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ABSTRACT: 13C CP/MAS NMR spectra of amorphous and partly crystalline samples of isotactic (i) and
syndiotactic (s) poly(methyl methacrylate) (PMMA), of a sample of partly crystalline stereocomplex PMMA,
and 13C MAS NMR spectra of a toluene gel of s-PMMA were measured. The observed two bands of a-CHj
carbons in amorphous i-PMMA were assigned to trans and gauche backbone conformations; an effect of
conformational structure on a-CHj carbon resonance was observed also with s-PMMA. High-resolution
13C NMR spectra of the crystalline phase in i- and s-PMMA and stereocomplex PMMA were obtained
from the experimental spectra by a computer difference technique; they differ from the spectra of amor-
phous samples by a splitting of some bands into two components and by differences in chemical shift val-
ues. These differences are interpreted by the existence of double-helix structures in crystalline forms of
stereoregular PMMA. Also the observation of equal values of the proton spin—lattice relaxation time in
rotating frame T;,H, for i- and s-components of stereocomplex PMMA is in agreement with this double-

helix structure.

Introduction

The ability of stereoregular poly(methyl methacry-
lates) (PMMA) to form ordered aggregated structures in
solution has been well documented.! Besides the aggre-
gates of the so-called stereocomplex, generated by mix-
ing of solutions of isotactic (i) and syndiotactic (s) PMMA,
self-aggregation in solutions of only i-PMMA, or only
s-PMMA, has also been described. At concentrations
exceeding about 2%, stereocomplex or self-aggregate for-
mation is manifested by the appearance of a gel. When
the solvent is removed from such a system under condi-
tions that do not disturb the stability of the aggregates,
their structure remains preserved even in the solid state,
and the resulting solid polymer is partly crystalline.
Besides the partly crystalline solid stereocomplex
PMMA -3 the route via the aggregation state is also the
only way to prepare semicrystalline s-PMMA either directly
from a suitable solution*® or by crystallization in the vapors
of a solvent that promotes aggregation.’ Semicrystal-
line i-PMMA can be prepared by prolonged annealing at
elevated temperature;®8 without annealing it can be
obtained by way of the gel stage from an o-xylene gel.®
Relatively recent X-ray diffraction studies of crystalline
i-PMMA have shown that its chains assume the form of
a 10/1 double helix.!%!1 On the basis of X-ray diffrac-
tion measurements and conformational energy calcula-
tions, the structure of a double helix with a large num-
ber of units per turn has also been proposed for crystal-
line stereocomplex PMMA;!2 measurements of NMR and
infrared (IR) spectra indicate that the structures of the
crystalline state are already present in the aggregates of
stereocomplex PMMA in solution.51314 The results of
X-ray diffraction and IR spectroscopy indicate the pres-
ence of a helical conformation with a large number of
units per turn both in aggregated and in crystalline
s-PMMA.>7 Also in this case some evidence indicates
the formation of structures of the double-helical type.114-17
In all these helical structures, the conformational struc-

t Dedicated to Dr. P. Kratochvil on the occasion of his 60th birth-
day.
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ture of the backbone chain is very near to the tt stag-
gered form; according to theoretical calculations, in both
i- and s-PMMA chains, the tt conformation is energeti-
cally the most favored.18-20

Important information concerning the structure of poly-
mers in the amorphous and semicrystalline states can be
obtained by means of high-resolution 13C NMR spectra
with simultaneous application of the dipolar decoupling,
cross-polarization {CP), and magic-angle spinning (MAS)
techniques.?1-28 Although atactic PMMA has been one
of the first polymers used for demonstrating the 13C
CP/MAS NMR method,?* the stereoregular forms of
PMMA have been studied by this method and by 13C T,
relaxation times only by Edzes and Veeman.?5 In the
work of these authors, the state of the samples is not
clearly specified, but it may be assumed that they stud-
ied amorphous i- and s-PMMA. Simultaneously they also
studied stereocomplex PMMA; in this case no remark-
able differences were observed as compared to i- and
s-PMMA alone, both in the appearance of 13C CP/MAS
NMR spectra and in the values of 13C T relaxation times.2
The aim of this work was to determine whether differ-
ences exist between 3C CP/MAS NMR spectra of ste-
reoregular PMMA in amorphous and crystalline state and
in a positive case to interpret the obtained results (includ-
ing the measured values of T;,H spin-lattice relaxation
time in rotating frame for protons) in terms of the struc-
tural forms of amorphous and crystalline stereoregular
PMMA.

Experimental Section

Methods. 13C NMR spectra of CDCl3 solutions of i- and
s-PMMA (10% w/v) were measured with the spectrometer Varian
XL-200 at 50.3 MHz and 25 °C, accumulating 3500 scans at a
repetition interval of 8 and 4 s for i- and s-PMMA, respec-
tively. Hexamethyldisiloxane (HMDS) with a signal at 2 ppm
from TMS was used as internal standard. 13C CP/MAS NMR
spectra of solid PMMA samples were measured with the spec-
trometer Bruker MSL 200 at 50.3 MHz and ambient tempera-
ture. All solid samples were measured in Al;Oj rotors at iden-
tical conditions, suitable for producing difference spectra by
computer treatment: number of scans, 12 000; spinning fre-
quency, 4 kHz; decoupling field strength in frequency units (yHz/
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Figure 1. Schematic representation of the Delrin rotor used
for the measurement of MAS NMR spectra of liquid and gel
samples.

2w), 50 kHz; contact time, 2 ms; repetition time, 4 s; spectral
width, 20 kHz; number of points, 8K. In some cases also the
so-called nonquaternary suppression (NQS) spectra2 were mea-
sured, suppressing the bands of 13C nuclei with directly bonded
protons, with the exception of such carbons in rapidly rotating
groups (CHjs); in NQS spectral measurements, the measuring
parameters were the same as in conventional CP/MAS spec-
tra. Chemical shifts in 13C CP/MAS NMR spectra were referred
to the carbonyl band of glycine, with a signal at 176.0 ppm; the
sample of glycine was repeatedly measured over a long period
of time in 1- or 2-day intervals, and from these measurements
the maximum instability limit of £0.1 ppm was estimated. Con-
sidering that the digital resolution of our 13C CP/MAS NMR
spectra is also 0.1 ppm, then the estimated error in chemical
shift determination does not exceed £0.2 ppm. The intensities
of partly overlapping bands were obtained by separation by means
of the program cLINFIT. The values of the relaxation time T4 ,H
were determined (together with the values of the cross-polar-
ization relaxation time, Tcy) from the dependence of the band
intensity for the given carbon on contact time 7

I'= (I /Te)exp(-r/ T, - exp(-1/ Tey))(1/ Tey - 1/ T,
¢h)

which is valid?? for T,,C > T,,H » Tcu; the values of Ty,H and
Tcu were determined by a least-squares procedure using the
program siMrIT. 13C MAS NMR spectra of solutions and gels
of stereoregular PMMA were measured in Delrin (i.e., poly-
oxymethylene) rotors of our own construction, permitting the
measurement of liquid or gel samples (Figure 1). These spec-
tra were measured without CP; other parameters were similar
as for the measurement of 13C CP/MAS NMR spectra of solid
samples; spinning frequency, 4.2 kHz; decoupling field, 45 kHz;
number of scans, 12 000; repetition time, 5 or 10 s (to detect
signals with possibly longer 7).

