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ABSTRACT: *C NMR chemical shift tensor parameters are obtained for model compounds and for polymers
containing poly(butylene terephthalate) by using the Herzfeld-Berger method. The model compounds are
glycine, hexamethylbenzene, and dimethyl terephthalate; the polymers are poly(butylene terephthalate) and
two segmented copolymers of poly(butylene terephthalate) plus poly(butylene ether) glycol, containing 0.04
and 0.20 mole fraction of “soft” butylene ether segments. The OCH,CH,CH,CH,0 carbons in poly(butylene
terephthalate) move between lattice positions at a rate which is fast compared to the methylene chemical
shift interaction (¥ < 1073 s). The carbonyl carbon chemical shift tensor is axially symmetric for dimethyl
terephthalate and for the three polymer samples. The full width (Jog; — oy1]) of the protonated aromatic carbon
chemical shift anisotropy for the “softest” segmented copolymer is less than that of the other samples. This
narrowing is attributed to molecular motions of the aromatic rings which are fast compared to the chemical
shift anisotropy. The effects of motional heterogeneity and the sources of errors in this method are discussed.

Introduction

We report here the first application of reconstructed *C
chemical shift anisotropies to characterize molecular
motion in polymers. High-resolution solid-state *C NMR
has become a routine technique and recent reviews have
described both solid-state NMR!2 and its application for
the study of polymers.3® Therefore, we will describe only
briefly the techniques we have employed. When the static
dipolar interaction is removed by high-power irradiation
of the protons at their Larmor frequency,®” the residual
line shape is determined primarily by the chemical shift
anisotropy. The chemical shift anisotropy or the mo-
tionally narrowed line shape can give information con-
cerning both the rate and angular range of molecular re-
orientation.l® In addition to dipolar decoupling, Hart-
mann-Hahn matched cross polarization? can be used to
circumvent the long carbon T values normally found in
solids. YH-13C cross polarization markedly reduces the
time required to accumulate solid-state spectra and pro-
vides a fourfold sensitivity enhancement.” Magic angle
spinning® (MAS) can be used in conjunction with dipolar
decoupling!® and cross polarization to remove the chemical
shift anisotropy and reveal the isotropic chemical shifts.
MAS is particularly useful if the static spectrum is com-
posed of overlapping chemical shift anisotropy powder
patterns. If the rotation rate is less than the chemical shift
anisotropy, the powder pattern will contain sidebands
dispersed about the isotropic chemical shift.!1!2

Although MAS provides isotropic chemical shift values,
this increase in resolution is at the expense of the infor-
mation contained in the chemical shift anisotropy.® Several
techniques have been proposed to regain the chemical shift
anisotropy information. Among these are slow-spinning
magic angle *C NMR,? fast spinning about an axis slightly
displaced from the magic angle,® half-revolution-syn-
chronized 180° !3C radio-frequency pulses,!® and moment
analysis of the sidebands.!4 Each of these methods has
been used with various degrees of success. Recognizing
that the individual spinning sideband intensities are com-
plicated functions of the chemical shift parameters,!3!4
Herzfeld and Berger developed expressions for the side-
band intensities and evaluated them numerically.’® They
constructed graphical and numerical methods for ex-
tracting the chemical shift parameters from the intensities
of just a few sidebands.!® The Herzfeld-Berger method
is particularly powerful if one is unabhle to measure accu-
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rately all of the sidebands, as is often the case when aro-
matic and aliphatic residues are present in the same
molecule.

We begin our discussion by illustrating that the aliphatic
region of the *C NMR powder spectrum of poly(butylene
terephthalate) provides direct evidence for molecular
motion in the polymer. The carbonyl/aromatic region of
the spectrum, on the other hand, contains little direct
information, as this portion of the spectrum is composed
of overlapping resonances from three types of carbons.
Therefore we obtain the chemical shift parameters for this
region of the spectrum from a Herzfeld-Berger analysis!®
of the intensities of the magic angle spinning sidebands.
We first use model compounds to establish the validity of
the Herzfeld-Berger method and then obtain the chemical
shift parameters for poly(butylene terephthalate) and re-
lated compounds. We then consider the possibility of
motional heterogeneity and its effect on the sideband in-
tensity analysis. Finally, we discuss the errors which result
from this type of analysis and assess the capability of this
method to provide sufficiently accurate motional infor-
mation.

