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ABSTRACT :

A set of oligo- and poly(« -methylstyrene) samples were prepared by anionic polymerization, giving

particular attention to the polymerization temperature and the initial monomer concentration. The samples were char-
acterized by 'H and *C NMR spectroscopy and also by three kinds of two-dimensional NMR spectroscopy. It is shown
that they have almost the same value 0.720.01 of the fraction f, of racemo diads independent of molecular weight, indi-
cating that they are adequate for a study of dilute polymer solutions within the new framework of polymer solution sci-

ence based on the helical wormlike chain model.
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Since the late 1980s there have been made a series of
experimental studies® of dilute solution behavior of some
flexible polymers and their oligomers in the unperturbed
O state on the basis of the helical wormlike (HW) chain
model.>® Concerning their chain stiffness and local
chain conformations, very remarkable is the result that
among the polymers studied so far, atactic poly(methyl
methacrylate) (a-PMMA) with the fraction of racemo
diads £,=0.79 has the largest chain stiffness and the
strongest helical nature.?* It turns out that the a-PMMA
chain tends to retain rather large and clearly distin-
guishable helical portions in dilute solution. Such a re-
markable feature of this chain may be regarded as aris-
ing from the inequality of the two successive skeletal
bond angles in its main chain and the predominance of
the trans—trans conformation for its racemo diads.*®

Now poly(o-methylstyrene) (PaMS), which is a
disubstituted asymmetric polymer, belongs to the same
category as PMMA, and therefore the former chain with
large f, may be considered to be similar to the latter in
dilute solution behavior. An analysis® of the data for the
rotational isomeric state model” supports this expecta-
tion. On the other hand, there have been a number of ex-
perimental investigations of ParMS.®71? Unfortunately,
however, all of them have used the samples with rather
large molecular weight M (= 5X10% and the data ob-
tained have been analyzed on the basis of the Gaussian
chain model*® or the Kratky-Porod wormlike chain
model, > so that they do not give any information of in-
terest to us about the local chain conformations of
PaMS in dilute solution. In addition, there are some
problems in the stereochemical compositions of the sam-
ples used, as mentioned below. Under these circum-
stances, it is desirable to pursue further an experimen-

tal study of dilute solution properties of PaMS in the
same spirit as in the previous studies.! In this work as a
first step, we prepare some PaMS samples suitable for
the purpose above and determine their stereochemical
compositions.

As often mentioned in the previous studies,! the dilute
solution behavior of mono- and disubstituted asymmet-
ric polymers, including PaMS, remarkably depends on
the stereochemical composition as specified by £, so that
the samples with fixed f; should be used for such a study.
Furthermore, it is suitable for the present purpose to
prepare the samples whose £, values are as large as pos-
sible. Then the regulation of f, requires some remarks.
Kato et l.® and Elgert and Seiler'® found that f, of a
PaMS sample polymerized under a certain condition de-
pends on M. This implies that the polymerization condi-
tion must be changed with M in order to prepare the
samples with fixed f;. Thus, by trial and error, we search
a proper set of conditions on the basis of the data re-
ported by Wicke and Elgert!® for the dependence of f; on
the polymerization temperature and the initial mono-
mer concentration.

In this connection, it is pertinent here to make further
a remark in anticipation of the results. If the diad distri-
bution in a polymer chain is Bernoullian, its stereo-
chemical composition may be completely specified by f,.
This is the case with atactic polystyrene (a-PS)!” and a-
and isotactic (i-) PMMAs'®'® previously studied but not
with PaMS in the present work. For a complete specifi-
cation of the stereochemical composition of PaMS, we
must use the fractions of stereoisomeric sequences in the
triad. However, we finally specify its composition only by
f; as before, for convenience.
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EXPERIMENTAL

Materials

All the PoMS samples were prepared by living an-
ionic polymerization except the sample named 20538-2,
which is a commercial one from Polymer Laboratories
Ltd. The polymerization was carried out in tetrahydrofu-
ran with s-butyllithium as an initiator. As mentioned in
the Introduction, the polymerization conditions, i.e., the
polymerization temperature 7', and the initial monomer
concentration [M],, required special attention. Elgert
and Seiler!® showed that f, of a polymerized sample in-
creases with decreasing M under the condition of con-
stant 7}, Further, Wicke and Elgert'® showed that £, of a
polymerized sample with a given M increases with in-
creasing T}, and that it may also be somewhat dependent
on [M]oy. Considering these facts, we changed T, from
—70 to —40°C with increasing M so that £, had a given
constant value for all the polymerized samples. As for
[M],, it was kept at ca. 0.6 mol L™ ! in all cases.

