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High-Resolution  Carbon- 13 NMR of Polymers 
in the Solid State 

This  paper reviews  the salient features of  the methods used for  resolution and sensitivity enhancement in "C N M R  spectra  of 
solids. Performance characteristics of the unique variable-temperature  cross-polarization  magic angle spinning (VT-CPMAS) 
apparatus developed in our laboratory are  given.  We  present results of structural studies on Jluoropolymers using this 
technique, and discuss the issue of intensities in cross-polarized spectra. In addition,  results of an ongoing VT-CPMAS  study 
of  polypropylene  dynamics are given. 

Introduction 
Nuclear  magnetic resonance is the most powerful analytical 
tool in organic  chemistry, with spectroscopic  resolution of 
one  part in lo9. Because of the  large widths of nuclear 
resonance  lines in solids, the  atom-by-atom  diagnostic  capa- 
bility of N M R  has in the past been confined largely  to  studies 
of liquid samples. Recent development of techniques for 
reducing such  linewidths by as  much  as  three  orders of 
magnitude [ 11 has  made  NMR in solids an  attractive method 
for characterization of bulk solids [2].  The evolution of the 
spectra shown in Fig.  1, discussed later in detail, underlines 
the efficacy of the solid state N M R  experiment. Indeed, the 
possibility of being able  to  study bulk  polymers has provided 
perhaps  the  greatest single impetus for development of this 
kind of spectroscopy.  Solid state  NMR not only provides the 
opportunity for characterization of polymers as  they  are 
used, but  also  makes possible the  study of materials which 
cannot be dissolved for  solution  analysis. 

This  paper reviews the  salient  features of the  methods used 
for resolution and sensitivity enhancement in  "C N M R  
spectra of solids. Performance  characteristics of the  unique 
variable-temperature cross-polarization magic  angle spin- 
ning (VT-CPMAS)  apparatus developed in our laboratory, 
which has been described in detail in previous publications, is 
given [2, 31. After a brief recounting of selected structural 
polymer work that we have  completed, the results of an 
ongoing VT-CPMAS  study of polypropylene dynamics  are 
presented  [2b, 41. 

Resolution enhancement in  solid state 13C NMR 
spectra 

Elimination of  dipolar coupling to  protons 
The  major source of broadening in 13C spectra of organic 
solids arises  from  dipolar coupling to protons. This is a 
through-space coupling, and is the  magnetic  analogue of 
coupling  between electric dipoles [ 51. The coupling between 
carbon  and proton nuclear spins  results in splitting in the I3C 
N M R  spectrum.  This  splitting is given by 

Av = yHyc ( 3  cos2 B,, - 1 ) /4?rr.?., , (1) 

where yH and yc are  the proton (H) and  carbon  (C) nuclear 
gyromagnetic  ratios, rCH is the  carbon-proton  distance,  and 
B,, is the  angle which the C-H vector makes with the 
external  magnetic field Bo. The  angular  brackets (( - - - )) 
denote  an  average over the molecular  motion. This  average is 
zero for motion in liquids, so that  dipolar broadening is 
absent in solution N M R  spectra. In an  organic solid, with the 
rare (1.1 % natural  abundance) 13C nucleus surrounded by a 
sea of protons, the  carbon resonance is not  merely split,  but is 
usually  a broad  featureless resonance  several  kilohertz wide. 
Such a spectrum is shown for  a sample of @Lexan  polycar- 
bonate in Fig. l(a).  This width can be reduced  significantly 
by irradiating  the protons on resonance,  a technique known 
as spin decoupling [6].  The  resonant  radiation  averages  the 
component of the proton magnetic  moment along Bo to zero 
and  eliminates  the  dipolar coupling and  the  resultant broad- 
ening.  Usually, the rf field required  for  decoupling the 

0 Copyright 1983 by International Business Machines Corporation. Copying in printed  form  for  private use is permitted without payment of 
royalty provided that ( 1 )  each reproduction is done without alteration and (2) the Journal reference and IBM copyright notice are included on 
the first page. The  title and abstract, but no other portions, of this paper may be copied or distributed royalty free without further  permission  by 
computer-based and other information-service systems. Permission to republish any other portion of this paper  must  be obtained from the 

302 Editor. 

J. R. LYERLA  AND C. S. YANNONI IBM 1. RES. DEVELOP. VOL. 27 NO. 4 JULY 1983 



protons must  be  greater  than  the  strength of the  dipolar 
coupling among  the protons, which is larger  than  the I3C-'H 
coupling. The reason  for this  requirement is that 'H-IH 
dipolar coupling permits rapid mutual spin flips of coupled 
proton  magnetic moments. This process, known as spin 
diflusion [ 5 ] ,  disrupts  the  coherent  averaging  (narrowing) 
effect of the decoupling  rf field. Proton decoupling fields of 1 
mT (10 G )  are typically  required  for hydrocarbon polymers. 
Figure  I(b) shows the improved  resolution  achieved when 
proton  decoupling is applied while acquiring a solid state I3C 
spectrum.  It is clear  that  the solid state  spectrum is still 
broad  and relatively uninformative, even with  decoupling. 
The residual broadening is due  to  the I3C chemical  shift 
anisotropy. The next  section of this  paper is devoted to a 
discussion of how this  broadening  can  be removed. 

