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EMIL OTT

1902-1963

Dr. Emil Ott, Research Professor at Stevens Institute of Technology,
Trustee Plastics Institute of America and Consultant, died on September 29,
1963, in his home at Princeton. He was born in 1902 in Zurich, Switzer-
land, and received his Ph.D. from the Swiss Institute of Technology in
1928. A year earlier he came to the USA and worked as a chemist for
Stauffer Chemical in San Francisco; then he studied at Johns Hopkins under
an American Petroleum Institute Fellowship and there soon became as-
sistant professor of chemistry.

In 1933 he joined the Hercules Powder staff as a research chemist and
rose to director of research in 1939. He edited the book Cellulose and Cellu-
lose Derivatives (Interscience, 1943) which is a standard reference both in
this country and abroad, and published many papers in the entire field of
cellulose chemistry. In 1955 he joined Food Machinery and Chemical
Corporation (now FMC) as vice president in charge of research and de-
velopment of the Chemical Divisions of the company.

Since 1929 he was a member of the ACS and developed great activity in
the Wilmington Section; he also was a member of the ACS Board of Di-
rectors, 1948-51, together with many other responsible posts in the Society.

Dr. Ott was elected president of the American Institute of Chemists for
the 1959 term, and devoted much time to the International Union of Pure
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and Applied Chemistry, the Society of Chemical Industry, and the Societe
de Chimie Industrielle, which he represented at various international
meetings abroad.

In 1933 Dr. Ott married Dorothy Aiken Wright. Their children are
John Wright, Joan Nancy (Mrs. John Guyton), Dorothy Ann (Mrs. George
Darmstatter), and David Emil.

Please look at the photograph and you will vividly remember Emil as we
all loved to see him for so many years and as he will always remain in our
memory.

Dr. Ott came up with polymers and polymer science from the early be-
ginnings and was one of the last representatives of cellulose chemistry and
technology in its transition from a chapter on sugar chemistry to its present
dominating position in the science of macromolecules. The well-known
book on Cellulose and Cellulose Derivatives which first appeared in 1943
under his editorship represents a very interesting and successful amal-
gamation of the older European tradition—Haworth, Staudinger, Meyer,
Duclaux—with the more recent American contributions—Carothers, Krae-
mer, Flory, Spurlin—and can truly be called a classic in its field. A second
edition, published together with his life long friend and distinguished co-
worker, Harold Spurlin, has put the final touches on this merger, added the
results of Russian and Japanese efforts, and has given cellulose its proper
place in the wider fields of Polymer Science.

The Hercules Powder Company, which in the thirties already had a
distinguished record in the field of explosives, Naval Stores, and cellulosics,
succeeded, during the twenty years of Dr. Ott’s activities on its staff, to as-
semble a scientific and technical group of worldwide reputation and prestige.
It is probably correct to surmise that the company’s enlightened manage-
ment contributed as much to Dr. Ott’s growing stature as he did to the ulti-
mate success of the research and development activities of Hercules Powder.

However, Emil was not only interested in science and engineering, but
even more so in scientists and engineers and, as his position became more
and more elevated, he developed from the things to the people, from the
doing of scientific research to its organization and its correlation with the
aims of our Society. It must have been very difficult for him to move from
specialization to integration without being considered an amateur both
by the professional scientists with whom he started and by the professional
administrators amongst whom he spent most of his advanced career.
Two qualities are above all necessary to span the gap and to maintain
an influential position amongst specialists even if one cannot any longer be
in contact with all pertinent details of the daily progress, and they are in-
stinct and personality.

Emil possessed both qualities to an unusual degree and used them with
great skill, diplomacy, and persuasion. How often have we all admired
him when he entered the discussion of a Gordon Conference, an IUPAC
Symposium or any other high level Scientific Meeting with a minimum
of factual information on the topic and yet, all of a sudden, enlivened the
atmosphere by a stimulating and progressive contribution. How often
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has he impressed all of us in Commissions, Committees, Board Meetings,
and Trustee Conferences with his thoughtful and pointed remarks: con-
structive for the organizations involved, full of sound advice for his
colleagues, and of paternal benevolence for the younger generation.

We.all are going to miss him terribly whenever we meet now that he will
not be with us any longer and that we can no longer enjoy the sparks of his
matchless sense of humor and the warm atmosphere of his good natured
self.

Our sympathy goes to Dorothy and to all members of the Ott family to-
gether with the assurances that we all shall keep a fond and lasting memory
of our dear friend and of the inimitable way in which he blended strong and
profound effort with soft human spirit and with the image of a perfect
gentleman.

H. Mark
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Stereoregular Polymerization of Vinyl Alkyl Ethers
with Metal Sulfate-Sulfuric Acid Complex Catalysts

JOGINDER LAL and JAMES E. McGRATH, Research Laboratories,
The Goodyear Tire and Rubber Company, Akron, Ohio

Synopsis

The polymerization of vinyl alkyl ethers at room temperature or above, to give
crystallizable polymers is of considerable interest for both theoretical and practical con-
siderations.  The polymerization of these monomers has been studied with metal sulfate-
sulfuric acid complex catalysts at 0°C. or above to give high molecular weight, isotactic
polymers. Ferric hydrosulfate hydrate and aluminum hexahydrosulfate heptahydrate
(AHS) were used as catalysts. The nature of the solvent employed during polymeriza-
tion with these heterogeneous catalysts was found to be quite important from the
point of view of polymerization rate and stereoregularity of the polymer. A vinyl ether
having a linear alkyl group polymerizes considerably faster than a monomer having a
branched alkyl group. The apparent first-order rate constant values for the AHS-
catalyzed polymerization of vinyl alkyl ethers having n-alkyl groups indicate the fol-
lowing sequence: ethyl > »-butyl > n-hexyl = »-octyl. In the temperature range of
30-58°C. the overall activation energy for the polymerization of vinyl »-butyl ether in
heptane with AHS catalyst was found to be 9.7 kcal./mole. Vinyl »-butyl ether was
copolymerized with /3-vinyloxyethyl methacrylate (M2) using AHS catalyst. The
average values of ri = 0.82 and r2 = 0.004 were obtained.

INTRODUCTION

The slow polymerization of vinyl alkyl ethers with boron trifluoride-
diethyl ether catalyst at —78°C. to give stereoregular, ci-ystallizable
polymers was reported by Schildknecht and co-workers.1 Natta et al.2
showed that poly (vinyl isobutyl ether) prepared in this fashion has an
isotactic structure. A number of other catalyst systems capable of giving-
crystalline poly (vinyl alkyl ethers) have since been reported.3‘7 During
our work on the cationic polymerization of vinyl isobutyl ether with
triisobutylalummum-titanium tetrachloride system, we observed that if
the temperature of polymerization was allowed to exceed about —20°C.
the polymer produced was amorphous. Natta et al.4also reported that
when the polymerization of vinyl isobutyl ether with triamylaluminum-
biscyclopentadienyltitanium dichloride was carried out at —30°C. or
higher, amorphous polymers were obtained. Okamura et al.8found that
during the polymerization of vinyl isobutyl ether with BF3ether in a
“homogeneous” cationic system, the polymer obtained at —20°C. was
very tacky and had a very low precipitation temperature of —46°C. in
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methyl ethyl ketone solution.  This value is presumably due to the irregu-
lar structure of the polymer. All these observations on the influence of
temperature on the stereoregular polymerization of vinyl isobutyl ether
are in marked contrast to the well-known formation of stereoregular poly-
mers at relatively elevated temperatures in the anionic coordinated pol-
ymerization catalyzed by Ziegler- and Natta-type heterogeneous cata-
lysts.

Polymerization of vinyl alkyl ethers at about room temperature or
above to give crystallizable polymers is of considerable interest for both
theoretical and practical considerations. The polymerization of vinyl
alkyl ethers with aluminum hexahydrosulfate heptahydrate catalyst
(AHS) at 0°C. or above to give high molecular weight polymers was re-
ported by Mosley.9 This catalyst has been found useful in synthesizing
copolymers of vinyl alkyl ether with vinyl allyl etherDor with 1-methoxy-
1,3-butadiene.1l We had previously reported®? our discovery that the
reaction product of ferric sulfate with sulfuric acid (FHS) not only polymer-
izes vinyl alkyl ethers at about room temperature to high molecular weight
materials, but that these materials also crystallize on stretching and give
fiber diagrams on x-ray diffraction. At about that time we also discovered
that Mosley’s catalyst similarly gave crystallizable polymers from vinyl
alkyl ethers. Furthermore, these polymers were more crystalline if
polymerization was carried out in carbon disulfide instead of pentane.13
A recent publication indicates that Okamura et al.u have also been inter-
ested in the polymerization of vinyl isobutyl ether with metal sulfate-
sulfuric acid complex catalysts.

It has also been reported that crystalline polymers are produced if vinyl
ethers are polymerized with the reaction product of aluminum selenate with
aluminum isopropoxide,6 aluminum alkoxide or aluminum alkyl with
sulfuric acid,*I7and a metal sulfate with a metal alkyl or a metal alkoxide.B
The polymerization of vinyl isobutyl ether with n-butylmagnesium bromide
at 80°C. to give a crystalline polymer has been reported by Kray.19 We
wish to report here some additional work in connection with the polymeriza-
tion of vinyl alkyl ethers with the metal sulfate-sulfuric acid complex salts.

EXPERIMENTAL
Reaction of Ferric Sulfate with Sulfuric Acid

A 20-g. portion of powdered ferric sulfate hexahydrate and 100 ml. of
concentrated sulfuric acid were placed in a 250-ml. flask fitted with a dry-
ing tube containing Drierite. The mixture was stirred with a glass-coated
magnetic stirrer and maintained at 80°C. for about 4Vv2hr. After cool-
ing, it was carefully added to 500 ml. of anhydrous diethyl ether. This
treatment precipitated a white material from the reaction mixture. The
white material obtained was filtered under a blanket of nitrogen, washed
with additional ether three times and dried for 64 hr. at 35°C. and 2 Torr.
Avyield of 14 g. of white powder containing 19.85% iron and 22.7% sulfur
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was obtained. These analytical data correspond to an overall composition
of Fe2(S04)3112504-jHD where x is about 3 or 4.

Aluminum hexahydrosulfate heptahydrate was prepared by heating
aluminum sulfate octadecahydrate with concentrated sulfuric acid accord-
ing to the procedure described by Mosley.9

Catalyst suspensions were made in dry decalin or heavy mineral oil by
rolling the mixture in a bottle in the presence of dried porcelain spheres.

Monomers

Vinyl ethyl, n-butyl, and isobutyl ethers were obtained from Union
Carbide Chemicals Company. Vinyl isopropyl ether, vinyl n-hexyl ether,
and vinyl n-octyl ether were synthesized according to the method of
Watanabe and Conlon@by the transetherification of analytical grade iso-
propyl alcohol, n-hexyl alcohol, and n-octyl alcohol with vinyl n-butyl
ether with the use of mercuric acetate catalyst. They were fractionally
distilled through a 1-m. column containing protruded metal packing, 0.16
in. X 0.16 in. and fitted with a constant temperature distillation head.
All these monomers were then washed thoroughly with water, dried over
potassium hydroxide pellets and distilled twice over sodium wire. For a
study on their rates of polymerization, they were distilled over calcium
hydride and the middle cuts were used for polymerization. /3-Vinyloxy-
ethylmethacrylate (VEM) was obtained from Rohm and FTaas Company.
It was distilled under vacuum to free it from hydroquinone stabilizer.
The middle cut was used for copolymerization studies.

