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ABSTRACT: In order to assess the reliability of NMR measurement of polymers, 'H and
13C NMR data for three copolymers of methyl methacrylate (MMA) and acrylonitrile (AN)
prepared with AIBN were collected from 46 spectrometers whose resonance frequencies for 'H
NMR measurements ranging from 90 to 500 MHz. 'H and '*C NMR spectra were measured
in nitrobenzene-ds at 110°C and acetonitrile-dy at 70°C, respectively. Standard deviations (o’s)
for chemical shift measurements of the 'H and '3C NMR signals were 0.003—0.008 ppm and
0.03—0.05 ppm, respectively. Compositions of the copolymers were determined from the relative
intensities of the signals due to the OCH; (MMA) and CH (AN) protons, and the ¢ values for
the determinations were 3.7—9.5%. The compositions determined from !*C NMR (C=0O for
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MMA unit, CN for AN unit) agreed well with those obtained from 'H NMR. Monomer reactivity
ratios r;; (i,j=1 or 2) for a penultimate model were determined from monomer feed ratios and
triad fractions obtained from the C=0 (MMA) and CH (AN) carbon signals. Most of the ¢ values
for r;; determinations were 5—14%. While r,, and r,, are nearly equivalent, r,, and r,, are
significantly different from each other, indicating a possible existence of the penultimate-unit effect
in the copolymerization of MMA and AN. Terminal model reactivity ratios, r, and r,, determined
formally from the compositions of three samples by Fineman-Ross method showed large o values

(22—24%).
KEY WORDS

Research group on NMR, the Society of
Polymer Science Japan (SPSJ), has made
assessments on the reliability of NMR mea-
surements of polymers. In a series of this
cooperative research the reliability of chemical
shift, signal intensity, spin-lattice relaxation
time and nuclear Overhauser enhancement
factor has been investigated for 'H and '3C
NMR measurements of polymer samples and
the results have been reported in this jour-
nal.l =3

In the present study, 'H and '*C NMR data
for three copolymers of methyl methacrylate
(MMA) and acrylonitrile (AN) with different
copolymer compositions were collected from
46 spectrometers whose resonance frequencies
range from 90 to 500 MHz as 'H NMR mea-
surements. The NMR data include chemical
shift, spectral resolution and peak intensity.
Copolymer compositions and fractions of
sequence distribution were calculated from the
peak intensities of the spectra. The research
work was carried out by several non-members
as well as SPSJ members.

The monomer reactivity ratios were evalu-
ated from the compositions and monomer se-
quence distributions.

EXPERIMENTAL

Three copolymer samples of MMA and AN
with different compositions were prepared in
dimethyl sulfoxide (DMSO) at 50°C with
2,2'-azobisisobutyronitrile (AIBN) as an ini-
tiator. The copolymerizations were terminated
at less than 5% polymer yield (Table I). The
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resulting copolymers were purified by re-
precipitation from DMSO to methanol.

Nitrobenzene-ds and acetonitrile-d; were
used as a solvent, respectively, for the 'H NMR
measurement and for the *3C NMR measure-
ment. The solutions were filtered under dry
nitrogen to remove insoluble materials. The
filtered solution of each sample was degassed,
and sealed under nitrogen into several 5mm
NMR sample tubes. Seven sets of six sample
tubes (three for 'H measurement and three for
13C measurement) were circulated among
collaborating test sites.

The conditions for the 'H and '*C NMR
measurements are shown in Table IT although
the observed range, pulse width, pulse re-
petition, and number of scans vary to some
extent depending on the instrument adopted in
the individual research group. The number of
spectrometers used was 46; the resonance
frequencies for the spectrometers range from
90 to 500 MHz as 'H NMR measurement
(90 MHz 1; 100 MHz 2; 200 MHz 3; 270 MHz
9; 300 MHz 5; 360 MHz 1; 400 MHz 17; 500
MHz 7) and from 22.5 to 125MHz as !3C
NMR measurement (22.5 MHz 2; 25 MHz 2,
50 MHz 3; 67.5MHz 8; 7SMHz 5; 90 MHz 1;
100MHz 17; 125 MHz 7).

RESULTS

Reliability of Chemical Shift Measurement and
Spectral Resolution
'"H NMR spectra of copolymer 2 (cf. Table
I) measured at 100, 270, 400, and 500 MHz and
13C NMR spectra measured at 100 MHz are
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Table I. Radical copolymerization of MMA
and AN with AIBN in DMSO at 50°C*

MMA AN Yied A unisn
Sample poly
mol mol % mol%
1 1.016 3.908 4.85 37.5
2 1.715 3.225 3.71 52.0
3 2.712 2.235 4.27 67.1

*[MMA +AN],~5moll™ !, [MMA + AN],/[AIBN],=
150. ®Determined by 'H NMR spectroscopy. See Table V.