Elimination of chemical  shift  anisotropy  by  magic angle 
spinning 
The frequency a t  which a  nucleus absorbs  radiation in an 
N M R  experiment is called the chemical shift.  The chemical 
shift  depends on the  extent  to which the  surrounding elec- 
trons shield (or deshield)  the nucleus from  the  external 
magnetic field used in the  NMR experiment.  Furthermore, 
the  shift 6 depends on the  orientation of the molecule in the 
external  dc field [7]. This  orientational  dependence is shown 
schematically in Fig. 2 for the  central  (charged)  carbon in 
the  t-butyl  carbonium ion [8]. In a  polycrystalline or amor- 
phous sample,  the resonance of a  single  kind of carbon is a 
broad  asymmetrical  pattern which results  from  the superpo- 
sition of resonances from molecules in all possible orienta- 
tions  with  respect to Bo. For  a  nucleus  in  a site of axial 
symmetry, such as  the  central  carbon in the  t-butyl  cation, 
the  chemical  shift is given by 

where + is the  angle which the  symmetry  axis of the cation 
makes  with Bo. The  chemical  shift  anisotropy (CSA) is 
defined as  the width of such  a pattern; 

6(0) - 6(7r/2) = 6,1 - 6 , .  

As an  example,  the proton (and fluorine)  decoupled  spec- 
trum of the  central  carbon of the  t-butyl  cation with  a 
fluorinated counter ion (SbF,) is shown  in Fig. 3 [8]. The 
powder pattern for the axially symmetric  shift is clearly 
visible, and  the anisotropy (=450 ppm) is very large.  Such a 
spectrum for  a  single carbon  contains  detailed information 
about  the electron density  around  the nucleus;  however,  most 
substances of interest generally  have  several  different  kinds 
of carbons.  Overlap of these different  powder patterns pro- 
duces  a  broad spectrum such as  that shown  in Fig.  l(b).  The 
effect of magic  angle  spinning on such spectra is now 
described. 

Figure 1 I3C N M R  spectra of solid polycarbonate at 27OC. (a) 
Spectrum  obtained  under  Fourier  transform (FT) NMR conditions 
normal  for  high  resolution on polymer solutions.  (b)  Spectrum 
obtained  under  proton-decoupling  cross-polarizing (DD/CP) condi- 
tions.  (c)  Spectrum  obtained  under  DD/CP  and  magic  angle  spin- 
ning (MAS) conditions.  All  spectra  represent FT of 2000 FID 
accumulations.  Resonance  line  assignments  are given in figure. 

6 
L 

C@ 

Figure 2 Schematic view  of the  orientational  dependence of chem- 
ical  shift  for the t-butyl  carbonium ion. 

Magic angle spinning 
Perhaps  the single most dramatic  step in the effort to achieve 
higher-resolution N M R  spectra in solids is the removal of the 
broad  dispersion due  to  the  chemical  shift anisotropy. This 
technique, which requires  mechanical  rotation of the  sample 
at  high speeds [9] (several thousands of revolutions  per 
second) results  in the  transformation of the  spectrum of Fig. 
l (b)  into  that shown in  Fig. l(c).  This  dramatic  change is 303 
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Figure 3 Proton-  (and  fluorine-)  decoupled  spectrum of the cen- 
tral  carbon  in  the  t-butyl  cation  with a fluorinated  counter  ion 
(SbF;). Overlap  of  many  different  powder  patterns  like these 
produces a broad  spectrum  such  as  that  found  in Fig. I(b). 

Figure 4 (a) Schematic view  of  the  rotation of the  symmetry axis 
of a single  t-butyl  cation  with  an  initial  orientation @(O) about  an 
axis which  makes  an angle of 54.7O with  respect  to  the  external  field 
B,. (b) Typical  time  evolution of the  chemical  shift 6 as the  sample  is 
rotated. The dashed line indicates  the  resultant  average at the 
isotropic  value. 

brought  about  as follows. The  chemical  shift  [Eq. (2)] can  be 
rewritten  as 

6 = ( 6 )  + 6", (3) 

where (6 ) is the isotropic shift observed  in  solution and 6" is 
the  anisotropic  part of the  chemical  shift; 

6" = -(al1 - 6,)(3 cos2 I$ - 1). 
1 

3 (4) 

