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ABSTRACT: We investigated the epoxidation of polybutadiene (PB) by peroxy acid generated
in situ. Four types of polybutadienes were epoxidized by formic acid-hydrogen peroxide system.
The micro structure of each is as follows: (cis%) PB-1(98), (cis: trans: vinyl(pendant)%) PB-2
(9:85:6), PB-4(36:55:9), (cis:vinyl(pendant)%)) PB-3(10:90). The reactivity of the double
bond decreased in the following order; frans cis vinyl(pendant). The selectivity of epoxidation
decreased as follows; cis vinyl(pendant) trans. The double bonds of PB-1 reacted quantitatively,
and the selectivity of the formation of epoxide group was 74%. The ring opening of epoxide group
obtained from trans-double bond in PB-2 occurred quickly by reaction with formic acid. The
reacticity of PB-3 was lower than that of PB-1, because of the less-substituted double bond. PB-4
showed the same reactivity as PB-1, but gelation was observed when 60% of the double bonds
reacted. Thus, we could obtain the product with well-defined structure by reaction of PB with a
clearly determined micro structure. This method (formic acid-hydrogen peroxide system) was

effective for the functionalization of PB.
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The chemical modification of polymers is a
post-polymerization process. This method is
used for the improvement and optimization of
chemical and mechanical properties and for
the introduction of desirable functional groups
in polymers. To synthesize a specialty poly-
mer with certain desirable functional groups,
the polymerization of monomers with these
desirable functional groups is used. However
there are often a number of difficulties asso-
ciated with the reaction to obtain polymers
from these monomers; (1) difficulty in polym-
erization, (2) side reactions during polym-
erization, (3) difficulty in the preparation of
such a desirable monomer, and (4) unfavorable
reactivity ratios in the case of copolymeriza-
tion. The chemical modification 6f polymers
with unsaturated bonds thus offers a poten-
tially useful alternative method for the intro-

duction of desirable functional groups on
the polymer chains. The reaction of a macro-
molecule generally becomes complex owing to
effects of neighboring groups. The functional
group of the molecule shows various re-
activities and macromolecules may be con-
verted to many types of products.

As noted in the former report,! the epoxi-
dation of the polyolefin copolymer by in situ
peroxy acid proceeded quantitatively. The
reaction process was well followed by IR
spectral studies, and transformation of the
functional groups was clearly analyzed. We
wish to set forth the epoxidation of poly-
butadiene (PB) by this method to extend its
scope. Here, we deal with a polymer reaction,
for we had previously reported that in situ
generation of peroxy acid under heterogeneous
conditions was effective for the epoxidation of

t Higher Functionalization of Polyolefin by Chemical Modification III. For part II, see ref 1.

* To whom correspondence should be addressed.
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polyolefin copolymer.? The epoxidation of
unsaturated polymers by the reaction with
peroxy acid offers a potentially useful method
for improving and optimizing the mechanical
and chemical resistance properties of diene
type polymers. The introduction of epoxy
groups gives the polymers hydrophilic prop-
erty. There are many related reports about
epoxidation of PB or butadiene-co-polymers,
with monoperoxyphthalic acid,? ¢-butyl hydro-
peroxide/phosphoric acid, molybdate cata-
lyst,* and hydrogen peroxide/phosphoric acid,
tungstate catalyst® were used as oxidizing
reagents. There are one report® and two
patents® about epoxidation by in situ generated
peroxy acid (hydrogen peroxide-organic acid
system). In these reports, the introduction
ratio of oxirane was 20~ 37%, but the results
did not show the distinction of reactivity
among the micro structures in PB. Also, as the
reaction conditions were different, these were
not comparable to each other. In this report,
we investigate the relation between the micro-
structure of PB and reaction conditions in
order to synthesize a higher functional poly-
mer.