Table II. Conditions for the measurements
of NMR spectra
IH 13C

Solvent CsDsNO, CD,CN
Conc. (W/v%) 5 10
Reference HMDS? TMS®
Temp/°C 110 70
Obs. range/ppm 1S 250
Pulse width/® 45 45
Pulse repetn/s 10 2
Number of scans 32 40000

*HMDS, hexamethyldisiloxane. ®TMS, tetramethyl-
silane.

shown in Figures 1 and 2, respectively, as
typical examples. Averaged values of 'H and
13C NMR chemical shifts are listed in Table
IIT together with the standard deviations (¢’s)
for chemical shift measurements; the o values
were found to be 0.003—0.006 for 'H NMR
and 0.03—0.05ppm for '3C NMR. The ¢
values for 'H chemical shifts are similar to
those obtained in our previous work done in
1982—1983 (0.004—0.007 ppm).! The ¢ values
for the '3C chemical shifts decreased greatly
as compared with those in the previous work
(0.05—0.31 ppm).! A great improvement in the
precision of '3C chemical shift measurements
may be due to the quality improvement of '3C
NMR instruments. The precisions of chemical
shift measurements were independent of
resonance frequencies.

The 'H chemical shift of OCH; group shows
a little high-field shift with increasing content
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Figure 1. 'H NMR spectra of poly(MMA-co-AN)
(sample 2 in Table I) measured at various frequencies in
nitrobenzene-ds at 110°C.

of MMA unit in the copolymers, indicating
that the shift depends on the monomer se-
quence distribution.

In order to express the spectral resolution
numerically, two kinds of values have been
adopted; resolution index A expressed by a
half-height width of the OCH; proton signals
for 'H NMR (cf. Figure 3) or by a peak width
at 30%-height of the highest signal of the C=0
carbon resonances for '3C NMR (c¢f. Figure
2), and the index B expressed by the ratio of
the sum of the heights of two peaks and the
height at the lowest point between the two
peaks (c¢f. Figures 2 and 3). Index A represents
sharpness of the peak while index B the extent
of peak separation (Table IV). Both indices
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Figure 2. 100 MHz !3C NMR spectra of poly(MMA-co-
AN) (sample 2 shown in Table I). All the signals are
sensitive to triads of monomer sequence as indicated in
the figure (M; =MMA, M,=AN) in acetonitrile-d; at
70°C. In the CH region spectrum, the hatched area is
assigned to M;M,M, triad according to the literature.®

Table III. Average 'H and '3C chemical shifts (ppm)
of poly(MMA-co-AN)*®
Sample 1° Sample 2° Sample 3¢
'H OCH,; 3.736 (0.006) 3.728 (0.005) 3.719 (0.006)
a-CH; 1.122 (0.004) 1.120 (0.004) 1.121 (0.003)
13C C=0 176.94 (0.033) 176.94 (0.033) 176.95 (0.034)
CN  122.32(0.030) 122.30 (0.026) 122.30 (0.036)
a-CH; 21.30 (0.039) 21.26 (0.035) 21.25 (0.051)

2 The peaks whose chemical shifts were determined are
indicated in Figures 1 and 2 by arrows. PFigures in paren-
theses represent standard deviation o; / S(xi—x)%/n.
¢See Table 1.
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Figure 3. Methoxy proton signals of poly(MMA-co-AN)
(sample 2 in Table I) in nitrobenzene-ds at 110°C.

were almost independent of the magnetic field
strength.

Accuracy and Precision of the Temperature of

Measurement

The temperature of NMR measurement is
usually indicated by that around the sample
tube in an NMR probe, not by the temperature
of the sample solution itself. However, these
two temperature values sometimes differ from
each other, depending on the instrument,
sample tube or solvent. Moreover, the tem-
perature around the tube in the probe some-
times deviated a little from that indicated on
the set-in thermometer of a spectrometer and
also scatters. In order to study these problems,
the chemical shift of water contained inciden-
tally in the sample solutions in small amounts,
was determined for all the samples measured
by each instrument since the chemical shift is
sensitive to the temperature of the solution.
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Table IV. Spectral resolution for 'H and !3C NMR spectra of poly(MMA-co-AN) (sample 2 in Table I)*

