 and 2) seems to decrease systematically from melt- 
crystallized PBT to 80/20,60/40, and finally 40/60. For 
example, the carbonyl peak (PBT 1) located at 163 ppm 
clearly shows this trend. After subtracting the halo 
underneath this peak (attributed to the amorphous phase 
of PBT and PAr), we isolated the contribution from the 
crystalline PBT phase. The fwhm of this residue peak 
from crystals is shown to be 1.5 ppm for PBT, 1.1 ppm for 
80120, 0.9 ppm for 60140, and 0.8 ppm for 40160. The 
decrease in fwhm with an increase in the PAr content is 
due to the crystal size and/or crystal perfection of the 
samples. A larger crystal size and better crystal perfection 
would reduce the fwhm, while a smaller crystal size and 
poor crystal perfection should increase the fwhm by 
creating a broad distribution of local environments. This 
qualitative result is consistent with our wide-angle X-ray 
scattering results, which were used previously to deduce 
the length scale of PBT crystals in PBT/PAr blends in a 
quantitative way.6 Although it seems unexpected that 
the PBT crystal size is larger in the blends than in the 
PBT homopolymer, this result is due to the difference in 
crystallization kinetics among the blends. More specif- 
ically, blending of PAr with PBT reduces the crystallization 
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Figure 5. Solid-state NMR spectrum for a melt-crystallized 
60140 PBTiPAr blend at a cross-polarization time equal to 50 ps. 

rate of PBT (for the same crystallization temperature) 
and decreases the equilibrium melting point of PBTS5 Here 
we used T, equal to 200 "C  to crystallize all samples, 
including both PBT and blends. The degree of under- 
cooling (Tmo-Tc) is reduced significantly as more PAr is 
added, because Tmo decreases with an increase in the PAr 
f r a ~ t i o n . ~  This results in a significant reduction of the 
crystallization rate in the blends, which is critically 
dependent on the degree of undercooling, and leads to 
formation of more perfect crystals. 

The most striking observation of this work is that the 
spectra of crystalline PBT, and PBT/PAr blends with more 
than 0.40 PBT, reveal for the first time the splitting of 
protonated aromatic carbons. The two peaks have chem- 
ical shifts of 130.2 and 128.8 ppm, showing a 1.4 ppm 
difference. In Figure 5, we present the solid-state 13C NMR 
spectrum of a melt-crystallized 60/40 blend at  a contact 
time of 50 ps. We observe a tiny peak at  133 ppm which 
is from nonprotonated aromatic carbons. In themeantime, 
two comparably strong peaks located at 130.2 and 128.8 
ppm are observed, indicating that the two peaks at 130.2 
and 128.8 ppm are from protonated aromatic carbons. This 
peak splitting has not been observed in previous NMR 
studies of PBT.'-'O We suspect that splitting was not 
observed in prior studies because quenched amorphous or 
cold-crystallized PBT was used by previous researcher 
for their studies. Both of these sample types have a lower 
crystallinity and much poorer crystal perfection compared 
with our melt-crystallized samples. Failure to observe the 
protonated carbon peak splitting might also be due to the 
differences in the instrument resolution. 

Peak splitting for either protonated aromatic carbons 
or aliphatic carbons has been observed in other polymer 

Isotactic polypropylene (i-PP) has been 
found to exhibit such peak splitting in highly crystallized 
samples, and this was explained by the conformation 
sensitive y-gauche effect.'*J9 Garroway et aL21 studied 
ortho-carbon peak splitting in an epoxy polymer. They 
attributed the splittings to the proximity of the ortho 
carbons to methyl or methylene protons. The protonated 
aromatic carbons in poly(pheny1ene oxide) (PPO) have 
also shown peak splitting.20 In a study of poly@-phenylene 
terephthalamide), English suggested that the ortho carbons 
in the terephthalic unit exhibited peak splitting because 
of interaction with amide hydrogens.22 The absence of 
peak splitting of the ortho carbons on the aromatic ring 
in poly(pheny1ene sulfide) (PPS), which has a similar 
chemical structure compared with PPO, was explained by 
T ~ n e l l i ~ ~  to be partially due to the longer C-S bond length 
in PPS compared to the C-0 bond length in PPO and is 
also due to the fast rate of phenyl ring flippng in PPS 
compared with PPO. The fast flipping rate of phenyl rings 
in PPS tends to average out the difference between the 
two different conformations for the protonated aromatic 
carbons. 

C F Y  
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based on differences of TIOH were not feasible in this 
experiment. 

3. NMR results of melt-crystallized PBT and PBT/ 
PAr blends show that NMR line width decreases as the 
PAr content increases, indicating larger size crystals appear 
in the blends compared with that in PBT homopolymer. 
These results are consistent with our prior studies of the 
structure of these  blend^.^,^ 

4. Protonated aromatic carbons of PBT in melt- 
CrystallizedPBTand PBTiPAr blends have beenobserved 
to exhibitpeak splittingfor thefirsttime,due todifferencea 
of the local environment brought about by chain confor- 
mation effects. 
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Figure 6. One monomer of PBT in the c1 phase crystal. The 
figure was created using Cerius software from Molecular Sim- 
ulations. Carhons3-1 and3-3exhihitpeaksplittingfromcarbons 
3-2 and 3-4 due to a slight variation in the local field caused hy 
conformational effects. 
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Cerius software from Molecular Simulations. As shown 
in Figure 6, the four aromatic carbons on one phenyl ring 
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with 3-1 and 3-3 as one group and 3-2 and 3-4 as another 
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splitting is not observed. The difference between the two 
different conformations in thePBT crystalshoulddiminish 
as a consequence of increasing the phenyl ring flipping 
rate, similar to that seen the PPS.zl High-temperature 
NMR studies, which can result in fast phenylring flipping, 
are currently being investigated. 
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