EXPERIMENTAL

Materials and Measurements

Polybutadiene (PB). PB-1 and PB-4 were
purchased from Aidrich Chemical Company,
Inc. PB-2 and PB-3 were donated from Japan
Synthetic Rubber Co., Ltd. These PBs were
purified prior to reaction by the following
method; 10wt% of PB in methylene chloride
was stirred for 24 h at room temperature. The
solution was poured into methanol. The
precipitate obtained was dried under reduced
pressure. The purified PB was preserved as a
white, rubber-like material in a desiccator. The
microstructure was measured from FT-IR
spectrum of PB film by Morero’s method®
(FT-IR spectroscopic technique). The content
of epoxy group and ester group in the product
was assayed as follows. 1,2-Epoxy octane,

1164

l1-octene, and methyl formate were mixed in
an arbitrary ratio. The absorbance of each
functional group was measured from IR
spectra of the mixture described above. An
absorption coefficient was calculated from the
absorbance and the concentration of each
component in the authentic mixture. The
results are shown in Tables I and II. Absorp-
tion coefficients of cis, trans, and vinyl(pen-
dant) group of PB have been determined by
Morero’s method. In this experiment, we used
1-octene as a model of a vinyl(pendant) group
of PB. The normalization of the absorption
coefficient of the double bond was carried out
as follows: cis: 740cm~1=0.21, trans: 970
cm ™ !=0.87, pendant: 911cm™!=1.00. Ab-
sorbances (¢) of double bond, epoxy and ester
group at the corresponding wave numbers
described above were determined from FT-IR
spectra. From the equation e =kcl (k =absorp-
tion coefficient, c¢=concentration, /=film
thickness), ¢/ was calculated. As /is a constant
in this measurement, the ratio of the concen-
tration of each group was determined.
Epoxidation of PB. In a typical run, 0.1 g of
PB (M,=2.0x10% 1.9mmol eq. calculated
from double bond units) were dissolved in
10 ml of methylene chloride in a 50 ml three-
necked glass flask with a magnetic stirrer.
To the polymer solution, 1.4ml (0.04 mol) of
99% formic acid and 2.6 ml (0.04 mol) of 35%
hydrogen peroxide were added. The resulting
two-phase reaction mixture was vigorously
stirred for a predetermined time. After com-

Table 1. Determination of absorption coefficients
of double bonds, and epoxy and ester groups

Compound conc./absorption coefficient

Exptl. No.
1-Octene 1,2-Epoxyoctane Ethyl formate
1 1/1 0.252/0.709 0.706/3.290
2 1/1 0.582/0.573 1.077/3.051
3 1/1 0.666/0.584 0.966/3.106
4 1/1 0.570/0.527 0.496/4.436
5 1/1 0.400/0.536 0.450/3.968
Mean value /1 /0.586 /3.571
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Table Il. Wave number of functional groups and the normalized absorption coefficients
_ Absorption coefficient, k& Absorption coefficient
1 >
Group Key band/cm (normalized in this experiment) (Morero’s method)

Doublebond: cis 740 0.21 0.573

trans 970 0.87 2.33

vinyl (pendant) 911 1.00 2.67
Epoxy 830 0.59
Ester 1725 3.57

pletion of the reaction, the water and organic Table III. Microstructures of polybutadienes

layer were washed with aqueous sodium
hydrogencarbonate solution and water. The
film of the product was produced from the
separated organic layer by casting it on water,
and then was dried at room temperature under
vacuum for at least 24 hours. The film obtained
was analyzed by the method above.

RESULTS AND DISCUSSION

Microstructure and Epoxidation of PB

PB was analyzed by the method in the ex-
perimental section. The microstructure (cis/
trans/pendant ratios) of commercial products
corresponded to catalog values. The values of
PB-1, PB-2, PB-3, and PB-4 are summarized
in Table III.

The influence of the concentrations of formic
acid and hydrogen peroxide was investigated
in the epoxidation of PB-3. The results are
shown in Table IV. Adding excess formic acid
to hydrogen peroxide reduced the selectivity to
the epoxy group but increased the conversion
of double bonds. As the reaction of double
bond with formic acid was not observed,
formic acid promoted carbon—oxygen bond
cleavage of epoxy groups. The cleavage
reaction was attributable to the high conver-
sion of the double bonds in PB. When the
concentration of formic acid was equal to or
less than that of hydrogen peroxide, the
conversion of double bonds and the selectivity
of the epoxidation showed high values.

The epoxidation of PB-1 and PB-3 was
performed at various reaction temperatures.