Experimental Section

Dimethyl terephthalate (I) and poly(butylene terephthalate)
(IT) were obtained from Eastman Chemical Co. The poly(butylene
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terephthalate) sample has M, = 33500 and a T, of 80 °C.
High-resolution solution-state NMR characterization showed no
resonances due to end groups. Glycine and hexamethylbenzene
were from Aldrich Chemical Co. The segmented copolymers ITI
and IV were kindly provided by du Pont Co. The ratios of “hard”
to “soft” segments and the average hard block length of these
copolymers have been determined previously.!® Polymer samples
in the form of powder or pellets were packed into machined Kel-F
rotors by hand or by a nonhydraulic pellet press. The volume
of the sample rotors is 0.3 cm®,

Solid-state *C NMR spectra were recorded at 47 kG (50.3 MHz
for ®C) on a Varian XL-200 spectrometer equipped with an
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Table I
Chemical Shift Parameters for Poly(butylene terephthalate) and Related Compounds®

carbonyl carbon

nonprotonated aromatic protonated aromatic

“rots 'Uss_an'ab Io“—onl,b |°33_°11|ab
sample kHz PpPm p° Ppm p° ppm p¢

glycine 2.19 144+ 49  —0.023 + 0.03¢

glycine 1.70 140+ 4¢ -0.028 £ 0.03°¢

hexamethylbenzene 2.80 171+ 47 -1.0+ 0.1%

I 2.21 137+ 4 +1.0+ 0.1 201+ 4 -0.24:0.02 215x4 -0.38+0.03
II 1.14 127+ 5 +1.0+ 0.1 202+5 -0.20+£0.03 1985 -0.39:0.02
III 2.34 133+ 7 +1.0+£0.1 198 =+ 7 -0.23+0.07 201x4 -0.32:0.02
I11 2.18 130+ 4 +1.0:0.1 199+ 5 -0.15+£0.07 196+x3 -0.40:0.01
v 2.05 132+ 3 +1.0+£0.1 203 +5 -0.25+ 0,05 187+3 -0.40:x0.02

¢ Chemical shift parameters were obtained from the ratios of spinning sideband intensities by the method of Herzfeld and

Berger;'® each value represents the average of at least two independent measurements,  lo,, —

(0, + 035 — 20, )/(033 =0,,)1033 > 0,5, > 0,4,
-0.051, —0.089, 0.00.
auxiliary high-power amplifier and a solid-state probe with magic
angle spinning capability. The strength of the high-power proton
decoupling field was ~45 kHz (12 G). The Hartmann-Hahn
condition’” and the magic angle were adjusted by using the
aromatic signal from hexamethylbenzene. Probe tuning was
optimized and the reflected power from the decoupler was min-
imized for each sample. All spectra were obtained at ambient
temperature and in the unlocked mode (estimated drift <0.01
ppm/h). The static spectra were recorded in a 40-kHz spectral
window with 2K time-domain data points; the spectra with magic
angle sample spinning were obtained in a 20-kHz spectral window
with 4K time-domain data points. The proton-enhanced spectra
were obtained by using proton spin temperature alternation.'®
The free induction decays were zero-filled prior to transformation.
The number of accumulations, the repetition rate, and the cross
polarization contact time for each spectrum are listed in the figure
legends.

