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ABSTRACT: Spin-lattice Tl(C) and Tl,(C) relaxation and C-H dipolar line shapes have been obtained for 
the ring and aliphatic carbons of quenched and annealed poly(buty1ene terephthalate) by 13C NMR. At room 
temperature the rings in a fraction of the amorphous regions undergo large-amplitude motions consistent 
with 180" flips superimposed on wiggles and oscillations. Amplitudes of the motions of the two types of 
methylene carbon of the butylene moiety are smaller and differ in the annealed but not in the quenched material. 
This contrast suggests the importance of interchain packing in determining cooperative main-chain motions 
in the amorphous regions of the polymer. 

Introduction 
Jelinski and co-workers have shown convincingly that 

the rings in the amorphous regions of poly(buty1ene ter- 
ephthalate) (PBT) undergo rapid 180° flips superimposed 
on willations about the ring C2 axis1 and that the butylene 
carbons undergo motions of the defect-diffusion type2 
suggested by H e l f a ~ ~ d . ~ , ~  These determinations were made 
by 2D NMR on three specifically deuteriated samples at 
temperatures above the Tg of the amorphous component. 

We have been using two-dimensional dipolar rotational 
spin-echo (DRSE) 13C NMR" in an effort to understand 
the physics controlling motions like ring flips in glassy 
polymers8 at their normal use temperatures of T < TB' The 
DRSE experiment is well suited to this application. The 
experiment is performed on natural-abundance materials 
and yields a dipolar line shape for each carbon resonance 
resolved by decoupling and magic-angle spinning. Minor 
differences between motions of similar carbons in the re- 
peat unit are therefore not obscured by the sample-to- 
sample variations possible with preparations of specifically 
labeled materials. Since the l3CJH dipolar interaction is 
only about 20 kHz, data collected in the DRSE spectral 
window require no special precautions or subsequent 
corrections. In this paper we report the results of DRSE 
13C NMR experiments performed on partially crystalline 
PBT which suggest that the motions of both ring and 
aliphatic carbons are strongly influenced by interchain 
packing in the amorphous regions of the solid. 

Experiments 
Magic-Angle Spinning and  Relaxation Measurements. 

Cross-polarization magic-angle spinning 13C NMR spectra and 
relaxation measurements were obtained at  room temperature on 
a spectrometer built around a 12-in. iron magnet operating at  a 
proton Larmor frequency of 60 MHZ.~ Half-gram samples were 
spun in a double-bearing rotorlo at  1859 Hz. Tl(C) was measured 
by the Torchia method" and Tl,(C) by standard procedures.12 

Carbon Dipolar Sideband Patterns. Carbon dipolar line 
shapes were characterized by DRSE '% NMR at 15.1 MHz. This 
is a two-dimensional experiment13 in which, during the additional 
time dimension, carbon magnetization is allowed to evolve under 
the influence of C-H coupling while H-H coupling is suppressed 
by homonuclear multiple-pulse semiwindowless MREV-8 de- 
c~upling.'~ The cycle time for the homonuclear decoupling pulse 
sequence was 33.6 ps, resulting in decoupling of proton-proton 
interactions as large as 60 kHz (1/16.8 ps ) .  S i n  MREV-8 cycles 
fit exactly into one rotor period so that strong dipolar echoes 
formed. For singly protonated carbons whose resonances are well 

'Present address: Life Sciences NMR Center, Monsanto Co., 

f Present address: Department of Chemistry, Washington Uni- 
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versity, St. Louis, MO 63130. 

