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ABSTRACT:

13C NMR spectra of isolated ethylene units in [1,2-!3C] enriched ethylene—

propylene copolymer prepared with syndiotactic-specific catalyst were observed. The use of [1,2-
13C] enriched ethylene units made it possible to determine the fractions of three kinds of the
structures, mEm, mEr, rEr where m means meso propylene dyad, E isolated ethylene unit and r
racemo propylene dyad in the copolymer. This is based on change in the NMR spectral pattern
depending on the relative magnitude between '3C-3C coupling constant and chemical shift

difference.
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C-13 NMR analysis of isolated ethylene
units in ethylene—propylene, E-P copolymers
gives useful information on the mechanism of
stereospecific polymerization of polypro-
pylene.! ~°

Zambelli et al'* have shown '3C NMR
spectra of two typical samples of [1-'*C] en-
riched E-P copolymers. The resonances of the
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isolated ethylene units (C*-C*) exclusively
arise from the insertion of the ethylene units
between propylene units with the same orien-
tation (structure A) rather than those between
two propylene units in head-tail and tail-head
orientations (structure B) for the sample pre-
pared in the presence of an isotactic-specific
catalyst.
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' To whom requests for reprints should be addressed.
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In contrast, the spectrum of the sample pre-
pared with a syndiotactic-specific catalyst
shows resonances for carbons of isolated
ethylene units in both structures A and B
although the proportion of the latter structure
is large. From detailed analysis of these spec-
tra, they concluded that both the regiospeci-
ficity and the stereospecificity are controlled by
the last units of the growing chain end for
syndiotactic-specific catalyst system, but re-
giospecificity and stereospecificity are unaf-
fected by the ethylene units in the isotactic
polymerization.*

It seems especially important to analyze the
complicated '*C NMR spectrum of the E-P
copolymer prepared with syndiotactic-specific
catalyst on the basis of rigorous assignment
due to the tacticity as pointed out by
Tonelli.”®

In this paper, we will report a detailed '3C
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NMR analysis of the peak arising from the
isolated ethylene units in [1,2-'3C] enriched
E-P copolymer prepared with syndiospecific
catalyst. Especially, for example, use of
[1,2-13C] enriched ethylene made it possible
to distinguish among mesol—meso, B,
meso —{racemo, B, and racemo racemo, B;
sequences in structure B from change in the
NMR spectral pattern depending on the
relative magnitude between the 3*C-'3C cou-
pling constant and chemical shift difference.

EXPERIMENTAL

Materials

The samples of E-P or [1,2-'3C] E-P co-
polymers were prepared in the presence of the
catalyst systems V(acac),/Al(C,Hs),Cl° and
TiCl;/Al(C,H;),Cl as summarized in Table I.
[1,2-13C] ethylene (90%, enrichment) was pur-
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Table I.

C-13 NMR Analysis of Ethylene-Propylene Copolymer

Polymerization conditions for several kinds of E-P copolymers*

Ethylene content

Sample No. Catalyst system Polymerization time/h Time/h® in mol?, 107%x M,*
I [1,23C]E-P  V(acac)/Al(C,Hs),Cl 2.0 0 0.9

2 [1,2BC]E-P  V(acac),/Al(C,H,),Cl 2.0 1.0 0.8 1.2

3 [12-C]E-P  V(acac),/Al(C,H,),Cl 2.0 1.8 0.3

4 E-P V(acac),/Al(C,Hs),Cl 1.0 0 12 1.3

5 E-P V(acac),/Al(C,Hs),Cl 1.0 0.5 12 1.4

6 [1,2-3CIE-P  TiCly/Al(C,H,),Cl 2.0 1.0 0.3

®

Polymerization conditions for samples 1—5: V(acac); =0.5 mmol, Al(C,Hs),Cl=5.0 mmol, propylene =830 mmol,

[1,2-'3C] ethylene =0.1 mmol for samples 1, 2, and 3, ethylene = 1.0 mmol for samples 4 and 5, toluene=25cm3,
—78°C. For sample 6, TiCl,=1.5mmol, AI(C,H;),Cl=6.0mmol, propylene pressure=760Torr, [1,2-!3C]

ethylene =0.1 mmol, 41°C.

® Time of ethylene addition after the start of polymerization.

¢ Determined by GPC.

chased from Merck, Co.

13C NMR Measurements

The polymer solution was prepared at a
concentration of 10w/v% in o-dichloroben-
zene—deuteriobenzene (9:1 (v/v)) mixture.®
The complete 'H decoupled and INEPT (In-
sensitive Nuclei Enhancement by Polarization
Transfer) and INADEQUATE (Incredible
Natural Abundance Double Quantum Trans-
fer Experiment). '3C NMR spectra were mea-
sured at 100°C using JEOL FX-900 and FX-
200 spectrometers operating at 22.5 and
50MHz, respectively. Only the CH peaks of the
sample were obtained from the INEPT (4=
2/4J, where J is the '"H-'3>C direct spin-spin
coupling constant) spectrum. Each 22.5 MHz
spectrum was recorded with a 4000-Hz spec-
tral width, 8 K data points and 18000 double
precision accumulation. The chemical shifts
were recorded in ppm with respect to an in-
ternal tetramethylsilane standard.