The polymerization was terminated by adding metha-
nol after the reaction proceeded for ca. 1 min for M < 1
X102, ca. 5 min for 1X10% < M < 5X10%, ca. 20 min for
5X10" <M < 5x10° and ca. 2h for M = 5X10°. The
initiating chain end of each original Pa MS sample thus
obtained is a s-butyl group and the other end is a hydro-
gen atom. We note that although the detailed informa-
tion about the polymerization of the commercial sample
could not be obtained, its initiating and terminating
chain ends may be considered to be an n-butyl group and
a hydrogen atom, respectively.

The original synthesized and commercial samples
were separated into fractions by preparative GPC for the
test samples with M < 2X10% and by fractional precipi-
tation using benzene as a solvent and methanol as a pre-
cipitant for those with M = 2X 10°,

The values of the weight-average molecular weight
M, and the ratio of M, to the number-average molecular
weight M, determined for the test samples thus ob-
tained are given in Table I along with those of 7, From
analytical GPC measurements, the oligomer samples
OAMS2 through OAMS7 were found to be completely
monodisperse. The samples OAMS2 and OAMS3 were
confirmed to be the dimer and trimer, respectively, by
'H and *C NMR spectroscopy (see the next section), and
the samples OAMSx (x =4—7), to be the x-mer, respec-
tively, by analytical GPC. The values of M, for the sam-
ples OAMSS8 through AMS320 were determined from
light scattering (LS) measurements, and those of M, /M,
for these samples except AMS320, from analytical GPC.
The details of LS measurements will be reported in a
forthcoming paper.2’ We note that the value of M, /M,
for AMS320 could not be determined with high accuracy
because of the lack of the GPC calibration curve in the
necessary range. The three groups of the samples OAMS
2 through OAMS13, OAMS19 and OAMS25, and OAMS
33 and OAMS38 are the fractions from three original
samples, respectively, and the sample AMS40 is a frac-
tion from the commercial sample 20538-2. As seen from
the values of M /M, all the samples except AMS320 are
sufficiently narrow in molecular weight distribution.
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Figure 1. Chemical structure of the dimer with the numbering
system.

Reversed-Phase HPLC

For an NMR analysis, small amounts of the dimer
sample OAMS2 and the trimer sample OAMS3 were
separated into their stereoisomers, respectively, by
reversed-phase high-performance liquid chromatogra-
phy (HPLC) using Develosil ODS-HG-5 (10 mm i.d.X
250 mm) as a stationary phase and a mixture of acetoni-
trile/dichloromethane/water (8/1/1, volume ratio) as a

mobile phase at a flow rate of 3.5 ml min 1.

'H and *C NMR

The NMR spectra were recorded on a JEOL JMN GX-
400 spectrometer in deuterated chloroform at 50°C. The
relative chemical shifts &, of 'H and '3C signals of a test
sample referred to the 'H and '3C signals, respectively,
of chloroform were measured and then converted to the
chemical shifts in the tetramethylsilane (TMS) scale &
=4, + Awith A =7.24 and 77.00 ppm, respectively. The
instrument was operated with frequencies of 399.8 MHz
for 'H and 100.5 MHz for *C. Measurements of the one-
dimensional (1D) 'H NMR spectra were made using an
rf pulse angle of 90° with a pulse repetition time of 30 s
for the samples with M,, < 5X10° and of 15s for the
samples with M,, > 5X103. The 1D *C NMR experi-
ments, including the distortionless enhancement by po-
larization transfer (DEPT) experiments, were performed
with a pulse repetition time of 9s. For a quantitative
analysis of 13C in the 1D '3C NMR experiments, the nu-
clear Overhauser effect was eliminated by the gated de-
coupling method. The spectral width was 4000 Hz for 'H
and 20000 Hz for *C.

In the 'H two-dimensional correlation spectroscopy
(COSY) experiments, we adopted a recycle time of 1.2 s
with 32 transients collected for each value of the evolu-
tion period ¢;. A total of 512 spectra, each consisting of
1024 X 1024 data points, were accumulated with a spec-
tral width of 3200 Hz in both the ¢; and ¢, dimensions,
where t, is the detection period. Both in the 'H-detected
heteronuclear single quantum coherence (HSQC) experi-
ments and in the 'H-detected heteronuclear multiple
bond coherence (HMBC) experiments, we adopted a re-
cycle time of 1.3 s with 64 transients collected for each
value of ¢,. A total of 512 spectra, each consisting of 2048
X 1024 data points, were accumulated with a spectral
width of 14000 and 3200 Hz in the ¢; and ¢, dimensions,
respectively.

