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BC-NMR STUDY ON THE EQUIBINARY (cis-1,4;1,2)
POLYBUTADIENE POLYMERIZED WITH
IRON CATALYST

ZHANG Zheyen (£ 3)*, Zuou Zinan (T #) and Ma Huimin (ZX4§)
(Changchun Institute of Applied Chemistry, Academia Sinica, Changchun)

ABSTRACT

The (cis-1,4 and 1,2) polybutadiene polymerized with iron catalyst was investigated by *C-NMR.
Assignments have been made on the spectra for all peaks of the aliphatic and olefinic carbons using -
chemical shift corrective terms together with Furukawa parameters. The relative intensities of peaks
were calculated from the Bernoulli distribution of cis-1,4 and 1,2 units.

Quantification of cis-1,4 and 1,2 contents, sequence distribution, alternation pattern of cis-1,4
and 1,2 units, and the chain propagation mechanism were discussed as a result of the detailed study
of the spectra.

INTRODUCTION

As shown in the previous papers(l], equibinary (cis-1,4 and 1,2) polybutadiene with
good performance was prepared with Fe catalyst of high activity. 3C-NMR studies on equi-
binary polybutadienes prepared with Co or Mo catalyst[2-5] have been reported in the litera-
ture.

In the present work the chain structure of polybutadienes prepared with Fe catalyst was
studied with *C-NMR. Spectra show that there are eleven resonance peaks in the aliphatic
carbon part and nine in olefinic carbon part. These resonance peaks were assigned by ap-
plying Randall’s method(®] with corrected Furukawa’s parameters. It was confirmed that
the polymer obtained is a random copolymer of 1,4 and 1,2 enchainments, the distribution
of which deviated from the Bernoulli distribution but tended to be the first order Markov
distribution. v

The content and the sequence distribution of 1,2- and cis~1,4 units in the polymer were
discussed quantitatively.

EXPERIMENTAL

1. Conditions of polymer preparation

Al (i-Bu),, 0.04 ml; Fe (acac),/L=1 (L, a nitrogen ligand); Fe, 5x 10-¢ mol; butadiene,
2.5%10-2 mol; benzene, 10 ml; polymerization temp., 10°C for 3 hr. The polymer contained
cis-1,4, 44.7%,; 1,2, 55.39% determined by IR.
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2. BC-NMR measurement

The ¥C-NMR spectra recorded from FX-100 NMR (JEOL. Ltd., Japan) at the observa-
tion frequency: 25.2 MHz; spectra width: 4000 Hz; impulse width: 5us (ca. 45°); sampling
time: 1.5 sec.; accumulation times: 2000. Sample used in the measurement contained ca.
109, polymer in CCl,.

RESULTS AND DISCUSSION

1. 3C-NMR spectra

Figure 1 (a) gives the resonance peaks for the aliphatic carbons of the polymer. If
the polybutadiene was high in cis-1,4 content, a characteristic peak would appear at 27.3
ppm; and if it was high in 1,2-content, a few resonance peaks would appear at 39 ppm.
But many resonance peaks as shown in Figure 1 indicate that 1,2 and cis-1,4 units arc inter-

bonded. b
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Fig. 1 13C-NMR spectra of (cis-1,4; 1,2) polybutadiene: (cis-1,4, 44.7%; 1,2, 55.3%)
(a) aliphatic portion; (b) olefinic portion.
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This implied that aliphatic carbons are situated in a variety of chemical environment.
The eleven resonance peaks were marked as a,b,d,ef,g,h,i,j,k and 1 respectively.

Figure 1 (b) shows the resonance peaks of olefinic carbons in the polymer. The reso-
nance peaks near 114 ppm are the characteristic carbon signal for vinyl terminal bonded to
the chain of polybutadiene, while the peaks near 140 ppm are that for the other carbon
atom of vinyl group; and the peaks near 130 ppm are the contribution of olefinic carbon
in the cis—-double bond of the chain of polybutadiene. Originally, there should be only one
resonance peak from cis-1,4 polybutadiene. After a certain amount of vinyl group bonded
to the chain it gives rise to an increase of peaks such as 1,2,3,4,5,6 etc.

2. Assignment of resonance peaks

(1) Aliphatic carbon portion: The addition of a butadiene monomer to a growing
polymeric chain can give rise either to a cis-1,4 or to 1,2-unit in our catalyst system. In
most cases, the 1,2-unit exists as head-to—tail joining in polymerization chain. If the growth
of chain is a perfect stochastic process, the sequence arrangement should be many and varied
in forms. According to Grant{?! the equation for calculating chemical shift is

d. (K) =A+21B,NK1.