The refractive indices of the monomers are given in Table I.

TABLE |
Refractive Indices of Vinyl Ethers
Monomer nD

Vinyl ethyl ether 1.3718
Vinyl isopropyl ether 1.3792
Vinyl n-butyl ether 1 .3968
Vinyl isobutyl ether 1.3912
Vinyl n-hexyl ether 1.4125
Vinyl n-octyl ether 1.4224
/S-Vinyloxyethyl methacrylate 1.4436

Solvents

n-Heptane (Phillips pure grade) and hexane (Phillips commercial grade)
were treated with concentrated sulfuric acid, washed thoroughly with
water, and dried over silica gel. Thereafter, they were distilled over-
phosphorus pentoxide under nitrogen. n-Pentane (Phillips pure grade)
was used directly without any treatment. Thiophene-free benzene (Baker
and Adamson, ACS reagent grade) and carbon disulfide (J. T. Baker,
technical grade) were also distilled over phosphorus pentoxide under
nitrogen.



3372 J. LAL AIND J. E. MCGRATII

Polymerization

Polymerization was carried out by mixing monomer and solvent in the
required ratio in a bottle and subsequently purging with dry nitrogen.
The bottle was then fitted with a screw cap and a self-sealing rubber
gasket. The bottle was chilled to about —20°C., the required amount of
catalyst suspension was injected through the sealing gasket, and the bottle
was tumbled in a 5°C. water bath. The polymerization was generally
allowed to proceed to a high conversion. In the case of poly(vinyl ethyl
ether), the polymerization was terminated with methanol containing
phenyl /3-naphthylamine stabilizer. The polymer was then precipitated
in water. For the other poly (vinyl alkyl ethers), the precipitating medium
was methanol. The polymers were dried for 64 hr. at 40°C. and 2 Torr.

Study of the rate of polymerization was carried out in a four-necked
1-liter flask fitted with a stirrer, a thermometer, a condenser with a drying
tube on its top, and a serum cap. The flask was suspended in a constant
temperature bath. After the mixture of 50 ml. of vinyl n-butyl ether
(0.39 mole) and 500 ml. of heptane in the flask had attained the temperature
of the bath, 0.5 ml. of 2.05% suspension of aluminum hexahydrosulfate
heptahydrate (AHS) in dried mineral oil was injected through the gasket.
Samples of the reaction mixture were withdrawn at regular intervals and
injected into weighed bottles through their self-sealing gaskets. A known
amount of phenyl /3-naphthylamine in methanol was present in these
bottles. The polymers were dried first under aspirator vacuum and finally
at 40°C. and 2 Torr. to constant weight.

In an analogous manner, the rates of polymerization of other vinyl alkyl
ethers were determined by diluting 0.39 mole of the monomer with heptane
to a volume of 550 ml. and polymerizing with 0.5 ml. of 2.05% suspension
of AHS.

To characterize more fully the molecular weight dependence on con-
version a larger-scale polymerization was carried out in a small internally
stirred reactor. The polymerization was carried out at 50°C. in hexane
under 10 psig pressure of nitrogen. The volume ratio of the solvent to the
monomer (vinyl n-butyl ether) was 5:1. The weight ratio of the monomer
to the AHS catalyst was 3.33 X 104:1 The cata'yst was introduced into
the reactor as a 4% suspension in dry mineral oil. The reaction mixture
was stirred continuously.

The inherent viscosity of the polymer was determined at 30°C. on a
0.1% solution of the polymer in benzene.

Copolymerization

A 20-ml. portion of vinyl n-butyl ether and VEM mixture of known
composition and 100 ml. of pentane were placed in cleaned 4-oz. bottles
and screw-capped. The bottles were suspended in a water bath at 26°C.
and after 1 hr. 20 mg. of powdered AHS catalyst was added to each of the
bottles. The bottles were shaken frequently during the copolymerization
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interval (13-41 min.). The copolymers were precipitated with a mixture
of 80% methanol and 20% water containing 0.5% phenyl 0-naphthylamine.
The precipitated copolymers were suspended in the fresh precipitant over-
night and were dried to constant weight at 40°C. and 2 Torr. Polymeriza-
tions were carried out in duplicate to 5% or lower conversions. The
copolymer composition was determined by measuring the absorption due
to the carbonyl group at 1725 cmrland estimating the VEM content
from a calibration curve obtained from a physical mixture of poly (vinyl
n-butyl ether) and poly (VEM) in carbon tetrachloride.

RESULTS AND DISCUSSION

Data typical of those obtained from polymerizations done in the in-
ternally stirred reactor are presented in Figures 1and 2. The polymeriza-
tion rate decreased and became very slow above 80% conversion (Fig. 1).

Fig. 1 Polymerization of vinyl n-butyl ether with AHS catalyst (suspension No. 1) at
50°C. in hexane. Dependence of polymer conversion on polymerization time.

The inherent viscosity increased rapidly as the polymerization progressed
and leveled off at about 40% conversion (Fig. 2).

The conditions for bottle polymerization of several vinyl alkyl ethers
are shown in Table Il. The various polymers, without fractionation,
gave crystalline x-ray diffraction patterns, some of which are shown in
Figure 3. The identity periods of four poly(vinyl alkyl ethers) and their
solubility behavior in various organic solvents are given in Table III.
The identity period of 6.7 A. for our poly(vinyl isobutyl ether) and poly-
vinyl n-butyl ether) is in reasonable agreement with the identity period
of 6.5 A. reported by Natta et al.2for the BF3catalyzed poly(vinyl isobutyl
ether) and by Dall’Asta and BassiZLfor ethylaluminunr dichloride- or ethyl-
aluminum difluoride-catalyzed poly (vinyl n-butyl ether). These investi-
gators have assigned isotactic, ternary helical structure to these two
polymers. The similarity in identity period suggests that poly(vinyl
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Identity Period and Solubility Data on Poly (vinyl Alkyl Ethers)
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Fig. 2. Polymerization of vinyl n-butyl ether with AHS catalyst (suspension No. 1)
at 50°C. in hexane. Dependence of inherent viscosity of the polymer on per cent
conversion.

isobutyl ether) and poly (vinyl n-butyl ether) prepared with metal sulfate-
sulfuric acid complex catalyst are also isotactic. The same is also true of
our poly(vinyl ethyl ether) which has an identity period of 6.6 A. The
identity period of 36 A. for the poly (vinyl isopropyl ether), prepared with
the aluminum hydrosulfate, is also in agreement with the value of 35.5 A.
reported by Dall’Asta and Oddo2 for isotactic poly (vinyl isopropyl ether).

The poly(vinyl isopropyl ether) prepared either with APIS or FHS
catalyst was only partially soluble in acetone. This is in contrast to the
complete solubility of the polymer in acetone at room temperature as
reported by Dall’Asta and Oddo.2 Presumably, the poly(vinyl isopropyl
ether) prepared by these investigators was less crystalline than our polymer.

Effect of Solvent during Polymerization

The nature of solvent employed in the polymerization of vinyl alkyl
ether with metal sulfate-sulfuric acid complex catalyst is quite important.
We have observed that the polymerization of vinyl n-butyl ether in benzene
or toluene is considerably slower than in heptane. A comparison of the
per cent insolubility of the polymer in various organic solvents showed
that the polymer made in benzene had a greater insoluble fraction than
the polymer prepared in heptane. For instance, a poly(vinyl n-butyl
ether) sample prepared in benzene at 36°C. (inherent viscosity 3.4) con-
tained 8% of a methyl ethyl ketone-insoluble, highly crystalline fraction,
whereas another polymer sample (inherent viscosity 4.0) prepared in
heptane under otherwise similar conditions had only 1-2% of a methyl
ethyl ketone-insoluble fraction. Similarly, a poly(vinyl isobutyl ether)
sample prepared in benzene at 36°C. had a benzene-insoluble fraction
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amounting to 25% as compared to 9% present in the polymer prepared in
heptane. These benzene-insoluble fractions melted at 158.5-159.5°C.
under a polarizing microscope. Dall’Asta and Bassi2l have also reported
that in contrast to aromatic hydrocarbons, such as toluene, the aliphatic
hydrocarbons, such as heptane, give very weakly crystalline or absolutely
amorphous poly (vinyl n-buty! ether) during polymerization with modified
Friedel-Crafts catalysts at —78°C. As stated above, the rate of poly-
merization of vinyl n-butyl ether with AHS catalyst in benzene or toluene is
slower than in heptane. This is in contrast to the marked increase in
polymer conversion reported by Dall’Asta and Bassi when toluene was
substituted for heptane.

Effect of Monomer Structure on Polymerization Rate

The data in Table Il indicate that vinyl alkyl ethers having linear as
well as branched alkyl groups can be polymerized with the metal sulfate-
sulfuric acid complexes. However, a vinyl ether having a linear alkyl
group polymerizes considerably faster than the monomer having a branched
alkyl group.  As shown in Figure 4, under identical conditions the apparent
first-order rate constant for the polymerization of vinyl n-butyl ether at
36°C. is about 25 times the corresponding value for vinyl isobutyl ether.
This lower rate is partly due to the formation of threadlike agglomerates
of the catalyst during the polymerization of vinyl isobutyl ether. The
bulkiness of the isobutyl group of this monomer might also hinder the
approach of the monomer to the reactive centers of the heterogeneous
catalyst, thereby reducing the rate of its polymerization. The influence
of the length of the linear alkyl group on the rate of polymerization of vinyl
ethers is shown in Figures 4 and 5. Increasing the length of the alkyl
group of the monomer from ethyl to n-hexyl caused a decrease in the rate
of polymerization. Further increase in the length of the alkyl group from
n-hexyl to n-octyl apparently did not affect the polymerization rate. The

TABLE IV
Apparent First-Order Rate Constants for the Polymerization of Vinyl Alkyl Ethers with
AHS Catalyst*

Apparent first-order
rate constant,

Alkyl group in monomer Polymerization temp., °C. min.-1 X 10D
Ethyl 0.5 4.0
«-Butyl 0.5 0.55
«-Butyl 36 12
Isobutyl 36 1.7
«-Hexyl 36 0.54
«-Octyl 36 0.54

*Catalyst suspension No. 3 in mineral oil. The average particle size of the catalyst
was about 5 x During polymerization of vinyl «-butyl ether, the catalyst particles re-
mained unchanged in size.