Resolution indices®

Frequency/MHz
n® Index A/ppm Index B [a/(b+¢)]
1H 13C
OCH, C=0 OCH, C=0

100 25 2 0.038 (11.9) 0.403 (3.0) 0.178 (19.1) 0.332 (14.3)
200 50 3 0.039 ( 3.1) 0.363 (0.2) 0.218 (36.6) 0.256 ( 3.2)
270 67.5 9 0.038 (10.0) 0.392 (5.2)¢ 0.160 (22.7) 0.316 (12.2)¢
300 75 5 0.036 ( 6.7) 0.380 (8.2) 0.135 (24.0) 0.317 (18.8)
400 100 16 0.033 ( 4.7) 0.380 (3.6) 0.123 (10.9) 0.297 ( 6.5)
500 125 7 0.037 ( 9.5) 0.380 (3.0) 0.147 (17.9) 0.299 (11.9)

2Figures in parentheses represent standard deviation o (%); 100\/ 3 (x;—x)*/n /%. ®Number of determinations.
°See text and Figures 2 and 3. ‘Data from eight determinations.

The concentration of the water in each sample
solution was found to be almost the same
(0.039—0.045mol 1~ 1) from its peak intensity
for all of the samples studied.

The relationship between the chemical shift
of the water and the temperature of the sample
solution was determined for the individual test
samples from the '"H NMR measurement at
one of the test sites (Hatada’s laboratory)
using a 100 MHz NMR spectrometer (JNM-
FX100). Using the calibration curve thus ob-
tained for each sample, the temperature of
the sample solution at each '"H NMR measure-
ment was evaluated from the chemical shift of
the water. The range and averaged values of
the temperature for three sample solutions
were determined for each spectrometer and
are shown in Figure 4. The fluctuation of the
temperatures for three sample solutions in-
stalled in a given spectrometer were within
+1.0°C with a few exceptions; the fluctuation
seems to be more enhanced somewhat in the
instruments with higher magnetic strength.
However, the averaged values of the solution
temperatures for respective instruments were
in the range from 103.5 to 118.3°C although
the averaged value for all the instruments
(110.3°C) was almost the same as the tem-
perature set on the instrument; 110°C (Figure
4). These results of temperature fluctuation
should be noted, particularly in the case of the

1108

300 360 400 500
Frequency (MHz)

90100 200 270

Figure 4. Accuracy and precision of the temperature of
measurement of NMR spectrum. (@) JEOL; (®) Bruker;
(O) Varian. The vertical lines represent the scatter of the
temperatures of sample solutions.

sample whose chemical shifts are temperature-
dependent.

Analysis of Copolymer Composition
Copolymer compositions of the poly(MMA-
co-AN)s were determined from the relative
intensities of the signals due to the methoxy
methyl protons of MMA units and the methine
proton of AN units. As a typical example,
500 MHz 'H NMR spectra of three copolymer
samples (see Table I) are shown in Figure 5.
The copolymer compositions determined from
the TH NMR spectra measured at different
resonance frequencies are shown in Table V.

Polym. J., Vol. 27, No. 11, 1995
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Figure 5. 500 MHz 'H NMR spectra of poly(MMA-co-
AN)s (samples 1—3 in Table I) in nitrobenzene-ds at
110°C.

Table V. Compositional analysis of poly(MMA-co-AN)
by 'H NMR spectroscopy®

MMA contents of copolymer/mol%
Freq./MHz n®

Sample 1 Sample 2 Sample 3

90 1 364(—) 501(— ) 652(—)
100 2 35.0(0.69) 48.4( 1.34) 62.4(2.56)
200 3 36.7(2.16) 56.5(14.6 ) 67.5(5.36)
270 9 38.0(3.39) 51.7(2.34) 68.2(3.70)
300 5 369 (3.77) 51.1(4.29) 67.8(2.57)
360 1 368(—) 559(— ) 689(—)
400 17 37.6 (3.05) 52.7 (113 )° 67.8 (9.02)°
500 7 382(3.99) 53.5(9.01) 68.5(5.88)
average 45 37.5(3.72) 52.0( 9.45) 67.1(6.66)
C-13¢ 23 36.1 (4.39) 49.9( 3.90) 65.2(3.07)

aFigures in parentheses represent standard deviation o
(%); 1004/ Z(x;—%)*/n /%. *Number of determinations.
°Data from sixteen determinations.  Averaged values for
determinations by '3C NMR spectroscopy at different
frequencies (22.5—125 MHz).
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The o values for the composition determina-
tions were 0.7—9.0%. The ¢ values for sample
1 were smaller than those for samples 2 and 3,
which have smaller AN contents than sample
1. Larger o values for samples 2 and 3 may be
due to the fact that the methine proton signals
are broad multiplets. It is noteworthy that the
precision is higher in the measurements at
100 MHz though the number of determination
is only two. It is also notable that the precision
attained at 400 and 500 MHz is rather poor.