Table I 
"C SDin-Lock Lifetimes for Polv(butv1ene terwhthalate) 

thermal protonated 
history HI(C), kHz aromaticsb -OCH2- -CH2- 

quenched 60 13.5 1 
50 13.4 
44 13.0 
37 11.1 

annealed 60 23.7 
50 22.9 
44 22.0 
37 16.9 

10.3 8.0 
9.7 7.3 
9.0 7.2 
6.0 5.2 
9.3 7.2 
7.8 6.4 
7.8 6.4 
6.1 5.4 

'Least-squares fit (97% confidence level) to the observed decay 
between 0.05 and 1.00 ms after the turnoff of H,(C). bResonance 
at 128 ppm. Overlap with 132 ppm peak not removed by computer 
deconvolution. 

resolved in the chemical-shift dimension, a Fourier transform of 
the intensity at  the echo maximum vs. evolution time yields a 
dipolar spectrum consisting of a 13C-lH Pake doublet, scaled by 
the MREV-8 decoupling, and broken up into sidebands by the 
magic-angle sp-? The dipolar pattern for a methylene carbon 
is more complicated and can be thought of as the superposition 
of two patterns, one with proton spins parallel and the other with 
proton spins antiparallel. Molecular motion modifies all these 
patterns just as it does quadrupolar line shapes.16 

Materials. Dried PBT (Polysciences, Inc.) was heated to 250 
"C for 3 min, pressed into thin disks, and then quenched in ice 
water from the melt. Annealing was done a t  110 OC (above the 
Tg of 50 "C but below the T, of 223 "C) for 260 h under an 
atmosphere of NP The annealing temperature was lowered to 
room temperature over a 2-h period. The thin-disk geometry 
ensured that the PBT samples were not subsequently stressed 
by the magic-angle spinning. 

Results 
Line Assignments and Relaxation Rates. The 13C 

NMR spectrum of quenched PBT, -(C6H4C(=0)- 
OCH2CH2CH2CH20C(=O))-,, is shown in Figure 1 (top 
left). The five-line spectrum is assigned16 to carbonyl 
carbons (165 ppm), nonprotonated aromatic carbons (132 
ppm), protonated aromatic carbons (128 ppm), -OCH2- 
methylene carbons (63 ppm), and interior -CH2- methy- 
lene carbons (23 ppm). Because of a short proton T1, in 
PBT, a 2-ms proton-carbon cross-polarization contact 
enhances the nonprotonated carbon intensities more than 
the protonated-carbon inten~ities.~ Spinning sidebands 
are minor and do not overlap isotropic peaks. The aro- 
matic region can be resolved by computer simulation using 
two Lorentzians with minor Gaussian character (Figure 
1, right). The intensities of the dipolar echoes following 
16 MREV-8 cycles are about 70% for the singly protonated 
carbons and 60% for the doubly protonated carbons 
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Figure 1. Dipolar rotational spin-echo 15.1-MHz I3C NMR 
spectra of quenched poly(buty1ene terephthalate) at room tem- 
perature as a function of the number of semiwindowleas MREV-8 
cycles used during IH-l3C dipolar evolution. A 2-ms proton- 
carbon cross-polarization preparation of carbon magnetization 
preceded the dipolar evolution. The aromatic carbon region can 
be resolved by the deconvolution of two Lorentzians (right). 

Table I1 
1S.l-MHz '43 Spin-Lattice Relaxation Times for 

PoMbutylene terephthalate) 
(TAC))," ms 

protonated 
thermal history aromaticsb -0CHZ- -CHZ- 

quenched 1120 133 98 
annealed 2460 196 123 

"Least-squares fit (95% confidence level) over the first 10% of 
the decay curve. bResonance at 128 ppm. Overlap with 132 ppm 
peak not removed by computer deconvolution. 

(Figure 1, bottom left). Spectra of annealed PBT have the 
same appearance as those of the quenched material. 

Annealing lengthens the protonated aromatic carbon 
(Tip) but shortens slightly the methylene carbon ( Tl,)'s 
(Table I). The interior methylene carbon (Tip) is 
somewhat shorter than that of -OCH2- for both quenched 
and annealed PBT.16 The Hl(C) dependence of these 
( Tl,(C))'s is sufficiently weak that there is no doubt that 
relaxation is dominated by spin-lattice (motional) path- 
ways.12 All Tl(C)'s for PBT increase after annealing (Table 
11). 

