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Cationic Polymerization of Cyclic Dienes. I X.*
The Structure of Poly(1,3-cyclohexadiene) and
Poly(cis, cis-1,3-cyclodctadiene)

YUKIO IMANISHI, KAZUHIKO MATSUZAKI, TADAYUKI YAMANE,
SHINZO KOHJIYA, and SEIZO OKAMURA

Department of Polymer Chemistry
Kyoto University
Kyoto,Japan

SUMMARY

The structure and properties of poly(1, 3-cyclohexadiene) and
poly(cis, cis-1, 3-cycloSctadiene) obtained in the cationic polymer-
ization were investigated.

The structure of polycyclohexadiene was almost independent of
the polymerization conditions (catalyst, SnCl,-CC1,COOH or
BF, * OEt,; solvent, CH,Cl, or benzene), and the polymer consisted
of either 1, 4 or 1, 2 structural unit. The NMR spectra of the poly-
mer showed the loss of double bond, which was explained in terms
of chain branching. The polymer softened at 114-130°C, and was
quickly oxidized by air.

The structure of polycycloGetadiene was almost unaffected by
the catalyst (TiCly, SnCl,, or BF;) but was dependent on the solvent
(toluene or CH,Cl,). In methylene chloride, the branch-free poly-
cyclodctadiene was produced and the polymer consisted almost
exclusively of 1, 4 structural units. Infrared spectra of the polymer
showed a number of characteristic absorptions which were sensitive
to the polymerization conditions. Some of them were affected by
heating and swelling and were assumed to be conformation-sensitive
bands. The rest was insensitive to these treatments and was
assumed to be a configuration-sensitive band. The polymer was
amorphous and softened at 172-184°C. It was oxidized by air very
slowly as compared with polycyclopentadiene and polycyclohexadiene.

*For the previous paper of this series, see Ref. [1].
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INTRODUCTION

The polymerization of conjugated dienes yields two sorts of
structural isomers, namely, 1, 2 polymer and 1, 4 polymer. Their
relative importance is a function of polymerization conditions.

This problem has been dealt with on polycyclopentadiene (PCPD)[2]
and polymethylcyclopentadiene (PMCPD)[3] in our earlier papers.

The polymerization of conjugated dienes usually accompanies
chain branching. Branched PCPD [2] and PMCPD (3] have been
obtained in the cationic polymerization. The synthesis of branching-
free polymers of cyclic dienes is desirable.

PCPD and PMCPD were found to be oxidized quickly. The ring
gize of the monomer may have a bearing on this. The synthesis of
polymers that are resistant to oxidation will be useful.

In this connection, poly(1, 3-cyclohexadiene) (PCHD) and poly(cis,
cis-1, 3-cyclodctadiene) (PCOD) were synthesized in the cationic
polymerization, and the structure and properties of these polymers
were investigated.

EXPERIMENTAL
Materials

The syntheses and purification of CHD and COD have been des-
cribed in previous papers [1, 4], and the purifications of the solvents
and catalysts have also been described.

Boron trifluoride (BF;) was generated by heating sodium fluoro-
borax [Na,O(BF;),] with concentrated sulfuric acid.

Procedures

The polymerizations were carried out as described in earlier pa-
pers. CHD was polymerized by SnCl,-TCA and BF; * OEt, in toluene
and methylene chloride at 0°C. COD was polymerized by TiCl,, TiCl,-
TCA, SnCl,-TCA, and BF, in toluene and methylene chloride at
—T78°C. The determination of conversion and molecular weight has
been described in previous papers [1, 4].

The structure of polymer was analysed by IR and NMR spectra and
X-raydiagram. IR spectrum of polymer was measured as KBr disk.

NMR spectrum of polymer was measured as carbontetrachloride sol-
ution at 60 Mc using tetramethyl silane as aninternal standard.