>[M] = 0.71 mole/1.; [Cat.] = 2.43 X 10-6mole/l.
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Fig. 4. Effect of length and shape of alkyl group on rate of polymerization of vinyl
alkyl ethers at 36°C. in «.-heptane; (O) n-butyl; (O) isobutyl; (V) «-hexyl; (0) «-
octyl. [Monomer] = 0.71 mole/L; [Cat.] = 243 X 10“5mole/l.; AHS suspension
No. 3.

apparent first-order rate constant values for the polymerization of these
monomers with a particular catalyst suspension are given in Table IV and
indicate the following sequence: vinyl ethyl ether > vinyl n-butyl ether >
vinyl n-hexyl ether = vinyl n-octyl ether.

Effect of Temperature on Polymerization Rate

The overall activation energy for the polymerization of vinyl n-buty.
ether in heptane with AHS catalyst in the temperature range of 30-58 °C1
was found to be 9.7 kcal./mole (Fig. 6). In these experiments, the volume
ratio of the solvent to the monomer was 10:1 and the molar ratio of the
monomer to the catalyst was 2.83 X 104:1. Our value of the activation
energy is of the same magnitude as the value of 6.0 = 0.5 kcal./mole
reported by Coombes and EleyZ3 for the polymerization of vinyl n-butyl
ether in diethyl ether solvent using boron trifluoride-diethyl ether catalyst.

Mechanism of Polymerization

The exact mechanism of the polymerization of vinyl alkyl ethers with
metal sulfate-sulfuric acid catalysts to form crystallizable polymers has
not been elucidated. Steric considerations associated with the hetero-
geneous nature of the catalyst play a major role in determining the mode of
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Fig. 5. Effect of length of n-alkyl group on rate of polymerization of vinyl alkyl
ethers at 0.5°C. in n-heptane: (O) n-butyl; (A) ethyl. [Monomer] = 0.71 mole/1.,
[Cat] = 2.43 X 10”5mole/1.; AHS suspension No. 3.

insertion of the monomer between the heterogeneous anion and the grow-
ing polymer cation. Further steric control may be involved by coordina-
tion of the ether groups of the polymer with the catalyst centers (Fig. 7).

Furukawa2} has proposed that such a complex catalyst should possess
at least two coordination centers. If two adjacent ether groups near the
chain end are linked to the second catalyst center, the isotactic polymer
may be expected by the attack of the coordinating monomer, which adds to
the chain end by entering from the opposite side of the polymer chain.

X

where Mu Mu are metals and X is the ligand.
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Fig. 6. Arrhenius plot for AHS-catalyzed polymerization of vinyl n-butyl ether in n-
heptane. [Monomer] = 0.71 mole/l.; [Cat.] = 2.43 X 10-5 mole/1., AHS suspension

No. 3.
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Copolymerization

We have copolymerized vinyl alkyl ethers with other suitable monomers
using AHS catalyst. When vinyl ?r-butyl ether or vinyl ethyl ether was
copolymerized with vinyl 2-chloroethyl ether, the copolymers could be
vulcanized with ditertiary amines or polytertiary amines. The reactivity
ratios of vinyl «.-butyl ether and /3-vinyloxyethyl methacrylate during

Fig. 8. Fineman-Ross plot for the copolymerization of vinyl re-butyl ether and O-
vinyloxyethyl methacrylate with AHS catalyst at 26°C. in re-pentane.

copolymerization have been determined at 26 °C. in the presence of AHS in
pentane solvent. The copolymerizations were confined to the region of
1-5 mole-% VEM because we were primarily interested in synthesizing
vulcanizable copolymers. Furthermore, a few copolymerizations using-
much higher mole per cent of VEM were quite sluggish. The reactivities
of vinyl n-butyl ether (Mi) and VEM (M2 were calculated by the method
of Fineman and Ross.® The familiar copolymer equation

vii | Mi Miri £ Mg
e M Ma2V Mi @)
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can he rewritten as

1N = £ F2—r2 2
and
/-1 = Hf
F n F2 &)

where/ = mi/msand F = Mi/Ms. Ah and M 2are the molar concentra-
tions of the monomers in the monomer mixture, mi and m2are their molar
concentrations in the copolymers, and r\ and r2are their reactivity ratios
according to the usual convention. The compositions of the monomer

0.9

0.8

0.7

0.6

Fig. 9. Fineman-Ross plot for the copolymerization of vinyl ra-butyl ether and /3
vinyloxyethyl methacrylate with AHS catalyst at 26°C. in n-pentane.

mixtures and their copolymers are shown in Table V. A plot of (F/f)
(/ — 1) against F2f [eg. (2)] gave the slope ri and intercept —2as shown
in Figure 8. From a linear least square fit of the data, values of rx = 0.816
and r2 = —0.16 were obtained. Similarly a plot of (/ — \)/F against
fIF2 [eq. (3)] gave from the intercept ri = 0.818 and slope r20.168 as
shown in Figure 9. The average values of N = 0.817 and r2= 0.004 were
thus obtained.

The copolymerization data were also treated according to the intersection
method of Mayo and Lewis.® By substituting the values of Mi, M2 mi,
and M2in eq. (1) a simplified expression is obtained in which ri and r2are
linearly related. From the enclosed circular area (Fig. 10), values of n =
0.82 and r2= 0.3 were obtained.
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TABLE V
Copolymerization of Vinyl »-Butyl Ether (Mi) with d-Vinyloxyethyl Methacrylate (M2)
(AHS Catalyst)»

Expt. M_ m2 [ = ni]jni2 F = Mi/Mi
| 1.27 1.53 64.32 77.70
] 1.635 1.95 50.28 60.16
i 2.40 291 33.36 40.67
v 3.20 3.67 26.25 30.25
\Y 4.02 4.65 20.50 23.88
VI 4.63 5.42 17.45 20.60

“Mi and M2represent molar concentrations of vinyl »-butyl ether and /3-vinyloxy-
ethyl methacrylate in monomer mixtures and nil and m2 are their molar concentrations
in the copolymers.

The uncertainty in the value of r2lies principally in the fact that the
portion of the copolymer curve under investigation is extremely insensitive
to the value of r2  If copolymer composition data for higher mole per cent
VEM were available, the value of r2 could be determined with greater

Fig. 10. Lewis-Mayo plot for the copolymerization of vinyl »-butyl ether with /3
vinyloxyethyl methacrylate with AHS catalyst at 26°C. in »-pentane.
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accuracy. As the concentration of VEM in the monomer mixture in-
creases, the rate of polymerization slows down. This suggests a low value
of r2 Since AHS catalyst is insoluble in the polymerization medium, some
steric considerations of the catalyst surface are presumably responsible
for this extremely low value of r2 The homopolymerization of VEM in
pentane was extremely sluggish with AHS catalyst, ostensibly for the same
steric factors. (The homopolymerization was quite rapid with soluble
catalysts such as stannic chloride.)

The authors wish to express their thanks to the Goodyear Tire & Rubber Company
and Dr. H. J. Osterhof for permission to publish this work, to Dr. K. W. Scott for help-
ful discussions, to Dr. E. F. Devlin for infrared analysis, and to Mr. D. J. Zimmerman
for technical assistance.
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Résumé

La polymérisation des éthers alcoyl-vinyliques a température de chambre et au-dessus,
pour fournir des polymeres cristalisables, est d’un intérét considérable tant au point de
vue théorique que pratique. On étudie la polymérisation de ces monoméres par des
catalyseurs complexes d’acide sulfurique et de sulfate métallique a 0°C et au-dessus
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produisant des polymeéres isotactiques de poids moléculaire élevé. On utilise comme
catalyseur de I’hydrate d’hydrosulfate ferrique et de I’heptahydrate d’hexahydrosulfate
d’aluminium (AHS). On trouve que la nature du solvant utilisé pendant la polymérisa-
tion avec ces catalyseurs hétérogenes est relativement importante au point de vue de la
vitesse de polymérisation et de la stéréorégularité du polymére. Un éther vinylique ayant
un groupement alcoylé linéaire polymérise considérablement plus vite qu’un monomeére
ayant un groupement alcoylé en ramification. Les valeurs des constantes de vitesse
apparentes de premier ordre, pour la polymérisation par les catalyseurs AHS des éthers
alcoylés vinyliques ayant des groupements n-alcoylés, présentent la séquence suivante:
éthyle > n-butyle > n-hexyle = ra-octyle. On trouve que dans le domaine de tempéra-
ture de 30° a 58°C I’énergie d’activation globale pour la polymérisation des éthers vinyl-
re-butylique dans I’heptane avec le catalyseur AHS est de 9.7 kcal./mole. L’éther n-butyl-
vinylique est copolymérisé avec le méthacrylate de beta-vinyloxyéthyle (M2 par le
catalyseur AHS. On obtient les valeurs moyennes de n —0.82 et r2 = 0.004.

Zusammenfassung

Die Polymerisation von Vinylalkyldthern bei Raumtemperatur oder dartiber unter
Bildung kristallisierbarer Polymerer ist von betrachtlichem theoretischen und praktis-
chem Interesse. Es wurde die Polymerisation dieser Monomeren mit Metallsulfat-
Schwefelsdure-Komplexen als Katalysatoren bei 0°C oder dartiber unter Bildung hoch-
molekularer isotaktischer Polymerer untersucht. Als Katalysatoren wurden Eisen(111)-
hydrosulfat-Hydrat und Aluminiumhexahydrosulfat-Heptahydrat (AHS) verwendet.
Die Art des bei der Polymerisation mit diesen heterogenen Katalysatoren verwendeten
Lésungsmittels ist sowohl fir die Polymerisationsgeschwindigkeit als auch fiir die Stereo-
regularitdt des Polymeren von grosser Bedeutung. Vinylather mit linearer Alkylgruppe
polymerisieren bedeutend schneller als Monomere mit verzweigter Alkylgruppe. Die
Werte der scheinbaren Geschwindigkeitskonstanten erster Ordnung fir die AHS-kata-
lysierte Polymerisation von Vinylalkyl&thern mit n-Alkylgruppen nehmen in der Reihen-
folge Athyl > re-Butyl > ra-Hexyl = n-octyl ab. Im Temperaturbereich von 30-58°C
ist die Bruttoaktivierungsenergie der Polymerisation von Vinyl-rc-butyléther in Heptan
mit dem AHS-Katalysator 9,7 kcal./Mol. Vinyl-n-butyl&ther wurde unter Verwendung
des AHS-Katalysators mit /3-Vinyloxyéathylmethacrylat (M2 copolymerisiert. Es
wurden mittlere Werte vonn = 0,82 und r2 = 0.004 bestimmt.

Received March 8, 1968
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Cyclopolymerization of a,a>-Polymethylene
Diisocyanates*

YOSHIO IWAKURA, KEIKICHI UNO, and KIYOSHI ICHIKAWA f
Department of Synthetic Chemistry, Faculty of Engineering,
University of Tokyo, Bunkyo-ku, Tokyo, Japan

Synopsis

The study of polymerization of a,u-polymethylene diisocyanates, tetramethylene,
trimethylene, ethylene, and methylene diisocyanate, was carried out by the use of basic
catalysts and polar solvents. Soluble polymers were obtained. Structures of the
polymers were determined on the basis of solubility, infrared absorption, x-ray diffrac-
tion, and chemical reactions, especially aminolysis of the polymers. It was shown that
these polymers contained heterocyclic recurring units (imidazolidone and imidazoline)
in each polymer chain. Finally, a possible mechanism of this kind of cyclopolymeriza-
tion is described.