As shown  in  Fig. 2 , 4  is the  angle which the  asymmetry  axis 
in  a particular molecule (in  this  case, a cation)  makes with 
the  external field. When  the  sample is rotated,  this  angle  and 
the corresponding angular  function in  Eq. (4) become time- 
dependent.  When  the  rotation  rate is greater  than  the 
chemical  shift anisotropy (CSA), the  anisotropic  part of the 304 
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shift is averaged: 

( s y t ) )  = - (6, - 6,) ( 3  cos24(t) - 1 ) .  
1 
3 (5 1 

The  angular  brackets imply  a time  average over a rotational 
period (":I) of the  sample.  Figure  4(a) shows a schematic 
view  of the'rotation of the  symmetry  axis of a  single t-butyl 
cation [with an initial orientation 4(0)] about  an  axis which 
makes  an  angle of  54.7' with respect to  the  external field 
(Le., the "magic" angle).  For  this  geometry,  the  time  average 
in Eq. (5) can  be  rewritten  as [lo] 

( 3  cos24(t) - 1 )  

= $3 COS'Y - 1)[3 COS' (54.7') - 11 = 0, ( 6 )  
1 

since  cos (54.7') = 1 /  a. It is clear  from Eqs. (3)-(5) that, 
a t  least  for this  cation, 6" is averaged  to zero,  leaving the 
average chemical shift at  the isotropic  value. Figure  4(b) 
shows a typical  time evolution of the  chemical  shift  as  the 
sample is rotated,  and  the  resultant  average  (dashed  line) a t  
the isotropic  value. Since  the  average given in Eq. (6) is zero 
for the  cation regardless of its  initial  orientation +(O), it 
follows that 6" becomes zero for all  carbons in the sample. 
Thus,  the "magic" of magic  angle  spinning lies in the  fact 
that spinning around  the  magic axis  reduces all CSA powder 
patterns  to  the single  (isotropic) resonance frequency  found 
in  solution. With  the narrowing of the CSA patterns, I3C 
spectra with the resolution  shown in Fig. I(c)  are  obtained. 
Although  the resolution  achieved  using these  methods is still 
less than in solution NMR,  the  atom-by-atom resonance 
lines make solid state  NMR a powerful new analytical 
technique for studying  the properties of bulk  polymers on the 
molecular level. 

A brief description is now given of the sensitivity enhance- 
ment  methods used  for solid state NMR spectra. 

"C signal  enhancement in solid state NMR using cross- 
polarization 
The low natural  abundance (1.1%) of the magnetically  active 

C isotope  makes carbon N M R  spectra difficult to  detect (in 
the liquid as well as the solid state). It is possible to  enhance 

C spectra of solids by using  a technique known as cross- 
polarization (CP) spectroscopy [ 1 1 1 .  The method involves a 
pulse sequence which permits effective cross-relaxation 
between protons and I3C nuclei. Since cross-relaxation  is 
most effective between nuclei of the  same kind, the pulse 
sequence  forces the  carbons  and  protons  to precess a t  identi- 
cal frequencies  in their respective rotating  frames for  a 
limited duration, called the CP time.  Since  the precession 
frequencies are  identical,  the I3C and 'H nuclei can  undergo 
energy-conserving  spin flips. The 13C-'H dipolar coupling 
which  is so inimical to good resolution (see previous discus- 
sion) is the  mechanism by which these "identical" protons 
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and I3C nuclei  cross-relax  (cross-polarize). After  the cross- 
polarization process is complete,  a  proton-decoupled time- 
domain I3C signal is acquired in a  conventional manner  and 
stored in a computer.  This process is repeated until  a 
sufficient signal-to-noise (S/N) ratio  has been obtained.  The 

C spectrum is then  obtained by a Fourier  transformation 
(FT) of these accumulated  time-domain (FID) responses. 
The CP experiments  thus provide "C signal enhancement in 
two ways: 1) a gain of carbon  magnetization in the cross- 
polarization  process due  to  the  larger proton magnetic 
moment, and  2) a time saving  produced by the  ability  to 
repeat  the CP sequence  after a proton polarization time 
(TI,), rather  than having to wait for  the longer carbon 
polarization time (TIC). The sensitivity enhancement  gained 
over  a  conventional carbon  experiment  may be given roughly 

13 

by 

where TI, and T,, are  the polarization times  (also known as 
the  spin-lattice  relaxation  times) of the protons and  carbons 
in the  external dc field. Since yH 4y,, and since TI, can 
easily be  one or two orders of magnitude longer than TI,, 
enhancements of four or more can  be expected and  are often 
achieved. 

Variable-temperature CPMAS 
The  unique  part of the NMR spectrometer used in the work 
reported here  and elsewhere is a variable-temperature 
CPMAS apparatus consisting of a spinner  and a  probe. The 
apparatus itself has been described in detail in previous 
publications [2,3];  Table 1  presents the  performance  charac- 
teristics. The wide temperature  range  has  permitted a  variety 
of studies on systems of interest  to  organic  and polymer 
chemists [2]. Salient  features of some  structural  studies on 
polymers  using this  apparatus  are reviewed in the next 
section. 