The Tl(C) plots for most of the carbons of PBT have 
clearly visible dispersions of relaxation rates. The plot for 
the protonated aromatic carbon line of annealed PBT, for 
example, drops to less than half-value by 5 s (Figure 2, 
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Figure 2. 15.1-MHz Tl(C) plots for the protonated aromatic 
carbon line (128 ppm) of quenched (top) and annealed (bottom) 
poly(buty1ene terephthalate). 

bottom), but then to only 90% relaxation by 20 s (not 
shown). Past t = 0.5 s, no three points of this plot are 
connected by a straight line. The 128 ppm protonated 
aromatic carbon line of quenched PBT has a particularly 
pronounced Tl(C) dispersion, with about a 10% contri- 
bution from a fast-relaxing component (Figure 2, top). 
This component is completely removed by annealing. 
There are no abrupt changes in the curvatures of the 
methylene carbon TI plots for both quenched and annealed 
PBT. 

Dipolar Sideband Patterns. The protonated aromatic 
carbon dipolar line shape is influenced by the fast T,(C) 
component. The centerband of the pattern is exaggerated 
for the full sample (Figure 3, top left). When the dipolar 
modulation experiment is performed with a carbon prep- 
aration that includes a 200-me Tl(C) waiting period to 
allow the fast-relaxing component to escape, the center- 
band intensity is reduced (Figure 3, bottom left). The 
normalized difference between the two sideband patterns 
(Table 111, row 3) is consistent with a component with 

Table I11 
Dipolar Rotational Sideband Intensities" for Poly(buty1ene terephthalate) 

thermal 
history carbon 0 1 2 3 4 5 6 

quenched protonated aromaticb 0.155 0.128 0.160 0.079 0.037 0.013 0.005 
protonated aromatic, less fastest 10% T,(C) componentbnc 0.114 0.123 0.165 0.086 0.044 0.019 0.005 
difference, normalized 0.348 0.132 0.096 0.035 0.009 0.000 0.025 
-0CH2- 0.164 0.128 0.100 0.086 0.064 0.032 0.009 
-CH,- 0.165 0.131 0.102 0.086 0.061 0.030 0.008 

annealed protonated aromaticb 0.124 0.129 0.166 0.083 0.039 0.015 0.004 
protonated aromatic, less fastest 10% Tl(C) componentbsc 0.121 0.122 0.164 0.084 0.044 0.016 0.006 
-0CH2- 0.153 0.127 0.102 0.086 0.063 0.035 0.011 
-CHZ- 0.179 0.143 0.110 0.082 0.048 0.023 0.006 
methylene, less fastest 50% Tl(C) componente 
-OCH2- 0.139 0.123 0.094 0.083 0.073 0.042 0.016 
-CH2- 0.148 0.116 0.100 0.085 0.066 0.035 0.024 

sideband no. 

a Semiwindowless MREV-8 multipulae decoupling. Theoretical scale factor is 0.54. Magic-angle spinning at 1859 Hz. *Resonance at 128 
Tl(C) delay of 300 ms. e Tl(C) delay of ppm. Overlap with 132 ppm peak removed by computer deconvolution. 

115 ms. 
Tl(C) delay of 200 me. 
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SIDEBAND KUBER 

Table IV 
Exmrimental and Calculated Dipolar Rotational Sideband Intensities” for Two Crystalline Model Compounds 

SIOEBAHI NUBER 

sideband no. 
expt or calcn carbon 0 1 2 3 4 5 6 

dimethoxybenzene, expt CH 0.115 0.123 0.168 0.086 0.043 0.016 0.007 
static, calcnb~C CH 0.124 0.133 0.185 0.070 0.034 0.012 0.004 

0.116 0.086 0.080 0.069 0.043 0.023 static, calcnbsd CHZ 0.139 
0.161 0.129 0.090 0.071 0.066 0.044 0.020 [2-13C]glycine, expt CH2 

Semiwindowless MREV-8 multiple-pulse decoupling. Theoretical scale factor is 0.54. Magic-angle spinning at 1859 Hz. Effective scale 
factor is 0.39. CDetails of the calculation are described in ref 7. dThe CH2 pattern is the sum of patterns calculated for proton spins parallel 
and antiparallel, respectively. The CH bond length is 1.09 A, and the HCH bond angle is 109’. 
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Figure 3. Experimental dipolar sideband patterns for the aro- 
matic CH pairs of quenched (left) and annealed (right) poly- 
(butylene terephthalate) under magic-angle spinning at 1859 Hz. 
The two patterns at the bottom of the figure involved a 20()-ms 
(left) or 300-ms (right) T,(C) delay in the preparation step of the 
dipolar modulation experiment to allow the 10% fastest relaxing 
carbons in each sample to escape. 