Wide-angle X-ray scattering (WAXS) patterns were mea-
sured using the diffractometer HZG/4A (Prazisionsmechanik,
Freiberg, GDR) and the flat-film camera with Cu Ko radiation
and Ni filter. With the diffractometer, the diffracted radiation
was recorded by means of a proportional counter.

Samples. Polymers: The polymer i-PMMA was prepared
by anionic polymerization initiated with phenylmagnesium bro-
mide in toluene at 17 °C. The polymer s-PMMA was prepared
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Table I
Characterization of Crysialline Stereoregular PMMA
Samples by WAXS

degree of size of
sample crystallinity, % crystallites, nm
i-PMMA 40 9.0
s-PMMA 36 5.4
stereocomplex PMMA 40 5.2
(i/s = 1/1.5)

by ion-coordination polymerization initiated with triethylalu-
minum and TiCly in toluene at -78 °C. By 'H NMR analysis
(JEOL PS-100, 100 MHz, equimolar mixture of tetrachloro-
ethylene with o-dichlorobenzene, 130°), i-PMMA contains more
than 98% isotactic triads; s-PMMA contains 90% syndiotac-
tic, 9% heterotactic, and 1% isotactic triads.

Amorphous and crystalline samples: By WAXS, the
i-PMMA and s-PMMA samples prepared in the above-
described way are amorphous. However, in order to clearly define
the history of amorphous sample preparation, the amorphous
i- and s-PMMA samples were prepared from acetonitrile solu-
tions by evaporation of solvent;514 by WAXS measurements it
was confirmed that such samples are completely amorphous.
The sample of crystalline s-PMMA was prepared by evapora-
tion of solvent from a toluene solution (gel) at room tempera-
ture under vacuum.:514 The sample of crystalline i-PMMA
was prepared by evaporation of solvent from an o-xylene gel at
room temperature under vacuum.® The sample of crystalline
stereocomplex PMMA was prepared by evaporation of solvent
(at room temperature under vacuum) from a gel formed by mix-
ing of acetonitrile solutions of i- and s-PMMA (the ratio of
i-PMMA /s-PMMA was 1/1.5).1.514 All crystalline samples con-
tained a small amount of residual solvent (see also ref 5), detect-
able even in 13C CP/MAS NMR spectra. The crystallinity degree
was determined by WAXS; it was calculated as the ratio of the
integral intensities of the scattering of the crystalline phase
(obtained after separation of the amorphous component of scat-
tering) to the total scattering, in the range of diffraction angles
26 from 5° to 38°. The obtained crystallinity values, together
with crystallite size data as determined from the broadening of
crystalline reflections corrected for instrumental broadening,
are summarized in Table I.

Results

13C NMR Spectra of Stereoregular PMMA in Amor-
phous and Crystalline States. Although this work was
primarily concerned with the measurement of 13C NMR
spectra of stereoregular PMMA in the solid state, 13C
NMR spectra of CDCl; solutions of the studied i- and
s-PMMA samples are shown for comparison in Figure 2.
The chemical shift values (shown in the spectrum in paren-
theses) are in good agreement with previously published
data.28

13C CP/MAS NMR spectra of amorphous (spectrum
a) and crystalline (spectrum b) s-PMMA measured under
identical conditions are shown in Figure 3. 13C CP/MAS
NMR spectra of amorphous (a) and crystalline (b) i-PMMA
are shown in Figure 4. The spectra designated as c in
Figures 3 and 4 were obtained from normalized spectra
of crystalline samples (b) by subtraction of the spectra
of the corresponding amorphous samples (a) multiplied
by the factor f (fraction of the amorphous phase) adjusted
so as to completely remove the bands of the amorphous
component, without the appearance of any counter-
peaks in the resulting spectrum. The found values f =
0.6 are in agreement with the crystallinity values obtained
for crystalline s- and i-PMMA by WAXS (see Table I).
The spectra ¢ in Figures 3 and 4 thus represent 3C
CP/MAS NMR spectra of the crystalline phase of s- and
i-PMMA, respectively.

Besides the bands of various PMMA carbons, the chem-
ical shifts of which are shown in Table II, 3C CP/MAS
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Figure 2. 13C NMR spectra of CDCl; solutions of i-PMMA
(a) and s-PMMA (b) measured at 50.3 MHz at room tempera-
ture. The numbers in parentheses are chemical shifts referred

to TMS.
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Figure 3. 13C CP/MAS NMR spectra of amorphous s-PMMA
(a) and of semicrystalline s-PMMA (b) measured at 50.3 MHz
and room temperature. Spectrum ¢ was obtained from spec-
trum b by subtraction of spectrum a multiplied by the factor f
= 0.6, and it corresponds to purely crystalline state. A part of
spectrum d was obtained from spectrum ¢ by subtracting the
band of residual toluene at 21.4 ppm. Bands of residual sol-
vent are designated by X.

NMR spectra of solid PMMA also exhibit bands of resid-
ual solvents (see the Experimental Section). Thus the
band at ~0.9 ppm in the spectra of amorphous s-PMMA
(Figure 3a) and amorphous i-PMMA (Figure 4a) corre-
sponds to the methyl carbons of residual acetonitrile;2?
in spectra ¢ of Figures 3 and 4, this band appears as a
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Figure 4. 13C CP/MAS NMR spectra of amorphous i-PMMA
(a) and of semicrystalline i-PMMA (b) measured at 50.3 MHz
and room temperature. Spectrum c¢ was obtained from spec-
trum b by subtracting spectrum a multiplied by the factor f =
0.6 and corresponds to purely crystalline state. Bands of resid-
ual solvent are designated by X.