RESULTS AND DISCUSSION

Dimer

Figure 1 shows the chemical structure of the dimer
with the numbering system for the hydrogen and carbon
atoms in the main chain and the side methyl groups.
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Figure 2. HPLC trace of the dimer sample OAMS2.

Figure 3. 'HCOSY and 'H NMR spectra in the alkyl region for
the first fraction of the dimer sample OAMS2.

The xth carbon atom is designated by Cx, and the hy-
drogen atom(s) bonded to it, by Hx (x=1, ---, 9). Since
the dimer has the three asymmetric carbons C3, C6, and
C9, the dimer sample OAMS2 may be considered to be
composed of the four stereoisomers denoted by rr, rm,
mr, and mm, where r and m denote the racemo and meso
diads, respectively, and the first and second letters (r or
m) indicate the stereoisomeric states of the C3—-C5-C6
and C6-C8—-C9 diads, respectively. For convenience, the
stereoisomeric state of the C3-C5-C6 diad is assumed to
be m if both C4 and C7 are on the same side of the back-
bone in the planar trans conformation, and r otherwise.
In order to reduce the complexity of NMR spectra for
the dimer sample OAMS2, a mixture of the four stereo-
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Figure 4. HSQC and *C NMR spectra in the alkyl region for the
first fraction of the dimer sample OAMS2.

isomers, we separated its small amount into two frac-
tions by reversed-phase HPLC, its trace being shown in
Figure 2. They are referred to as the first and second
fractions, respectively, in order of elution time. In what
follows, we first assign the signals in the'H and
13C NMR spectra to Hr and Cx, respectively, for the
first and second fractions, and then determine their as-
signments to the stereoisomers by a comparison of the
observed chemical shifts with the quantum-chemical
theoretical values. In anticipation of the results, we note
that the first fraction is composed of the two stereoiso-
mers mm and rm, which we abbreviate to (m+r)m, and
that the second is composed of mr and rr, which we ab-
breviate to (m +r)r.

In Figures3 and 4 are shown the!H COSY and
'H NMR spectra and the HSQC and *C NMR spectra,
respectively, all in the alkyl region, for the first fraction.
Since the signal from the benzyl proton (H9) must ap-
pear in the lowest field among those from the aliphatic
protons under consideration, the multiplet located at
2.45 to 2.53 ppm in the 'H NMR spectrum may be as-
signed to H9. From the correlation peaks 1 and 2 in the
'H COSY spectrum and from the fact that the signal
from the methylene protons appears in the field lower
than that from the methyl protons, the two signals in the
'H NMR spectrum at 1.95 to 2.07 ppm and at 0.93 to
0.95 may be assigned to H8 and H10, respectively. From
the correlation peaks 1, 2, and 3 in the HSQC spectrum,
the three signals in the 1>C NMR spectrum at 36.68 and
36.74 ppm, at 52.57 and 52.87 ppm, and at 25.28 and
25.29 ppm may be assigned to C9, C8, and C10, respec-
tively, these assignments being consistent with the re-
sult from the DEPT spectrum that the first and third
signals are due to the methyl and/or methine carbons,
and the second, to the methylene ones. (The DEPT spec-
trum is not explicitly shown here.) Since the quaternary
13C (C6) and the protons (H7) in the methyl group
bonded to it have no correlation peak in the HSQC and
'H COSY spectra, respectively, the signal in the
13C NMR spectrum at 42.02 and 42.33 ppm and that in
the "H NMR spectrum at 1.08 and 1.10 ppm may be as-
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signed to C6 and H7, respectively. From the correlation
peak 4 in the HSQC spectrum, the signal in the
13C NMR spectrum at 23.12 and 23.62 ppm may then be
assigned to C7.

From the assignments above in the *C NMR spec-
trum, it is seen that each of the signals from C6, C7, and
C8 consists of two peaks clearly distinguishable from
each other, while this is not the case with those from C9
and C10. It may then be concluded that the first fraction
is composed of two stereoisomers which have the differ-
ent stereoisomeric states for the C3-C5-C6 diad but
have the same one for the C6-C8-C9 diad ; that is, the
first fraction is (m+r)m or (m+r)r and the second is the
counterpart.