RESULTS AND DISCUSSION

Poly(1, 3-Cyclohexadiene)

Properties of Polymer. The methanol-insoluble PCHD's were
white powder and their intrinsic viscosities ranged from 0. 04 to
0.12. They softened at 114-130°C.
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The polymer was soluble in aromatic hydrocarbons and some
other organic solvents. The polymer was oxidized by air more
slowly than PCPD or PMCPD, and turned pale yellow and insoluble
in organic solvents.

Infrared Study. The infrared spectrum of a PCHD is shown in
Fig.1l. Very few differences were found among infrared spectra of
PCHD prepared under various conditions.

NMR Study. As was described in the Introduction, 1,2 and 1, ¢4
polymers will be produced in the cationic polymerizations of CHD.
The area ratio of various proton peaks in the NMR spectra of PCHD
is variable, depending on the polymer structure, as explained in
Table 1,

An NMR spectrum of PCHD is shown in Fig.2, A sharp peak at
7 = 4. 38 was ascribed to olefinic protons (Hgy). Two peaks at 7=8.00
and 8. 40 were ascribed to Hy and Hg, respectively. This assignment
was made in accordance with Aso's assignment [5]. The results of
NMR spectroscopy on the polymers obtained under various condi-
tions are summed up in Table 2.

With respect to Hy/(Hy + Hﬁ)’ the observed values ranged from
1/3.6 to 1/4.5 and are somewhat smaller than the theoretical value
of 1/3, This means that about 20% of cyclohexene double bonds in
the polymer had been lost, The presence of chain branching in the
polymer would be the most probable reason for the loss of double
bond. The decrease of H,/(Hy + Hg) ratio with increasing conver-
sion (Table 2) supports this conclusion.

The idea that the attack of a propagating ion on a cyclohexene
unit in the polymer, results in chain branching, may be ruled out
because cyclic olefins were not chain transfer agents for the poly-
merization of CPD in our preliminary experiments [6]. Alterna-
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Fig.1l. Infrared spectrum of polycyclohexadiene. KBr disk.
Polymer obtained by SnCl,-TCA in methylene chloride at 0°C.
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Table 1. Expected NMR Data

1, 2- Polycyclohexadiene 1, 4-Polycyclohexadiene

Hy Hp Hg HgHg Hp
Structure e
H, Hg Hy Hy
HoHy Hy Hy Hy
Ho/(Hy + Hg) 1/3 1/3
Ho/Hg 1/1 1/2

Table 2. NMR Data of Polycyclohexadiene Prepared under Various
Conditions

a. Effect of conversion on Ho/{Hy + Hg). Solvent, CH,Cl,;
[M], = 1.05 mole/liter.

Catalyst SnCl,-TCA BF, " OEt,
Concentration, mmole/liter - 4.76
Conversion, % 38 87 482 762
Ho/(Ha + Hp) 1/3.9 1/4.5 1/3.6 1/4.2

b. Effect of catalyst concentration on Hy/(Hy + Hg). Solvent,
CH,Cl,; [M], = 1.05 mole/liter.

Catalyst S$nC1,-TCA BF,* OEt,
Concentration, mmole/liter 4,15 2,86 4,76 1,98
Conversion, %, 292 242 482 482
Ho/(Hy + Hp) 1/4.4 1/4.2 1/3.6 1/3.7

2Determined by gas chromatography.
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Fig. 2. Nuclear magnetic resonance spectrum of po;lycyclo-
hexadiene. Polymer obtained by SnCl,-TCA in methylene chloride
at 0°C.

tively, the interaction between a catalyst and a double bond of
cyclohexene unit in PCHD is proposed as a source of chain branch-
ing, in accordance with Deno and Pittman [7].

U + HX protonation ‘Ué___xg
'Db___x@ + U HO transfer ‘O" . ‘@_“X@

%O
monomer

As catalyst molecules may be distributed partly to the monomer
(polymerization) and partly to the double bond (chain branching),
always at a given ratio, the catalyst concentration would not affect
the degree of chain branching, as was actually observed (Table 2).