Peak heights measured directly from the spectra were used in
the chemical shift anisotropy reconstructions.!® The principal
elements of the chemical shift tensors were determined by
graphical interpolation of data in ref 15; error estimates were made
from the dispersion in the intersection of the x and p values,
according to the methods outlined in ref 15. Each value in Table
I represents the average of at least two determinations. We have
found that at our 47-kG field strength, a ~2-kHz spinning rate
provides the best compromise between minimization of noise!
and optimization of the number of measurable sidebands for
carbonyl and aromatic carbons. The optimum amount of line
broadening was found to be 20 Hz.

Results and Discussion

The proton-enhanced static 13C NMR powder spectrum
of poly(butylene terephthalate) (II) (Figure 1a) consists
of a sharp resonance centered at 29 ppm which arises from
the CH, carbons flanked by CH, carbons on either side.
The broader resonance centered at ca. 70 ppm arises from
the OCHj, carbons, and the peak extending from ca. 250
ppm upfield into the aliphatic region is due to the over-
lapping chemical shift anisotropy powder patterns from
the carbonyl, protonated aromatic, and nonprotonated
aromatic carbons. The 29- and 70-ppm resonances differ
threefold in width. Slow-speed magic angle spinning
(MAS) can be used to determine whether the breadth of
the OCH, resonance at ca. 70 ppm is due to motional
broadening phenomena®*'%% or whether it reflects an in-
herent difference in chemical shift anisotropy.?* In the 13C
NMR spectrum of poly(butylene terephthalate) obtained
with MAS at 0.88 kHz (Figure 1b), the OCH, carbon signal
at ca. 70 ppm is flanked by intense sidebands, whereas the
OCH,CH,CH,CH,O0 signal at 29 ppm is not. This result
establishes that the chemical shift anisotropies for these
two types of carbons are very different at ambient tem-
perature. We estimate that the OCH, carbon anisotropy

(Joaz — 043)) for poly(butylene terephthalate) at ambient'

01,12 wwyet/YH,. ©p =

9 Literature values:3*%% 144.6,144.7, 142.2 ppm. € Literature values:3?:*?
 Literature value:*>% 168 ppm. ¢ Literature value: 28 10
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Figure 1. Proton-enhanced, dipolar-decoupled 50.3-MHz 13C
NMR spectra of 0.3 g of poly(butylene terephthalate): (a) static
powder spectrum (8192 accumulations, 3-s repetition rate, 0.5-ms

contact time); (b) aliphatic region of sample in (a) (MAS at 0.88
kHz, 4069 accumulations, 1-s repetition rate, 0.3-ms contact time).

temperature is ca. 60 ppm, a value which is in agreement
with rigid lattice anisotropies reported for other OCH,
carbons (57 ppm for ethanol at —170 °C?? and 79 ppm for
diethyl ether at —140 °C??), However, the ca. 14-ppm
anisotropy which we observe for the OCH,CH,CH,CH,0
carbons of poly(butylene terephthalate) is significantly
smaller than the rigid lattice anisotropies which have been
observed for other alkane methylene carbons (viz., 33 ppm
for the internal CH, carbons of n-eicosane at —95 °C? and
38 ppm for amorphous linear polyethylene?*). This ob-
servation suggests that, at ambient temperature, the
chemical shift anisotropy for the OCH,CH,CH,CH,0
carbons of poly(butylene terephthalate) has been partially
averaged by molecular motion. This result is corroborated
by the short T value (ca. 0.3 s) observed for these car-
bons.?® In addition, this result is consistent with the high
degree of disorder found by X-ray fiber diffraction studies
of this polymer.®%" These NMR results indicate that the
central CH, carbons in poly(butylene terephthalate) un-
dergo motions which do not involve the OCH, carbons to
a great extent.
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X-ray fiber diffraction studies show that the fiber repeat
distance for this polymer is less than expected, when
compared to the results of other linear aromatic esters. %%’
Shortening of the expected fiber repeat distance has been
localized in the OCH,CH, part of the chain? and requires
that the chain conformation be kinked.?” An approxi-
mately gauche—trans—gauche conformation for the alkyl
portion of unstressed poly(butylene terephthalate) has
been advanced to explain the X-ray diffraction results.?
These solid-state 3C NMR results are consistent with a
model in which the central -CH,- carbons undergo tor-
sional oscillations within the gauche—trans—gauche con-
formational energy well. The rate of this motion is fast
compared to the chemical shift interaction (7, < 1073 s),