INTRODUCTION

It has been generally accepted for many years that the organic iso-
cyanates are converted to their dimers (1,3-disubstituted uretidinediones)
and their trimers (1,3,5-trisubstituted isocyanurates) in the presence of
various kinds of basic catalysts.12 Recently, however, Shashoua4 has
shown that basic catalysts such as sodium cyanide in A”N-dimethyl-
formamide are much effective for the polymerization of both aliphatic
and aromatic isocyanates to yield linear high molecular weight polymers
which should be structurally called “1-nylons.” More recently, it has
been reported by Nattadthat crystalline polymers can be obtained by the
polymerization of phenyl and n-butyl isocyanate in the presence of anionic
catalysts such as lithium and sodium alkyls.

So, it was assumed that under some suitable conditions the anionic
polymerization of a,co-polymethylene diisocyanates might give linear
polymers with cyclic recurring units in the main chain by an alternating
intermolecular-intramolecular propagation mechanism, as shown in eq.
(1), where An®is the initiating anion.

*Presented, in part, at the 11th annual meeting of the Society of High Polymer
Chemistry, Nagoya, Japan, May 27, 1962, and at the 12th annual meeting of the
Society of High Polymer Chemistry, Tokyo, Japan, May 26, 1963.

f Present address: The Technical Research | aboratory, Asahi Chemical Industry Co.,
Ltd., Nakadai-cho, Itabashi-ku, Tokyo, Japan.

3387



3388 Y. IWAKURA, K. UNO, AND K. ICHIKAWA

(CH2,, (CH2,,
M /
0=C=N—(CH2,,- N=C=0 An- -N N-C-mN Ne (1)

In our study the polymerizations of polymethylene diisocyanates (n = 1,
2, 3,* 4) were carried out, and, as results, linear soluble polymers contain-
ing cyclic recurring units in the main chain were obtained. The structures
of the polymers obtained were determined. It was found that the poly-
mers obtained had the recurring unit Il in addition to those mentioned
above.

(CH2,,—N

—C—N-meev oo

d §!

The details and the mechanisms of the cyclopolymerization of polymethyl-
ene diisocyanates will be described below.

RESULTS AND DISCUSSION

Preparation of Polymers

Table | shows representative polymerization conditions and results
for each of the polymers from a,co-polymethylene diisocyanates (n = 1,
2,3, 4) used.

As a catalyst, sodium cyanide in a solution of A7./V'-dimethylformamide
was used, because it has been found to be an effective initiator3for the
homopolymerization of monoisocyanate. The others, pyridine, a useful
catalystI2for the dimerization of isocyanates, and a trace of pyridine in epi-
chlorohydrin, a more effective catalyst6 for the trimerization, were also
available only for the polymerization of ethylene diisocyanate (n = 2),
to yield a linear soluble polymer as shown in Table I. It is of interest that
the y-ray irradiation of ethylene diisocyanate gave a soluble polymer even
in the solid state at —195°C. and the structure of the polymer was the
same as that of the polymer obtained from the catalytic polymerization in
solvents. The radiation polymerization of isocyanates has not hitherto
been reported in the literature.

Tetramethylene diisocyanate (n = 4) gave only an insoluble gel-like
polymer in the presence of a trace of pyridine in epichlorohydrin and on
y-ray irradiation at near room temperature. From the infrared spectrum
of the gel-like polymer, it was found that this polymer had the same linkage
as that of polyisocyanurate7and had no cyclic recurring unit in the polymer
chain but unreacted isocyanate group in the side chain.

*Miller and Black5also reported an example of cyclopolymerization of trimethylene
diisocyanate,
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Among the monomers used, methylene diisocyanate, the simplest mem-
ber of <x,co-polymethylene diisocyanate, is essentially very unstable. It
polymerized spontaneously during storage for a long period even in dry
condition and violently on direct contact with A Ar-dimethylformamide.
The polymer thus formed was tough, transparent, and insoluble, and its
real structure remained unknown. Toluene was accordingly used as a
solvent in the polymerization of methylene diisocyanate, but the yield
was poor. AfA-Dimethy]formamide was mainly used for the other di-
isocyanates, and excellent yields were recorded. The rather low yield in
the polymerization of methylene diisocyanate seemed due to the 110ll-
polarity of the solvent used. The polymerization of n-nonyl isocyanate
was attempted in iV,A*-dimethylformamide and toluene under the same
conditions. In the former solvent, n-nonyl 1-nylon having an intrinsic
viscosity of 3.3 (in toluene at 30°C.) was obtained in quantitative yield,
whereas in the latter solvent a polymer was obtained in only 4% yield
and its intrinsic viscosity was 0.15.

Some Properties of the Polymers

Table 11 lists some properties of the polymers prepared. All polymers
obtained were in the form of white powders.

These polymers gave no apparent melting points, but began to decompose
slowly at the temperatures shown in Table II. It was observed that
polymers A, C, and D were more heat stable than polymer B. 1-Nylons
have lower heat stabilities than the polymers obtained here.8 It seems
that the rather stable nature of these polymers is attributed to the cyclic
structures in the polymer systems.

All polymers obtained were soluble in hot organic solvents as listed in
Table II. In concentrated sulfuric acid at 30°C., it was observed that the
intrinsic viscosities of the polymers were 0.07-0.08 for polymer D and 0.16
for polymer C at the time of the preparation of the solutions, but the vis-
cosity of the former decreased to almost zero after four days, and that of
the latter to 0.067 after eight days. This decrease in the viscosity shows
degradation of the polymers in concentrated sulfuric acid.

Structure of the Polymers

Infrared absorption data of the polymers and typical model compounds
are shown in Figure 1and Table Il11. Table IV summarizes the sources
of the model compounds used, some of which are not hitherto reported in
the literature. The compounds prepared were identified by their analytical
data and infrared spectra.

Al the polymers obtained in this work have essentially linear structures,
for they are soluble in some organic solvents as mentioned above. The
polymers gave no absorption bands characteristic of isocyanate group, ex-
cept polymer A.  The degree of cyclization of polymers B, C, and D ap-
pears to be nearly 100%, but not that of polymer A.  Thus the recurring
unit Il



3390

Y.

IWAKURA, K. UNO, AND K. ICHIKAWA

o MO
coi-00
N oo @R W
U [ |
0 ip CO P 0 10 *o
QM CO »p ip *o Ci
co ®
11 1 Pl «
. )
S'S $ RN %8NS
v o Pl 1
X, ]
. PiP 210
(o}
T R UPR G
Jo Cco (N v iH
8‘@? 0 o o 0o 0o o o @M
S
fe fe pU\pq'S
30sOQH

Xmw O O

o
So
oo



c*,co-POLYMETHYLENE diisocyanates

B

c000O©
E<M < N CO CO CO

AN

oloo Lo I-
<0 H

o 100-.© © o
30N b
c0000O0O0O

w
=
(@]

QPQQPQPQ

afeiatatatetetat

P

oi co 10 co t>

Polymer D le

5
IS %

%% id

€5 OGHE
... £5

B b U

&p%’rs g)s%ggm

H H ro0 <0 <0 B+ H

3391



3392 Y. IWAKURA, K. UNO, AND K. ICHIKAWA

TABLE I
Polymethylene 1Jjisocyanate Polymers and Their Properties

Decomposition temp., °C. Soluble in
Polymer A (n = 1) >350 Ilimethyl sulfoxide, Ar-methyl-
pyrrolidone (LiCl), HS04
Polymer B (n = 2) 270-280 Dimethylsulfoxide, HS04
Polymer C (n = 3) >350 m-Cresol, HS04
Polymer D (n = 4) >350 Ethylene carbonate, 11504
TABLE |11

Infrared Absorption of Polymers and Model Compounds*

C =0 stretching (S), Qpi,

em- 1 rocking
N=C=0 band, Between (m or w).
Compound Ring size cm.-1 In ring rings cm. 1
Polymer A 4 2280 Near 1720 760
(single
broad
band)
Polymer B 5 1773 1690 760
Polymer C 6 1720 1685 775
(Shoulder)
Polymer D 7 1716 1688 762
(Shoulder)
Imidazolidone-2 5 1660 767
N-Acetylimidazoli- 5 1751 1653 748
done-2b
N,N'-Diacetylimid- 5 1745 1690 750
azolidone-2
M-Phenylcarbamoyl- 5 1727 1665 757
imidazolidone-2 (746)
N,N'-Trimethylene- @ 1688 783
urea (1674)
A, A"-Diacetyltri- 6 1708 1692 753
methyleneurea (Shoulder)
X,N'-Tetramethyl 7 1646 740
eneurea
-Y,N'-Diacetyltetra- 7 1726 1686 761
methyleneurea
Tri-ra-pentyliso- 6 1692
cyanurate
?i-Pentyl-I-nylon Linear 1693°

“Measurements were carried out in the solid state in Nujol mull.
b Data of Hall and Zbinden.8
cln 1% benzene solution.
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is involved in the main chain of Polymer A.

The polymers gave two characteristic absorption bands at 1770-1710
and 1690 cm.-1 Absorption data of model compounds in Table 111 show
that C=0 stretching bands of the cyclic ureas shift to a higher region on
substitution of hydrogen atoms on nitrogen by acyl groups.  The absorption
band ofthe C =0 linkage between rings in structure | would not be so much
affected by the ring size and give nearly the same wave numbers as those of
1-nylons. From the facts mentioned above, the C=0 stretching absorp-

4000 3000 2000 1800 1600 1400 1200 1000 800 600
WAVE NUMBER 0M71

Fig. 1. Infrared spectra of the polymers.
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20

Fig. 2. X-ray diffraction curves of the polymers: (1) polymer A; (8) polymer B; (3)
polymer C; (4) polymer D.

tion bands of polymers C and D may be assigned as follows: the bands in
the higher region are those of the C=0 in a ring structure and the bands
in the lower region are those of C=0 groups between rings. Polymer A
gave an absorption band at 2280 cm.-1 which was characteristic of the iso-
cyanate group, and a single broad band in the C=0 stretching region.
Although two absorption bands were not recognized in that region in this
case, it may be explained that those two bands overlap each other. So
the polymer would have cyclic recurring units.

Polymer B gave two characteristic absorption bands at 1773 and 1690
cm.-1. It is shown in Table I11 that C=0 absorption of imidazolidone at
1660 cm.-1 shifts up to around 1750 cm.-1 on acylation of the N-H group
in cyclic urea. Then, the two absorption bands of polymer B might be
assigned as follows: the band at higher wave number corresponds to C=0
groups in a ring, and the other to C =0 groups between rings.

In this polymerization, the formation of structure 1V would be possible.