Since the carbon atom is influenced by all five adjacent carbons, 47 sequences could be
arranged, as shown in Table 1. In the sequences C* is used to express the aliphatic carbon

C=C C=C
on the right side of cis-1,4 unit(_c/ \C*—); *C as that on the left (__*é \C—>;
—C—C*—
V* the secondary carbon in 1,2-unit ( C'1=C ); and *V the tertiary carbon in 1,2-

—*C—C—
unit( (l3=C ) According to the parameters used by Furukawa, the chemical shifts

were calculated according to the following equation:
SC(K) =A+2‘BINK1+ CK

where . (K) is the chemical shifts of K carbon, 4 is a constant; B, are the parameters
away from various positions of K carbon; N, is the number of carbon away from various
positions of K carbon; Cy is the parameter of characteristic structure for X carbon itself
(belonging to aliphatic carbon). These parameters are given in Table 2.

In Table 2, 2° represents the secondary carbon atom adjacent to the tertiary carbon,
3’ the tertiary carbon, 2° (3’) the contribution of chemical shift of the tertiary carbon rela-
tive to the secondary carbon, 3’ (2°) the contribution of chemical shift of the secondary
carbon relative to the adjacent tertiary one. The tertiary carbon here refers in particular to
the « position of vinyl group, C (a) is expressed as the contribution of chemical shift of cis-
double bond relative to the secondary carbon in a~position, and C (y2°) as the contribution
of chemical shift of cis-double bond relative to the secondary carbon in y-position.

From Table 1 it is seen that the chemical shift of each resonance peak calculated from
Furukawa’s parameters are mostly in agreement with the values in literaturet®}, with the
exception of the chemical shifts of the two peaks, i,j, which are different. After recalcula-
tion, it is confirmed that the value in literature was mistaken.
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Table 1 13C-NMR chemical shifts of binary (cis-1,4; 1,2) polybutadiene (aliphatic portion)
Chem. shift (ppm) Intensity (I)
Peak Assign.
Oos. Cal, Reyv. (C;l) ?;; Equation (1)
cvev 26.5 24.9
vvvev 26.6 25.0
cvvev 26.6 25.0 n
a - 24.9 12.9 12.2 KNver +K3 Nyc(o).ov
cvvee 26.5 24.9 i=0 !
cvee 26.4 24.8
vvvee 26.5 249
veee 28.6 27.0
cccv 28.6 27.0
vecce 28.6 27.0
b veev 27.3 28.7 27.1 18.8 15.7 | 2K 3G+ 1) Neogey.or
—_— =0 i
ccev 28.7 27.1
veecev 28.6 27.0
ceccee 28.6 27.0
n
ve ve 34.2 32.6 KNyev+ K3 Nyoe) ev
— =u 3
d 32.7 5.8 8.8 i )
cec ve 34.2 32.6 —‘KZN(:V(V)ch=Kchc
Il P
vevve 34.6 33.0
ccvve 34.6 33.0 n
¢ - 33.4 7.1 6.5 KEch(v)_vc
vevvy 34.6 33.0 -0 '
AR 34.6 33.0
cvev 35.8 33.7
f 34.1 5.8 6.8 KNgve
cvece 35.8 33.7
cvveyv 36.2 34.6
vvVvVey 36.2 34.6 n
g - 35.7 7.1 6.0 KZch(v)vo
cvvee 36.2 4.6 =0 i
vvvee 36.2 34.6
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(Table 1 cont’d)
Chem. shift  (ppm) Intensity (I)
Peak Assign.
Cal. Obs. .
Obs. . .
bs Cal Rev (%) (%) Equation (1)
cvyvve 39.7 38.1
cCVvvvYy 39.8 38.2
h cvvyve 38.9 39.8 38.2 7.6 7.5 | KEiNewirro
=0
VVYVVYVY 39.9 38.3
cCVvvVvVvy 39.9 38.3
i cvve 39.7 41.4 39.3 3.2 4.6 KNgvve
. cvvvege 41.8 39.7 n
j - 40.0 3.9 3.5 K 3 Neviwy ve
cCVVvVvYy 41.8 39.7 i=0 !
vvvvve 42.2 40.6
cvvvyece 42.2 40.6
k, VVVVVYy 2.2 40.6 Kﬁich(v)Avo
-_ =0 1
cvvyve 41.8 40.2
vvvve 41.8 40.2
k___
cvvive 4Ol wo | w4 | 219 | 192
vevve 41.5 41.9 40.3
vvvye 42.0 40.4
k| ccvve 41.9 40.3 2K 5} Nevisy vo
_ o
vey vy 42.0 40.4
cvwve 41.9 40.3
ccvvy 42.0 40.4
cecve 44.1 42.5
1 - 43.6 5.8 9.1 KNeve
vewve 44.1 42.5
Table 2 Chemical shift parameters ppm
A B Ck
-2.6 9.1 2°(39) -1.3
g 9.4 342°) -23
. -2.5 C(@) -1.6
—4.2 (this work) 50.3 C(v2°)  ~0.5 (this work)