In view of the molecular motion of the poly(butylene
terephthalate) OCH,CH,CH,CH,0 carbons suggested by
the static powder pattern, it was of interest to investigate
further the chemical shift parameters of the carbonyl and
aromatic carbons in a series of related compounds. These
included crystalline dimethy! terephthalate (I) (the “rigid”
case), poly(butylene terephthalate) (II), and two segmented
copolymers, III and IV, which contain lamellar networks
of poly(butylene terephthalate) “hard” segments.?
Wide-angle X-ray diffraction patterns of the drawn seg-
mented copolymers III and IV are identical with the
patterns for the homopolymer poly(butylene terephthalate)
(1I), with the exception of a halo due to amorphous ma-
terial in the former polymers.?? This result has been taken
to indicate that the poly(butylene terephthalate) segments
in both the copolymer and the homopolymer crystallize
in the same way.?

That the broad featureless carbonyl/aromatic reso-
nances shown for poly(butylene terephthalate) (Figure 1a)
and for the segmented copolymer III (Figure 2a) are com-
posed of three partially overlapping chemical shift tensor
powder patterns with different isotropic chemical shifts
and different anisotropies can be observed by inspection
of Figure 2b. Discrimination among sidebands and iso-
tropic resonances can be performed by multiplying to-
gether two spectra obtained at different spinning speeds,
by visual inspection, or by a combination of these tech-
niques. Sideband identification is straightforward for this
relatively simple polymer spectrum; the results are shown
in Figure 2c. The peaks can be assigned by comparision
with the solution spectrum (Figure 2d) and by comparison
with the chemical shifts for similar polymers.?®3! In in-
creasing upfield order, the peaks are assigned to the car-
bonyl carbons, the nonprotonated aromatic carbons, the
protonated aromatic carbons, OCH, carbons from the
“soft” poly(butylene ether) segments, the OCH, carbons
from the poly(butylene terephthalate) “hard” segments,
and overlapping resonances of the OCH,CH,CH,CH,0
carbons from both the “hard” and “soft” segments.

Sets of spectra similar to Figure 2 were obtained for two
model compounds (glycine and hexamethylbenzene) and
for samples I-IV. The intensities of the sidebands from
MAS were used to obtain the chemical shift parameters
by the Herzfeld-Berger method.!® Herzfeld and Berger
have defined two parameters, u and p, which are related
to the chemical shift tensor elements oy, 799, and 33 by?®

_ YHy(o33 = o11)

" (1)

Wrot

o1 + 033 — 209,
p=—"— 2)

033 — 011

Here, o33 > a99 > 011, v is the gyromagnetic ratio of the
nucleus under observation, H, is the magnetic field
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Figure 2. 3C NMR spectra (50.3 MHz) of segmented copolymer
IIT: (a) static powder pattern obtained by cross polarization and
dipolar decoupling (0.3 g sample, 8192 accumulations, 0.5-ms
contact time, 3-s repetition rate); (b) proton-enhanced, dipo-
lar-decoupled spectrum of sample in (a) (MAS at 2.3 kHz, 1024
accumulations, 1-ms contact time, 3-s repetition rate); (c)
spectrum in (b) in which the sidebands have been removed; (d)
Overhauser-suppressed, proton-decoupled spectrum of 21 wt %
solution of the polymer in hexafluoroisopropyl alcohol (512 ac-
cumulations, 10-s repetition rate, 34 °C). The solvent peaks have
been removed and the lines have been artifically broadened. The
carbonyl, C, nonprotonated aromatic, N, and protonated aromatic,
P, carbon resonances are assigned in (c), and the respective
sidebands are designated with the prefix S in (b). For example,
a peak marked SC is a sideband of the carbonyl carbon line.

strength, and w,,, is the rotor speed. Relative sideband-
to-centerband intensities for i (high and low frequency)
sidebands have been plotted as functions of y and p.1%
These plots appears as “contour maps”, with a separate
plot for each high- and low-frequency sideband. Each
contour on the plots corresponds to a specific value of the
ratio of the +ith sideband compared to the centerband.