Polym. J., Vol. 26, No. 10, 1994

N e TRV ¢

cis/% trans|% pendant/%
PB-1 98 — —
PB-2 9 85 6
PB-3 10 — 90
PB-4 36 55 9

The results are shown in Table V. At 50°C,
the selectivity of epoxidation was low. The
reaction was slow at 0°C. The most appro-
priate temperature for obtaining high yield
and high selectivity of the epoxidation was
room temperature for the reaction of PB-1 and
PB-3. The epoxidation of PB-1 was carried
out room temperature in several solvents. The
results are shown in Table VI. The reactivity
decreased in the following order: methylene
chloride > chloroform ~ethylene chloride >
toluene ~carbon tetrachloride. This order
was due to the solubility of the solvents to
water. It was explained as follows: Performic
acid as oxidant was at first formed in water
phase, and then was transferred from the water
phase into the organic phase. If the solubility
shown in Table VI corresponds to the solubi-
lity of performic acid to the solvent, we can
assume in this case that the solubility relates
to the reactivity to the PB. As the reaction of
polybutadiene occurs in an organic phase,
reactivities summarised in Table VI are
consistent with the solubilities estimated from
the solubility of water. The solubilities and
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Table IV. The investigation of the epoxidation condition (PB-3)*

No HCOOH/mol H,0,/mol Reaction time/h Conversion®/% Selectivity®/% Yield?/%
1 0.04 0.01 6 25 58 14
2 0.04 0.02 6 27 65 18
3 0.04 0.04 6 26 75 19
4 0.04 0.06 6 17 81 14
5 0.04 0.1 6 14 80 11
6 0.04 0.01 24 37 35 13
7 0.04 0.02 24 37 48 18
8 0.04 0.04 24 30 65 20
9 0.04 0.06 24 19 80 15

10 0.04 0.1 24 25 84 21
11 0.02 0.04 6 19 88 17
12 0.04 0.04 6 26 75 19
13 0.06 0.04 6 34 64 21
14 0.1 0.04 6 35 52 18
15 0.02 0.04 24 28 80 22
16 0.04 0.04 24 30 65 20
17 0.06 0.04 24 45 47 21
18 0.1 0.04 24 50 31 16

* Reaction conditions: PB-3 (0.1) g, methylene chloride (10 ml), room temp.

® Conversion of olefin.
¢ Selectivity of epoxide.
4 Yield of epoxide.

reactivity are shown in Table VI.
Epoxidations of PB-1, -2, -3, and -4 were
carried out under the same conditions as
above. The results are shown in Table V. A
mixture of equal molar amounts of hydrogen
peroxide and formic acid was used. The molar
quantity of the peroxy acid obtained from the
mixture was ten times the molar amount of the
double bond in PB-1. It was confirmed by a
preliminary experiment that the conditions
were most appropriate. An appropriate reac-
tion time for acquiring high yield and high
selectivity of the epoxidation was 4h. in the
reaction of PB. The double bond in PB-2
showed high reactivity; all double bonds
reacted, and epoxy groups were found only in
one hour reaction. The cleavage of epoxy
groups in PB-2 were found in the more long
time reaction. Trans double bonds should be
consumed via the formation of epoxide, since
the double bond did not react with formic acid.
The difference of reactivity between PB-1 and
PB-2 might come from the difference of
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conformation between trans epoxy PB-2 and
cis epoxy PB-1. This was shown from a mo-
lecular model depicted by the simulated an-
nealing method in molecular dynamics, as
shown in Figure 1. Trans epoxy polymer was
not a compact packing, compared with cis
epoxy polymer, and thus the ring opening
reaction of trans epoxy group might proceed
first. In the case of low molecular compounds,
the ring opening of cis-epoxide is generally
easier than that of trans epoxide.’® The poly-
butadiene treated in this experiment showed
the opposite result. This result may come from
effects from neighboring groups or conforma-
tion of the polymer chain, though elucidation
of the effect was impossible in this experi-
ment. The reactivity of the vinyl group of PB-3
was the lowest among PBs, because of the low
electron density of terminal double bonds.
When the conversion of double bonds exceed-
ed 60%, PB-4, a mixture of cis and trans
structures, caused gelation. This gelation
came from the reaction of cis-epoxide with a

Polym. J., Vol. 26, No. 10, 1994
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Table V. Epoxidation of various PBs*

No. PB(0.1gy HCOOH/mol Reaction temp/°C Time/h Conv.%/% Select.®/% Yield?/%
1 0.02 0 4 18 89 16
2 0.04 0 4 33 92 31
3 0.1 0 4 28 89 25
4 0.02 room temp 4 30 85 25
5 0.01* room temp 4 42 94 39
6 PB-1 0.04* room temp 1 30 95 28
7 0.04* room temp 2 38 94 36
8 0.04* room temp 4 50 79 39
9 0.04 room temp 4 43 78 34