RESULTS AND DISCUSSION

3C NMR Spectra of [1,2-'3C] Ethylene—
Propylene Copolymer
Figure 1 shows '*C NMR spectra of E-P
copolymer 5 (22.5MHz), [1,2-3C] E-P co-
polymer 1 (22.5 and 50 MHz) prepared with
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syndiotactic-specific catalyst, and [1,2-13C]
E-P copolymer 6 (50 MHz) prepared with
isotactic-specific catalyst. The INADE-
QUATE spectrum of [1,2-'*C] E-P copoly-
mer 1 (22.5MHz) is also shown. The '3C
NMR spectra of samples 1 and 2 are sim-
ilar and the spectra of samples 4 and 5 are
also similar. Thus, '*C NMR spectra of sam-
ples 2 and 5 are not shown. The !3C chemical
shifts are summarized in Table II.

From the spectrum of sample 6, it is easily
recognized that the structure A occurs ex-
clusively in the sample prepared with isotactic-
specific catalyst because the strong peaks at-
tributable to the S, and Sy; carbons are
observed. Here, tertiary and secondary car-
bons are denoted as T and S, respectively, with
two Greek subscripts indicating the positions
relative to the nearest tertiary carbon in both
directions along the polymer chain, as used by
Carman et al.'® Each primary carbon is des-
ignated by P with Greek subscripts defined as
those of the tertiary carbons. In contrast to
this case, the structure B occurs in preference
to the structure A in the samples prepared in
the presence of syndiotactic-specific catalyst
(the spectra of samples 1 and 5) because the
strong peaks attributable to the S,; carbons
are observed. This is the same conclusion
reached by Zambelli ef al.*
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Figure 1. '3C NMR spectra of E-P copolymer 5 (22.5 MHz); A, [1,2-'3C] E-P copolymer 1 (22.5 MHz);
B, [1,2-'3C] E-P copolymer 1 (50 MHz); D, and [1,2-'3C] E-P copolymer 6 (50 MHz), E. The
INADEQUATE spectrum of sample 1, C, is also shown.
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C-13 NMR Analysis of Ethylene-Propylene Copolymer

Table II. '3C NMR chemical shift* of [1,2-'*C] E-P
copolymer 1 (Spectrum B in Figure 1). The peak
number was the same as in Figure 1.

Chemical shift

1;321.( Assignment
ppm

1 47.46 S,. rrmrr

2 47.24 S, rrrrm

3 47.07 S, rrrrer

4 46.42 S.a rrrmr

5 45.59—45.77 S, mrm

6 39.48—39.70 S,y b

7 38.57—38.75 S, I°

8 37.97—38.14 S,

9 36.75—37.23 S., +8.5d

10 35.64 S.s (1 —Syups)®
11 35.15 Sus [ ]

12 34.72 S.s (my —S,,55)°
13 33.5 Sasl

14 31.03 Ty

15 29.04—29.17 Ty

16 28.30 TM] rrrm+rrmr+rrrer
17 27.48—27.69 Tpp-ox

18 25.35 S;p 0

19 23.79 Sps ]
20 21.76 Py, mmmm
21 21.45 Py,  mmmr
22 21.24 Py,  rmmr
23 20.93 Py, mmrr
24 20.76 Py,  rrmr
25 20.59 Py, mrmr
26 20.24 Py, rrrr
27 20.11 - Py, rrrm
28 19.94 Py,  mrrm
29 16.82—17.21 P, (my—P,p)°
30 15.08—15.26 Py (ro—Py)°

? In ppm from TMS.

b 13C-13C spin coupled.

¢ Detailed assignment is shown in ref 11.

Each methylene peak, S,, and Sg;, of sample
1 splits into a doublet, which is due to 13C-13C
spin coupling of [1,2-'3C] ethylene unit as can
be seen from the INADEQUATE spectrum
and also from a comparison of the 22.5 and
50 MHz spectra of sample 1. The small peaks
with asterisk observed on both sides of the
main methine peak are also due to 3C-13C
spin coupling of non-enriched '3C nuclei.

Analysis of S,; Resonance
The methylene carbon, S,; peak located at
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the tail-to-tail sequence of polypropylene splits
roughly into two peaks with a peak separation
of about 1 ppm (C* peak in structure B). The
lower field peak was assigned to r-S,;, A, and
the higher field one to m-S,;, O, (structures
B,—B,) as reported previously.*!!:12

The same assignment is also applicable to
the peak S,; observed in the spectrum of
sample 4. However, we cannot tell whether the
m-S,; *C nuclei, O, are in the structures B, or
B, and also whether the r-S,; '*C nuclei, A,
are in the structures B, or B;. In order to
overcome the problem, we tried to use [1,2-
13C] ethylene in the preparation of the E-P
copolymer. Taking into account the values of
both the '*C-'3C spin coupling constant and
the chemical shift difference of the two peaks,
m-S,, and r-S,;, the appearance of AB spin
system is expected in the structure B, and thus,
it is possible to distinguish the structure B,
from structures B, and B, in the '*C NMR
spectrum. This prediction is proved as follows.

