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ABSTRACT The temperature dependences of the line widths observed in solid-state 13C NMR spectra 
for several polymers are shown to  correlate with the time and temperature dependences of the segmental 
dispersions in their dielectric relaxation spectra. The NMR line width variations arise from molecular 
motions which modulate the lH-W dipolar interaction and the chemical shift anisotropy (CSA), thus 
interfering with the proton decoupling of the dipolar interaction and the magic angle spinning modulation 
of the CSA. These same motions govern the local segmental dynamics, and hence there is a direct 
connection between the results from macroscopic probes of polymer relaxation such as dielectric 
spectroscopy and microscopy measurements like NMR. The polymers studied herein exhibit a range of 
segmental relaxation properties, ranging from narrow relaxation functions with weak temperature 
dependences to very broad relaxation spectra whose mean relaxation times change markedly with 
temperature. In the 13C NMR experiments these behaviors correspond to line broadening over very wide 
or narrow temperature ranges, respectively. Our analysis demonstrates the manner in which solid- 
state NMR spectroscopy can provide information on the segmental dynamics of polymers, interpretable 
in the framework of relaxation models. 

Introduction 

Solid-state 13C nuclear magnetic resonance (NMR) 
spectroscopy employing magic angle spinning (MAS) 
and high-power radio-frequency proton decoupling pro- 
vides a direct microscopic probe of local chain dynamics 
in neat p ~ l y m e r s l - ~  and  blend^.^^^ In a recent paper7 
we applied this technique to measure the segmental 
dynamics of two polymers, polyisobutylene (PIB) and 
poly(vinylethy1ene) (PVE), which have contrasting prop- 
erties as revealed by various macroscopic probe experi- 
ments, including dielectric,13 and photon 
correlation spectros~opies .~~ For PIB, the local relax- 
ation spectrum, as well as the retardation spectrum, 
when isolated from the Rouse modes' contribution has 
a very narrow dispersion, and the measured relaxation 
time, z, has a weak temperature dependence. In 
contrast, local segmental relaxation of PVE is associated 
with a considerably broader spectral dispersion and 
stronger sensitivity to temperature. A measure of this 
temperature sensitivity of t is seen in an Arrhenius plot 
(see Figure 9) with the temperature normalized by the 
glass transition temperature, Tg. The latter is taken 
to be the temperature at which t reaches an arbitrary 
time, e.g., 100 s. The validity of this approach (referred 
to as cooperativity or fragility plots) for comparing 
temperature dependencies of different polymers has 
been amply d e m o n ~ t r a t e d . ~ J ~ J ~  The strong correlation 
of the temperature sensitivity o f t  with the breadth of 
the glass transition dispersion has been established9J5J6 
for a wide variety of organic polymers through the use 
of these cooperativity plots. The origin of this correla- 
tion has been suggested17 to be intermolecular cooper- 
ativity associated with the local segmental relaxation 
which determines both the breadth of the dispersion and 
the temperature dependency of z. 

Our previous solid-state 13C NMR investigations of 
neat PIB and PVE showed that the molecular motions 
underlying their respective segmental relaxations have 

*Abstract published in Advance ACS Abstratts, March 15,1995. 

very different temperature dependen~ies,~ paralleling 
the result from macroscopic probes. In view of these 
results, we have extended the NMR measurements to 
a wide variety of polymers, including poly(viny1 chloride) 
(PVC), which has the strongest temperature dependency 
and the broadest segmental relaxation dispersion of any 
organic p ~ l y m e r . ~ J ~ - ~ ~  With PVC and PIB representing 
the two extremes of maroscopic relaxation behavior, we 
also investigated poly(viny1 acetate) (PVAc) and poly- 
isoprene (PIP), which are intermediate in the breadth 
of their relaxation spectrum and temperature depen- 
dency, and poly(vinylethylene1 (PVE), which has a broad 
spectral dispersion, but still narrower than that of PVC. 
The consequences of these varying segmental dynamics 
on the solid-state 13C NMR response near and above the 
polymers' glass transition temperatures are described. 