Polymer structure using  CPMAS spectroscopy 

Aromatic polyesters-Iinewidths in crystalline and amor- 
phous polymers 
Proton-decoupled I'C CPMAS spectra of the mono- and 
dimethoxy  derivatives of poly(p-hydroxybenzoic  acid) 
(PBHA) are shown in Fig. 5 [12]. The linewidths are = 15 
Hz [full  width a t  half maximum  (FWHM)].  These lines are, 
therefore,  three  to six times  narrower  than those  reported  for 
amorphous  materials  such  as  the  polycarbonate  sample of 
Fig. 1 (FWHM = 50-100 Hz).  The reason  for this differ- 
ence is structural inhomogeneity in the glassy (amorphous) 
polymers, which leads  to  distribution of local  environments 
and a concomitant  distribution of isotropic  chemical shifts 
[ 11. In this  picture, a  single carbon  may  experience a slight 
difference in nuclear shielding (chemical  shift)  due  to a 
variation in intermolecular effects from  one molecule to 
another in the  sample.  The  shift  from  one  site  to  the next may 
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Figure 5 (a)  Magic  angle C P  "C N M R  spectrum of a mono- 
methoxy  derivative of p-hydroxybenzoic  acid (PHBA)  at 27OC. The 
spectrum was obtained  from 2K FT of 21 900 FID  accumulations 
with  a C P  time of 2.5 ms and  experimental  repetition  times of 3.0 s.  
(b)  Magic  angle C P  I3C N M R  spectrum of dimethoxy  derivative of 
PHBA  at 27°C. The  spectrum  was  obtained  from  4K FT of 19 000 
FID  accumulations  with  other  conditions  as  in  (a). 

Table 1 Performance  characteristics of variable-temperature 
CPMAS  apparatus used in our  studies. 

Temperature  range  15-400 K 
Temperature  stability + 2  K 
Spinning  speed  at  ambient 5 kHz 
Spinning  speed at  15 K 1.2 kHz 
Proton  decoupling field at 60 MHz 2.8 mT 
Fluorine  decoupling field a t  56.4 MHz 1 mT 

be so small that  it  cannot  be resolved as a separate resonance; 
however, it  does  result in broadening. These effects have  also 
been observed for the  crystalline  and noncrystalline  regions 
of a 60% crystalline  sample of polyethylene [2b, 131. 

Intensities in CP spectra 
Our study of polymers has also  addressed the issue of 
intensities in CP spectra.  The intensity of a I3C resonance in 
CP spectroscopy of hydrocarbons is roughly  proportional to 
the  square of the  strength of the  dipolar coupling between the 
carbon of interest  and  the proton(s)  from which it gains 
polarization in the CP process. Since  dipolar coupling is 
proportional to  the inverse third power of the  carbon-proton 
distance,  the CP signal will be weaker for carbons  that  are 
not  bonded directly  to protons. These effects can be exploited 
to help  assign  resonances, as shown in Fig. 6 for the  parent 
PBHA [ 121. As  the CP time is increased,  the nonprotonated 
carbons (C1, C4, and C5) are given more  time  to  gain 305 
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Figure 6 Chemical  shifts in poly(p-hydroxybenzoic  acid) (PBHA) 
as a  function of the  cross-polarization  time.  The  nonprotonated 
carbons  C1,  C4,  and  C5  are  absent  at  short  CP  times  but  intensify  as 
the C P  time is increased. 

Figure 7 Magic  angle  spinning  (MAS) "C spectra of poly(tetra- 
fluoroethylene) a t  -72OC as a  function of the 19F decoupling field 
wIF in kHz.  Each  spectrum  was  obtained  from  a  2K FT of 256 FID 
accumulations  with  a  cross-polarization  (CP)  time of 2 ms. The 
spectra  are  displayed on a  normalized  scale. At wIF = 89 kHz,  the 
linewidth (FWHM) is approximately 15 Hz. 306 
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magnetization  from  the protons on neighboring carbons. 
Thus,  although  the  C1,  C4,  and  C5 peaks are  absent  at  short 
CP times,  they intensify as  the  CP  time is  increased. This 
change in intensity  clearly  helps  in the assignment of reso- 
nances. By increasing the  CP time,  it is also possible to  obtain 
spectra which accurately reflect the  number of carbons with 
a given chemical  shift [ 11. In  this respect, C P  time  variation 
plays  a  role  similar to  the  variation in delay between scans in 
conventionally detected "C solution spectra. 