CH2

/ \
ch?2 N
Y //
mC— N--C-<
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The determination of the structure will be described later in this paper.
In this case two absorption bands at 1773 and 1690 cm.-1 would correspond
to the C=0 and C=N stretching vibrations, respectively. The carbonyl
group in structure 1V is that of the urethane linkage which has the unsat-
urated substituents on nitrogen and oxygen atoms. The carbonyl ab-
sorption of urethanes may shift from the usual frequency region (1720
cm.-1) to a higher one by such a substitution. The stretching absorp-
tion band of the C=N group usually appears at about 1660 cm.-1, but in
structure IV it should shift to a higher region by the same reason as the
case of C=0 stretching absorption. The assignment of these two bands
in polymer B, therefore, is considered to be a reasonable one.

X-ray diffraction patterns are shown in Figure 2. This shows that poly-
mers B, C, and D contain highly crystalline structure, and polymer A is
amorphous. Presence of highly crystalline structure gives further evidence
that these polymers appear essentially linear.

Chemical Behavior of the Polymers

Aminolysis of the polymers was investigated with secondary di-w-bu-
tylamine. Consumption of di-n-butylamine was observed when the poly-
mers were treated with excess amount of di-n-butylamine in X,V-dimethyl-
formamide containing a catalytic amount of sodium cyanide. The amount

REACTION TIME IN HOURS

Fig. 3. Aminolysis reaction of the polymers: (1) polymer A; (3) polymer B; (3) polymer
C; (4) polymer D.
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of amine consumed was measured by titration with hydrochloric acid.
Figure 3 shows the curves obtained on plotting the ratio of the reacted
linkage in the polymers against the reaction time, it being assumed that
the amine would react with equivalent moles of the linkage.

The aminolysis reactions of the polymers were carried out under the
swollen states in ¢V,A'-dimethylformamide except polymer A, which was
treated after drying. In the case of polymers A and B, the reaction mix-
tures became homogeneous after half reaction time had elapsed. From
Figure 3 it is seen that two kinds of reactions are involved in aminolysis
of the polymers: one is a relatively rapid reaction, and the other is a very
slow one. In the latter, a linear relationship is observed between conver-
sion and time. The intersections of the straight lines and vertical axis
may give approximate amounts of linkages in the polymers which reacted
with the amine.  The results are summarized in Table V.

The aminolysis product of polymer A was viscous oil. The intrinsic vis-
cosity of polymer C was reduced from 0.53 to 0.096 after the reaction.
These results suggest that the aminolysis reaction occurs with scission of
the main chain. In polymers A, C, and D, the aminolysis products gave
the same infrared spectra as the parent polymers after sufficient reaction
time; polymer B gave V-substituted imidazolidone. These facts indicate
that the urea linkage is scarcely affected by the amine, and the rapid amin-
olysis reaction takes place at a linkage other than the urea.

Polymer B, unlike the others, reacted more easily with di-n-butylamine
in A"V-dimethylformamide containing a catalytic amount of sodium cy-
anide to give I-(IV,A*di-n-butylcarbamoyl)-imidazolidone-2 (V) at room
temperature and ethylenebis(A, N, N', N '-totra-w-butyl)urea (VI) at 60°C.
as shown in eqg. (2).

/N =C=0
/CHZ—C H2 Polymer B
0=C=N
excess
(n-C4HYNH (N-CAH92NH
room temp. lglgo%N cat.
(tCHINH (1-C4H9)2NCNH (CH2NHCN (n-ChH9)2
NaCN cat., 80°C.
0] 0
VI (2)

The aminolysis product of polymer B at room temperature is identified
as V. Authentic compound V was prepared from ethylene diisocyanate
and di-n-butylamine, according to the reaction9of ethylene diisocyanate
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TABLE V
Aminolysis of Polymers with Di-re-butylamine

Proportion of linkage
reacted with the amine,

Polymer Temp., °C. %
Polymer A 30 17
Polymer B 23 52
Polymer C 30 12
Polymer D 30 30

and ammonia to yield V-carbamoyl imidazolidone-2. No further change
was observed when V was treated with excess di-n-butylamine in the ab-
sence of catalyst, even at an elevated temperature. An apparent reaction,
however, was observed on adding a trace of sodium cyanide at 80°C.
The product obtained by this reaction is the same as that given in the
aminolysis of polymer B at 60°C., and confirmed as VI. The titration re-
sult that 50% of the linkage reacted rapidly with the amine in polymer B,
supports the formation of V. From these results, the structure of polymer
B is considered to be V I1:

/ .CH2
CH, N
\
--------- N c—O -C“—--———
— 0 —In
VI

It has been reported that V,V'-disubstituted carbodiimidesi3and V,V-dial-
kylcyanamides!4 react with carboxylic acids and amines to give amides
and ureas as shown in egs. (3)-(5).
R—N
\
R—N=C=N—R + R'—C—OH — 0—O—C—R '-----mm- »

O R—NH~ O
R—NH—C—NH—R + R'—C—NHR" (3)

Vil
R, R
N—C=N + Cbo—NH—CH—COOH — Cbo—NH—CH—C—0—C—N (4
|
R, R R 0 NH R,
IX
H2N—CH—C—O—R™
kl
[ A — * Cho—NH—CH—C—NH—CH—C—0—R" +
R 0 i o

N—C—NH, (5)
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The structures oi intermediates VIII and 1X are the same as that of VII.
The large reactivity of these intermediates give additional evidence for
structure VII. The aminolysis of polymer B can be described in the
following eq. (6):

CH2 CH2
[\ A
CHj N I ch2 N
\ \ .
—C-N-C-0-}F EI:-N-c-oH- (n-CHYNH
0
CH2-CH?2
(—CiH92N—C—N N excess (nh—ei:ng)zNH Vi (6)
i\
OH
- X _|

The cleavage of the single carbon-oxygen bond in the urethane linkage
produces a pseudourea type intermediate (X) which rearranges into V,
followed by the conversion into VI. The linkage in the other polymers A,
C, and D which react rapidly with the amine would be the same as that of
polymer B. Tentative average structures of the polymers are proposed in
Table VI, mainly from the data of aminolysis.

TABLE VI
Proposed Average Structures for the Polymers

XI X1l X111
X, % v, % 2 %
Polymer A 66 34
Polymer B 0 100 0
Polymer C 76 24 0
0

Polymer D 40 60
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Mechanism of the Polymerization

The mechanism of this cyclopolymerization would be considered as
below. First, the initiation step proceeds by the attack of the catalyst
anion against the carbon atom of the isocyanate group at one end of the
diisocyanate to cause the opening of the carbon-nitrogen double bond, as
shown in eq. (7). This initiation reaction is supported by the fact that the
anionic polymerization of monoisocyanates gives 1-nylons.

! (CHJ),

An© + 0=C=N-(CH2r,-N=C=0 — An—C—N © N 0
H J'

XV

X1V
(©)

Second, the intramolecular propagation may be the coordination of the
nitrogen anion to the carbon atom of another isocyanate group in the same
molecule with ring formation. In the cyclic intermediate XV the negative
charge is delocalized over the nitrogen and the oxygen atom. The suc-
ceeding intermolecular propagation occurs by the additional opening of
the carbon-nitrogen double bond of another diisocyanate molecule by the
anion XV. When the nitrogen anion contributes more to the cyclic inter-
mediate XV, structure X1 will be formed predominantly, as seen in poly-
mers Cand D. When the oxygen anion contributes more, the formation of
structure X 11 will result. Polymer B is supposed to be produced only
through the opening of the carbon-oxygen double bond at the intramolec-
ular propagation step.

EXPERIMENTAL

All melting points and boiling points are uncorrected.

Synthesis of Monomers

The various a,co-polymethylene diisocyanates used in this work were
synthesized from the corresponding dicarboxylic dihydrazides and sodium
nitrite through the Curtius rearrangement. The following method for the
preparation of tetramethylene diisocyanate may be regarded as typical of
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the reaction conditions used. All the monomers were freshly distilled
just before any polymerization reaction.

Tetramethylene Diisocyanate. A 211-g. portion (1.21 mole) of adipoyl
dihydrazide (m.p. 179°C.) was dissolved in 1.4 1 of aqueous hydrochloric
acid containing 2.42 mole of the acid, and the solution was chilled to 0-5°C.
with an ice-salt bath. To the cold solution, a solution of 173 g. (2.5 mole)
of sodium nitrite in 200 ml. of water was added with good mechanical
stirring at such a rate that the temperature did not rise above 8°C. Half-
way along the operation 400 ml. of benzene was added. After the com-
plete addition of the sodium nitrite solution, the benzene layer was sepa-
rated and the aqueous layer rvas extracted twice with each 100 ml. of
benzene. The extracts were collected and dried for 2 hr. over anhydrous
calcium chloride. The benzene solution was heated slowly with good stir-
ring, until no further nitrogen was evolved. The benzene was then removed
under vacuum and the residue fractionated, yielding 86.8 g. of tetramethyl-
ene diisocyanate (51%), b.p. 112-113°C./19 mm., in a clear white lig-
uid. The boiling points and the yields of other monomers were; tri-
methylene diisocyanate, 103°C./30 mm., 73%; ethylenediisocyanate,
81°C./20 mm., 74%; methylenediisocyanate, 39°C./17 mm., 27%.
Methylene diisocyanate was prepared according to Roesh’es methodl6
and identified as a phenylurea derivative by its melting point (232°C.),
infrared spectrum, and elementary analysis.

Anair. Calcd. for OisHieOAh: C, 63.36%; H, 5.67%; X, 19.71%, Found: C,
63.38%; H, 5.99%; N, 19.55%.

Preparation of Catalysts

For the preparation of sodium cyanide solution, 30 ml. of N,N-di-
methylformamide was distilled directly into a Schlenk tube in which 0.15
g. of sodium cyanide had been dried previously. This solution was stored
under nitrogen. Pyridine used was dried over sodium hydroxide and then
rectified, b.p. 115.5°C.

Purification of Solvents

All of the solvents used in this work were dried and distilled before use.
AhfV-Dimethylformamide, commercially available, was first distilled with
10% volume of ethanol and then the middle fraction was stored over cal-
cium hydride. Before the polymerization studies, the solvent was re-
distilled at 60°C./30 mm. and then used. Toluene was purified by recti-
fication from phosphoric anhydride, b.p. 110°C. Epichlorohydrin was
purified by fractionation. The fraction boiling at 116-117°C. was used
for the polymerization studies.

Polymer Preparation

Table | shows representative reaction conditions for each of the polymers
prepared in this work. The following is a typical polymerization proce-
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dure. A 200-ml., four-necked flask was equipped with a stirrer, Schlenk
tube, and two side-arm adapters. One of these adapters had a calcium
chloride tube and a dropping funnel containing the noted amount of the
solvent, the other was fitted with a nitrogen inlet tube and a thermometer.
The flask was then flamed out while being swept with nitrogen and dried
by passing through the phosphoric anhydride tube. The monomer and the
solvent were added, and the contents were cooled to the indicated tempera-
ture (Dry Ice-methanol bath for lower temperature). The initiator solution
was added at once from the Schlenk tube with vigorous stirring.  Usually
the reaction proceeded exothermically, and the polymer precipitated at
once. After stirring for 30 min., the reagent (Table 1) was added. The
polymer was filtered and washed with ether. The product obtained was
dried at room temperature under vacuum.