Table II
13C Chemical Shifts of Stereoregular PMMA in Amorphous
and Crystalline State (ppm from TMS)

—_C—
sample C=0 CH, OCH; | «-CHj
i-PMMA 175.9 55.2 51.7 45.4 22.8
amorphous 30.0
i-PMMA 174.7 56.8 50.95 45.8 23.7
cryst phase® 58.3 52.4
s-PMMA 177.7 55.7 51.6 44.45 157
amorphous 21.9
s-PMMA 1774 55.3 50.7 44.1 15.25
cryst phase® 51.9 17.7
stereocomplex2® 178.65 (s) 59.2() 51.8 454 24.4 (i)
PMMA cryst 175.55 (i) 54.15 (s) 14.85 (s)
phase

@ Values obtained from 3C CP/MAS NMR spectra of crystal-
line sample by substracting the amorphous component.  (s) and
(i) denote band assignment to the respective PMMA chains.

counterpeak. The sharp band at 21.4 ppm (Figure 3b,¢),
the broader band at 129 ppm, and the weak band at 137
ppm in the spectra of crystalline s-PMMA correspond
to residual toluene.?? Similarly, the band at 19.7 ppm
(appearing as a shoulder on the a-CHj carbon band) (Fig-
ure 4b,c) and the weak bands in the range 125-137 ppm
(overlapping the spinning sidebands) in the spectra of
crystalline i-PMMA correspond to residual o-xylene.22:30

When 13C NMR spectra of amorphous s-PMMA (Fig-
ure 3a) and i-PMMA (Figure 4a) samples are compared
with the solution spectra of these two samples, we observe
the greatest difference in the range of the a-CHj reso-
nance of i-PMMA, where amorphous i-PMMA exhibits
two bands at 22.8 and 30 ppm, whereas the correspond-
ing CDCl3 solution exhibits a single band at 22.1 ppm.
Analysis of expanded spectra revealed that the band of
amorphous i-PMMA at 22.8 ppm corresponds to 89% of
the integrated intensity of a-CHj carbons, and the band
at 30.0 ppm, to 11% of this intensity. A similar, though
less pronounced effect was observed also with the «-CHj
resonance of amorphous s-PMMA (Figure 3a). In this
case the a-CHjz carbon resonance exhibits a very asym-
metrical shape, with a peak at 15.7 ppm and a shoulder
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at 21.9 ppm indicating the presence of a considerably
weaker second band.

Marked differences are also observed when 13C NMR
spectra of the crystalline phase in s-PMMA (Figure 3c)
are compared with the spectrum of amorphous s-PMMA
(Figure 3a). While the band shape and chemical shifts
(Table II) of carbonyl, methylene, and quaternary car-
bon signals do not practically differ in purely crystalline
and amorphous s-PMMA, in the range of a-CHj reso-
nance the spectra of the crystalline phase clearly exhibit
two bands of approximately equal intensity at 15.25 and
17.7 ppm; also the OCHj; carbon resonance is split (bands
at 50.7 and 51.9 ppm) in the crystalline phase. At the
same time, the chemical shifts of 15.25 and 51.9 ppm
roughly correspond to the chemical shifts of a-CHg and
OCHy; carbons in amorphous s-PMMA (Table II).

In 18C NMR spectra of the crystalline (Figure 4¢) and
amorphous (Figure 4a) phases of i-PMMA| only quater-
nary carbons exhibit the same chemical shifts {Table IT)
and equal line shapes in both cases. The OCHj carbon
band in the crystalline phase of i-PMMA is split into
two bands (50.95 and 52.4 ppm), roughly symmetrically
placed about the OCHj3 resonance in amorphous i-PMMA
(561.7 ppm). A shoulder (at 58.3 ppm) indicating the pres-
ence of two bands is observed also at the CH, resonance
in the crystalline phase of i-PMMA, with a peak at 56.8
ppm. In this case both these bands occur at a slightly
lower field than in amorphous i-PMMA; the situation is
similar for «-CHjs carbons. On the other band, the car-
bonyl band in crystalline i-PMMA is shifted by about
1.2 ppm to higher field, as compared to amorphous
i-PMMA.

The 13C CP/MAS NMR spectrum of a solid stereo-
complex PMMA sample prepared by evaporation of sol-
vent from a mixture of acetonitrile i- and s-PMMA solu-
tions (i/s = 1/1.5) is shown in Figure 5a. Similarly as in
the spectra of amorphous i- and s-PMMA samples, also
in this case the CHj carbon signal of residual acetoni-
trile was detected at 0.9 ppm. The ratio i/s = 1/1.5 is
cited as the stoichiometric ratio of i- and s-units in the
ordered stereocomplex structure.!31:32 Ag the solutions
of i- and s-PMMA had been mixed in this ratio, the com-
position not only of the crystalline but also of the amor-
phous phase of the stereocomplex should correspond to
this stoichiometry. The 13C NMR spectrum of the crys-
talline phase of the stereccomplex, derived from the mea-
sured spectrum (Figure 5a) by subtracting the spectrum
of the amorphous phase multiplied by the factor 0.6, is
shown in Figure 5c¢; for this purpose, the spectrum of the
amorphous phase was constructed from the spectra of
amorphous i- and s-PMMA with the ratio i/s = 1/1.5.
Similarly as in the previously described cases of the crys-
talline phases of s- and i-PMMA, also here the opti-
mized fraction of f of the amorphous phase is in very
good agreement with the crystallinity degree as deter-
mined by WAXS (Table I). The sum spectra of amor-
phous i- and s-PMMA composed in the ratioi/s = 1/1.5
(Figure 5d) and of the crystalline phases of i- and s-PMMA
(see Figures 3¢ and 4c) added in the same i/s ratio (Fig-
ure 5¢) are also shown for comparison. In the sum spec-
trum of the crystalline phases, the shape of the a-CHj;
range is disfigured to some extent by the presence of resid-
ual toluene and o-xylene bands in the spectra of the crys-
talline phases of s- and i-PMMA, respectively. Asinsome
cases where the stoichiometry of the stereocomplex is given
as i/s = 1/2,13% we have analyzed the measured 13C
CP/MAS NMR spectrum of the PMMA stereocomplex
sample also for this composition of the crystalline phase;
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Figure 5. 13C CP/MAS NMR spectra of stereocomplex PMMA
measured at 50.3 MHz and room temperature (a,b). Spectrum
b was measured by the NQS technique. Spectrum c was obtained
from spectrum a by subtracting the normalized sum spectrum
of amorphous i- and s-PMMA in the ratioi/s = 1/1.5 (d) mul-
tiplied by the factor f = 0.6 and corresponds to purely crystal-
line state. Spectrum e represents the sum spectrum of the crys-
talline phases of i- and s-PMMA (see Figures 3c and 4c) com-
posed in the ratio i/s = 1/1.5. Bands of residual solvent are
designated by X.

it could be shown that in this case the composition of
the amorphous phase of our sample would bei/s = 1/1.25.
We have also found that, for the stoichiometryi/s = 1/2,
the spectrum of the crystalline phase of the stereocom-
plex is practically identical with the spectrum in Figure
5¢; corresponding to the stoichiometry i/s = 1/1.5, only
the relative intensities of the bands of i- and s-units (see
further text) are slightly different.