The copolymer compositions were also
determined from the signal intensities of the
carbonyl(MMA) and cyano(AN) carbons (cf.
Figure 2). The average values thus obtained
are in good agreement with those obtained
from 'H NMR (Table V).

Analysis of Comonomer Sequence Distribu-
tion—Penultimate Model Reactivity Ratio r;;
by Chiijé’s Single Sample Method
Ch{j6* has derived a formula to obtain

monomer reactivity ratios from a single sample

with the aid of NMR data for the sequence
distribution. Chijé and his colleagues® applied
it to MMA-AN copolymerization system. !3C

NMR spectra of the copolymer of MMA and

AN are sensitive to the monomer sequence

distribution as indicated in Figure 2. The

peak assignments for the MMA-centered and

AN-centered triads were made according to

the literature.® The fractions of the six triads of

monomer sequences were determined from the
carbonyl(MMA) and methine(AN) carbon

signals as shown in Table VI.

The monomer reactivity ratios for the penul-
timate model, r;; (i,j=1 or 2), could be de-
termined from the initial monomer ratio and
the triad fractions using the following equa-
tions developed by Chdjo er al*® The r;
values can be calculated from triad fractions
of a single copolymer sample.

_ Mz]o 2(M;M;M,)
Ml MMM’

ri1
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Table VI

Analysis of monomer sequence distribution in poly(MMA-co-AN) by !3C NMR spectroscopy®

M, -Centered triad/%

M,-Centered triad/%

Sample
n® M, MM, M,M M, M,M M, n® M;M,M, M;M,M, M,M,M,
1 45 7.6 (29.2) 41.6 (4.2) 50.8 ( 5.0) 46 19.0 (5.5) 49.0 (1.8) 32.0( 3.2)
45 17.0 ( 6.8) 51.6 (2.5) 31.4 ( 7.0) 46 37.1 (4.0) 479 (2.4) 15.0 ( 6.9)
3 44 35.0 ( 6.0) 51.0 (3.4) 14.0 (11.3) 45 58.5 (4.5) 359 (5.3) 5.7 (22.3)
*Figures in parentheses represent standard deviation o (%); 100,/ > (x;—%)%/n /%. ®°Number of determinations.

My, (MMM,

"17IM, ], 2(M;M M)
.M (MMM,
2T IM,le 2(M,M,M,)
LMo 2M;M;My)
2 Myde MM,M,)

(M;=MMA, M,=AN)

Averaged r; values for three copolymer
samples are shown in Table VII. Most of the
o values for r; were around 10%. Larger ¢
values for r, of sample 1 and for r,, of sample
3 could be ascribed to smaller peak intensities
for the M;M;M, triad and the M,M,M,
triad, respectively. The r,; value is different
from the r,, for all samples. This is a clear
indication of a significant penultimate-group
effect characteristic of the chain-end MMA
radical. It has been reported that the copo-
lymerization of MMA and AN can not be
described with the terminal model.>~7 Both
the ry, and r,, values, particularly the former,
decreased with an increase in the content of
MMA units in the copolymer. This suggest a
possible existence of pre-penultimate effect in
the reactivity of ~~~M,M,- radical.

On the other hand, the values of 7,, and r,,
were very close to each other, both being
enhanced slightly with increasing MMA con-
tent in the copolymer. Such a composition
dependence of r,, and r,, was also found in
the additional experiments on another series of
copolymers having a wider range of composi-
tion. The increase of r, , and r,, was very clear-
ly evidenced especially in the compositional

1110

Table VII. Penultimate model reactivity ratios
r;; for the copolymerization of MMA (M,)
and AN (M,) in DMSO at 50°C*

Sample riy 2 ria 125

1 144 (26.8) 1.56 ( 7.9) 0.34 ( 7.0) 0.34 ( 4.8)
2 124(139) 1.55( 8.1) 0.34( 5.7) 0.33( 7.2)
3 1L13(94) 1.52(11.6) 0.38 (10.1) 0.39 (23.1)

*Figures in parentheses represent standard deviation o
(%); 100/ T(x;—%)*/n [%.