Characterization of Polymers

Viscosity measurements were carried out at 30°C. in an Ubbelohde-type
viscometer, and the intrinsic viscosities were obtained. The infrared
spectra were obtained in a double-beam Hitachi EPI-S2 infrared spectro-
photometer on samples in Nujol mulls. The x-ray diffraction patterns
were run on a Rigaku-Denki Geigerflex (CuKa, Ni filter) for powdered
samples of the polymers.

Aminolysis of the Polymers

A mixture of about 2 g. of the polymer, 100 ml. of N,N-dimethylforma-
mide, 3 ml. of the catalyst solution, and 10 ml. of di-n-butylamine was
maintained at 30°C. (for polymers A, C, and D) or at 23°C. (for polymer B)
in a well-controlled bath. The polymer sample was used in a swollen
state (for polymers B, C, and D) or in a finely powdered state (for polymer
A), since the reaction proceeded usually heterogeneously. Each 5 ml.
of the reaction mixture, after dilution with 10 ml. of dioxane, was titrated
at intervals with 0.25V hydrochloric acid, using bromophenol blue indica-
tor. The ratio of the reaction was calculated from the titer. Results are
shown in Table V and Figure 3.

Aminolysis of Polymer B. To a mixture of 405G g. of polymer B
(corresponding to 0.0362 mole of ethylene diisocyanate unit), 150 ml. of
V,V-dimethylformamide, and 4.5 ml. of the catalyst solution of sodium
cyanide was added 4.68 g. of di-n-butylamine (0.0362 mole) and the
mixture allowed to stand for two days. After the removal of the unre-
acted polymer by filtration, the filtrate was subjected to a distillation at
30-40°C. under reduced pressure, leaving a light yellow, viscous oil.
The residual oil was treated with 50 ml. of ether to precipitate 1.6 g. of
white solid (decomposition point, 155-190°C.) which was supposed to be
an oligomer of low molecular weight. The ethereal filtrate was washed
with water and dried over calcium chloride. The ether was evaporated off
at room temperature, leaving 0.8 g. of a viscous oil which was identified
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as I-(V,V-di-n-fcutylcarbamoyl)-imidazolidone-2 (V) by comparing its
infrared spectrum with that of an authentic sample. Principal bands ob-
served were: 3340 cm.-1 (N-H stretching), 1727 cm.“1 (C=0 in ring),
1666 cm.-1 (C=0 between rings), 1530 cm.-1 (Amide Il band), 751
cm.-1 (CH2rocking in ring). Other peaks of remarkable strength were
found at 1299 cm.-1, 1255 cm.-1, 1132 cm.-1, 1098 cm.-1, 1060 cm.-1,
some of which might be referred to C-N stretching vibration. The authen-
tic sample was synthesized in an excellent yield, by the reaction of ethylene
diisocyanate and di-n-butylamine in benzene.

Anar. Calcd. for CIHZ N3 C, 59.72%; H, 9.61%; N, 17.41%. Found: C,
59.38%; H, 9.51%; N, 16.54%.

Alternatively, a mixture of 4.0 g. of polymer B (corresponding to 0.036
mole of ethylene diisocyanate unit), 150 ml. of A*V-dimethylformamide,
4.5 ml. of catalyst solution of sodium cyanide, and 15 g. of di-n-butylamine
(0.116 mole) was heated at 60°C. for 2 hr. The reaction medium became
homogeneous immediately after the beginning of the reaction. On re-
moval of volatile materials under reduced pressure, there remained oil
which solidified on standing for a day. The residual product was recrystal-
lized from n-hexane to give 2.8 g. of cottonlike needles, m.p. 102-103°C.,
which were identified as ethylenebis(.V,.V,IV",/M-tetra-n-butyl)-urea (VI)
by comparison of its melting point and infrared spectrum with those of an
authentic sample. The infrared spectrum of this compound had repre-
sentative bands at 3350 cm.-1 (N-H stretching), 1624 cm.-1 (C=0 stretch-
ing), 1532 cm.-1 (Amide Il band), and 1295 cm.-1 (Amide Il band).
The authentic sample was prepared from V and di-n-butylamine in N,N-
dimethyIformamide.

Anal. Calcd. for COHAD N4: C, 64.82%; H, 11.42%; N, 15.12%. Found: C,
64.50%; H, 11.01%; N, 15.82%.
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Résumé

Nous avons étudie la polymérisation des a,ai-diisoeyanates polyméthyleniques, tetra-
méthyléne-, triméthylene-, éthyléne-, et méthylene-diisocyanate, en utilisant des cataly-
seurs basique et des solvants polaires. Les polyméres obtenus étaient solubles dans les
solvants organiques. On admet que les polymeres sont constitués d’unites périodiques
cycliques (imidazolidone ou imidazoline). Les structures des polymeres sont montrés
sur la base des solubilités, des spectra des infra-rouges, des diffractions des rayons-X,
et de leur réactions chimiques. Enfin, on propose un mécanisme de la polymérisation
cyclique des or,w-diisocyanates polyméthyleniques.

Zusammenfassung

Aus tt,u-Polymethylendiisocyanaten (Tetramethylen-, Trimethylen-, Athylen-, und
Methylendiisocyanat) wurden mit basischen Katalysatoren in polaren Ldsungsmitteln
I6sliche Polymere hergestellt. Diese Polymeren enthielten in der Polymerkette hetero-
cyclische (Imidazolin- und Imidazolidon-) Ringe. Die Struktur der Polymeren auf
Grund von Loslichkeit, Infrarotabsorption, Rontgenbeugung und Aminolysereaktion
wurde bestimmt. Ein flr diese Art von Cyclopolymerisation méglicher Mechanismus
wird angegeben.
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Study of Epoxy Compounds. Part VI. Curing
Reactions of Epoxy Resin and Acid Anhydride
with Amine, Acid, Alcohol, and Phenol
as Catalysts

YOSHIO TANAKA and HIROSHI KAKIUCHI, Department of Applied
Chemistry, Yokohama National University, Yokohama, Japan

Synopsis

The curing reaction of an epoxy resin and acid anhydride with an amine and/or acid,
alcohol, and phenol was studied kinetically by using commercial epoxy resins and acid
anhydrides. No etherification reaction occurred at 70-140°C., even in the case of
epoxide/acid anhydride/HA (acid, alcohol, or phenol) and of epoxide/acid anhydride
tertiary amine/HA, and the initial reaction rate was proportional to the concentrations
of epoxide, acid anhydride, and catalysts such as tertiary amine, acid, alcohol, and
phenol. The apparent activation energy of the reaction system of Epikote 828/methyl-
bicyclo(2,2,1)heptene-2,3-dicarboxylic anhydride/triethanol amine/HA was obtained
as about 14.7 kcal./mole, and the low frequency factors and large negative entropies of
activation for the reaction might confirm that the curing reaction of epoxy resins and
anhydrides belongs to the type of nucleophilic bimolecular displacement reaction. The
effects of the substituents, R, of acid, alcohol, and phenol as cocatalyst on the curing
reaction of epoxy resin/acid anhydride/tertiary amine/HA were studied. The reaction
constants, p, obtained positively for HA’s, indicate that electron-withdrawing substit-
uents of HA increase the rate of curing reaction of system of epoxide/acid anhydride/
amine/HA. Differences in the catalytic and cocatalytic effects among benzoic acid,
benzyl alcohol, and phenol in these reaction systems might be considered to depend on
the donating power of hydrogen bond which is the important role rather than a general
electrostatic interaction effect as solvent effects in nucleophilic substitution reactions.
These results supported the proposed mechanisms reasonably.

INTRODUCTION

The mechanism of the curing reaction of epoxide and acid anhydride has
been somewhat obscure, but Fisch and Hofmannl2 have recently proposed
a sequence of reactions which accounts for most of the observed facts.
They studied carefully the uncatalyzed reaction and assumed that the
primary step in the curing is reaction between anhydride and the secondary
hydroxyl groups of the resin to produce monoester:

|
HC-0-C cO2n

@

3405
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Next, the newly formed carboxyl group reacts with the epoxide group
of another molecule to give a diester and a new secondary hydroxyl group
which may itself react with the anhydride :

qu 0 f(i)loil o

HCOC COH + CH2—CH- HCOC COCH2CH—

These reactions were confirmed by the evidence that the amounts of mono-
and diester produced are stoichiometrically equivalent to the amount of
anhydride which disappears, and that the initial rate of production of mono-
ester parallels the rate of consumption of anhydride and is much faster
than the rate of formation of diester. Analytical studies of the curing
process gave the unexplained fact that in every case the epoxy groups de-
creased significantly faster than the diester groups increased, while, ac-
cording to eq. (2), these two quantities should be equivalent. They sug-
gested that etherification takes place between the epoxy and the hydroxyl
groups under the catalytic influence of anhydride or carboxyl groups.

O OH

I [\ o
HCOH + CH2—CH---* HCOCHjCH— ©)

The acceleration of the curing rate of an epoxy resin (Epon-834)/phthalic
anhydride system by addition of benzoic, succinic, and tricarballylic acids
was studied by Dearborn, Fuoss, and White,3who showed that carboxylic
acids react directly with epoxide groups to produce secondary hydroxyl
groups which in turn react with phthalic anhydride, regenerating car-
boxylic acid.

RCOOH + CH2—-CH -—-- » RCOOCH'.CH— (4)
\ o/ OIH
In a previous paper,4it was shown that no etherification occurs, at least
up to the gelation time, from the unexpected evidence that there was no
significant difference in consumption of epoxide and anhydride. The
difference in gelation time between the systems of Epikote-828/hexahydro-
phthalic anhydride (HHPA)/amine and Epikote-IOOI/HHPA/amine might
be due to the catalytic effect of hydroxyl groups of resin. The accelerating
effect of a mixed catalyst of an amine and an alcohol appeared to be the sum
of the effects of the amine and of the alcohol or hydroxyl group from the
result that the relations of the initial concentration of the amine and the
alcohol to the gelation time of these reaction systems run parallel to each
other. The catalytic effect of the hydroxyl group was suggested as fol-
lows:
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AN

RoH + O=c c=0 + c'?-\|zc|-|. EO'H,

PH
ROC COCH2CH—

3407

©

The evidence presented for the reactions of eq. (5) i.e., that this is a third-
order reaction, that is, the reaction is first order with respect to epoxide,
anhydride, and hydroxyl, and the pPvalue for alcohols in the curing reac-
tion was obtained positively, which indicates the electron-withdrawing sub-

stituents

the Kinetic studies of these systems were carefully made.

R

R

of alcohols increase the rate of the curing reaction.

- § 9
Cc=0 R)N- PE &)9

S

oN O=C

0 0 0 o 0
© 1 Ig. I\
co

N—C.

0 0 ?®

COCHaCH- + O=C C=0

(i_

R3N-C COCH2CHOC (
1 8
0 0
© | 1
RaN -C COCH2CH
w 1 0 0
(s) 1 1o
S /s. .COCH2CHOC-
+ NRa
o 0 COCH2CHOC-
_ 1 | 1
OCH2C1HOC, co 0 0

1
+ CH2CH - RsN -C COCHZCHO9

In this paper,
The catalytic

(6)

©



3408 Y. TANAKA AND II. KAKIUCIll

effect of the compounds having active hydrogen, including alcohol, on the
curing reaction was quantitatively studied, and a new modified mechanism
was proposed.