10 0.02 50 4 38 20 7
11 0.04 50 4 33 0 0
12 0.1 50 4 44 0 0
13 0.01* room temp 4 44 0 0
14 0.02* room temp 4 85 0 0
15 0.04* room temp 1 13 60 8
16 PB-2 0.04* room temp 2 100 0 0
17 0.04* room temp 4 100 0 0
18 0.04* room temp 6 100 0 0
19 0.06* room temp 4 100 0 0

20 0.1* room temp 4 100 0 0

21 0.02 room temp 24 17 69 11

22 0.04 room temp 24 24 61 14

23 0.04* room temp 1 4 88 3

24 0.04* room temp 2 7 79 S

25 PB-3 0.04* room temp 4 12 75 9

26 0.1 room temp 24 32 63 20

27 0.02 50 24 25 43 11

28 0.04 50 24 40 18 7

29 0.1 50 24 100 0 0

30 0.1 room temp 4 44 44 19
31 0.04 room temp 1 14 81 12
32 PB-4 0.04 room temp 2 31 40 13
33 0.04 room temp 3 55 43 24
34 0.04 room temp 4 59 28 17

* Methylene chloride (10 ml).

2 Reaction conditions: PB(0.1 g), 1,2-dichloroethane (10 ml), HCOOH/H,0, =1 (mol ratio).

b Conversion of olefin.
¢ Selectivity of epoxide.
4 Yield of epoxide.

hydroxy or formyloxy group generated by
acid—cleavage of an easily decomposable trans
epoxy group, as observed in the reaction of
PB-2.

The reactivity of formic acid—hydrogen
peroxide reagent to olefins in PBs decreased in
the following order; trans> cis > pendant. The
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selectivity of epoxidation was as follows; cis~
pendant> trans=0.

PB-3 showed low selectivity in contrast
with PB-1. This might be the reason for the
solubility difference between PB-1 and PB-3.
The film of PB-3 swelled in the formic
acid-hydrogen peroxide solution, but there was
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Table VI. Epoxidation of PB-1 in various solvens®
No. Solvent/10ml HCOOH/mol H,0,/mol Conv.*/% Select.?/% Yield?/%
. CH,Cl, 0.04 0.04 50 79 39
(22.5)° 0.1 0.1 51 75 39
2 CH,CICH,CI 0.04 0.04 33 98 32
(20.1)¢ 0.1 0.1 44 98 43
3 CHCl, 0.04 0.04 21 93 20
(12.0)¢ 0.1 0.1 100 9
4 CCl, 0.04 0.04 40 90 36
(2.0)° 0.1 0.1 41 89 36
C¢HCH, 0.04 0.04 4 92 4
5 (3.9 0.1 0.1 16 96 15
* Reaction conditions: PB-1(0.1g), 4h, room temp.
b Conversion of olefin.
¢ Selectivity of epoxide.
9 Yield of epoxide.

Solubility of water in the solvent (H,O mg/solvent (10 ml). (The value was calculated from *“Youzai Handbook

(Solvent Handbook),” T. Asahara, N. Tokura, M. Okawara, J. Kumanotani, and M. Senoo, Ed., Kodan-sha

Scientific, Tokyo, 1976.)
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Figure 1. The conformation of cis-epoxide PB (a) and

trans-epoxide PB drawed by a molecular dynamics
method.

no swelling in the film of PB-1. Therefore, the
selectivity of the epoxidation of PB-3 was low
because of the easy cleavage of the epoxy
group.

CONCLUSION

The best conditions for the epoxidation of
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PB by performic acid generated in situ was the
use of ten times for the double bond. The use
of equimolar contents of hydrogen peroxide
and formic acid was also essential for the best
result. The epoxidation of cis double bonds
showed high selectivity and high yield. The
epoxidation of cis double bonds of PB was
faster than that of terminal double bonds
because of the difference of electron density on
the double bonds. Trans double bonds in PB
showed highest reactivity, and caused epoxida-
tion followed by ring opening reaction to form
hydroxy and formylate groups. When trans
double bonds were present in polybutadiene,
the epoxidation of polybutadiene was very
difficult because of the easy ring opening
reaction of the frans epoxy group with formic
acid to form hydroxy and formyloxy groups.
The reaction between these and the epoxy
groups caused gelation. The epoxidation of
trans double bond in PB would thus appear
but not applicable because of the fast forma-
tion of hydroxy and formate groups through
ring opening of the trans epoxy groups.

Polym. J., Vol. 26, No. 10, 1994
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