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ABSTRACT: 13C spectra and relaxation times were determined for poly(oxymethylene) at 45 MHz with
proton-decoupled magic-angle-spinning NMR with and without cross-polarization. The results indicate the
coexistence of two phases: a crystalline phase with short T, and long T and an amorphous phase with a
longer T, and a shorter T;. These results are consistent with crystallinity measurements on the same samples
by X-ray diffraction. The crystalline T},, which is not thought to be a pure spin-lattice relaxation parameter
but is also determined by spin—spin interaction, depends on the spinning frequency. At high spinning frequency
(>~5 kHz), the line width (at magic-angle-spinning conditions) increases with an increase in the spinning

frequency.

By combining heteronuclear decoupling and cross-po-
larization techniques' with magic-angle spinning, Schaefer
and Stejskal? have clearly demonstrated that high-reso-
lution NMR of solids is possible. Since then they obtained
high-resolution 13C spectra of a number of polymers and
showed that one can measure !°C spin-relaxation pa-
rameters for every 13C spin which gives a resolved NMR
line.3* These relaxation parameters include the spin-
lattice relaxation time T}, the rotating frame spin-lattice
relaxation time T, and the TH-'3C cross-polarization time
Ten.

This study concerns a simple polymer, poly(oxy-
methylene), which under magic-angle-spinning conditions
gives one, rather narrow, line. T, measurements, however,
reveal clearly that this line consists of two components with
very different relaxation behavior. These components are
attributed to crystalline and amorphous regions in the
material. While this information can also be obtained from
a nonspinning sample in this particular simple case, for
polymers with chemically different carbons this is not
possible due to overlapping powder line shapes. Thus for
more complicated polymers, T, (or any other relaxation
parameter, of course) measurements under magic-angle-
spinning conditions can be performed in order to deter-
mine the crystallinity of the polymers.

The 13C T, is measured via the decay of the rotating
frame '3C magnetization in a resonant radiofrequency field

*On leave from Case Western Reserve University, Cleveland, Ohio.
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H,. Although the notation T, suggests spin-lattice re-
laxation, spin-spin processes can contribute significantly
to this T, especially when H; is not at least an order of
magnitude larger than the local field.®> While it is in-
teresting to determine the relative contributions of
spin-spin and spin-lattice relaxation to T, we do not
make such an attempt here.

Experimental Section

The NMR spectrometer is home built around a wide-bore (110
mm) 4.2 T superconducting magnet (Oxford Instruments). The
13C H, field used has a rotating component amplitude corre-
sponding to a frequency of 25 kHz. The spinner for magic-angle
spinning is of a new design;® it has a cylindrical shape (diameter
10 mm) and is supported by two air bearings. Spinning fre-
quencies between 500 and 5600 Hz can be maintained with
excellent long-term stability (i.e., routine weekend operation). For
the study reported here, the spinner was machined from Delrin,
but for other polymers hollow KEL-F spinners have been used.

The T;, measurements were completely automatized such that
the hold time 7 (Figure 1) was varied after each FID. In most
cases, 16 r values were selected, and the corresponding 16 FID’s
were accumulated separately. This has the advantage that any
slow drift of any experimental parameter does not affect the T,
plots. With regard to the T, plots, it should be noted that the
first point is taken after 100 us, and under these conditions no
T, dispersion is found as reported by Schaefer et al.? except for
the biexponential decay reported below.

13C spectra and 13C T),’s are determined both with and without
cross-polarization. In the latter case, '*C magnetization was
prepared by a 90° pulse. The two pulse sequences for the T,
measurements are shown in Figure 1.

© 1979 American Chemical Society
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Figure 1. Pulse sequences for *C T}, measurements with
(sequence A) and without (sequence B) cross-polarization.
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Figure 2. Proton-decoupled '*C spectra of a nonspinning
poly(oxymethylene) (Delrin) sample. Spectrum A results from
10 ms cross-polarization, while for spectrum B the carbon
magnetization is prepared via a 90° pulse.

Results

A number of different NMR experiments have been
performed on poly(oxymethylene), and considered as a
whole, a clear and consistent picture of some of the
properties of poly(oxymethylene) (Delrin) is obtained.
Each experiment alone, however, emphasizes only certain
aspects of this picture, and therefore we present in this
section all of the experimental results and postpone a more
detailed discussion of these results to the next section.