One measures from the experimental NMR spectrum
as many of the sideband intensities as are clearly resolved.
The ratios of these sideband-to-centerband intensities are
then calculated. One prepares a composite graph of the
contours which correspond to the intensity ratios for each
%ith sideband. Two examples of such composite graphs
are shown in Figure 3. The parameters u and p are then
read from the point where the contour lines from all of the
high- and low-frequency sidebands intersect (see Figure
3). The chemical shift parameters are obtained by solving
three simultaneous linear equations (eq 1 and 2, above, and
o; = (011 + 09 + 033)/3). The degree of dispersion in the
intersection of the lines provides an estimate of the un-
certainty in x and p.1?

The results of spinning sideband reconstruction of the
chemical shift parameters for the carbonyl and aromatic
carbons of model compounds and polymers II-IV are listed
in Table I. The first two entries in Table I illustrate the
reconstruction of an anisotropy whose principal values
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Figure 3. Representative contour plots used to obtain the
chemical shift parameters: (a) protonated aromatic carbons of
dimethy] terephthalate; (b) protonated aromatic carbons of
segmented copolymer IV. In these plots (-—-) and (---) corre-
spond to the respective low- and high-frequency second sidebands;
(—) and (~--) correspond to the low- and high-frequency first
sidebands, respectively.

have been determined by single-crystal studies.?33 The
literature and experimental values for the carbonyl carbon
of glycine are in good agreement. The next entry in Table
Iillustrates the reconstruction of the nonprotonated aro-
matic carbon anisotropy for hexamethylbenzene. At am-
bient temperatures, hexamethylbenzene undergoes rapid
sixfold jump diffusion about the hexad axis.!?>%* The
literature?®*® and experimental values are in good agree-
ment for this motionally narrowed anisotropy. Having
established the validity of the Herzfeld—Berger method!®
for recovery of the chemical shift parameters in simple

model compounds, we now apply this method to systems .

which contain overlapping carbonyl and aromatic reso-
nances.

Dimethyl terephthalate (I) is a highly crystalline ma-
terial in which the aromatic ring occupies a rigid lattice
position.?? The carbonyl carbon chemical shift powder
pattern for I is axially symmetric, as are the carbonyl
carbon anisotropies for the terephthalate-containing
polymers II-IV (Table I) (i.e., p = +1.0). Polymers II-IV
contain somewhat reduced carbonyl carbon anisotropies;
however, the experimental error is such that this apparent
trend may not be significant.

The full chemical shift anisotropies for the non-
protonated aromatic carbons of dimethyl terephthalate and
for polymers II-IV are very similar and are in line with
the full anisotropies for other nonprotonated aromatic
carbons.l?2 The protonated aromatic carbon anisotropy
for dimethyl terephthalate (I), although similar to reported
values,?? is significantly larger than for the tere-
phthalate-containing polymers II-IV., Whether this dif-
ference is due to an inherent difference in anisotropies or
is caused by molecular motion in the polymers is uncertain
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Figure 4. Comparison of experimental (a—c) and calculated! (d-f)
solid-state 3C NMR spectra for (a) segmented copolymer IV, (b}
polymer III, and (¢) poly(butylene terephthalate) (II). The
calculated spectra represent the carbonyl and aromatic regions
only. The spectra were calculated by summing the individual
carbonyl, nonprotonated aromatic, and protonated aromatic
%ovgder patterns (with the proper weighting), using the values from
able 1.