£ 0.1
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By comparison of the calculated values with the observed ones, it was found that
the departure of the peaks, j,k, and the relative position of peaks, d,e,f,g are not good enough.
The difference between values of chemical shift calculated is too small for f,g peaks, but too
large for e,f peaks. On the other hand, all the calculated values of resonance peaks are
higher than the observed ones. We considered that this arose from the systematic error
of the instrument and the internal standard used. In order to make the calculated values
consistent with the observed values, a value of —4.2 ppm for constant A and a factor of
—0.5 ppm (Table 2) for an cdditional structure correction C (y2°) have been adopted and
recalculated. At the same time the observed values are listed using CCl, as the internal
standard (96.00 ppm). By this treatment, the revised values are in agreement with the observed
values reasonably. C (¥2°) which we introduced indicates the influence of cis—-double bond on
the -—CH,— in the adjacent 1,2 unit. This carbon is located in the y position of cis—double
bond, perhaps it is the result of steric effect. After above revision, the departure of jk
peaks has been satisfactorily fitted and the relative position of f peak has been also adjusted.
This makes a better coincidence with the calculated values and the experimental facts. Con-
sequently, the problem of assignment of each resonance peak has been settled.

(2) Olefinic carbon portion: Under the influence of vinyl group in the adjacent 1,2
unit the cis—double bond in the principal chain of polybutadiene splitted up into six peaks.
Taking the parameters y=—1.60, 5=-0.48, y'=-0.48, §'=—0.365,

C=C

/N
—C—-C—-C C—C—C—
6'(,3=C 'yCl=C
according to K. F. Elgertl4}, and corrected with the high cis-1,4 polybutadiene olefinic carbon
signal as 129.40 ppm, the results are shown in Table 3. From Table 3 it could be seen
that the observed values and the calculated ones are in good coincidence in which the fifth
peak is an overlap of various sequence signals. Hence the intensity is higher.

3. The numerical value expression for spect-um signal

From the assignment of each resonance peak given in Table 1 the mathematical ex-
pression for corresponding signal intensity was obtained.

Idechv + K E(yvc(c) jev T Kz;)ch(v)ivc
i= i=

IczK_ZOch(v)ivc I,=KN,.+ K§)ch(c)icv

It could be easily seen that I,+I,=I,, I;+I;=1I,, etc. From iR data the relative in-
tensity for each resonance peak was calculated according to Bernoulli distribution, i.e. the
calculated values in Table 1. They fulfiled the above equations. This indicates that the
47 sequences are perfect and the attributions are resonable. On the other hand, Randall
considered that in 1*C-NMR quantitative researches of most polymers the NOE effect might
be ignored. In this way, a reliable basis is provided for quantitative analysis of the chain
structure in (cis-1,4; 1,2) polybutadiene. By normalization treatment for all aliphatic carbon
signal intensities, from the percentage of cis-1,4 and 1,2 unit aliphatic carbon signal inten-
sity, its quantity could be obtained conveniently. For instance, the equation for calculating
the content of cis—1,4 structure unit from aliphatic carbon spectrum would be
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Ce gla 0
% -—g - X 100%
in which a,b,d,e were taken as « and a,b,d,c,f,g,h,i,j,k, ,k, and 1as 8. Similar results could
be also achieved from olefinic carbon spectrum as shown in Table 4.

The pattern of sequence distribution of polymer chain structure is an important aspect
for the research of chain structure. It conduces to probe into the polymerization mechanism.
As mentioned above, the signal intensity in Table 1 was expressed as relative value through
normalization, while the calculated values were obtained according to Bernoulli distribution
treatment from IR data. The data of olefinic carbon in Table 3 were treated on the basis
of Bernoulli distribution. It is emphasized especially on the treatment of the triad informa-
tion by taking the cis-1,4 structural unit as the center.