The spectrum of the stereocomplex (Figure 5a,c) exhib-
its band pairs in the ranges of a-CH3z and C=0 carbons;
these evidently correspond to s-units (stronger band) and
i-units (weaker band). Their chemical shifts either roughly
agree (a-CHj) or are slightly shifted downfield (C=0)
as compared to the corresponding bands of crystalline i-
and s-PMMA; however, the a«-CH3 band of crystalline
s-PMMA at 17.7 ppm is not detected in the spectrum of
the crystalline stereocomplex. The most conspicuous dif-
ference is observed already in the experimental spec-
trum of the stereocomplex (a) and is even more pro-
nounced in the spectrum of purely crystalline stereocom-
plex (c) in the range of the CH; resonance, where, besides
the band at 54.1 ppm, also a band at 59.2 ppm is detected.
As CH; carbon resonance occurs in the near vicinity of
OCHj3; resonance, the NQS technique was applied for the
unambiguous assignment of the band at 59.2 ppm (by
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the N@S technique, bands of carbons with directly bonded
protons (CHg) are suppressed, with the exception of rap-
idly rotating groups (CHg)). The NQS spectrum of a ste-
reocomplex sample is shown in Figure 5h. It may be seen
that, in the 50~60 ppm range, only the band of OCHj;
carbons at 51.6 ppm has been preserved; bands at 54.1
and 59.2 ppm disappeared, clearly indicating that both
these bands should be assigned to CHs carbons. The pos-
sibility of the occurrence of two CH, carbon bands in
the 13C NMR spectrum of crystalline stereocomplex (Fig-
ure 5¢) is supported by the observation that the shape
of the bands in this range remains the same in measure-
ments with a contact time of 2 ms (Figure 5a) and of 50
us; the rigid crystalline phase should be preferred by the
latter.??23 After separation of the OCHj band, the ratio
of integrated intensities of the bands at 59.2 and 54.1
ppm is ~1/1.7, i.e., very near to the stoichiometric i/s
ratio. Therefore, it may be assumed that the band at
54.1 ppm in the crystalline stereocomplex corresponds
to CH; groups in s-units; its chemical shift does not dif-
fer much from the chemical shift of CHs carbons in crys-
talline s-PMMA (Table II). The band at 59.2 ppm most
probably corresponds to CHg groups in i-units; its posi-
tion is near to the position of the shoulder at 58.3 ppm
in crystalline i-PMMA (Table II). The position of the
OCH; band in crystalline stereocomplex is equal to that
in other PMMA samples. Also the quaternary carbon
exhibits a single band in the 3C NMR spectrum of the
stereocomplex, indicating that, contrary to the crystal-
line phases of i- and s-PMMA (see Figure 5e and Table
IT), in crystalline stereocomplex the quaternary carbons
of i- and s-units resonate at the same field.

Besides 1*C NMR spectra of crystalline and amor-
phous i- and s-PMMA, also the 13C NMR spectra of an
s-PMMA gel in toluene-dg were measured in a special
Delrin rotor. In this solvent, s-PMMA forms ordered
aggregated structures; 'H NMR measurements have indi-
cated that 75-85% of s-PMMA units are present in the
aggregated state.11534 In 'H NMR spectra, the bands
of these units exhibit a width of 500 £ 100 Hz, so that,
in conventionally measured 'H or 13C NMR spectra, these
aggregated units escape detection.3* We have compared
13C NMR spectra of s-PMMA in toluene-dg with 13C NMR
spectra of a solution of s-PMMA in CDCl3 measured under
identical conditions; it is well-known that, in chloro-
form, aggregated s-PMMA structures do not exist.! In
both cases 3C CP/MAS NMR spectra exhibited only
very weak bands, indicating that, in the toluene gel of
s-PMMA, similarly as in the CDCl;3 solution, cross-
polarization has very little effect. Therefore, we have
measured 13C MAS NMR spectra of these systems with
strong proton decoupling (vHz/27 = 45 kHz) without
cross-polarization (Figure 6). From Figure 6 it is evi-
dent that the band intensities of all carbons of s-PMMA
in toluene-dg are considerably lower than those for
s-PMMA in CDCl;. When the integrated intensity of a
given band for s-PMMA in CDCls is set equal to 100%,
then for s-PMMA in toluene-ds the integrated intensity
amounts to only 30 + 5%. This result is independent of
the repetition time and thus is not caused by possible
differences in the 7 relaxation times of the aggregated
and nonaggregated phases of s-PMMA. This indicates
that, in 13C MAS NMR spectra with strong proton decou-
pling, the nonaggregated phase is predominantly detected,
similarly as in conventional 'H and 13C NMR spectra.
Even in 3C MAS NMR spectra measured in this way,
carbon bands of the aggregated fraction escape detec-
tion.