several types of largeamplitude motions.’ The protonated 
aromatic carbon resonance of annealed PBT shows no 
behavior of this sort (Figure 3, top and bottom right, and 
Table 111, rows 6 and 7). These patterns are almost those 
expected for a static CH pair (Table IV, rows 1 and 2). 

The two methylene carbon dipolar patterns of quenched 
PBT are indistinguishable (Table 111, rows 4 and 5 ) ,  while 
those of the annealed material are different (Figure 4, 
right). For annealed PBT, the -CH2- dipolar pattern has 
more intensity in the center and less in the wings than the 
-OCH,- pattern (Table Ill, rows 8 and 9). The difference 
between dipolar patterns is reduced for the methylene 
carbons of annealed PBT with long Tl(C)’s (Table 111, rows 
10 and 11). The latter patterns are both close fits to a 
calculated static CH2 pattern (Table IV, row 4). 
Discussion 

Large-Amplitude Motion and Tl(C) Dis rsions in 

PBT,’v2 the abrupt change in curvature in the plot of 
Figure 2 (top) demonstrates the presence in quenched PBT 
of a short-Tl component. The narrow dipolar line shape 
of the protonated aromatic carbons of this component 
(Table 111, row 3) is consistent with the rings undergoing 
180’ flips and large-amplitude oscillations and wiggles.’*’ 
The wiggling is presumably part of the lattice distortions 
that enable ring flips.8 The fast-relaxing component of 
quenched PBT (which makes up some 10% of the sample 
at  room temperature) is removed by annealing at  T > Tg, 
and so it can be reasonably associated with conformational 

PBT. Consistent with the earlier 2D NM rt” studies of 

QUENCHED ANNEALED 
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defects in the amorphous regions of the polymer. 
While the T > Tg annealing has definitely removed some 

conformational defects, it could not have increased the 
crystallinity“ of the sample by much more than lo%, as 
judged by the almost unchanged X-ray diffraction powder 
patterns (not shown). Thus, the annealed sample neces- 
sarily retains amorphous character. Using NMR to de- 
termine the concentration of the remaining conformational 
defects in this sample is not easy, however. The uniform 
curvature of the Tl(C) plot for the protonated aromatic 
carbon line (Figure 2, bottom) makes a quantitative as- 
sessment of the amorphous content by Tl discrimination 
essentially arbitrary. Only when clear differences in re- 
laxation behavior are apparent (as in Figure 2, top) is it 
possible to establish a reliable lower limit to the amorphous 
content. 

Static Dipolar Patterns in PBT. The ring and 
methylene carbons of the long-T,(C) fraction of annealed 
PBT have dipolar patterns (Table 111, rows 7 and 10 and 
11, respectively) which are close to those of crystalline 
model compounds (Table IV, rows 1 and 3). The widths 
of these patterns have been reduced by ultra-high-fre- 
quency motions common to all solids a t  room tempera- 
ture.’* We account for this reduction by the use of an 
“effective” multiple-pulse scale factor: so that simulations 
like those of Table IV of the “static” dipolar line shapes 
observed for typical organic crystals then lead to the same 
C-H bond lengths as neutron-scattering determinations. 
The PBT ring carbon and methylene carbon dipolar 
patterns of the full sample (Table 111) are reduced slightly 
from static patterns by the small-amplitude wiggling re- 
sponsible for the fast Tl and Tlp relaxation in the 
amorphous regions. These motions are discussed in the 
next section. 