It has been shown that bases, such as tertiary amines, improve both the
rate and course of the reaction between epoxides and anhydrides.36 Re-
cently Fischer6 proposed the mechanisms shown in egs. (6)-(9). These
were confirmed by the result that, within certain limits, the reaction
was zero order, i.e., independent of the concentrations of epoxide and
anhydride, and proportional to the concentration of the catalyst.

In a preceding paper,4we studied kinetically the curing reaction of epoxy
resin and acid anhydride, and proposed that the reaction of eq. (7) might
be the rate-determining step in the curing reaction. This result is in
general agreement with the observation that the reaction was third order,
that is, first order with respect to epoxide, anhydride, and amine, re-
spectively, and that the polar reaction constant, pPfor amines in the curing
reaction was obtained negatively, which indicates that electron-repelling
substituents of the amine, NR3 increase the curing rate.

This paper deals with the kinetic studies of the curing reaction of epoxy
resin and acid anhydride, and the catalytic and cocatalytic effects on the
curing reaction of tertiary amines and other compounds having active
hydrogen such as acid, alcohol, and phenol.

EXPERIMENTAL

Reagents

The epoxy resins were Shell Chemical Company Epikote 828 (E-828)
and Epikote 1001 (E-1001) ; acid anhydrides were Allied Chemical and Dye
Corporation hexahydrophthalic anhydride (HHPA) and methylbicyclo-
[2,2,1]heptene-2,3-dicarboxylic anhydride (MNA) isomers. Some physi-
cal and chemical properties of MNA are shown in Table I; those of the
other reagents were described in a previous paper.4

TABLE |
Properties of MNA
Acidity X 10 3
dV 7725, cpoise eqUiV./g.
7i2b (obsd.) Obsd. Lit. Obsd. Lit. Obsd. Calcd.
1.5041 1.227 1.2358* 152 140* 5.40 5.62

*Manufacturer’s data.7

The reagents used as catalysts were all reagent grade and used after dis-
tillation or recrystallization.
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Procedure

The polymerization and analytical procedures have been adequately
described previously.4 The ratio of epoxy resin to acid anhydride and/or
catalyst concentrations is the molar ratio in all cases given below.

The extent of reaction P is defined as:

p=(Ct- C)Ci=1- CUCi (10)

where Ctand Ctare the concentrations of reagents in the reaction system at
the time of measurement and initially respectively. The rate equation of
the second-order reaction is obtained as:

P/(1- P) = K/U = Kt't (11)
where
KiPi = Kz
when the initial concentration of epoxide, Cu is the same as that of acid
anhydi'ide.

RESULTS

Reaction Order

In the reactions of E-828 and HHPA or MNA with acid, alcohol, or
phenol and with or without amine as catalysts, there were almost no dif-
ferences in decreases of the concentration between epoxide and HHPA
or MNA, as shown in Figures 1-3.  When P/ (1 —P) is plotted against the

Reaction Time ( I,hr.; Il,min. )

Fig. 1. Reaction of epoxy resin/acid anhydride/acid with or without amine at 100°C.;
(O) epoxide; (9) MNA; (1) E-828/MNA/benzoic acid (0.2:0.2:0.02); (Il) E-828/-
MNA/bei zoic acid/triethanolamine (0.2:0.2:0.02:0.0034).
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Fig. 2. Reaction of E-828/HHPA/methyl alcohol/triethanolamine (1:1:0.01) at
90°C.: (O) epoxide; (3) HHPA; (7)6.98 X 10-5 mole/g.; (77) 3.49 X 10-5 mole/g.

Reaction Time ( I,min.;Il,hr. )

Fig. 3. Reaction of epoxy resin/acid anhydride/phenol (0.2:0.2:0.02) with or without
amine (0.0034) at 100°C.: (O) epoxide; (3) acid anhydride; (7) E-828/MNA/phenol/-
triethanolamine; (77) E-828/MNA/phenol.

reaction time, the slope of the best line drawn through the points is Kt,
the second order reaction rate coefficient. Figures 4-6 show the data of
typical experiments to determine the reaction order. The curing reaction
was second order with respect to the concentrations of epoxide and an-
hydride, as shown by eq. (11), that is, first order with respect to each
reagent in these systems at the temperatures given, since the decrease of
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Reaction Tine ( I,hr.; Il,min. )

Fig. 4. Reaction of epoxy resin/aeid anhydride/acid with or without amine at 100°C.:
(1) E-828/MNA/benzoic acid; (11) E-828/MNA/benzoic acid/triethanolamine.

Reaction Time ( min. )

Fig. 5. Reaction of E-828/HHPA/methyl alcohol/triethanolamine at 90°C.; (I) 6.98
X 10~5mole/g. of amine; (1) 3.49 X 10-6 mole/g. of amine.

epoxide was stoichiometrically equivalent to the amount of anhydride
which disappeared. The rate equation of this curing reaction, therefore,
is obtained as follows:

—d [epoxide\/dt = —d [acid anhydride]/dt
= Ka [epoxide][acid anhydride] (12)

where K a is the observed second-order rate coefficient containing the con-
centration of the catalysts, and shown as Ka = K [amine], in the system
epoxide/anhydride/amine and Ka = KJ[HA], in the system epoxide/



3412 Y. TANAKA AND II. KAKIUCHI

0 5« iou

Reaction Tirre ( I,nin.; Il,hr. )

<ig (> Reaction of epoxy resin/acid anhydride/phenol with or without amine at 100°C.
(/) E-828/MNA/phenol/triethanolamine; (IT) E-828/MNA/phenol.

CHA ( 10~4mol./g. )

Fig. 7. Effect of concentration of HA (acid, alcohol, or phenol) on gel time fe of the
reaction system E-828/MNA (0.2:0.2) at 100°C.

anhydride/HA, HA being acid, alcohol, or phenol, and K\ = K [amine]-
[HA], in the system epoxide/anhydride/amine/HA.

Effect of Acid

As shown in Figures 7 and 8, benzoic acid played an effective role as
catalyst and as cocatalyst on the curing reaction of the systems E-828/
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GA ( 10™Mol/G. )

Fig. 8. Cocatalytic effect of HA (acid, alcohol, or phenol) on gel time ta of the reaction
systems E-828/MNA/triethanolamine (0.2:0.2:0.0034) at 100°C.

AINA and E-828/MNA /triethanolamine at 100 °C., respectively, and there
was a relationship, as shown by eq. 13, between the initial concentration of
acid, Cna, and gelation time, to, of the reaction system.

Chata = K (13)

where A isa constant. These may support the definition of K a in eq. (12).
A plot of the logarithm of the gelation times against Hammett’s sigma con-
stants shows the usual linear relationship as shown in Figure 9 in which the
cocatalytic effect of some acids on the curing reaction of the system E-828/
MNA/triethanolamine (0.2:0.2:0.0034) at 100°C. is given.

(o5

Fig. 9. Plot of (log ¢ —log fc) vs. a for the reaction of E-828/MNA/triethanol-
amine with various acids as cocatalysts. Parent acid, RCcibCOOH, is benzoic acid; p
= +0.18.
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Effect of Alcohol

We discussed previously4the cocatalytic effect of alcohol on the curing
reaction of E-828/HHPA/triethanolamine. If different values of the re-
ciprocal, 1/fc, of the gelation time are plotted against the concentration of
the alcohol, a set of linear plots is obtained (Figs. 7 and 8). These show
the catalytic and cocatalytic effects of alcohol on the curing reactions of
E-828/MNA and E-828/MNA/triethanolamine (0.2:0.2:0.0034) at 100°C,,
and indicate that the same relation as acid is obtained as shown by eq. (13).
The cocatalytic effects of some alcohols are shown graphically in Figure
10.

<

Fig. 10. Plot of (log wo —10g ) vs. a for the reaction of E-828/MNA/triethanol-
amine with various alcohols as cocatalysts. Parent alcohol, RCeEhCEDOH, is benzyl
alcohol; p = +0.13.

Effect of Phenol

The catalytic and cocatalytic effects of phenol on the curing reactions of
the systems E-828/MNA (0.2:0.2) and E-828/MXAl/triethanolamine

(00

Fig. 11. Plot of (log &8 —Ilog ¢g) vs. a for the reaction of E-828/MNA/triethanol-
amine with various phenols as cocatalysts. Parent phenol, RC&8H40H, is phenol, p
= +0.22.
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(0.2:0.2:0.0034) at 100°C. are shown in Figures 7 and 8, which indicate
that between the initial concentration of phenol, cra, and the gelation time,
fc, the relation of eq. (13) is obtained, (log fco/fc) is plotted against
Hammett’s sigma constants for the curing reaction of the system E-828/
MNA/triethanolamine (0.2:0.2:0.0034) at 100°C. The best straight line
has been found in Figure 11, which shows the cocatalytic effects of some
phenols on the reaction.

Effect of Amine

The catalytic effect of amine is shown by the difference in ta of the systems
E-828/MNA/HA and E-828/MNA/HA/triethanolamine as given in
Figures 7, 8, and 12; the latter shows the catalytic effects of triethanol-
amine on the curing reaction of E-828/HHPA and E-828/HHPA/meth-
anol at 100°C. There was a relation, as shown by eq. (13), between the
initial concentration of amine, ca, and the gelation time, to, of the reaction
systems, and this may support the definition of Kain eq. (12).

CA ( 10'5 rnol./g. )

Fig. 12. Catalytic effect of triethanolamine on gel time to of the reaction systems (/)
E-828/NHPA/CH3OH at 100°C.: (Il) E-828/HHPA at 100°C.

Effect of Temperature

The temperature dependences of ¢g in the reaction systems of E-828/
MNA/HA/triethanolamine are shown in Figure 13, from which the ap-
parent activation energies and the frequency factors A (pre-exponential
factors of the Arrhenius equation) were obtained. The entropies of acti-
vation for these reactions were calculated and are given in Table 11. A
theoretical and experimental treatment was studied for a gel point method
to estimale overall polymerization reactions according to Gough and
Smith.8
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Fig. 13. Temperature dependence of curing reaction of E-828/MNA/triethanolamine/
HA (0.2:0.2:0.0034:0.02) for various HA: (©) benzoic acid; (©) benzyl alcohol;
(9) phenol. Ea = 14.7 kcal./mole.

TABLE I
Activation Parameters for Curing Reaction of Epoxide/Anhydride/HA/Tertiary
Amine"
HA Ea, kcal./mole  log A, min. 1 AS*ZB e.u.
Benzoic acid 14.7 G4 —35.0
Benzyl alcohol € 6.2 —354
Phenol 1 G3 -35.2

“The reaction system was E-828/MNA/HA /triethanolamine (0.2:0.2:0.02:0.0034).