The estimation of the peak areas at 7 = 8,00 and 8. 40 was diffi-
cult. In addition, the loss of double bond in the polymer makes a
quantitative discussion on Hy/Hg difficult. On a qualitative level,
Hy/Hg decreased in the order CH,Cl,-SnCl,-TCA system > CH,Cl,-
BF, ' OEt, system > benzene-SnCl,-TCA system. However, the
variation of Hy/ Hg according to the polymerization condition was
not so significant.

In Table 2, SnCl,~-TCA caused more chain branching than
BF;* OEt; under comparable conditions.
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Poly(cis, cis-1, 3-cyclodetadiene)

Properties of the Polymer. The methanol-insoluble PCOD's
were white powders and had a high softening temperature. For
example, the polymer obtained in the TiCl,-H,0-CH,Cl, system
had an intrinsic viscosity of 0. 101 and a softening temperature of
172-184°C. Polycyclohexadiene of comparable molecular weight
had a softening temperature of 114-130°C. PolycycloGctadiene is
soluble in aromatic hydrocarbons, decalin, chlorinated hydrocarbons,
tetrahydrofuran, etc. However, polymers produced in methylene
chloride using high catalyst concentrations were insoluble in com-
mon organic solvents, which suggests cross-linking,

PolycycloGetadiene was more resistant to auto-oxidation than
polycyclopentadiene [2]. Only a weak absorption due to carbonyl
group (1720 cm™1) appeared in the IR spectrum of polycyclofctadiene
standing in air at room temperature for 40-45 days. Even after 200
days at room temperature, the carbonyl absorption was not
strengthened and the polymer remained white. The viscosity of the
polymer was not changed after standing for a long time at room
temperature. However, at elevated temperatures the polymer was
oxidized. It turned yellow, and carbonyl absorption appeared strongly
after about 10 min at 130°C and after about 6 min at 150°C,

Infrared Study. Polycyclodctadienes obtained using TiCl,~TCA
as a catalyst showed different IR spectra depending on the solvent
used. The IR spectrum of polycycloGetadiene obtained in toluene is
shown in Fig. 3, for example. Characteristic absorptions appeared
at 1530, 1510, 1350, 725, and 690 cm™1, but none of them was detect-
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Fig.3. Infrared spectrum of polycycloGetadiene. KBr disk. Poly-
mer obtained by TiCl,-TCA in toluene at —78°C;[C],, 34. 8 mmole/
liter; [M],, 0. 73 mole/liter; conversion, 30, 2%,
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Fig.4. Difference of infrared spectra of polycyclobctadienes

obtained under various conditions. (A): TiCl,-TCA, toluene, —78°C;

[C]y, 34. 8 mmole/liter; [M],, 0. 73 mole/liter; conversion, 34. 2%.

(B): TiCl,-TCA, methylene chloride, —78°C; [C],, 10. 0 mmole/liter;
[M],, 0. 73 mole/liter; conversion, 34. 3%,

able in the IR spectrum of the polymer obtained in methylene chlor-
ide. The variation of absorptions at 1510-1530 cm™1 is shown in
Fig. 4.

The absorptions at 1510 and 1350 cm™! were affected not only
by the polymerization solvent but also by the catalyst concentration,
the monomer concentration, and the conversion. The absorptions
at 1530, 725, and 690 cm™! were affected either by heating the poly-
mer in vacuum at 180°C and cooling it at the rate of 10°C/hr, or by
boiling the polymer in a nonsolvent such as n-hexane. The change
of the absorption at 1530 cm™1 is shown in Fig. 5.

As shown in Fig. 5, the absorption at 1530 cm™1 vanighes when
thermally treated or swollen in n-hexane. The same phenomenon
was observed with the absorptions at 725 and 690 cm™1. It is hard
to imagine that the polymer configuration is altered during those
treatments. The absorptions at 1530, 725, and 690 cm™1 are believed
to be sensitive to the polymer conformation.