The signals from the methyl protons (H1, H4) in the s-
butyl group may be expected to appear in the highest
field among those from the aliphatic protons under con-
sideration. Thus the doublet at 0.39 and 0.41 ppm and
the triplet at 0.57 to 0.61 ppm in the 'H NMR spectrum
may be assigned to H4 and H1, respectively, from their
multiplicities. From the correlation peaks 5 and 6 in the
HSQC spectrum, the signals in the '*C NMR spectrum
at 21.10 and 10.97 ppm may be assigned to C4 and C1,
respectively. The peak at 21.79 ppm just adjacent to the
one at 21.10 ppm may be considered to be also the signal
from C4 in the other stereoisomer, and therefore the
doublet in the 'H NMR spectrum at 0.76 and 0.78 ppm
may be assigned to H4 from the correlation peak 7 in the
HSQC spectrum. Similarly, the peak in the *C NMR
spectrum at 11.24 ppm may be assigned to C1, and then
the triplet in the 'H NMR spectrum at 0.74 to 0.77 ppm
may be assigned to H1 from the correlation peak 8 in the
HSQC spectrum. It has been found from the long-range
heteronuclear correlation peaks in the HMBC spectrum,
although not shown here, that the H1 triplet at 0.57 to
0.61 ppm, the H4 doublet at 0.76 and 0.78 ppm, the C1
peak at 10.97 ppm, and the C4 peak at 21.79 ppm belong
to one stereoisomer, and the H1 triplet at 0.74 to 0.77
ppm, the H4 doublet at 0.39 and 0.41 ppm, the C1 peak
at 11.24 ppm, and the C4 peak at 21.10 ppm, to the
other.

As for the other signals for the first fraction, we have
successfully assigned them to H2, H3, H5, C2, C3, and
C5 from the correlation peaks 3 through 9 in the
'H COSY spectrum and those 9 through 14 in the HSQC
spectrum with the use of the DEPT spectrum, these as-
signments being shown in Figures 3 and 4. For conven-
ience, we omit the detailed procedure for these assign-
ments. As in the case of H1, H4, C1, and C4 above, we
have been able to group the signals from H2, H5, C2, C3,
and C5 and also from C6, C7, and C8 from the long-
range heteronuclear correlation peaks in the HMBC
spectrum for each of the stereoisomers. Although we
have not been able to group the signals from H3, H7
through H10, C9, and C10 directly from the HMBC spec-
trum, those from C9 and C10 have been able to be
grouped from the difference between the values 0.48 and
0.52 of the fractions of the two stereoisomers.

Then we proceed to make assignments of the signals
for the second fraction. In Figure5 are shown the
'H COSY and 'H NMR spectra in the alkyl region for
this fraction. As a whole, all the spectra, including the
HSQC and C NMR spectra, which are not explicitly
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Figure 5. 'H COSY and 'H NMR spectra in the alkyl region for
the second fraction of the dimer sample OAMS2.

H

shown here, are the same as those for the first fraction
except for the signals from HS8. Starting from the H9
multiplet located at 2.51 to 2.59 ppm in the 'H NMR
spectrum, both the two multiplets at 1.76 to 1.83 ppm
and at 2.18 to 2.23 ppm may be assigned to H8 from the
correlation peaks 1 and 2 in the 'H COSY spectrum. The
other signals have been able to be assigned to Hxr and
Cx in a manner similar to that in the case of the first
fraction. The assignments for all Hx for the second frac-
tion are shown in Figure 5. Further, the signals from Hx
and Cx except those from H3 and H7 through H10 have
been able to be grouped for each of the stereoisomers.
The difference in the signal from H8 between the first
and second fractions indicates that the magnetic envi-
ronments for the two methylene protons H8 are similar
to each other for the first fraction but not for the second.
The problem that remains is a determination of the
stereoisomeric states of the C6-C8-C9 diad for the two
fractions and also those of the C3—-C5-C6 diad in the two
unidentified groups for each fraction by a comparison of
the observed chemical shifts of H1, H4, and H8 with the
corresponding quantum-chemical theoretical values cal-
culated by the Gauge-Independent Atomic Orbital
(GIAO) method at the restricted Hartree-Fock 6-31G*
level of theory and STO-3G optimized geometries of the
four stereoisomers. Since the degree of freedom of the di-
mer under consideration is rather large, we have gener-
ated its initial geometry necessary for input parameters
for the GIAO method by the use of the Modified Neglect
of Diatomic Overlap (MNDO) method. All the MNDO
calculations have been performed by the use of MOPAC
suite of programs,?! and all the GIAO calculations, by
the use of GAUSSIAN 98 suite of programs.?> We note
that the optimized geometries for each stereoisomer are
consistent with the structures expected from the %J cou-
pling constants between H8 and H10 and between H3
and H5 through the vicinal Karplus correlation.?® The
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Table I.  Values of M, M, /M,, and the polymerization