Values of T ,H in Stereoregular PMMA. The depen-
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Figure 6. 13C MAS NMR spectra of s-PMMA in toluene-dsg
(a) and in CDCl; (b) measured at 50.3 MHz, room tempera-
ture, and identical instrumental setting. In both cases the con-
centration of s-PMMA was 10% w/v. SSB designates spin-
ning side bands.

dences of the intensity of a given band on the contact
time 7, from which the relaxation times T,,H and the
cross-polarization relaxation times Tcy have been deter-
mined, are demonstrated on the examples of amorphous
and crystalline i-PMMA in Figure 7. We have found that
in all cases (i.e., also for amorphous and crystalline
s-PMMA and for stereocomplex PMMA) these depen-
dences can be analyzed with a single T1,H and a single
Tcn value (i.e., using relation 1) only in the case of non-
protonated, i.e., quaternary and carbonyl carbons. The
dependences for the protonated carbons could in first
approximation be described by considering two compo-
nents of the relaxation time Tcy, Tcy® and TcuB, so
that relation 1 had to be replaced by

I'=(*+I®) exp(-7/T") - (I* exp(-7/Tci*) +
Pexp(-r/Te®) ()
where
P = 1A - Tt/ T,
B = IOB(l _ TCHB/TlpH)—l

This is evidently in relation to the circumstance that,
for the protonated carbons, the dynamics of cross-polar-
ization proceeds in two steps: first as coherent energy
transfer between the carbon and its bound protons and
second as cross-relaxation energy transfer from this group
to more distant protons.3®

For carbony! and quaternary carbons, the found Tcu
values were roughly equal (within experimental error) for
the whole studied sample series and were equal to 700-
850 us for carbonyl carbons and to 250-320 us for qua-
ternary carbons. For all protonated carbons, a short and
a long Tcu component was found, and the correspond-
ing intensities (/o* and I,B) were mostly comparable. The
intensity dependence on contact time for CHy carbons
could only be analyzed with crystalline i- and s-PMMA,
where the CHy; and OCHj3 bands are well resolved (see
Figures 3b and 4b); in other cases the intensity determi-
nation for the CH, band is subject to considerable error
due to insufficient separation of CH,; and OCHj; bands.
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Figure 7. Dependence of band intensity on contact time, 7,
for C=0 (a), CH; (b), OCHj; (c), YC{ (d) and «-CHj (e) car-
bons in amorphous (open symbols) and crystalline (full sym-
bols) i-PMMA. The symbols correspond to experimental points,
the full lines represent the best fit obtained by the method of
least squares assuming one T,H and one Tcy (a,d) or one Ty, 2
and two T'cy components (b,c,e).

Both with crystalline i-PMMA and with crystalline
s-PMMA for CHj; carbons the obtained values were Tcy
=~ 20 us for the short component and Tcy = 260 us for
the long component. The value Tcu =~ 20 us has been
previously observed for CH carbons in amorphous atac-
tic PMMA.2¢ With the stereocomplex sample, T'cy val-
ues could be determined for «-CH; carbons in i- and
s-PMMA chains (see Figure 5a). We have found that
the long Tcu component in this case is practically equal
to that in the corresponding crystalline i- or s-PMMA
and amounts of 500 us for i-chains and to 840 us for
s-chains. The short Tey component of «-CHjz carbons
is equal (105 us) for i- and s-PMMA chains in the ste-
reocomplex, but it is somewhat longer than the short Tcy
component found for a-CHjs carbons in crystalline i-PMMA
(80 us) or crystalline s-PMMA (60 us).

The values of the T',H relaxation time determined for
the studied sample series are shown in Table III. Besides
the previously described sample of stereocomplex PMMA
prepared from a mixture of acetonitrile solutions of i-
and s-PMMA (ratio i/s = 1/1.5) exhibiting 40% crystal-
linity by WAXS, Table III also includes values for a ste-
reocomplex sample prepared from a mixture of dimeth-
ylformamide solutions (ratio i/s = 1/2); for unknown rea-
sons, this sample exhibited a crystallinity of only 16%
by WAXS. It is evident from Table III that, with all
studied samples, the T,H values determined from an anal-
ysis of various carbon bands are equal within experimen-
tal error, due to the spin-diffusion mechanism, as was to
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be expected.2-22 Only the T, value found for the a-CHs
carbons of amorphous s-PMMA is significantly shorter.
It is interesting that also Jo et al.3¢ cite a similar signif-
icantly shorter value of T,H (9.8 ms) for the a-CHj car-
bons of conventional PMMA. For partially crystalline
samples of 1-PMMA, s-PMMA, and stereocomplex PMMA,
only a single T',,H value was found by an analysis of inten-
sity dependences for all carbon types, similarly as with
amorphous samples. For these samples it was also pos-
sible to describe the dependence of intensity on contact
time, by artificially introducing two 71, components.
The values of the longer component were only slightly
higher than the single T,H values shown for the given
semicrystalline sample in Table III. The intensity of the
shorter component was always very small and did not
exceed several percent, at variance with the content of
the amorphous fraction as determined for semicrystal-
line PMMA by WAXS (cf. Table I).

From Table III it may be seen that the smallest T,H
value was found for amorphous i-PMMA,; in contrast, crys-
talline i-PMMA exhibits the highest T,H value. T,,H
values for amorphous and crystalline s-PMMA are com-
parable. For stereocomplex PMMA samples it was pos-
sible to selectively determine T;,H values for i- and
s-PMMA chains from an analysis of the dependence of
the intensities of carbonyl or a-CHj carbon bands on con-
tact time. These values were found to be equal and to
differ from those of the individual stereoregular PMMA.

Discussion

1. 13C NMR Spectra and Conformational Struc-
ture of the Amorphous or Crystalline States in Ste-
reoregular PMMA., Amorphous i- and s-PMMA. As
explained above, in the range of a-CHj resonance, amor-
phous i-PMMA exhibits, besides the band at 22.8 ppm
roughly corresponding to the position of the «-CHjz band
of i-PMMA in solution, a further band at 30 ppm; the
integrated intensity of this band corresponds to 11% of
the total intensity of the a-CHjs carbon resonance. The
weak band of i-PMMA at ~30 ppm has already been
observed by Edzes and Veeman?® who assigned it to
trapped solvent molecules. However, in our case it is quite
clear that the band at 30 ppm is not due to solvent, as
no such band has been detected in the solution spec-
trum of i-PMMA (Figure 2a). At the same time, Figure
4 demonstrates that the intensity of this band is substan-
tially lower in the experimental spectrum of partially crys-
talline i-PMMA (Figure 4b); this band disappears com-
pletely after subtraction of the spectrum of the amor-
phous phase (Figure 4c). Therefore, it may be stated
that the a-CHj3 carbon band at 30 ppm is characteristic
of amorphous i-PMMA.