NMR Study. When a linear polymer is formed by the polymeri-
zation of COD, there are two modes of propagation, as shown below:

HigHio
Hzﬁ
HzB HO
HzB
H
HQB 0

HygHegHyg Hyg HygHagHog Hag

1, 4 structural unit 1, 2 structural unit
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Fig.5. Change of infrared spectra of polycyclodctadienes obtained

by TiCl,~TCA in toluene at —78°C. Polymerization conditions:

[Clo, 34. 8 mmole/liter; [M],, 0. 73 mole/liter; conversion, 34. 2%,

A-1, untreated; A-2, thermally treated; B-1, untreated; B-2, swollen
in n-hexane.

NMR spectra of polycycloGetadienes obtained in foluene and
methylene chloride are shown in Fig. 6, together with those of cis-
cyclodetene and COD, which were used as the standard to make
assignment of the polymer spectra. The NMR peak at 4. 80 7 was
ascribed to Hy, that at 7.70-7, 80 7 to Hyq + H;g + Hyq, and that
at 8.45 7 to Hyg. Using this assignment, the area ratios of several
NMR peaks were calculated with various polycycloGetadienes
obtained under different conditions. The analysis is given in Table 3.

The polymer consisting of 1, 4 structural units exclusively should
have the ratio Hy:H; o + Hyg+ Hpg 1 Hyg = 1:1:4, The 1, 2 poly-
mer should have the ratio 1:2: 3. The ingight of the data shown in
Table 1 tells us that the polymers produced in methylene chloride
consist almost exclusively of 1, 4 structural units. On the other
hand, with reference to polymers produced in toluene, the peak area
due to H, was small and that due to Hy4 + Hyg + Hyq was large as
compared with the peak area due to H,g. This indicates that the
polymers produced in toluene are branched, and that the branch-
free portion of the polymer consists of 1, 4 structural unit, The
peak due to H,o + H;g + Hyg of the polymer produced in toluene
shifted to a higher magnetic field, by 0. 10 ppm, than that of the
polymer produced in methylene chloride. This would have been
caused by the decrease of double bonding in the polymer because
of branching. This prevents us from determining whether the
branching takes place from 1, 4 or 1, 2 structural unit.

As discussed above, the nature of the catalyst used did not affect
the structure of the polymer very much. However, the influence of
the solvent used was very important. Such a profound effect of sol-
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Fig.6. Nuclear magnetic resonance spectra of polycyclobctadiene

and related compounds. (1) PolycycloBctadiene. TiCl,-TCA,

toluene, —78°C; [C],, 34. 8 mmole/liter;[M],, 0. 73 mole/liter; con-

version, 30.5%. (2) Polycyclobctadiene. TiCl,-H,0, methylene

chloride, —78°C; [C],, 10. 0 mmole/liter; [M],, 0. 73 mole/liter;

eonversion, 11,7%. (8) Cis-cyclodctene. (15 Cis, cis-1, 3 cyclo-
Octadiene.

vent on the polymer structure has not been observed in the cationic
polymerizations of CPD and CHD.

Trans-cyclodctene has been known to form silver ion complex
strongly, and it is easily separated from the mixture of cis- and
trans-cycloSctenes by argentation [8]. The experimental findings
shown in Table 3, namely, that the polymers produced in methylene
chloride have 1, 4 structural units and are nearly branch-free, may
be accounted for by the consideration that the 3, 8-disubstituted
cyclodctene unit in the polymer assumes a cis configuration so that
the access of cationic species to the double bond for branching is
hindered.

X-Ray Study. Polymers obtained by TiCl,-TCA in toluene or
in methylene chloride were treated by heating or swelling in n-
hexane. The untreated and treated polymers were subject to X-ray
investigation.
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Although polymers obtained in methylene chloride were in a
regular 1, 4 structure, they were amorphous, Although the IR spec-
tra of polymers obtained in toluene were changeable by crystalliza-
tion treatment such as heating and swelling, they remained amor-
phous.

To conclude, it was first established that in methylene chloride
a branch-free PCOD was obtained. In that solvent COD is poly-
merized almost exclusively via 1, 4 propagation. PCOD was also
unique among polymers of cyclic dienes in that it was resistant to
auto-oxidation.
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