Main-Chain Motions in PBT and Comparisons to 
Motions in Poly(ethy1ene terephthalate). The weak 
Hl(C) dependence of the methylene carbon ( Tl,)’s for both 
quenched and annealed PBT (Table I) indicates that the 
frequencies of cooperative main-chain motions are much 
greater than the BO-kHz rotating-frame Larmor frequency. 
The frequencies of these motions are also much greater 
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than those of the corresponding motions in poly(ethy1ene 
terephthalate) (PET). Thus, T > Tg annealing of PBT 
improves packing in the amorphous regions, lowers the 
average frequency of megahertz-regime cooperative 
main-chain motions, and lowers the methylene carbon 
(Tip). This is in contrast to the T < Tg annealing of 
PET,lg which lowers the frequency of main-chain motions 
already in the low-kilohertz regime and so increases the 
methylene carbon (Tip). In addition, unlike the situation 
for PBT, protonated aromatic carbon dipolar sideband 
patternsz0 and 2D quadrupolar line shapesz1 show that a t  
room temperature none of the rings of quenched PET are 
flipping, a t  least a t  frequencies of lo4 Hz or more. How- 
ever, the average ring-oscillation frequency is still greater 
than 50 kHz. Thus, T < Tg annealing increases spectral 
density at the rotating-frmne Larmor frequency for the ring 
carbons of PET and shortens ( T1p(C)),19 opposite to the 
effect of T > Tg annealing on PBT in which loss of the 
ring-flip population dominates relaxation. Finally, an- 
nealing at  T < Tg has no observable effect on amplitudes 
of either ring or methylene carbon motions in PET as 
judged by unchanged dipolar sideband patterns.z0 This 
means the observed changes in PET relaxation rates due 
to T < Tg annealing are primarily due to changes in the 
frequencies rather than amplitudes of motion. This is not 
the situation for the T > Tg annealing of PBT, as discussed 
in the following section. 

Asymmetry and Main-Chain Motions in PBT. The 
asymmetry in the main-chain motion of the shorter Tl(C) 
component of annealed PBT is apparent in differences in 
the -CHz- and -OCHz- dipolar patterns (Figure 4, right, 
and Table 111, rows 8 and 9). The interior methylene 
carbon pattern is the more motionally averaged of the two, 
consistent with the results of zD NMR experiments.2 
These differences do not appear for the quenched material 
(Figure 4, left). This means the constraints of tight in- 
terchain packing in, or the influence of microcrystalline 
domains on, the amorphous regions must be responsible 
for the asymmetry. In the loosely packed quenched PBT, 
major asymmetry in the amplitudes of methylene carbon 
motion is not prominent a t  room temperature, although 

minor asymmetry is present as indicated by slight differ- 
ences in ( T1,(C))’s and ( Tl(C))’s (Tables I and 11). The 
results of Figure 4 emphasize that the Helfand3p4 three- 
bond motion, which has been invoked to explain asym- 
metry in the methylene carbon motion,2 should not be 
considered in terms of an isolated single chain in a vacuum, 
but rather in terms of a chain embedded in an interactive 
matrix. 

Registry No. PBT (SRU), 24968-12-5; PBT (copolymer), 
26062-94-2; (H3C0)2C6H4, 27598-81-8; [ 2-l3C]glycine, 20220-62-6. 
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ABSTRACT Effects of polydispersity on rheological properties of entangled polymers are analyzed. A number 
of models of tube renewal are discussed and compared with each other and with experiments. A theory 
incorporating reptation, tube renewal, and fluctuations in the tube length into a general description of stress 
relaxation is developed. Dynamical moduli were calculated for monodispersed and bidispersed systems and 
compared with experiments. The product of viscosity and recoverable shear compliance is predicted to be 
of the order of the longest relaxation time of the higher molecular weight component with a weakdependence 
on the relative volume fraction of the binary mixture for a large enough concentration of longer molecules. 

I. Introduction 
Polydispersity has a profound effect on the viscoelastic 

properties of polymers. This is to be expected, since the 

‘Present address: Research Laboratories, Eastman Kodak Co., 
Rochester, NY 14650. 
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fundamental relaxation times in the system, the reptation 
times of the molecules, vary as a high power of molecular 
weight. 

In this paper we explore some theoretical aspects of 
polydispersity, in particular its effects on the stress re- 
laxation and dynamical moduli, and compare the theo- 
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