Experimental Section 
All NMR spectra were obtained on a Bruker MSL 300 

spectrometer with a static magnetic field of 7.04 T (300.1 MHz 
lH and 75.5 MHz 13C Larmor frequencies). A double-tuned 
multinuclear magic angle spinning (MAS) probehead equipped 
for 7 mm 0.d. sample rotors was used to acquire all spectra. A 
waiting time of 15 min at each temperature was allowed in 
order for sample and probe to  reach thermal equilibrium. 
Probehead input impedance was readjusted after temperature 
equilibration immediately prior to data acquisition. The 
Hartmann-Hahn cross polarization (CP) technique21 was 
employed at temperatures where a sufficient static hetero- 
nuclear dipolar interaction was available for efficient cross 
polarization, using proton decoupling during acquisition of the 
carbon free induction decay. At higher temperatures, a single 
carbon-13 z/2 pulse (5 ps) was used with proton decoupling.22 
The l3C MMR spectra were acquired in increments of 2 "C over 
the entire temperature range where the peaks were observed 
to undergo broadening due to interference by segmental 
relaxation. All spectra were obtained using magic angle 
spinningZ3sz4 maintained at 3.0 kHz f 5 Hz. Observe (13C) and 
decoupling ('H) radio-frequency fields for cross polarization 
and one-pulse experiments were maintained at 50 IrHz, and a 
cross polarization contact time of 1 ms was used in all CP 
experiments, with a relaxation delay of 2 s. No apodization 
of the free induction decay was employed in any of the 
experiments. 

This article not subject to  US. Copyright. Published 1995 by the American Chemical Society 
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Figure 1. Carbon-13 NMR spectra of neat PVAc obtained over 
the temperature range 320-354 K. The backbone methine 
and methylene carbon resonances are at 6 = 67 and 39 ppm, 
respectively, and the carbonyl carbon appearas at 6 = 170 
ppm. These peaks broaden over the temperature range 324- 
352 K due to the presence of 3-50 kHz segmental reorienta- 
tion. The pendant methyl carbon at 21 ppm does not undergo 
broadening in this temperature range due to rapid C3 reori- 
entation. 

Results 
Figures 1-3 show representative carbon-13 NMR 

spectra of PVAc, PIB, and PVC obtained over the 
temperature range for which their respective backbone 
carbon resonances undergo broadening as a result of 
segmental relaxation (vide infra). Magic angle spinning 
(3 kHz) is used in the acquisition of these spectra so 
that the variation in chemical shift (chemical shift 
anisotropy (CSA)) associated wtih molecular orientation 
in the applied static magnetic field Bo is modulated to 
its isotropic average. In addition, a 50 kHz radio- 
frequency (RF) proton decoupling field is applied during 
acquisition of the carbon free induction decay to average 
the heteronuclear dipole-dipole interaction among car- 
bon and hydrogen nuclei. Without MAS and proton RF 
irradiation, resolution of the chemically distinct carbon 
resonances would not be possible due to the absence of 
isotropic motional averaging on the time scale of the 
chemical shift anisotropy and heteronuclear dipolar 
interactions in these samples (at temperatures in the 
vicinity of Tg). 

When the polymer motions transpire over the critical 
3-50 kHz time scale, the localized fluctuating magnetic 
fields generated by the reorienting segments interfere 
with the MAS modulation of chemical shift anisotropy 
and/or the proton RF irradiation modulation of the 
carbon-proton dipolar interaction. The diminished 
averaging of these interactions results in line broaden- 
ing of the individual peaks in the 13C NMR spectrum 
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Figure 2. Carbon-13 NMR spectra of neat PIB obtained over 
the temperature range 140-370 K. The peaks at 6 = 31,38, 
and 59 ppm correspond to the methyl, quaternary, and 
methylene carbons, respectively. The broadening of the 
quaternary carbon in the 260-300 K temperature range is 
primarily attributed to  3-50 kHz segmental relaxation. The 
spectrum at 370 K was obtained without proton decoupling 
for peak assignment purposes. 

(corresponding to the chemically distinct nuclei of the 
polymer). The fraction of segments (and thus nuclei) 
reorienting on the 3-50 kHz time scale will obviously 
depend upon sample temperature. When reorienta- 
tional time scales are either short (higher temperature) 
or long (lower temperature) compared with the MAS or 
RF decoupling period, no inteference with the modula- 
tion of CSA or heteronuclear dipolar interaction occurs, 
and the 13C NMR peak resonances are narrow (at least 
in the absence of other line broadening contributions). 
The peaks broaden only over the temperature range for 
which the segmental relaxation frequencies are within 
the critical 3-50 kHz range for a significant fraction of 
the sample. Thus, we are able to decipher the temper- 
ature range over which segmental motions in the 
polymers are occurring at  or near the time scale of the 
MAS spin rate (3  kHz) and/or the proton RF decoupling 
field (50 kHz). 