Fluoropolymers 
Some  time ago, we extended  the  CPMAS  experiment  to 
obtain I3C spectra of fluoropolymers [ 141. The  requirement 
for sufficient IyF decoupling field strengths in fluoropolymers 
is severe  because of the  large anisotropy of I9F chemical 
shifts. This is illustrated in Fig. 7 with  a  series of spectra of 
poly(tetrafluoroethy1ene) as a  function of I9F decoupling 
field strength.  The 13C linewidth is still  decreasing, even with 
2.2 mT (89 kHz) of IyF decoupling. In contrast, linewidths of 
= 5  Hz  (FWHM)  can be achieved in semicrystalline  polyeth- 
ylene with only 35-40 kHz of 'H decoupling,  since the  CSA 
of protons is an  order of magnitude  smaller  than for "F in the 
corresponding  fluorocarbon. 

The discussion of the effect of broadening by quadrupolar 
nuclei  applies to all solid state  NMR spectra [ 151, but is 
illustrated in Fig. 8 with temperature-dependent I3C spectra 
of a  halogenated  fluoropolymer, poly(ch1orotrifluoroethy- 
lene) (PCTFE) [ 141. At  ambient  and higher temperatures, 
the peaks from  the  CF,  and  CFCl  carbons  are of equal  height 
and intensity, as expected. As  the  temperature is lowered, 
however, the line due  to  the chlorine-bearing carbon broad- 
ens and becomes very weak at  -7OOC. We  attribute  this 
behavior to broadening by the 35Cl  nucleus, which has a  spin 
quantum  number of 3/2  and a large  electric  quadrupole 
moment.  The  quadrupole  moment couples, via the  electric 
quadrupole  interaction,  to  the  gradient of the  electric field 
caused by electrons surrounding  the nucleus.  If the  quadru- 
pole interaction is larger  than  the forces  which  align the 35Cl 
magnetic moment along  the  external  magnetic field used in 
the N M R  experiment,  all  the line-narrowing methods dis- 
cussed so far will have little effect on the behavior of the 35Cl 
magnetic moment. Thus,  the "C may experience broadening 
due  to  dipolar coupling  with the "C1 moment,  and  this 
broadening  may be impossible to remove by known methods. 
For covalent C-C1 bonding, such  as in PCTFE,  the  quadru- 
pole interaction is indeed large,  and we believe that  the 
reduction of height of the  chlorinated  carbon  peak is due  to 
an  increase in the  strength of dipolar coupling to  the "C1 
moment as  the  temperature is lowered. 

At high temperature,  it is likely that molecular  motion 
relaxes the 35Cl magnetic moment via quadrupole  relaxation 
rapidly enough to "self-decouple" it  from  the "C nuclear 
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moment  to which the  chlorine is bonded [ 161. We have  also 
observed similar  temperature-dependent  broadening in I3C 
spectra of carbocations associated  with  a chlorinated  counter 
ion [2b]. The  broadening effects of quadrupolar nuclei  such 
as N are also well documented [ 14, 171, and generally 
degrade resolution in solid state  NMR spectra. 

14 

The results summarized in this section constitute  but a 
small part of a  growing literature on structural  studies of 
polymers, and serve to highlight  a number of characteristics 
peculiar to solid state  NMR spectroscopy. In  the next  section 
we present  recent  results of an ongoing study of molecular 
dynamics in polypropylene. 

Relaxation measurements of polypropylene in 
the solid state 
One of the principal advantages of CPMAS  experiments is 
that resolution in the solid state allows  individual-carbon 
relaxation  experiments  to  be performed. If a sufficient 
number of unique resonances  exist, the results can be inter- 
preted in terms of rigid-body and local motions  (e.g., methyl 
rotation,  segmental modes  in  polymers,  etc.) [ 18, 191. This 
presents  a distinct  advantage over the  more common  proton 
relaxation  measurements, in which efficient spin diffusion 
usually  results in averaging of relaxational behavior over the 
ensemble of protons to yield a  single relaxation  time for  all 
protons. This  makes  interpretation of the  data in terms of 
unique motions difficult. 

Relaxation  parameters of interest for the  study of organic 
solids and polymers include  1) I3C and 'H spin-lattice 
relaxation  times (TIC and T I , ) ,  2) the spin-spin  relaxation 
time T2, 3)  the  nuclear  Overhauser  enhancement (NOE), 4) 
the proton and  carbon  rotating-frame  relaxation  times ( TFp 
and Typ) ,  5 )  the  C-H cross-relaxation time TcH, and  6)  the 
proton  relaxation time in the  dipolar  state, TI, [ 191. Not  all 
of these  parameters provide information in a direct  manner; 
nonetheless, the  inferred information is important in charac- 
terizing motional  frequencies and  amplitudes in solids. The 
measurement of data over a range of temperatures is funda- 
mental  to  this  characterization. 