at this time. There is also a significant decrease in the
chemical shift anisotropy in going from segmented polymer
III (which contains very little “soft” segment) to polymer
IV (which contains six times more “soft” segment), We
believe that this difference does reflect increased molecular
motion of the phenyl rings in the softer of the two seg-
mented polymers. This result is supported by the different
T, values observed for the protonated aromatic carbons
for the two polymers (~3 s for III and ~0.25 s for IV)%
and by experiments involving scalar, rather than dipolar,
decoupling.’®%” Scalar-decoupled static and magic angle
spinning experiments indicate that the motions of the
phenyl groups in the copolymer IV are sufficiently rapid
to partially average the 'H-13C dipolar interaction of the
protonated aromatic carbons.’®?” The torsional angles and
the extent of the phenyl group motion are currently under
consideration. However, significant motions do not appear
to occur only in the plane of the aromatic rings. The most
shielded components of aromatic chemical shift tensors
have directions perpendicular to the aromatic rings!® and
are thus common to both the protonated and non-
protonated carbons. If significant in-plane motions were
the only ones present, we would expect the chemical shift
anisotropies for both types of aromatic carbons to be af-
fected equally. This is not the case (Table I). Rather, the
aromatic ring motions probably involve small-angle ex-
cursions about the 1,4-phenylene axis.

The chemical shift powder patterns for polymers II-IV
were calculated! with the chemical shift parameters listed
in Table I. Figure 4 compares the experimental powder
patterns with the calculated carbonyl and aromatic regions.
The experimental and calculated spectra are in excellent
agreement.

A complication arises in copolymer systems such as III
and IV in that aromatic groups in different regions of the
polymers may undergo motions which are different. The
reconstructed chemical shift parameters then reflect
weighted averages of perhaps two or more anisotropies
which have been averaged by different amounts. Large
errors, particularly in the second and higher order side-



Vol. 14, No. 5, September-October 1981

bands, are expected. Small errors of this type were ob-
served, particularly for copolymer III. (It should be noted
that the higher order sidebands are also subject to large
errors in measured intensity.) The chemical shift param-
eters which have been reconstructed for the same polymer
at different spinning speeds are expected to be identical
if the motions of the group under consideration are uni-
form. The entries in Table I for compound III indicate
that the data are not significantly different to indicate
motional heterogenity, within the error limits.

A limitation of this method for obtaining chemical shift
parameters lies in the accuracy with which one is able to
measure the relative intensities of the MAS sidebands.
This accuracy is related to the ability to define unambig-
uously the base line. The base line is clearly resolved in
MAS spectra for model systems such as the carbonyl
carbon of glycine or the phosphorus in barium diethyl
phosphate,!® as the corresponding static powder spectra
are composed of a single resonance. The polymers studied
here and most other materials of interest have static
powder spectra which are composed of overlapping reso-
nances. It is for these materials (i.e., compounds for which
the chemical shift parameters cannot be measured directly
from the powder spectra) that chemical shift parameter
recovery affords the greatest potential for information.
However, upon MAS these overlapping chemical shift
patterns often reduce to a complex pattern of lines which
may not all be resolved to the base line and which may
reflect different line widths (see Figure 2b, for example).
The problem of base line definition is probably the largest
source of error.

In summary, we have illustrated that reconstructed
chemical shift parameters can be used to deduce motional
information in polymers. The transition from the quali-
tative motional information reported here to quantitative
information concerning torsional oscillations has several
requirements. First, one must be able to distinguish be-
tween motional dispersion and motional homogeneity.
Second, one must be able to reconstruct the chemical shift
parameters from spectra obtained with MAS at very low
temperatures, Finally, data acquisition and data manip-
ulation techniques must be optimized, as it is clear that
the accuracy of the motional information available from
reconstruction of chemical shift anisotropies relies upon
the ability to measure with precision the magic angle
spinning sideband intensities. We are currently involved
in work along these lines.
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