Table III. Chemical shifts of 1*C in the stereoisomers of

temperature T, for oligo- and poly(o -methylstyrene)s the dimer
T, 8
Sample M, M /M, —_— 3 —_—
T C ppm
OAMS?2 2.94x10° 1 =70 mm rm mr rr
2 —

oA vty : o c1 10.97 11.24 10.99 11.26
OAMSS 6.48 % 102 1 70 c2 31.22 31.92 31.32 31.86
OAMSE 7 665 107 1 —70 Cc3 30.42 30.65 30.54 30.75
OAMS? 884X 102 1 J C4 21.79 21.10 21.68 21.10
OAMSS 1.04% 107 Lol 70 C5 52.43 52.27 51.07 51.03
OAMS10 197% 10° Lo1 —70 o] 4233 42.02 42.38 42.10

. 3 . Cc7 23.62 23.12 24.64 24.10
oSS s o s c8 52.57 52.87 52.99 53.28
OAMS25 296X 10° 106 —6s Cc9 36.74 36.68 36.46 36.42

: 3 ‘ C10 25.28 25.29 25.33 25.24
OAMS33 3.95X 10 . 1.04 —65
OAMS38 4.57x10° 1.07 —65
OAMS67 7.97x10° 1.04 —60
AMS1 1.30x10* 1.02 —52 .
AMS2 2.48x10* 1.02 —48 4 7 7 10
AMS5 5.22X10° 1.02 —44 CH3 CH3 CH3 CH
AMSS6 6.46x10" 1.03 —44
AMS11 1.15X10° 1.04 —40 C:_i Cgl? C3H CSH C CH C CH CH
AMS15 1.46%10° 1.02 —40 \
AMS24 2.38%x10° 1.05 —40
AMS40° 4.07x10° 1.02 —

5

AMS80 8.50 106 1.05 —40 Figure 6. Chemical structure of the trimer with the numbering
AMS200 2.06 X 10 1.05 —40 aystem.
AMS320 3.22x10° — —40

E

Separated from the commercial sample 20538-2.

Table II. Chemical shifts of 'H in the stereoisomers of

the dimer
é
'H ppm
mm rm mr rr
H1 0.57—0.61 0.74—0.77 0.61—0.65 0.75—0.79
H2 0.80—1.00 1.04—1.24 0.84—1.12 0.99—1.28
H3 1.12—1.24 1.21—1.28
H4 0.76, 0.78 0.39, 041 0.76, 0.77 0.45, 0.47
1.27—1.32 - 1.33—1.39 _
H5 L6819 145156 5T D 155—156
H7 1.10, 1.08 1.37, 1.36
N 1.76—1.83
H8 1.95—2.07 2.18—2.23
H9 2.45—2.53 2.51—2.59
H10 0.93—0.95 1.17—1.19

chemical shifts have been determined by a comparison of
the isotropic absolute shielding constants calculated for
these protons with those for protons in TMS.

The theoretical values of the chemical shifts so ob-
tained for H8 are 2.12 and 2.18 ppm for both the stereo-
isomers mm and rm, while those are 1.95 and 2.38 ppm
for both mr and rr, indicating that the difference in
chemical shift, i.e., in magnetic environment, between
the two methylene protons H8 is appreciably larger for
(m~+r)r than for (m+r)m. From a comparison of these
values with the corresponding values 1.95—2.07 ppm
observed for H8 for the first fraction and those 1.76—
1.83 and 2.18—2.23 ppm for H8 for the second, it may be
concluded that the stereoisomers in the first and second
fractions are (m+r)m and (m+r)r, respectively. This
conclusion is consistent with the previous result for the
stereoisomeric states of the diad at the terminating end
for MMA oligomers.?4?> For the chemical shifts of H1

Polym. J., Vol. 32, No. 4, 2000

and H4, the theoretical values have been calculated to
be 0.80 and 1.03 ppm for mm, 1.00 and 0.79 ppm for rm,
0.80 and 1.14 ppm for mr, and 1.08 and 0.77 ppm for rr,
respectively. From a comparison between the observed
and theoretical chemical shifts of H1 and H4 with re-
spect to the order of their magnitude, we have been able
to determine the stereoisomeric states of the C3~C5-C6
diad in the two groups for each fraction. The values of
the chemical shifts of all Hr and Cx are summarized in
Tables II and III, respectively.

Finally, the fractions of the four stereoisomers in the
dimer sample OAMS2 determined from the peak inten-
sities in the '*C NMR spectrum are mm :rm :mr :rr=
0.21:0.23:0.27: 0.29. Then the value of £, of the dimer
sample is calculated to be 0.56 (=0.27+0.29) without
consideration of the C3-C5-C6 diad at the initiating
end.