Table VIII. Penultimate model reactivity ratios
r;; in the copolymerization of MMA (M,) and
AN (M,) in DMSO at 50°C determined
from comonomer sequence analysis*

MMA content
Sample ——— ry, ryq ris 2%}
Feed Copolymer

4 0.205 0.365 1.49 158 032 032
5 0.347 0.515 1.32 146 036 033
6 0.398 0.564 1.23 143 034 034
7 0.453 0.610 1.13 149 035 036
8 0.508 0.645 1.09 136 037 038
9 0.548 0.679 1.12 145 037 045
10°  0.548 0.678 1.08 139 036 041
e 0.548 0.675 1.06 146 038 043
129 0.548 0.672 1.07 141 039 042

2Copolymerizations were carried out in DMSO at 50°C
and at [MMA + AN],=5moll"! and [MMA +AN],/
[AIBN],=150 except for samples 10—12. For samples
10—12, see footnotes b—d. *[MMA + AN],/[AIBN],=
75. °Polymerization temperature 60°C. ¢Polymerization
temperature 40°C.

range with higher MMA contents (¢f. Table
VIII). The results indicate that there exists pre-
penultimate effect but no penultimate one in
the reactivity of AN chain-end radical in this

Polym. J., Vol. 27, No. 11, 1995
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copolymerization. The pre-penultimate effect
without penultimate one may be caused by a
peculiar structure of the propagating radicals,
such as the radicals stabilized by the pre-
penultimate substituent. Further studies are
needed for clarifying this problem.

The fluctuation of monomer reactivity ratios
is affected by that of results of copolymeriza-
tion. In order to study the reproducibility and
precision of the results of the copolymerization,
additional runs of the copolymerization were
made under various conditions including those
adopted for copolymer samples 1—3 shown in
Table I. 13C NMR analyses of these copoly-
mers were performed on a 125MHz NMR
spectrometer in Hatada’s laboratory. The
penultimate model reactivity ratios obtained
from the *3C NMR spectra of these copolymer
samples are shown in Table VIII. The analyses
of three copolymer samples 4, 5, and 9 in Table
VIII, each of which was prepared under the
same conditions as those for samples 1, 2, and
3, respectively, showed the reactivity ratios very
close to those of the corresponding samples
among the latter copolymers (¢f. Table VII).
This is the clear indication of excellent re-
producibility of the polymerization reaction as
well as of evaluation of the monomer reactivity
ratios. All the reactivity ratios for six different
copolymers (samples 4—9 in Table VIII)
depend on the copolymer compositions; the r; ;
and r,; values decrease and the r;, and r,,
values increase with an increase in the MMA
content of the copolymer. The results are
consistent with those shown in Table VII.

The extent of peak separation might depend
on the composition, particularly in case that
the peak separation is not good enough, i.e.,
methine carbon region (¢f. Figure 2). Thus,
there may be composition-dependent sys-
tematic artifacts in the determination of the
monomer sequence distribution and, as a
consequence, in that of monomer reactivity
ratios. To clarify such a possibility, the analysis
of the spectrum obtained at higher magnetic
field would be useful. Thus additional measure-

Polym. J., Vol. 27, No. 11, 1995

Table IX. Determination of penultimate model
reactivity ratios r;; for the copolymerization of
MMA (M,) and AN (M,) in DMSO at 50°C

from 150 MHz '3C NMR spectra

Sample riq Ty T2 2%
1 1.45 1.58 0.32 0.36
2 1.38 1.51 0.35 0.34
3 1.20 145 0.37 0.42

ments were made at one test site (Osaka Uni-
versity) on a 600 MHz spectrometer (Varian
UNITY-plus 600) at 150 MHz. The results are
shown in Table IX, which also indicate the
composition dependence of r;;.

As shown in Table VIII, the temperature of
copolymerization scarcely affects the results
of copolymerization within the experimental
error at least in the temperature range of
40—60°C (samples 9, 11, and 12). The ratio of
monomer and initiator concentrations (sam-
ples 9 and 10) also does not affect the results.
This clearly indicates that the fluctuation of
temperature or concentration of the reagents,
even if it exists, hardly affects the values of
monomer reactivity ratios. Then, all the results
in Table VIII show the reliability of the results
in Table VII. More detailed studies are required
for the clarification of the existence of pre-
penultimate effect.

In the case of the copolymerization with
penultimate or pre-penultimate effect, terminal
model reactivity ratios, r; and r,, are mean-
ingless. However, these values were determin-
ed from the copolymer compositions shown in
Table V by Fineman—Ross method for refer-
ence. The r; and r, values thus obtained were
1.38 and 0.32, respectively, on average. The
former is in an intermediate between r;; and
r,1, while the latter is not larger than either
of ry, or r,,. The ¢ values for the r; (23.6%)
and r, (21.8%) are larger than those for the
rij-
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