Chemical shift differences observed in 13C CP/MAS
NMR spectra may be connected with conformational struc-
ture in consequence of the so-called y-gauche effect.22.23
Local conformation is defined by the positions of the
so-called y-carbons, i.e., carbons removed by three bonds
from the observed carbon. In consequence of the y-
effect, a change in conformation from trans to gauche
causes a change in chemical shift toward higher field.
The extent of this effect may be highly variable; usually
it amounts to 3.5-5 ppm for one y-carbon. For more y-car-
bons, the resulting effect is additive.22 In the case of
PMMA it may be assumed that the y-gauche effect will
be combined with the effect of C=0 bonds, so that the
resulting change in chemical shift due to conformational
change may be even higher. As stated in the Introduc-
tion, both theoretical studies!®20 and WAXS meas-
urements®11.37 indicate that the tt conformational back-
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Table 111
Values of Proton Spin-Lattice Relaxation Time in Rotating Frame, 7\,F, Determined from Proton—-Carbon Cross-Polarization
at vH,/2= = 50 kHz and Room Temperature

TlpHya ms
|
~— —
sample C=0 CH, OCH4 | a-CHg mean value

i-PMMA 7.1 b 6.7 6.3 6.7 6.7
amorphous
i-PMMA 23.0 20.1 19.5 21.0 20.9 20.9
semicrystalline
s-PMMA 18.9 b 17.7 18.7 10.4 18.4%
amorphous
s-PMMA 17.0 15.4 15.5 16.8 13.0¢ 15.5
semicrystalline 12.7¢
stereocomplex PMMA 13.8 (s)* b 13.3 14.7 13.0 (s)¢ 13.6
(crystallinity degree 16%) 13.3 QY 12.5 (i)
stereocomplex PMMA 16.1 (s)e b 16.3 17.3 14.8 (s)° 16.1
(crystallinity degree 40%) 16.2 (i) 14.8 (i)

< Estimated error £10%. ® Not measured due to insufficient separation of CH, carbon band. ¢ Band of «-CHj carbons at 15.25 ppm.
4 Band of «-CHj carbons at 17.7 ppm. ¢ Band of s-PMMA chains. / Band of i-PMMA chains. € Value from «-CHjg carbon analysis not included.

CH i :
a b

Figure 8. Schematic representation of the tt conformational
structure of i-PMMA with ester groups alternatively in syn (cis)
and anti (trans) orientation (a); schematic representation of tt
conformational structure of s-PMMA with ester groups in syn
(cis) orientation (b).

bone structure schematically shown in Figure 8a predom-
inates not only in crystalline but also in amorphous
i-PMMA; however, amorphous i-PMMA also contains some
fraction of tg and gt conformational diads. For the t back-
bone conformation, the mutual orientation of o-CHj car-
bons and vy-carbons (quaternary carbon) is gauche. For
the g backbone conformation {generated by rotation about
the C,~CH; bond), the mutual orientation of the «-CHj
and quaternary carbons is changed to trans (in the other
gauche backbone conformation g, the orientation of the
a-CHj; and quaternary carbons is gauche, but this con-

formation usually is excluded on energy considerations28).
Therefore, we assume that the observed two a-CHj; bands

CH,

of amorphous i-PMMA correspond to t (22.8 ppm) and
g (30 ppm) backbone conformational structures. The rel-
ative intensity of the band at 30 ppm (11%) agrees well
with the probability of the g conformation, w, = 0.13 as
determined from conformational analysis and dipole
moments of i-PMMA.38 A similar splitting might also
be expected for the CH; carbons; however, in this case
the CH; carbon band corresponding to g conformational
structures would lie at higher field than the band of the
dominating t structures. Such a CH; band has not been
detected, but due to its presumed overlap with the OCHj,
carbon band (Figure 4a) and small intensity, its exist-
ence cannot be excluded. We have also considered the
possibility that the chemical shift of the a-CH3 band could
hypothetically be affected by the orientation of the ester
group, when the C-CHjz and C=0 bonds can assume the
cis (syn) or trans (anti) orientation.! This, however, is
clearly contradicted by the intensities of both observed
a-CHj bands in 13C CP/MAS NMR spectra, which evi-
dently disagree with the conclusions of refs 20 and 38,
which indicate a regular alternation of cis and trans ester
group orientation in i-PMMA.

Two «-CHj carbon bands separated by 6.2 ppm (at
15.7 and 21.9 ppm) were also observed with amorphous
s-PMMA (Figure 3a, Table II). In the spectrum of the
crystalline phase of s-PMMA this range is obscured by
the band of residual toluene (Figure 3c); when this is sub-
tracted, it becomes clear that the band at 21.9 ppm is
not present (Figure 3d). Due to the nonnegligible con-
tent of heterotactic triads in this sample (9% ), two a-CHj
bands are observed also in the solution spectrum (Fig-
ure 2b); however, the chemical shift difference between
a-CHj carbon signals of syndiotactic and heterotactic tri-
ads in CDCl; solution amounts to only 2 ppm?8 (see also
Figure 2b). Similarly, Tanaka et al.3® report on the basis
of 13C CP/MAS NMR measurements of atactic PMMA
that the chemical shift difference between heterotactic
and syndiotactic triads is only 2.4 ppm. As the content
of isotactic triads in s-PMMA is negligible (1%), the «-CHj3
band at 21.9 ppm evidently cannot be assigned to isotac-
tic triads. Similarly, as in the case of i-PMMA, also for
s-PMMA both theoretical and experimental results indi-
cate that the tt backbone conformation dominates also
in amorphous s-PMMA; tg conformational diads are
present in a smaller amount.11819,384041 The effect of
backbone conformational structure in s-PMMA on «-CHj
carbon resonance is expected to be similar to that in
i-PMMA,; i.e., with the backbone t conformation, the qua-
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ternary y-carbons will be in gauche orientation with respect
to the a-CHj carbon and will cause its signal to be shifted
toward higher field, as compared to the «-CHj carbons
signal for the backbone gauche conformation where the
mutual orientation of a-CH; and quaternary carbons is
trans. Therefore, we assume that even with s-PMMA
the shoulder on the a-CH; carbon band at 21.9 ppm is
predominantly caused by the presence of backbone g con-
formational structures; however, heterotactic triads present
in the studied sample contribute somewhat to its inten-
sity. We also assume that, in atactic PMMA, such as
studied e.g., by Tanaka et al.,%° the shape of the a-CH;
band is affected by presence of gauche conformational
structure, even more so than in s-PMMA.