We describe the results of three types of experiments:
high-resolution *C NMR spectra, °C relaxation mea-
surements (T, T}), and the dependence of T, and line
width on the spinning frequency in a MAS (magic-an-
gle-spinning) experiment.

13C Spectra. Poly(oxymethylene) is a relatively simple,
linear polymer with all carbons chemically equivalent. The
MAS experiment indeed shows one resonance line at
89-ppm downfield from the *C resonance of Me,Si with
a line width of ~3 ppm.

Much more information in this case, however, is ob-
tained from the spectrum of the nonspinning sample.
Figure 2 shows two proton-decoupled '2C spectra A and
B. Spectrum A was obtained using the cross-polarization
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Figure 3. T, measurement for a sample spinning at the magic
angle with a frequency of 2.1 kHz. The carbon magnetization
is prepared via cross-polarization; i.e., pulse sequence A of Figure
1 is used.
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Figure 4. T, measurement for a sample spinning at the magic
angle with frequency of 2.1 kHz; 90° pulses are used to prepare
the carbon magnetization, i.e., with pulse sequence B of Figure
1.

technique,! while for spectrum B a straightforward pro-
ton-decoupled FT experiment was used, i.e., *C 90° pulses
with a repetition rate of 1 s instead of cross-polarization.
The relative narrow line of spectrum 2B coincides with
peak 2 of spectrum 2A.

By decreasing the repetition rate in the 90° pulse ex-
periment almost two orders of magnitude, the resulting
spectrum is similar to spectrum 2A. Apparently, spectrum
2A consists of at least two components with very different
13C T, the narrow component having a short T, (<1 s) and
the other component(s) a much larger T',.

Also, the relative intensities in spectrum 2A were ob-
served to depend on the length of the cross-polarization
time. For spectrum 24, this time was 10 ms, and a shorter
cross-polarization results in a decrease of the narrow
component 2, thus the cross-polarization is not as efficient
for the narrow component as it is for the other compo-
nent(s) making up spectrum 2A.

With MAS, the narrowed 1*C line is found at almost the
same frequency (1 ppm toward higher field) as that for the
narrow component of spectrum 2B, where the sample is
nonspinning.

T,, Measurements. T;, measurements have been
made for poly(oxymethylene) samples spinning at the
magic angle with frequencies between 0 and 5600 Hz. Both
pulse sequences shown in Figure 1 have been used, and
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Figure 5. Increase of *C line width with increasing MAS fre-
quency. Spectrum A shows the line with 5.6 kHz spinning (line
width 5.7 ppm), while spectrum B is obtained with 3.1 kHz
spinning, and then a line width of 3.7 ppm is found. At lower
MAS frequencies (>1 kHz), the line width hardly changes with
spinning frequency.

typical examples of T, decay curves are given in Figure
3 for pulse sequence A and in Figure 4 for pulse sequence
B with a repetition rate of 1 s™1. Here again, a difference
is observed between the cross-polarization experiment and
the 90° pulse experiment: the cross-polarization pulse
sequence A yields, for all spinning frequencies, a well-
resolved biexponential T, decay (for 2.1 kHz spinning the
two values of T, are ~1.5 and ~17.5 ms), while a T,
measurement with pulse sequence B and repetition rate
1571 gives a single exponential with a T';, of 17.5 ms. When
pulse sequence B with a much longer repolarization time
(>30 s) is used, again a double exponential is found.
Therefore, we conclude that the narrow component 2 of
spectrum 2A (i.e., the line in spectrum 2B) has a T}, of
~17.5 ms and that all other components have a much
shorter T,

Dependence of *C Line Width and T,, on MAS
Frequency. For poly(oxymethylene), the *C chemical
shift anisotropy is rather small, and even with a relative
low MAS frequency of 1 kHz, the spinning side bands are
weak.

Between 1- and 4-kHz spinning, the °C line width is
independent of the spinning frequency, both in the spectra
obtained by cross-polarization and by 90° pulses.