The PVAc 13C NMR spectrum shown in Figure 1 at 
320 K evidences a relatively narrow resonance at  67 
pprn (corresponding to the backbone methine carbon) 
with bv1/2 = 380 Hz. This peak does not narrow 
significantly as temperature is lowered below 320 K. 
However, as shown, higher temperature (above 320 K) 
results in the onset of peak broadening, due to the 
presence of segmental relaxation on the 3-50 kHz time 
scale. Maximum line width occurs at approximately 336 
K (37 K above the calorimetric glass transition), because 
the spectral density of segmental relaxation on the 3-50 
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in all samples herein and therefore are neglected in our 
analysis. 

Figure 2 shows the 13C N M R  results for neat PIB over 
the temperature range 140-370 K. The pendant meth- 
yl carbon at  31 ppm is observed to progressively broaden 
as temperature is lowered below 370 K because the 
frequency of C3 rotation approaches the 3-50 kHz 
range at  lower temperatures. However, even a t  140 K 
the peak width has not maximized due to the still 
relatively rapid rate of C3 rotational reorientation at  
this temperature (vide infra). The quaternary backbone 
carbon resonance of PIB at 38 ppm exhibits only 
moderate line broadening between 260 and 300 K. This 
is not surprising given the weak heteronuclear dipolar 
interaction at  a carbon lacking directly bonded hydro- 
gen. Nonetheless, the broadening of this resonance 
between 260 and 300 K is indicative of reorientation on 
the 3-50 kHz time scale at  this site and the adjacent 
(protonated) methylene backbone carbon. The magni- 
tude of chemical shift anisotropy of this saturated 
carbon must also be small, and no strong interactions 
exist for extreme line broadening, regardless of the time 
scale of reorientation. The adjacent methylene back- 
bone carbon of PIB at 59 ppm contains two directly 
bonded hydrogens, and therefore a large potential 
heteronuclear dipolar interaction and line-broadening 
mechanism. As shown in Figure 2, this carbon reso- 
nance begins broadening above 300 K and is never 
observed to narrow significantly as temperature is 
lowered toward 140 K. We have previously shown that 
this line broadening is not attributable to an inhomo- 
geneous mechani~m,~ such as would occur if there were 
a wide dispersion of chemical shifts. However, this line 
broadening cannot be solely attributed to the interfer- 
ence of 3-50 kHz segmental relaxation with MAS or 
proton decoupling since the methylene resonance re- 
mains broad below the calorimetric glass transition 
temperature of 200 K, where the spectral density of 
these backbone motions must be very low. As previ- 
ously discussed, one type of motion with potentially high 
spectral density in the critical 3-50 kHz range below 
Tg is C3 methyl rotation. However, a preGous study of 
PIB has shown that the rate of rotation of the methyl 
groups is rapid relative to the 3-50 kHz range, euen a t  
140 K.7 No other motions exist which could contribute 
the necessary spectral density in the 3-50 kHz regime 
for significant line broadening below Tg. We expect the 
extreme line broadening observed in the methylene 
carbon resonance between 260 and 300 K to be attribut- 
able primarily to 3-50 kHz reorientational motion as 
seen for the adjacent quaternary carbon over this 
temperature interval. 

Figure 3 shows the I3C NMR spectra of neat PVC 
obtained over the temperature range 358-388 K. The 
quality factor of our NMR probe at  these elevated 
temperatures was significantly diminished and pre- 
cluded the acquisition of extremely high signal-to-noise 
spectra in a time interval consistent with precise MAS 
rates and (magnet bore) heat control. Nonetheless, we 
obtained line width data at  2 K temperature increments 
and trends in line widt.h variation are clearly visible. 
The separate methylene (45 ppm in solution) and 
methine (57 ppm in solution) carbon resonances of PVC 
are not resolvable a t  any of the temperatures shown. 
The breadth of these resonances is in part  a consequence 
of the relatively wide distribution of isotropic chemical 
shifts, as evidenced by the broad nature of both meth- 
ylene and methine carbons of PVC solution-state NMR 
spectra (not shown). The peak width in the absence of 
motional line broadening (e.g., 2200 Hz at 358 K, 
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Figure 3. Carbon-13 NMR spectra of neat PVC obtained over 
the temperature range 358-388 K. Although the individual 
methylene (6 = 45 ppm) and methine (6 = 57 ppm) carbon 
resonances cannot be resolved, line broadening due to 3-50 
kHz segmental relaxation occurs between the relatively narrow 
temperature range 368-383 K. 

kHz time scale is highest at  this temperature. As 
temperature is further increased, the methine carbon 
resonance begins to narrow as the time scale of seg- 
mental relaxation becomes short relative to the MAS 
and proton decoupling periods. At 352 K, the line width 
has decreased to its width at  324 K because segmental 
motions are now rapid relative to the critical 3-50 kHz 
time scale. The temperature range in neat PVAc for 
which a relatively large fraction of the sample is 
undergoing segmental relaxation on the 3-50 kHz time 
scale is 324-352 K (AT = 28" K); the line width is 
therefore dominated by these motions in this temper- 
ature interval. The lower and upper temperature limits 
of peak broadening will hereafter be referred to as TL 
and TH-respectively. 