Trimer

Figure 6 shows the chemical structure of the trimer
with the numbering system for the aliphatic hydrogen
and carbon atoms, which are designated by Hx and Cuz,
respectively, as in the case of the dimer. The trimer has
the four asymmetric carbons C3, C6, C6’, and C9, and
therefore the trimer sample OAMS3 may be considered
to be composed of the eight stereoisomers denoted by rrr,
rrm, rmr, mrr, rmm, mrm, mmr, and mmm, where the
first, second, and third letters indicate the stereo-
isomeric states of the C3-C5-C6, C6—C8—C6’, and C6-
C8-C9 diads, respectively. The assumption of the
stereoisomeric state of the C3—C5-C6 diad is the same as
in the case of the dimer.

We separated a small amount of the trimer sample
OAMSS3 into three fractions by reversed-phase HPLC as
before, as shown in Figure 7. They are referred to as the
first, second, and third fractions, respectively, in order of
elution time. Starting from the assignment of the 'H
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(m+r)mm+(m+r)rr

(m+r)rm

(m+rymr

1 1 1 L 1 i

36 38 40 42 44 46
Elution time (min)

Figure 7. HPLC trace of the trimer sample OAMS3.

multiplet in the lowest field to the benzyl proton (H9),
we have assigned all the signals in the 'H and "*C NMR
spectra to Hxr and Cx, respectively, for each fraction
with the use of correlation peaks in the 'H COSY and
HSQC spectra and of the information about the kind of
carbon from the DEPT spectra. Having regard to the
splits of the signals from Cx with r =6—10, we may con-
clude that both the first and third fractions are com-
. posed of two stereoisomers which have the same stereo-
isomeric states for the C6-C8~-C6 " and C6-C8-C9 diads
but not for the C3-C5-C6 one, and therefore that the
second fraction is composed of the remaining four
stereoisomers. We note that the second fraction is al-
most composed of two stereoisomers which have the
same stereoisomeric states for the C6-C8-C6" and C6-
C8-C9 diads but not for the C3-C5-C6 one. From this
conclusion along with that for the dimer sample, it may
be said that the oligomer samples cannot be separated
with respect to the stereoisomeric state of the C3—-C5-C6
diad by reversed-phase HPLC.

We then proceed to assign the signals from Hx and Cx
to the stereoisomers for the three fractions. The assign-
ments for the C3-C5~C6 and C6-C8-C9 diads may be
reasonably determined by considering the fact that the
situation is the same as that for the C3-C5-C6 and C6-
C8-C9 diads in the dimer, i.e., that the chemical shift of
H1 is smaller than that of H4 if the C3-C5-C6 diad is m
and is larger otherwise, and the two signals from the H8
methylene protons overlap with each other if C6-C8-C9
diad is m and split otherwise. As for the middle C6-C8™-
C6’ diad, we assume that the situation is the same as
that for an in-chain diad in the long enough chain, so
that the two signals from the methylene protons (H8) in
the m diad split farther from each other than in the r
diad as in the case of PMMAZ?* 27 and PS.?® It may there-
fore be concluded that the first fraction is composed of
mrm and rrm, which we abbreviate to (m+r)rm, the
third, of mmr and rmr, which we abbreviate to (m+r)
mr, and almost all the part of the second, of mrr and rrr,
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Figure 8. 'H NMR spectra in the alkyl region for the trimer sam-
ple OAMS3: (a) first fraction ; (b) second fraction ; (c) third frac-
tion. The signals from (m +r)mm appear in the range indicated
by the asterisk in (b).

which we abbreviate to (m +r)rr, indicating that the re-
maining part of the second fraction is composed of mmm
and rmm, which we abbreviate to (m +r)mm, as shown
in Figure 7.

In Figure 8 are shown the 'H NMR spectra in the al-
kyl region for the first (a), second (b), and third (c) frac-
tions along with the assignments. The signals from (m +
r)mm in the second fraction appearing in the range indi-
cated by the asterisk are very weak, and those in the
other range are hidden by the signals from (m +r)rr, so
that we have not made their assignments. In Figure 9 is
shown the !3C NMR spectrum in the alkyl region for the
(whole) trimer sample OAMS3 along with the assign-
ments. The intensities of the !’C signals from the
stereoisomers (m+r)mr and (m-+r)mm are not large
enough for a quantitative analysis, so that we have not
made their assignments. The values of the chemical
shifts of 'H and 13C are given in Tables IV and V, respec-
tively. For the trimer, we have not recorded the HMBC
spectrum for each fraction, and therefore have not been
able to group the signals from Hx and Cx except those
from C1 through C4 and from H1, H2, H4, and H5,
which have been grouped by referring to the values of
the chemical shifts of the corresponding signals for the
dimer sample OAMS2.