At very high spinning rates, however, a noticeable in-
crease in the line width is observed in the cross-polarization
spectrum, whereas the line width in spectra obtained by
90° pulses with a repetition rate of 1 s! remains the same.
This is illustrated in Figure 5A, where two *C cross-po-
larization spectra are shown for 5.6- and 3.1-kHz spinning,
respectively. Apparently, the two (or more) components
which constitute the cross-polarization spectrum behave
differently under fast magic-angle-spinning conditions. As
these two components have different T, at fast magic-
angle spinning a change in line width is expected as a
function of 7 in a cross-polarization T, experiment. This
is indeed observed; as expected, a decrease in line width
is found with increasing 7. Therefore, we can conclude:
the spins with the long T, and short T (which are re-
sponsible for the relative narrow line 2 of spectrum A in
Figure 2) in the MAS condition give rise to a line whose
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Figure 6. Dependence of the crystalline T, on MAS frequency.

line width is independent of spinning frequency (at least
up to 5.6 kHz).

The spinning-dependent line width must be due to the
spins with a short T, and long T which yield the broad
structure of Figure 2A.

It appears that this short T', is also a function of the
spinning frequency, as is shown in Figure 8. The long T},
(~17.5 ms), however, is independent of the spinning
frequency in these experiments.

Fast spinning therefore changes both the line width and
T, of the NMR component with the short T';, and the long

1-
Discussion

Both the '3C spectral data and the T, data strongly
point to the existence of two different phases in the
polymeric material with different 3C relaxation times T}
and Ty,. Because it is known that poly(oxymethylene)
generally contains both crystalline and amorphous com-
ponents, it seems justified to assume that the two signals
with different relaxation times come from the 3C spins
in crystalline and amorphous regions of the material. Then
it seems a natural assumption that the narrow line of
Figure 2 (line 2) is due to the amorphous material and that
the broad structure is a chemical shift anisotropy
broadened line from the crystalline regions in the sample.
There is so much motion in the amorphous material that
the chemical shift anisotropy is largely, but not completely,
averaged out. Also, this assighment implies that the
amorphous line has the long T, (17.5 ms) and the short
T, (<1 s), while the crystalline line has a short spin-
ning-frequency-dependent T, (0.5-3 ms) and a long T
(>>10 s).

At first, before we studied in detail the nonspinning
spectra, based on the work of Schaefer and Stejskal,34 we
assumed that the short Ty, should correspond to the
amorphous phase.” However, the nonspinning spectra
show that this assumption is not correct; i.e., the
amorphous phase has a longer T, than the crystalline
phase. As is mentioned in the introduction, the relaxation
parameter T, which we measure via the decay of the
spin-locked *C magnetization, by no means has to be a
pure spin-lattice relaxation parameter. When the ra-
diofrequency spin-lock field is not much greater than the
dipolar field, spin-spin relaxation may contribute sig-
nificantly to our apparent T},. The largest 3C H; field we
can presently achieve corresponds to a rotating component
of 25 kHz, and therefore we must expect that, certainly
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for the crystalline spins, the T;, may be dominated by
spin-spin interactions.*> A more complete study is needed
to determine the ratio of spin-lattice and spin-spin re-
laxation contributions to our T, values, which we plan as
soon as our instrument is modified for larger radiofre-
quency fields.

Motions, which in the amorphous region partly average
out the chemical shift anisotropy, can also reduce the C-H
cross-polarization efficiency for the amorphous line. This
would explain the relative increase of the narrow
amorphous line in the cross-polarization spectrum of the
nonspinning sample with increasing cross-polarization
time.

From the 7', measurement, one can estimate the per-
centage of crystallinity of the polymeric material. The T},
plots for every spinning frequency can be very accurately
fitted with a function:

M(7) = A exp(-7/t;) + B exp(-7/t;)

where M(7) is proportional to the *3C signal after being spin
locked for 7 seconds, ¢; and t, represent the two T'j, values
to be determined, and A and B are the relative amounts
of crystalline and amorphous material. We find a 70%
(£5) crystalline and a 30% (£5) amorphous content. This
is quite close to the value determined by X-ray diffraction,
63 and 37 %, respectively. Even though our percentages
depend somewhat on the length of the cross-polarization,
they do provide strong support for the assignment that the
long T, is due to the amorphous component. For a more
accurate determination of these percentages, one should
take into account the difference of cross-polarization ef-
ficiencies for the amorphous and crystalline regions. We
simply took the average for different spinning rates.
The spinning dependence of the crystalline T, can in
principle be explained by several mechanisms. A possible
explanation could be, as suggested by Schaefer et al.,’ that
the anisotropy of T}, is averaged by the spinning, causing
a shorter T,. However, preliminary studies on a nons-
pinning sample do not reveal such anisotropy. Also, the
T, plots of slow-spinning samples do not show a T},
dispersion except for the double-exponential decay.
Although there always remains the possibility that
spinning modulates molecular motions and increases the
spectral density at the rotating frame Larmor precession
frequency, in our case, it seems likely that the spinning
influences the spin-spin contribution to our T;,. Further
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studies are in progress to explain this spinning dependence
of Ty,

The increase of the line width of the crystalline line at
the highest spinning frequency may be related to the
change of T, with spinning. This line broadening might
be explained as the result of strain in the material due to
spinning forces and would only be observed at the high-
spinning rates.

Conclusion

Poly(oxymethylene) (Delrin) consists of at least two
components, one amorphous and at least one crystalline,
having clearly different T),’s and different T'’s, If the
difference we find in the Ty,’s of the crystalline and
amorphous components of Delrin proves to be generally
true for polymers, then such measurements will allow the
determination of the degree of crystallinity in polymeric
material. Also, this study shows that the T, of the
crystalline component is very different from the amorp-
hous 7. Studying T, therefore, seems very worthwhile,
especially because here spin-spin relaxation does not
confuse the picture. T, measurements on Delrin will be
reported later. Finally, the dependence of T, and spectral
width on spinning frequency needs further study.

Acknowledgment. We would like to thank Professor
C. van Heerden, DSM, Geleen, for the X-ray determination
of the Delrin crystallinity and Mr. J. W. M. van Os for his
skilful assistance in the measurements. We thank the
referees for their constructing criticism on the original
manuscript. This work was carried out under the auspices
of the Netherlands Foundation of Chemical Research
(S.0.N.) and with the aid of the Netherlands Organization
for the advancement of Pure Research (Z.W.0.).

References and Notes

(1) A. Pines, M. G. Gibby, and J. S. Waugh, J. Chem. Phys., 59,
569 (1973).

2 g(I Sc})xaefer and E. O. Stejskal, J. Am. Chem. Soc., 98, 1031
1976).

(3) J. Schaefer, E. O. Stejskal, and R. Buchdahl, Macromolecules,
10, 384 (1977).

(4) E.O. Stejskal, J. Schaefer, and T. R. Steger, Faraday Symp.
Chem. Soc., in press.

(5) D. L. VanderHart and A. N. Garroway, to be published.

(6) To be published.

(7) Reported by E. M. Menger, Faraday Symp. Chem. Soc., in press.

(8) A.N. Garroway, W. B. Moniz, and H. A. Resing, Faraday Symp.
Chem. Soc., in press.

Fluorescence Depolarization Study of the Glass—Rubber
Relaxation in a Polyisoprene

J. P. Jarry* and L. Monnerie

Laboratoire de Physicochimie Structurale et Macromoléculaire, 75231 Paris, Cedex 05,
France. Received March 13, 1979

ABSTRACT: The glass-rubber relaxation of an anionic poly(cis-1,4-isoprene) is investigated in the range
of 107-107% s, using a fluorescent label bonded within the chain backbones and several probes of varying size
dissolved in the polymer matrix. Fluorescence depolarization allows appropriate models of rotational Brownian
motion to be checked and relaxation times to be calculated as a function of temperature. Label and large
probes are shown to reflect the glass-rubber relaxation in agreement with the WLF equation. The size
dependence of the probe relaxation times is also analyzed. When the label and probe relaxation times are
compared, the smallest chain segments involved in the glass-rubber relaxation seem to be composed of about

five monomer units.

Fluorescence depolarization is a means of probing
molecular rotational processes occurring in the range of
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1077-10719 s.1-% Fluorescence decay experiments give the
autocorrelation function:**®
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