The methylene backbone carbon of PVAc (e.g., -CH2- 
at  39 ppm) exhibits a dependence of its segmental 
relaxation on temperature, similar to that of the meth- 
ine carbon, as does the pendant carbonyl carbon at  170 
ppm. The pendant methyl group at  21 ppm does not 
undergo significant line broadening in the 324-352 K 
range because of the rapid rate (relative to 3-50 kHz) 
of C3 rotation over this temperature interval. The 
large-scale 3-50 kHz segmental motions discussed 
above all occur at  temperatures significantly above the 
calorimetric Tg of 299 K, where the spectral density is 
sufficiently high to produce extreme line broadening. No 
segmental relaxation mechanism for line broadening to 
such a degree exists below Tg in any of the homopoly- 
mers studied herein, except a t  temperatures where 
methyl groups rotate at the critical 3-50 kHz frequency. 
These temperatures are far below the calorimetric Tg 
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Table 1. Segmental Relaxation Data from 13C NMR 
Resonance Line-Broadening Experiments and Dielectric 

Relaxation Spectra 
13C line-broadening 

polymer Tg" (K) range* (K) (TH-TL) RC 
PVAc 305 324-352 0.43 

PIB 200 -260-300 0.55 

PVC 354 368-383 0.25 

PIP 200 232-262 0.50 

(AT  = 28 K) 

(AT  = 40 K) 

(AT  = 15 K) 

(AT = 30 K) 
PVE 270 286-317 0.41 

(AT  = 31 K) 
a Glass transition temperature determined by differential scan- 

ning calorimetry. Temperature range over which 13C NMR 
resonance line broadening occurs in backbone carbon resonances. 
See text for further details. Stretch exponent /3 (eq 1) determined 
from dielectric spectroscopy. 

determined on the composite methylenelmethine reso- 
nance far exceeds that of the individual peak separa- 
tions of 900 Hz (determined from solution-state experi- 
ments). Most signficantly, only a minor extent of line 
broadening attributable to segmental relaxation on the 
3-50 kHz time scale is present and is apparent only 
within the narrow temperature range of 368 K (TL) to 
383 K (TH), where the peak width has increased to 
approximately 3000 Hz (at 375 K). Nonetheless, both 
the methine and methylene carbons of PVC contain 
directly bonded hydrogen which must provide a strong 
heteronuclear dipolar interaction, and therefore a sig- 
nificant segmental relaxational line-broadening mech- 
anism. The absence of extreme 13C NMR line broad- 
ening in PVC suggests that there is a relatively low 
spectral density of 3-50 kHz motion at  any given 
temperature (between 368 and 383 K). The spectral 
density is widely dispersed whereby only a fraction at 
any temperature contributes to the NMR line broaden- 
ing. 

As described above, PIB, PVAc, and PVC vary widely 
in their macroscopic segmental relaxation behavior, and 
hence the divergent microscopic I3C NMR results are 
not unexpected. The 13C NMR results for all of the 
polymers, including data for PIP and PVE (spectra in 
ref 51, are summarized in Table 1. 

Discussion 
Arrhenius plots for the PVAc, PIB, PVC, PIP, and 

PVE segmental relaxation times are shown respectively 
in Figures 4-8. The macroscopic segmental relaxation 
times t were determined from the maxima in the 
respective dielectric loss spectra at  each temperature 
for PVE,l3 PIP,13,25 P V A C , ~ ~  and PVC;19,20 t for PIB was 
determined from photon correlation spectroscopy.14 
Also shown in Figures 4-8 are the isothermal dielectric 
loss, e", spectra at  the low- and high-temperature limits 
(TL and T H )  of peak broadening as determined from 
solid-state 13C NMR experiments. The scales for the 
e" spectra are not marked but correspond exactly to  the 
inverse of the main ordinate, log(t). The two dotted 
lines indicate the angular frequencies of 3 and 50 kHz, 
that is, the range of the NMR frequency window. The 
dielectric spectra shown in Figures 4-8 are actually tits 
of experimental data to  the Fourier transform of the 
time derivative of the Kohlrausch-William-Watts 
(KWW) f u n c t i ~ n , ~ ~ , ~ ~  

The original dielectric data were taken at a number of 
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Figure 5. Same as for Figure 4, except the polymer is now 
PIB and the loss data are obtained from dielectric spectroscopy 
(ref 24). 