From the peak intensities in Figure 9, the weight frac-
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Figure 9. *C NMR spectrum in the alkyl region for the trimer sample OAMS3,

Table IV. Chemical shifts of 'H in the stereoisomers of the trimer

5
'H pPpm
mrm rrm mrr rrr mmr rmr
H1 0.50—0.54 0.69—0.73 0.52—0.55 0.71—0.73 0.53—0.57 0.70—0.74
H2 0.76—0.95 0.97—1.16 0.72—0.98 1.01—1.20 0.77—0.92 0.94-1.15
H3 0.97—1.04 0.91—1.07 0.94—1.09
H4 0.69, 0.73 0.30, 0.32 0.72, 0.74 0.32, 0.34 0.73, 0.75 0.35, 0.37
1.11—1.16 1.14—1.20 1.22-1.26 -
H5 hr1me 1.29-1.39 ea e 1.33—1.45 i 141—151
H7 0.69—0.73 0.74, 0.77 1.10, 1.11
HT 0.53 0.80 1.23
1.61—1.66 1.63—1.67
H8 1.82—191 2.03—2.08 2.06—2.11
, 1.94—2.00
HS 2.09—2.19 214298 Y a9
H9 2.24—2.31 2.30—2.38 2.34—2.38
H10 0.81—0.83 1.09—1.11 1.06—1.07

tions of the four stereoisomers mrm, mrr, rrm, and rrr
have been determined to be 0.19, 0.30, 0.20, and 0.31, re-
spectively, but those of the other stereoisomers have
failed to be accurately determined because of the weak
signals. Fortunately, however, the necessary weight
fractions of the four pairs of the stereoisomers (m+r)
mm, (m+r)mr, (n+r)rm, and (m +r)rr have been deter-
mined to be 0.07, 0.08, 0.33, and 0.52, respectively, by
the use of the weight fractions of the three sets of the
stereoisomers (m—+r)rm :(m+rimm+@m+r)rr . (m+r)
mr=0.33:0.59 : 0.08 evaluated from the respective peak
intensities in the HPLC trace (in Figure 7). With the
above values of these fractions, the fractions of the
stereoisomers with the » C6-C8-C6 " diad and of those
with the r C6-C8-C9 diad, both in the whole trimer
sample OAMSS3, are calculated to be 0.85 and 0.60, re-
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spectively. The difference between the two values may
be regarded as arising from that in reaction mechanism,
i.e., the propagation reaction for the former and the ter-
mination reaction with methanol for the latter. Then the
value of f, of the trimer sample is calculated to be 0.73
(as an average of the above two values) without consid-
eration of the C3—C5-C6 diad at the initiating end.

Other Oligomer and Polymer Samples

In Figure 10 are shown the '"H NMR spectra of the a-
methyl protons except those at the terminating end for
the samples OAMS13 (a), OAMS67 (b), and AMS320 (c),
respectively. Following the procedure proposed by
Brownstein et al.?® for the assignments of the signals
from the protons under consideration to the stereo-
isomeric sequences in the triad, i.e., mm (isotactic), mr
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Table V. Chemical shifts of '*C in the stereoisomers of

Table V1. Values of the fractions of stereoisomeric sequences in

the trimer the triad and of racemo diads
S Sample foom foar for f:

B¢ ppm OAMS13 0.07 0.45 0.48 0.71

OAMS19 0.06 0.44 0.50 0.72

mrm_ rrm mrr r mmr__ rmr OAMS25 0.06 0.45 0.49 0.72

C1 1092 1124 1092 11.22 10.87 11.24 OAMS33 0.06 0.44 0.50 0.72

Cc2 31.38 32.10 31.38 3210 3143 32.02 OAMS38 0.06 0.45 0.49 0.72

C3 29.91 30.18 2994 30.20 30.19 30.48 0AMS67 0.05 0.45 0.50 0.72

C4 2203 2125 2203 2123 2185 21.16 AMS1 0.05 0.44 0.51 0.73

C5 54.59 54.58 53.021 AMS2 0.05 0.44 0.51 0.73

C6 42.04* 42.08*** 42.3311 AMS5 0.05 0.44 0.51 0.73

42.34* 42.38*** 4270t AMS6 0.06 0.45 0.49 0.72

Cceé’ 42.65" 42.65*** 43171t AMS11 0.05 0.44 0.51 0.73

42.68* 42.68*** 43.207F AMS15 0.05 0.44 0.51 0.73

C7 23.00 23.04 23.97 AMS24 0.05 0.44 0.51 0.73

23.34** 23.38 24.56 AMS40 0.05 0.44 0.51 0.73

Cc7 23.34 23.65 26.04 AMS80 0.05 0.45 0.50 0.72

23.37** 23.66 26.11 AMS200 0.06 0.44 0.50 0.72

C8 55.42 56.21 53.077 AMS320 0.05 0.43 0.52 0.73

55.46 56.23 53.11"
c8’ 57.36 56.87 58.84

c9 gggz gggé 36.37 assignments, Sakurada et al.?’ claimed that these sig-
C10 25.47 25.37 25.80 nals must be assigned to rr, mr, and mm, respectively.