The most interesting spectral character is the
appearance of a new peak, @ between m- and
r-S,; peaks in the spectrum of the [1,2-1*C]
E-P copolymer, which is noticed by a com-
parison of the spectra of samples 5 and 1. The
spectral pattern of the S,; peaks is clearly
different between 22.5 and 50 MHz, especially
the shape of the new peak, @.

The methine peak, T,; located at the head-
to-head sequence of polypropylene is expected
to appear in the same resonance region.!?!?
However, as shown in Figure 2, the INEPT
2/4J (J="H-'3C direct spin coupling constant
in Hz) spectrum which gives only methine
peak, indicates that the new peak @ is not
assigned to the methine carbon, T,,.

The S,; peak is expanded in Figure 3 to-
gether with the assignment. Thus, the new
peak @ and also small new peaks marked by
arrows show AB spin system (the '3C-!'3C
spin coupling constant and chemical shift
difference are 35.1 and 18.2 in Hz, respec-
tively) and are attributable to the S,; carbon
in the structure B,. From peak simulation of

833



T. ASAKURA et al.

oB

A
(coMm) k\—J\”

B
(INEPT 2/4J)

(4-8) H

1 1 : L | | S It ] | L 11 J;J

35 30

ppm from TMS

Figure 2. '°C NMR spectra of the S,; resonance regions of [1,2-'*C] E-P copolymer 1. A, COM; B,
INEPT (4=2/4J), C, difference (A —B); ¥, reference peak, T,;.
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C-13 NMR Analysis of Ethylene-Propylene Copolymer

A

B

Figure 3. !3C NMR analysis of S, resonance regions of E-P copolymers. A, sample 5; B, [1,2-13C] E-P
copolymer 1 (22.5 MHz); C, [1,2-3C] E-P copolymer 1 (50 MHz).

the S,; resonance region, the fractions of
structures, B,, B,, and B; were determined as
0.10, 0.55, and 0.35, respectively.

Next, we will examine whether or not the
same stereochemistry is maintained when the
isolated [1,2-'3C] ethylene is inserted during
the propagation of [1,2-'*C] E-P copolymer
chain. In the preparation of samples 1, 2, and
3, [1,2-13C] ethylene was added in the starting,
middle and final stages of the living polymer-
ization of propene with the V(acac),/
Al(C,Hj;),Cl catalyst,® respectively. Figure 4
shows the S,,, S,;, and S;, peaks together with
the methine peaks. The spectra of samples 1
and 2 are quite similar to each other, but the
spectrum of sample 3 is slightly different from
these two spectra; the methylene peaks orig-
inated from [1,2-13C] ethylene are small. This
indicates that a part of the ethylene are not
inserted into PP in the preparation of sample
3. The '3C NMR spin lattice relaxation times,
T, of these [1,2-'3*C] E-P copolymers, 1, 2, and
3 observed at 40°C (50 MHz) are summarized

Polymer J., Vol. 19, No. 7, 1987

Table IIL. Spin-lattice relaxation times,* 7| of every
carbon in [1,2-13C] E-P copolymers 1, 2, and 3
observed at 40°C (50 MHz)

1 2 3
S, rrmrr 0.21 0.22 0.16
S,e rrrrm 0.20 0.22 0.17
S, rrrer 0.18 0.19 0.17
S, rrrmr 0.21 0.23 0.16
S’ 0.26 0.29 0.24
Ty, 0.32 0.32 0.31
Py rrmrrr 0.67 0.69 0.62
Py rrrrrm 0.58 0.53 0.57
Py, rrrerr 0.65 0.66 0.63
Py rrrrmr 0.72 0.74 0.66
*Ins.

® Averaged over the individual peaks of S,;.

in Table I11.>14!> The T, values of methylene,
methine, and methyl carbons of the PP se-
quence and also those of the S,; carbons are
similar among samples 1, 2, and 3, indicating
that the local dynamics of the S,; carbons in
the chain are the same among these samples.
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Figure 4. '3C NMR spectra of [1,2-'3C] E-P copolymers, samples 1, 2, and 3 (23—42 ppm).
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The ratios of the peak intensities, S,;/S;, were
similar among these samples being 13.4, 13.6,
and 13.0 for samples, 1, 2, and 3, respectively.
In addition, the shapes of the S,; region are
essentially the same among these spectra.
These data lead to the conclusion that the
olefin polymerization mechanism of syndio-
tactic-specific catalyst is essentially the same
during the propagation.
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