Table 3 3C-NMR chemical shifts of (cis-1,4; 1,2) polybutadiene (olefinic portion)

Chem. shift (ppm) Intensity (%)
Peak Sequence
Obs. Calc. Obs. Calc.
1 ve v 127.45 127.44 0.160 0.153
2 cec v 127.76 127.80 0.132 0.124
3 vec 129.05 129.04 0.106 0.124
4 ce ¢C 129.40 129.40 0.146 0.200
5 ccv 129.87 129.87 0.256 0.247
vece 129.87
6 vev 130.33 130.36 0.200 0.153

Table 4 Structural data obtained by different methods

13C-NMR (%)
Structure IR (%)
Aliph. spec. Olef. spec.
1,2 56.7 52.8 55.2
cis-1,4 43.3 47.2 4.7

Following the Randall’s definition the number of triad taking 1,2-structure unit as the
center could be deduced from the expression

1 1
vav=2—K(Ih+Ik,); Niyvo = 2_K‘(Ig+1i+1j+1k2)i

1
chc =EK—' (If+Il)

thereby the relative concentration of triad could be calculated. The figures in Table 5 and
the observed values of signal intensity in Table 1 and Table 3 together give the characteristics
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of sequence structure for (cis-1,4; 1,2) polybutadiene catalyzed by iron system. The data
listed in Table 5 show that all sequence distribution of polymer chain deviates from Ber-
noulli’sdistribution. These are undoubtful experimental facts. By comparison of the observed
values in Table 5 with the values from both theories especially from the number-average
sequence lengths, a deviation from the Bernoulli distribution could also be found distinctly,
but there is a definite tendency to approach the first order Markov distribution.

Table 5 Sequence distribution (triad) and number-average sequence length

i Bernoulli Markov-1
Sequence Exp. Ppv=0.559 Pve=0.488
vVVvy 0.308 0.313 0.262
vve 0.411 0.493 0.500
cve 0.280 0.194 0.250
L, 2.06 2.27 2.05

From Table 1 and Figure 1 (a), it is shown clearly that the peak “b” is the character-
istic peak of high cis-polybutadiene. The peak “b” would disappear for perfect alternation
sequence, and only the a,d.f and 1 peaks left; but for segmented block sequence, the height
of b,h and k peaks would be remarkable and that of a, d, f,1 peaks would be relatively lowered.
Actually all the 11 peaks appeared in the spectrum with comparable intensities. In order
to characterize quantitatively the degree of alternation of polymer chain the definition of
A, as a numerical index is as following: A, =(I¢+4-1))/ 3I,, in which f,gh,i,j,k and 1 were

taken as r. It is apparent that for segmented polymcr:rs, f,l will vanish, and 4,=0; for
alternated polymers, 4,=1. The values of A, will vary with the compositions for random
copolymers. We have calculated the value of 4, with variations of the 1,2- structural unit
content according to Bernoulli distribution. The result is depicted by the solid line in Figure
2. Evidently, if the polymer chain possesses a higher alternated degree, A, would situate
above the A,~V line. On the contrary, with lower alternation, 4, would situate below
the line. Therefore, the difference between the degree of alternation for polymer chain could
be reflected, and similarly, it could also be obtained from the number-average sequence
length of 1,2 structure unit. For Mo-polybutadiene reported in literaturet®, L, is
2.48, while for the corresponding polymers with same composition and entirely following
the Bernoulli distribution, the L, is 2.21. But for Fe-polybutadiene, L, is 2.06, and
the corrcsponding one with same composition and entirely following the Bernoulli
distribution, L, is 2.31. As the number-average sequence length increases, the alter-
nated degree of polymer chain decreases. Obviously, the two kinds of polybutadiene
chain possess different degree of alternation. Generally, the higher the content of 1,2 struc-
tural unit, the longer the number-average sequence length L,, while conversely, the shorter
the L,. The experimental result in this report is just the opposite. For low 1,2—content
of Mo-polybutadiene, the length of the number-average sequence is rather long, while for
high 1,2 content of Fe-polybutadiene, it is fairly short. The opposite tendency of the degree



100 POLYMER COMMUNICATIONS 1983

0.5
0.41
< 0.3
0,29

0.11

0.0

30 50 70
14¢))

Fig. 2 Relation between A4, and content of 1,2 units
—x— Mo polybutadiene; —A— Fe polybutadiene.

of alternation for polymer chain might result from the role of the catalytic system.
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