Assignments indicated by the same superscript can be inter-
changed.

mr rr

(a)

mm

mm
(b)
(©)

T l’ T T 1 T I L} I L L I I T
1.0 0.5 0.0
0 (ppm)

Figure 10. "HNMR spectra of the o-methyl protons for the
samples OAMS13 (a), OAMS67 (b), and AMS320 (c).

(or rm) (heterotactic), and rr (syndiotactic), we have de-
termined the fractions of the sequences, which we de-
note by fum, fmr, and fo, respectively, for the samples
OAMS13 through AMS320. Here we must make some
remarks on the assignments by Brownstein et al., i.e.,
those of the signals in the ranges from 0.80 to 0.93 ppm,
from 0.25 to 0.51 ppm, and from —0.04 to 0.25 ppm to
mm, mr, and rr, respectively. In contradiction to these
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Subsequently, Ramey et al.’! re-reassigned them to mr,

mm, and rr, respectively. Recently, however, Berger et
al.®® have given strong support to the assignments by
Brownstein et al. on the basis of a precise analysis of the
HMBC spectra, and therefore we have adopted them.
We note that the same assignments have been made in
the investigations by Kato et al.,® Tsunashima,'® and EI-
gert and co-workers. 1516

As seen from Figure 10, as the degree of polymeriza-
tion is decreased in the oligomer region, the 'H NMR
spectrum of a sample becomes complicated, so that the
reliability of the resultant values of f,n, fir, and f;; is di-
minished. Thus we have not evaluated their values for
the samples OAMS4 through OAMS10. The values thus
determined for the samples OAMS13 through AMS320,
including AMS40 separated from the commercial sam-
ple, are given in the second, third, and fourth columns,
respectively, of Table VI.

In the last column of Table VI are given the values of
/-, which are the final desired results, calculated from
the equation,

fmr
= 4
fi=tet =, (1

with the values of f,,; and f;. given in the third and
fourth columns, respectively. It is seen from the table
that all the present samples have almost the same value
0.72+0.01 of f; independent of M.

Figure 11 shows plots of f; against log M,, for Pa MS.
The unfilled circles represent the values for the samples
prepared in this work and the horizontal straight line
represents their average value 0.72. The figure also in-
cludes the values for the samples prepared by Elgert and
Seiler® (filled circles), by Kato et al.® (triangle), and by
Tsunashima'? (square) along with those for the commer-
cial samples from Polymer Laboratories Ltd. (diamond).
It is reconfirmed from the figure that we have success-
fully prepared a set of the desired test samples. The
samples prepared by Kato et al. and also those by
Tsunashima may be used for a study of polymer solu-
tions in the restricted range of M,, = 2X10° if the values
of f, for them meet its purposes. However, the samples
with larger £, as above are required for our study men-
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Figure 11. Plots of £, against the logarithm of M, for PaMS : (O)
the present samples ; (@) those prepared by Elgert and Seiler ;*°
(A) those prepared by Kato et al.;® ({J) those prepared by
Tsunashima ;'° () commercial ones (Polymer Laboratory Ltd.).

tioned in the Introduction. Indeed, we have succeeded in
the preparation by setting the polymerization tempera-
ture at —40°C higher than —78C (dry ice—methanol
mixture) adopted by the above groups. Neither the sam-
ples prepared by Elgert and Seiler nor those from Poly-
mer Laboratories Ltd. are adequate for a study of poly-
mer solutions.

Finally, we make a remark on f, values for the sam-
ples OAMS4 through OAMS10. As mentioned in the Ex-
perimental section, the samples OAMS2 through
OAMS13 were separated from the same original sample.
All those samples may therefore be regarded as having
almost the same value (~ 0.71) of f, as OAMS13. (Recall
that £, of OAMS3 is 0.73.)

CONCLUSION

Giving particular attention to the polymerization tem-
perature and also to the initial monomer concentration,
we have successfully prepared PaoMS samples with the
fixed stereochemical composition f,=0.72+0.01 in the
range of M, from 4.12X 10 (trimer) to 3.22 X 105. These
test samples thus obtained are adequate for our later
study of dilute solution properties of P MS within the
new framework of polymer solution science based on the
HW chain model.
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