Before  discussing  relaxation measurements, it is worth- 
while to note the  importance of VT-MAS  from  the purely 
operational point of view. Often  the presence of unfavorable 
relaxation  times ( T I P ,  TI  ) makes cross-polarization ineffi- 
cient a t  a given temperature. For example, polyethylene 
oxide (PEO) has a minimum in its proton T I P  value at  
ambient  temperature  [20].  This  results in a very weak "C 
signal via cross-polarization since  the proton order is 
destroyed before  polarization transfer  has proceeded to a 
significant  degree.  However, a t  temperatures below -6O"C, 
Typ is sufficiently long that CP techniques may be used to 
obtain efficiently 13C spectra of PEO in the  bulk  [21]. 

h 

Jh 

Figure 8 Fluorine-decoupled CPMAS "C spectra of poly(ch1oro- 
trifluoroethylene) (PCTFE) as a function of temperature. 

The  measurements of carbon TI and T I P  provide informa- 
tion on molecular  motions in the MHz and  kHz frequency 
ranges,  respectively. Again,  Schaefer  and  Stejskal have 
carried  out pioneering "C work in their investigations of 
glassy  polymers  [18, 191. In  particular,  they  stress  the utility 
of TIP measurements for  probing the  dynamic heterogeneity 
of the glassy state,  and  as a potential source of insight into 
the mechanical  properties of polymers at  the molecular level. 
Garroway  and coworkers [22j reported the first VT-MAS 
T I P  results in their  study of epoxy resins, and  together with 
VanderHart  [23]  have  emphasized  the  complications 
involved in interpreting TIP in terms of lattice  (motional) 
processes. 

Recently, we have obtained  the first  extensive subambient 
VT-MAS 13C T ,  and TIP data on macromolecules. The 
emphasis of the  study was placed on isotactic polypropylene 
(PP)  and  atactic poly(methy1 methacrylate)  (PMMA), since 
they  represent  semicrystalline  and glassy  polymers, respec- 
tively. Specifics of the investigation were directed to the issue 
of elucidating sidechain and backbone  motions from  the 
high-frequency  relaxation  experiments.  Samples  were 
machined  into  the  shape of Andrew-type rotors, and used 
directly in the studies. Spin relaxation times T I  were 
collected  using  a pulse sequence developed by Torchia  [24], 
which allows  cross-polarization enhancement of the signals. 
The TIP data were determined at  57 kHz by using the TIP 
methodology of Schaefer  et  al. [ 181. The  PP examined was a 
90% isotactic, 70% crystalline sample. The  PMMA was an 
atactic  commercial polymer. 307 
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Figure 9 CPMAS ”C spectra of polypropylene as a function of 
temperature. 

Figure 9 shows the  CPMAS ’,C spectra of PP as a 
function of temperature.  The  interesting  feature is the pro- 
gressive broadening of the  methyl  resonance  as  the  tempera- 
ture is lowered. At = 1 10 K, the  resonance is broadened to 
the point of disappearing  from  the  spectrum. However, a t  
temperatures below 77 K, the  methyl resonance narrows  and 
reappears in the  spectrum.  This  broadening phenomenon 
arises  as  the  reorientation  rate of the  methyl  group  about  the 
C, axis becomes insufficient to  average  (stochastically) 
dipolar  interaction with the  methyl protons. At  the onset of 
broadening,  the  methyl motion has a correlation  time  compa- 
rable  to  the inverse of the  strength (in frequency  units) of the 
proton  decoupling field. This reduces the efficiency of the rf 
decoupling and leads to a maximum linewidth of the  carbon 
when the motions  occur at  the  frequency corresponding to 
the  amplitude of the proton  decoupling field. 

Rothwell and  Waugh  [25] have developed the theory  for 
T2 (the inverse of the I3C linewidth) for an  interplay between 
stochastic  and  coherent motions.  For such a system,  the 
profile of linewidth vs. temperature shows  a maximum when 
the  correlation  time for molecular motion, T,, is equal  to  the 
modulation period of the decoupling, ( l / w l ) .  In  the  “short 
correlation”  limit ( w ~ T ,  << 1) (high  temperature),  the 
linewidth is reduced by the rapid  motional averaging, while 
in the “long correlation”  limit ( w ~ T ,  >> 1) (low tempera- 
ture),  the linewidth is reduced by efficient decoupling of C-H 
dipolar  interactions.  The  spectra of PP in  Fig. 9 are consis- 
tent with the progression of the  methyl  resonance  through 
the linewidth  regions as  the  temperature is lowered. The 
reappearance  (narrowing) of the  methyl resonance at  77 K 
indicates  that  the “long correlation  time”  regime  has been 
reached [26].  Further proof of the progressive changes in 
correlation  time  for  methyl  rotation  as  the  temperature is 
lowered is provided by the field dependence of the linewidth 