Crystalline Forms of Stereoregular PMMA. High-
resolution 3C NMR spectra of the crystalline and amor-
phous phases of stereoregular PMMA exhibit significant
differences. In the crystalline phase we mainly observe
the splitting of some carbon bands into two components
of comparable intensity (a-CH; and OCHj; bands in crys-
talline ssPMMA and OCHj; and possibly also CH; bands
in crystalline i-PMMA) (Figures 3 and 4, Table II). The
splitting of the two components amounts to 1.2-2.5 ppm.
With i-PMMA we also observe differences in the chem-
ical shifts of a given carbon in the crystalline and amor-
phous phase (carbonyl, CHz, and «-CHj carbons), amount-
ing to 1-3 ppm. In 3C NMR spectra of the crystalline
stereocomplex we observe band pairs corresponding to i-
and s-chains for carbonyl, a-CHj, and very probably also
CH: carbons (Figure 5c). From a comparison of spectra
c—e in Figure 5 and from Table II it is evident that, even
with the stereocomplex, the chemical shifts of i- and
s-chains differ from the values in the corresponding amor-
phous or crystalline phases. For s-chains in the stereo-
complex (C=0, CH,, quaternary, and «-CHj carbons),
chemical shifts differ from those of the amorphous phase
by 1-1.5 ppm,; for i-chains (CH; and «-CHj3 carbons) by
1.5-4 ppm. Even with respect to the crystalline phase,
the chemical shifts of C=0 and CH, and for s-chains
also of quaternary carbons differ by ~1 ppm.

In the crystalline state a defined conformational struc-
ture dominates (in our case it is very near to the tt form!?),
and therefore it is clear that the observed splitting of
some bands in the crystalline phase cannot be connected
with backbone conformational structure. As band split-
tings and chemical shift differences are observed for var-
ious carbons, while the orientation of the ester group (cis
or trans) would mostly affect the chemical shift of a-CHjz
carbons, the connection of the observed effects with the
orientation of ester groups in i- or s-PMMA is also very
improbable. On the other hand, the size of the chemical
shift differences (mostly 1-2 ppm) indicates a possible
effect of intermolecular polymer chain packing in the
crystal.?® As mentioned in the Introduction, a 10/1 dou-
ble helix has been proposed for crystalline i-PMMA10.11
based on X-ray diffraction. The structure of a double
helix formed from i- and s-PMMA chains has been pro-
posed also for stereocomplex PMMAL12-14 hased on X-ray,
NMR, and IR measurements. We think that the men-
tioned splitting of some bands, as well as chemical shift
differences with respect to the amorphous state are due
to the existence of the double helices. The quite identi-
cal chemical shift values of quaternary carbons of the i-
and s-chains in the stereocomplex (Figure 5, Table 1I)
imply an at least very similar backbone conformational
structure of these chains. Although even for crystalline
s-PMMA indirect evidence indicates the formation of dou-
ble helices with a large number of units per turn,’'4-7
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Figure 9. Schematic representation of two syndiotactic sequences
with tt conformation in mutual interaction.

X-ray diffraction cannot clearly decide between a single
or a double (possibly multiple) helix in this case.f In
our opinion, the observed splitting of «-CHs and OCHg
bands in 13C NMR spectra of crystalline s-PMMA sup-
ports the assumption that double-helical structures also
occur in crystalline s-PMMA. When two s-chains in
mutual interaction are approximated by the extended chain
tt conformation (the conformational structure of a tt chain
and of a chain forming a helix with a large number of
units per turn is very near), then the schematic repre-
sentation in Figure 9 indicates the existence of two types
of «-CHj3 and OCHj; carbons, internal and external, with
somewhat differing chemical shifts and equal band inten-
sities. The observed differences in 13C NMR spectra (Fig-
ures 3-5, Table II) indicate differences in the structure
of the three basically similar (all form double helices)
crystalline forms of stereoregular PMMA, i.e., of i-PMMA,
s-PMMA, and stereocomplex PMMA. We believe that
analysis of these spectra will in the future provide more
detailed information on the structure of crystalline PMMA.

s-PMMA Gels. In addition to the solid PMMA sam-
ples, we have also measured 13C MAS NMR spectra of
the toluene gel of s-PMMA in which 75~85% of s-PMMA
units form aggregated structures. The finding that even
in 13C MAS NMR spectra measured with strong proton
decoupling most of the aggregated fraction cannot be
detected confirms the results of our previous experi-
ments based on the measurement of 'H MAS NMR spec-
tra and conventional 13C NMR spectra®* and indicates
that near-static dipolar interactions do not operate in
s-PMMA aggregates. The motion of aggregated seg-
ments is spatially isotropic, with an effective correlation
frequency of 106-107 Hz.3¢ In our previous study, the
same conclusion was reached also for gels of stereocom-
plex PMMA 18

2. Values of T;,H and Dynamic Structure of Ste-
reoregular PMMA. With all studied samples (amor-
phous and crystalline) always only a single T',H value
was obtained within experimental error from the mea-
surement of various carbons. Thus in partly crystalline
i- and s-PMMA samples, different 7',H values have not
been found for the amorphous and crystalline phases,
such as was the case, e.g., with poly(ethylenetere-
phthalate).#2 This indicates that, even in crystalline
i-PMMA (where the largest crystallite size, 9 nm, is indi-
cated by WAXS, see Table I), the size of crystalline
domains is insufficient to affect the spin-diffusion pro-
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cess averaging the relaxation behavior over the whole pro-
ton population, i.e., comprising both the amorphous and
the crystalline phases.

When we compare the Ty,H values for amorphous i-
and s-PMMA (Table III), we see that the T,H value is
substantially smaller for i-PMMA. As at room temper-
ature both polymers are below their T, temperatures (T,
=45 °C for i-PMMA and 115 °C for s-PMMA%3), it may
be expected that we operate in the low-temperature part
of the relaxation curve where a higher 7', corresponds
to lower mobility (longer correlation time). Thus the
shorter T1,H values found for i-PMMA, as compared to
s-PMMA, are in agreement with the known higher mobil-
ity of the i-PMMA backbone.!434¢ While amorphous and
partly crystalline i-PMMA samples exhibit widely differ-
ing T1,H values (and consequently mobility) (Table IID),
for amorphous and partly crystalline s-PMMA, compa-
rable T';,H (and mobility) values are observed. A single
T1,H value, equal for the protons of i- and s-PMMA chains,
was also obtained in the case of stereocomplex PMMA
{Table ITI). Atthe same time, the stereocomplex of higher
crystallinity (40%) exhibits a longer 7', than the ste-
reocomplex of 16% crystallinity; in both these cases the
found 7T,,H values differ from those found for amor-
phous or partly crystalline samples of only i- or only
s-PMMA. These results indicate that, in the stereocom-
plex, the i- and s-chains are intimately mixed and sup-
port the above-discussed structure of double helices com-
posed of i- and s-PMMA chains.