temperatures not necessarily coincident with TL and TH. 
The locations of these two temperatures on the 1000/T 
axis are indicated by the vertical arrows emanating from 
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Figure 6. Same as for Figure 4, except the polymer is now 
PVC and the loss data are obtained from dielectric spectros- 
copy (ref 25). 
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Figure 8. Same as for Figure 4, except the polymer is now 
PVE and the loss data are obtained from dielectric spectros- 
copy (refs 18 and 19). 
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Figure 7. Same as for Figure 4, except the polymer is now 
PIP and the loss data are obtained from dielectric spectroscopy 
(refs 12 and 14). 

the 6’’ peak. The solid curve in Figures 4-8 are the fits 
of the temperature dependence of the most probable 
relaxation time t to the Vogel-Fulcher equation.28 The 
points of intersection of this solid curve with the tips of 
the two vertical arrows in each of these figures locate 
the ?s for TL and TH, respectively. With both z and the 
stretch exponent ,f3 known, the macroscopic dielectric 
loss at  TL and TH can be calculated by Fourier transform 
of the derivative of the KWW function given by eq 1. In 
this manner we obtain the dielectric loss spectral 
intensity at  TL and TH relative to the two critical 
frequencies for line broadening of the 13C NMR experi- 
ments. The stretch exponent /3 is related to the width 

W (in decades) of the frequency-domain relaxation 
spectrum by ,L? w 1.14/W.2 The portion of the macro- 
scopic relaxation spectral intensity (dashed curve) within 
these frequency limits indicates the fraction of the 
distribution of the segmental relaxation process which 
lies inside the 3-50 kHz frequency window. 

Examination of Figures 4-8 reveals a close cor- 
respondence between the measured time scales of 
macroscopic (dielectric loss, photon correlation spectros- 
copy) and microscopic (NMR) segmental relaxation for 
each of the samples. The majority of the macroscopic 
spectral dispersion for each sample (L 70%, within the 
region 6’’ 2 0 . 1 ~ ’ ’ ~ ~ )  passes through the cri$ical 3-50 
kHz NMR frequency window as temperature is varied 
between TL and TH. That is, for most samples, no less 
than approximately 70% of the area defined by the 
macroscopic spectral dispersions (determined at  TL and 
TH) falls within the critical 3-50 kHz NMR line- 
broadening frequency range over the temperature in- 
terval TL to TH. Thus, in general, the microscopic 
reorientational relaxation which governs the 13C NMR 
line broadening occurs over the temperature interval 
inferred from the macroscopic relaxation measurements. 

As indicated above, the breadths of the macroscopic 
relaxation functions vary considerably among the poly- 
mers. Those for PIB, PIP, and PVAc are relatively 
narrow (By112 = 2.1-2.3 decades of frequency), O ( t )  is 
somewhat broader for PVE (2.8 decades)30 and much 
broader in PVC (4.9 decades). Since the present 13C 
NMR technique is sensitive to motions only in the 
frequency range 3-50 kHz, broader dispersions will 
contribute proportionally less spectral density within 
this range at  any given temperature. In the case of PIB, 
PVAc, PIP, and PVE, the spectral distribution that lies 
within the critical 3-50 kHz NMR line-broadening 
window is in the range of -50-65% between TL and 
TH. In contrast, the extremely wide dispersion of PVC 
allows at most only 25% to fall within the critical NMR 
line-broadening window. The lack of substantial line 
broadening in the 13C NMR resonances of PVC is a 
direct consequence of its broad relaxation spectrum. 
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strates that the temperature dependence of the line 
width observed in solid-state 13C NMR (with MAS and 
proton decoupling) is the same as the temperature 
dependence of the segmental relaxation determined 
from bulk measurements such as dielectric spectroscopy. 
Aside from trivial exceptions to this correlation (due, 
for example, to pendant group motions), any differences 
in the respective temperature dependencies measured 
by the two techniques are a consequence of the different 
time windows accessed by the experiments. 

As shown by many prior studies, relaxation dynamics 
having broad dispersions in dielectric or mechanical 
spectra are associated with relaxation times which 
change markedly with temperature. The latter behav- 
ior results in NMR line broadening occurring over only 
a relatively narrow range, corresponding to the range 
of temperatures for which significant spectral density 
falls within the NMR frequency window. Hence, broad 
spectral dispersions as seen by macroscopic techniques 
appear as narrow NMR resonances over a greater range 
of temperatures than do narrow spectral dispersions. 
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Summary 
Given the complexity of polymer dynamics, insights 

gained from a single experimental technique are very 
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