shown in the figure. At  about 160 K, the  methyl linewidth  is 
independent of decoupling field, while a t  77 K the linewidth 
varies as  the inverse square of the decoupling field. This is the 
expected dependence  for  the  transition between the  extreme 
narrowing and long correlation  time regimes [25].  Finally, 
from  the expression  for the I3C linewidth  derived by Rothwell 
and  Waugh  [Eq.  (8)]  and  the  correlation  time  and  tempera- 
ture of the TYo minimum observed by McBrierty  et  al.  [26], 

we calculate, for wI = 57 kHz  (the  value of the decoupling 
field used to  obtain  the  spectra in Fig. 9), that  the  maximum 
broadening  for  the  methyl resonance would occur a t  109 K, 
in excellent agreement  with our observations. 

This broadening of the  methyl  resonance observed in PP is 
also  found in polycarbonate,  PMMA,  and epoxy polymers. It 
should be a general phenomenon for  rapidly reorienting  side 
groups or main-chain carbons in polymers. For  semicrystal- 
line  systems,  where the local  molecular structure is relatively 
homogeneous, severe broadening should  result  in the “disap- 
pearance” of resonance  lines from  the  spectra. For  glassy 
systems, where  there is more heterogeneity  in the local 
molecular  environment, the effect may  result in significant 
changes in  resonance  lineshape as a function of temperature 
as  the  carbons in  differing  environments undergo severe 
broadening. Of  course, the phenomenon may be used to 
determine T ,  for the  group undergoing the motion [25]; 
however, the severe broadening  does limit the  ability  to 
measure high-frequency  relaxation times in such  tempera- 
ture intervals. 

The I3C spin-lattice relaxation times for isotactic PP are 
shown in Fig. 10. Over the  temperature  range,  each  carbon in 
the  repeat  unit displays an individual relaxation  time.  Pri- 
marily,  the  data  represent  that of the  crystalline  component. 
The semilog plots of intensity vs. time were nearly exponen- 
tial for each of the  carbons  at  all  temperatures.  The back- 
bone carbon TI values are  one  to two orders of magnitude 
longer than  the  methyl  carbon. If  it  is assumed  that a C-H 
heteronuclear  relaxation  mechanism is  operative, this sug- 
gests that backbone  motion is either very slow or of a very 
small  amplitude.  The  methyl  relaxation  appears  to  be domi- 
nated by methyl C, reorientation. A calculation of the 
methyl  carbon relaxation time based on a  Bloembergen- 
Purcell-Pound  (BPP)  formalism  and  the  correlation  time at  
the proton TI minimum [26] a t  - 110°C gives a value of 10 
ms at  - 1 10°C, in good agreement with the observed value of 
17 ms. In  addition,  the  methyl motion also seems to  dominate 
the  backbone relaxation. This is  evidenced by the  shorter TI 
observed  for the  methine  carbon  relative  to  methylene  (de- 
spite  there being  two direct  C-H  interactions  for  the methy- 
lene carbon).  Apparently,  backbone motions are  character- 
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Figure 10 The  I3C spin-lattice relaxation times for isotactic poly- 
propylene methylene (0). methine (O), and  methyl (A) carbons. 

ized by such  small  amplitudes  and low frequencies that 
contributions  from  the  direct C-H interactions  to  spectral 
density in the M H z  region of the frequency spectrum  are 
minor  relative to those from  side  groups.  The l / r 6  distance 
dependence of dipolar  relaxation  thus  accounts for  both the 
long TI values  of CH and CH, carbons  relative  to  the  methyl 
carbon  and  the  shorter TI  values  for methine  carbons relative 
to  methylene  carbons.  The  fact  that  the observed TI mini- 
mum for CH and CH, carbons is close to  that  reported for  a 
proton T,  minimum  (at  30 MHz) I261 in PP that was 
assigned to  methyl  reorientation provides unequivocal sup- 
port for the  dominance of the TI relaxation by methyl 
protons. 

The TIP data  (Fig.  11) for the CH and CH, carbons  also 
give an indication of methyl  group  rotational frequencies. As 
the  temperature is lowered below 163 K, the TI  for  these 

Figure 11 The TIP data for CH (o), CH, (o), and CH, (A) carbons 
in polypropylene. 