Conclusions

Measurements of 13C CP/MAS NMR spectra of amor-
phous and partially crystalline samples of i- and s-PMMA
and of a sample of partially crystalline stereocomplex
PMMA enabled us to obtain by a computer difference
technique high-resolution 13C NMR spectra of the crys-
talline phase of i- and s-PMMA and of the crystalline
phase of stereocomplex PMMA. The observed two bands
of «-CHj; carbons in amorphous i-PMMA were assigned
to trans and gauche backbone conformational forms; the
relative intensities of these bands are in good agreement
with the content of trans and gauche forms found in the
literature. Likewise, the unusual shape of the «-CHj band
of s-PMMA is interpreted by the presence of some amount
of gauche conformational forms. We think that even the
anomalous shape of the a-CHj band of atactic PMMA
can be explained in this way. 13C NMR spectra of crys-
talline forms of stereoregular PMMA differ in a charac-
teristic manner from the spectra of the corresponding
amorphous samples: By the splitting of some bands into
two components of comparable intensity and by differ-
ences in the values of some chemical shifts. The 13C NMR
spectrum of the crystalline stereocomplex significantly
differs from the sum spectrum of amorphous or crystal-
line i- and s-PMMA. The observed differences in the
spectra of the amorphous and crystalline phase of stere-
oregular PMMA are caused by intermolecular interac-
tions of chains which form double helices in all three types
of crystalline phases. The splitting of the «-CHs and OCHj;
carbon bands in the crystalline phase of s-PMMA indi-
cates the existence of a double-helix structure also in this
case, where it is not possible to distinguish between sin-
gle and double helices from X-ray diffraction data.6 The
finding that, in the case of the s-PMMA gel in toluene,
where s-PMMA predominantly exists in the aggregated
state, the aggregated fraction escapes detection in 13C
MAS NMR spectra with strong proton decoupling con-
firms our previous suggestion that the motion of the aggre-
gated segments is slower by about 2 orders of magnitude
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(correlation frequency, 105-107 Hz) than that for s-PMMA
in CDCl; where aggregation does not occur.

For all studied solid samples, including the partially
crystalline ones, always only one value of the proton spin—
lattice relaxation time in the rotating frame T,H was
observed, evidently in consequence of the relatively small
size of the crystalline domains (59 nm). Numerical 77,1
values indicate considerably higher segmental mobility
in amorphous i-PMMA as compared to the other stud-
ied samples. With stereocomplex PMMA, the same value
of T1,H was observed for protons in i- and s-chains, in
agreement with the double-helical structure of the ste-
reocomplex.
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ABSTRACT: 13C NMR spectra of a needlelike single crystal of trigonal poly(oxymethylene) (t-POM) have
been investigated in comparison with those of ordinary semicrystalline samples of t-POM. The 13C signal
in the single crystal splits into a doublet at 88.5 and 87.7 ppm in contrast to the singlet at 88.4 ppm in the
semicrystalline samples. The split pattern is ascribed to the inequivalent monomeric units in the crystal
field of the t-POM lattice. The corresponding 13C signal of a plate-shaped single crystal of orthorhombic
POM (0-POM) appears at 82.0 ppm as a singlet as anticipated from the space group of o-POM. The large
chemical shift difference (6 ppm) between t-POM and o-POM was interpreted in terms of the intramolec-
ular y-gauche shielding and the intermolecular packing effect.

Introduction

Since the pioneering works of Schaefer and Stejskall-3
in the field of solid-state, high-resolution 13C NMR spec-
troscopy of polymers, application of this method to the
structural studies of crystalline polymers is rapidly increas-
ing.

The present study is concerned with fine structure in
the high-resolution 13C NMR spectra due to the inequiv-
alent carbon atoms in the trigonal phase of poly(oxyme-
thylene) and the difference in the isotropic 13C chemical
shift between the trigonal and orthorhombic phases. Poly-
(oxymethlene) (abbreviated as POM) is one of the typi-
cal crystalline linear polymers having a simple chemical
structure (CHz0),. There are two crystal modifica-
tions: the trigonal (t-POM) and orthorhombic (o-POM)
forms. The trigonal form is stable at ambient condi-
tions and is obtained exclusively through the ordinary
crystallization procedures from the melt and dilute solu-
tions. The orthorhombic form is metastable at ambient
conditions and transforms to the trigonal form by heat-
ing above 69 °C.45 The 0-POM samples are obtained by
some specific polymerization processes.6=8

The high-resolution 1*C NMR spectrum (measured at
45 MHz) of t-POM has been studied first by Veeman et
al.? by means of the proton-decoupled magic-angle-spin-
ning (MAS) technique with and without cross-polariza-
tion (CP). They demonstrated that the t-POM sample
(a Delrin resin of E. I. du Pont de Nemours and Co.,
Inc.) gave rise to a singlet signal at about 90 ppm (mea-
sured from TMS) with a line width of 3.7-5.7 ppm depend-
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ing on the MAS frequency. The measurement of T} and
T, of 13C indicated the coexistence of two phases: a crys-
talline phase having short T, and long T and an amor-
phous phase with a longer T, and a shorter T;. Cholli
et al.19 measured 13C CP-MAS NMR spectra (measured
at 37.7 MHz) of a semicrystalline t-POM sample. Although
the 3C signal was not resolved into the crystalline and
amorphous components, the amorphous !3C resonance
was isolated from the crystalline one by the aid of dif-
ference in relaxation behavior (by means of a modified
CP-MAS technique). They concluded that the amor-
phous 13C peak appeared at about 1 ppm downfield com-
pared to the crystalline peak. Kurosu et al.l! measured
the 13C CP-MAS NMR spectra (measured at 67.8 MHz)
of t-POM on various samples obtained from a commer-
cial resin (Tenac 7010 of Asahi Chem. Ind. Co., Ltd.)
treated by different crystallization procedures. They
observed a singlet signal centered at 88.5 ppm. The
observed band profile was simulated by two Lorentzian
functions centered at 88.5 and 89.4-91.5 ppm (depend-
ing on the crystallinity of the samples), the former and
the latter being ascribed to the crystalline and amor-
phous phases, respectively. They alsoc measured the pow-
der pattern spectra of the same samples and derived the
values of the elements of the chemical shift tensors of
the crystalline and amorphous phases. Thereafter, Kurosu
et al.’2 measured 13C CP-MAS and powder pattern spec-
tra of a POM sample which contained a small amount
of 0-POM, the major component being t-POM, and eval-
uated the isotropic 13C chemical shift of o-POM.

Thus, in the previous papers, the carbon atoms in the
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