carbons increases and  the TIP decreases by roughly an  order 
of magnitude between 163 K and 95 K, suggesting that  the 
contribution of methyl proton  motion to MHz spectral 
density is decreasing, while increasing in the kHz regime. 
The CH and CH, TIP do not change  greatly over the 
temperature  interval  from  163 K to  ambient,  and, in contrast 
to  the T ,  behavior, the CH, carbon  has  the  shorter TI,,. The 
interpretation of the  carbon TIP data is complicated by the 
fact  that spin-spin (cross-relaxation) processes, as well as 
rotating-frame  spin-lattice processes, contribute  to  the relax- 
ation  [23, 271. Only  the  latter provide direct information on 
molecular  motion. Although both processes show a  depen- 
dence on the  number of nearest-neighbor  protons, the rela- 
tive  insensitivity of TIP to  temperature  and  the  approximate 
2: 1 ratio of CH,/CH TCH values  also  suggest that spin-spin 
processes dominate  the  relaxation above 163 K [27]. Below 
163 K, the TIP of both carbons  shorten  and tend toward 
equality, indicating  that  spin-lattice processes derived from 309 
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Figure 12 The T l p  for  methine (circles) and methylene (triangles) 
carbons in polypropylene as a function of the rotating-frame field 
and the temperature; (a) 33  kHz, (b) 45 kHz, and (c) 63 kHz. 

methyl  reorientation  are becoming  competitive with  the 
spin-spin process in relaxing the backbone carbon  magneti- 
zation.  McBrierty  et al. [26 ]  report a  proton T I P  minimum at  
97 K, which reflects methyl  reorientation at  kHz  frequen- 
cies. No clear  minimum is observed in the I3C data,  perhaps 
due  to  the  interplay of the spin-spin and  spin-lattice pro- 
cesses. Nonetheless, it is apparent  that  the  methyl protons 
are responsible  for the  spin-lattice  contributions  to  the C H  
and CH, T l p  values. 

Further evidence  for the effect of spin-spin processes on 
T I P  in PP is given in Fig. 12, which shows T,p  as a function of 
the  rotating-frame field plotted against  the reciprocal of the 
temperature. As indicated in Table 2, in the  case of a 
motion-dominating TIP,  there is a square  dependence of TI on 
field. For  spin-spin domination,  there is an exponential 
dependence. The  results  at room temperature  clearly display 
a dependence  greater  than  the 4x suggested  for motion and 
the field variation.  Only at  temperatures less than 150 K with 310 
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Table 2 I3C TIP formalism. 

Motion: BPP dipolar 

Spin effects: 

large  rotating-frame fields are  strong motional  effects 
observed. As previously discussed, these  arise  from  methyl 
rotation. 

The  domination of both spin-lattice  relaxation  times  for 
CH  and  CH,  carbons in PP by methyl  reorientation is clearly 
disappointing, since the  potential for  information on back- 
bone motion due  to  the high  resolution of the  CPMAS 
experiments is not  realized. The implication is that  it  may not 
be possible to observe  backbone motion in crystalline  materi- 
als having  rapidly reorienting side groups  without  resorting 
to  deuterium  substitution of these side groups. 

The T, data for  various carbons in PMMA  are given in 
Fig. 13. Clear deviations from nonexponential  behavior  were 
often  observed. Behavior different from  that observed for PP 
presumably arises because the high degree of stereoregular- 
ity  and high crystallinity of the PP provide a more homoge- 
neous local environment than in  glassy PMMA,  where 
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Table 3 I3C TIP data for poly(methy1 methacrylate)  (PMMA). 

Temperature 
(K) 

Carbon T,  (ms) 

-CH,  -C=O  -C-  -OCH, 
~ 

293 
253 
213 
193 
173 
133 
113 
78 

~ 

26 
14 
5 
- 
- 
11 
31 
23 

27 1 187 135 
343 174 227 
134 118 164 
139 98 156 
102 104 124 
294 158 157 
366 186 132 
314 178 82 

distributions of relaxation times  are commonly  observed, 
owing to  site heterogeneity. For PMMA,  the reported  relaxa- 
tion times represent the long-time  portion of the  magnetiza- 
tion decay curves. 

The results  for PMMA tend to  cluster over the  tempera- 
ture  range  studied, except  for the  a-methyl  carbon.  The 
rapid relaxation  for carbon in the  temperature  range  from 
2OoC to - 70°C is consistent  with the proton T,  minimum at  
about - 23°C assigned to  a-methyl  rotation at MHz  frequen- 
cies [28]. 

The T l p  data for PMMA  are  summarized in Table 3. As in 
the  case of PP,  the  a-CH, undergoes  motional  broadening 
and  disappears  from  the  spectrum  near  the  minimum in Tip. 
In PMMA, severe  broadening  occurs in the  temperature 
range between 140 K and 200 K. At lower temperatures,  the 
a-methyl  carbon line narrows  as  the decoupling becomes 
effective. The T l p  data for the  quaternary carbonyl and 
methoxy carbons  also reflect the methyl  motion. Again, this 
demonstrates  the effectiveness of methyl motion in relaxing 
other  carbons in solids via long-range  C-H  dipolar  interac- 
tions. Thus,  despite  the resolution of the  CPMAS experi- 
ment,  the  extraction of information on local motional rates 
from  carbon T,  and T,p  data on PMMA is not as  straightfor- 
ward as  anticipated. 
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