DISCUSSION

In a previous paper,4we showed that no etherification reaction occurred
in the tertiary amine-catalyzed reaction systems of acid anhydride and
epoxy resin having some or no OH groups in molecular structure. More-
over, Figures 1-3 show almost no differences in conversion between the
epoxides and anhydrides within the conditions of this experiment, and
implies the etherification reaction shown by eq. (3) did not occur up to the
gelation point, even in the epoxide/acid anhydride/HA/tertiary amine
systems having OH groups in the reaction system and the epoxide/acid
anhydride/HA systems which has no amine catalyst. This disagrees with
Fisch and Hoffmann’s results,1'’2 which showed some epoxide homopoly-
merization occurs in the uncatalyzed reaction of epoxide and acid anhy-
dride. We may suppose, therefore, that the etherification reaction occurs
at least after the gelation.

The reaction mechanism was studied Kinetically and the rate-determining
step was previously4 discussed for the reaction system epoxide/acid an-
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C, ( 10-' mol./-;. )

Fig. 14. Catalytic effects of triethanolamine on gel time ta of the reaction systems of
epoxy resin/HHPA; (1) E-1001 at 110°C.; (/) E-828 at 100°C.

hydride/amine. The reaction mechanism shown by egs. (6) and (7) may
be suggested analogously from that proposed for the hydrolysis of acid
anhydrides, 912 for example, with acetic anhydride, the hydrolysis is:

0
CH3CO9 (14)

0]

cHiln (15)

It was found that the catalysis of amines is not confined to the acetylation
of water, but that pyridine catalyzes the acetylation of n-chloroaniline and
of ethanol, and that quinoline is inactive.9 These differences in the cat-
alytic efficiencies of various amine, as well as in the case of the reaction sys-
tem epoxide/anhydride/amine in the preceding paper, may be due to the
steric influences of amines and suggest a steric effect on the mechanism of
catalysis. More significantly, the same influence of catalytic amines was
observed in the decomposition of acetic formic anhydride in an aprotic
solventll where the only possible catalytic effect of the amine is by inter-
action with the anhydride. These results suggest that in the reaction of
epoxide and anhydride, too, the catalysis is due to an interaction of amine
and anhydride. Whatever the nature of this interaction, it fairly cer-
tainly does not produce an appreciable equilibrium concentration of a new
species. All experiments to detect such a product have had negative re-
sults: The absorption spectra of pyridine and acetic anhydride in cyclo-
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hexane over the range 2300-2800 A., which is the chief absorption region
of pyridine in the near ultraviolet, are strictly additive.l0 In the infrared
absorption spectra of acetic anhydride and pyridine in carbon tetrachloride
the intensity and position or the bands due to carbonyl vibrations (at 1769
and 1936 cm.-J and COC skeletal vibrations (at 1124 cm.-1) of acetic an-
hydride are unaffected by the presence of pyridine. The electrical con-
ductivities of mixtures of acetic anhydride and pyridine in dry acetone were
not significantly higher than the sum of the conductivity of solutions of
acetic anhydride and of pyridine in acetone;0 the same result was ob-
tained with benzoic anhydride and pyridine in 50% acetone-water at 0°C.10
Depressions of the freezing point of benzene by acetic anhydride and pyri-
dine are additive. Thus neither an association complex nor an ionic reac-
tion product between an anhydride and pyridine are formed in analytically
detectable amounts.

The view that the catalysis occurs via some association between amine
and the whole or part of the anhydride molecule is strengthened by the
known steric hindrance of «-substituents on the rate and equilibria of associ-
ation reactions of tertiary amines. The Menschutkin reactions of alkyl
chloridesi3 and benzyl bromidel4 with heterocyclic amines proceed more
slowly if the amine contains a blocked «-position. The complex of 2-pico-
line with trimethylboron is much less stable than the analogous complexes
of pyridine or 3- and 4-picoline5but more stable than the doubly substituted
amine, 2,6-lutidine; similarly the complex of boron trifluoride with 2,6-
lutidine is less stable than that with pyridine.16

The catalytic coefficient for pyridine according to the mechanism shown
by egs. (14) and (15) is given by 12

K, = IciQ[HD]/(fc_i[OAc- ] F k2[HD}) (16)

The found relationship9-12 of fc"fOAc-] > f2[HD] in this case implies
a certain large selectivity of acetylpyridinium ion in its reaction with nucleo-
philes. Aromatic anhydrides are not incapable of ionic splitting, because
benzoic anhydride,7 but not ethyl benzote, 18 forms the oxocarbonium ion
ArCO+ in concentrated sulfuric acid. It can safely be assumed, however,
that the reaction belongs to the type of nucleophilic bimolecular displace-
ment reactions with its analog in ester hydrolysis.9 Meloche and LaidlerDd
have recently outlined a general scheme for the hydrolysis of acid deriva-
tives which can be applied also to the reaction of epoxide and anhydride,
as was done to the hydrolysis of anhydride by Berliner and Altschul.2L

The energies of activation and the frequency factors, as well as the

TABLE 111
Activation Parameters for Reaction of Epoxy Resin/HHPA/Triethanolamine
Epoxy Resin Eh, kcal./mole log A, min.-1 AS2R 6.U.
E-828 14.1 6.69 -35.0

E-1001 14.4 6.76 -34.8
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entropies of activation are listed in Table Ill for the curing reaction of
epoxide/anhydride/amine (0.2:0.2:0.0034).

The low frequency factors and large negative entropies of activation for
the reaction shown in Table 111 might support the idea that the curing
reaction of epoxy resins and anhydrides belongs to the type of nucleophilic
bimolecular displacement reactions.

The reaction mechanism proposed previously4for the system epoxide/acid
anhydride/HA (alcohol), might be suggested analogously from the mech-
anism22for the ethylene oxide and phenol :

CHo.

©ch2------ 0

(EGH5 /(JD/S>CH0 |

90 —-H —=» CH50 - H H

Na ! T
N-C &5 Na 0-CeH

/Q h2
CH2---0
ch5 o h / CH2 \)
cth5 o H
Na-O—CeH5 Na-O—C65
11 v 17

The proposed mechanism illustrated by equations involving a termolecular
reaction would require a large negative entropy. There is a slight proba-
bility for such a postulation as described above but since no measurements
were made, a more probable mechanism which would allow the same kinetic
order but which is indistinguishable from that proposed in previous paper4
on a purely Kinetic basis is shown in egs. (18) and (19).

/ICH2
ROH + CH2-C H - ROH—O | (18)
(IZH

ICHj
ROH—O" | O=CAC=O
CH -

I |
ROC COCHEH- (19
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For cna, ¢ b, Cd, cc, and ce as the concentrations of alcohol, acid anhy-
dride, epoxide, the activated complex of alcohol and epoxide shown by eq.
(18) and the activated complex of alcohol, epoxide, and anhydride shown
by eq. (19), respectively, the following equations are obtained:

dCc/dt = ajchaca — kiCc ~ A3(Tc(To  A4(Te (20)
(ICe/ &J = kyCcCy — asze —hCe (21)

Since no detectable amounts of intermediates are formed, we may apply
the stationary state hypothesis, dCc/dt = dC*/dt = 0, and can obtain:

Ce — AJA3ChaCbCd/(A2A4 + A2A5 + A3As5CB) (22)
The equation of reaction rate, v, takes the form
v = —dCii/dt = —ALCe

= —K\kzkf,CiikCE,C-Di(kzki + A% + k"C-s) (23)
Ifki, 2 A Aand 1> co, ca, We can obtain:
v = [-ALRMGA2AL+ A@IChaCbCa (24)

and eq. (24) explains more reasonably the results of Figures 2, 5, and 7,
which show that the reaction rate is proportional to the concentrations of
alcohol, epoxide, and acid anhydride. The equation of reaction rate, there-
fore, may be shown experimentally by eq. (12), which supports the pro-
posed mechanism, where ifa is equal to if [alcohol]. The equilibrium
reaction shown by eq. (18) may be suggested from the observed electron
donor ability of substituted ethylene oxides in hydrogen bonding toward
chloroform and methanol-d, although both the spectral data and the heats
of mixing show that the three-membered ring ethers, propylene oxide, and
the other substituted ethylene oxides, are much poorer donor molecules
than the other cyclic ethers, the four-, five-, and six-membered ring-
ethers.23-25

F1A being acid, RCOOH, the following elementary reactions are assumed
to occur:

CH,"
ki
RCOOH + CHj—CH—’:IZ RCOOH...O' (25)
0 CH
\CH
,CH2 -
RCOOH--Q. + 0=C c=0 Q:d—\Ch
cH EA
o- h

S O
R

7

RCOO—CH2CHO—C  COH (26)
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For cna, Co, Cd, Cc, and Ce the concentrations of acid, acid anhydride,
epoxide, the activated complex shown by eq. (25) and the activated complex
shown by eq. (26), respectively, the following equation is obtained for the
system epoxide/anhydride/alcohol :

v = —dCn/dt = —dCo/dt
= -hhhCuACVCWihki + hh) (27)

If the following termolecular reaction occurs

/°\ /0. H

RCOOH + CH2-CH - + O=c c=0 ~
(28)
& X

and is then accompanied by the reaction of eq. (26) the rate equation can
be obtained as:

V = —AMChaChdl(A2 T- A9 (29)

The mechanism illustrated by egs. (28) and (26) involves a reaction accom-
panied by 9 iarge negative entropy, but might be suggested analogously
from the mechanism2for the reaction of ethylene oxide and phenol.  Since
no activation entropy was obtained, the mechanism shown by egs. (25)
and (26) may be a more probable mechanism which would allow the same
kinetic order but which is indistinguishable from the mechanism illustrated
by egs. (26) and (28) and on purely kinetic basis. Equations (27) and (28)
agree with the experimental eq. (12) obtained from Figures 1, 4, and 7.
Suppose the following reactions occur:

2 ot
RCOOH + CH2-CH— * RCQOCHZH- (30)
OH 0 0
RCOOCHjcH- + 0O=c c=0 -iT- RCOOCHZCHCO COH (31)

The reaction rate might be obtained as:
v = —dCn/dt = —kiCuxCn fd< Ko (323
= —dCn/dt = —ACuaCb A>R (32

and disagrees with the experimental eq. (12) obtained from Figures 1, 4,

and 7.
The equilibrium reaction shown by eq. (25) may be suggested from the
observed electron-donor ability of epoxides in hydrogen bonding22‘% and
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from the probability for the presence of the oxonium form of epoxide in
acidified solutions.82% The following equilibrium:

ICK
c

RCOOH + 0=C =0

W

might be suggested also from the evidence®Bthat the infrared spectra of
mixtures of 3,5-dinitrobenzoate with p-bromophenol are accounted for by
formation of 2:1 and 1:1 hydrogen-bonded complexes between p-bromo-
phenol and 3,5-dinitrobenzoate anion, represented by structures V and V1.

It is found, however, that acid catalysis in the hydrolysis of benzoic anhy-
dride is relatively small, even in the presence of 0. IN hydrochloric acid.29-31
Therefore, the catalytic effect of the complex shown by eq. (33) may be
small or negligible for this reaction. Swain2studied the reaction of iodide
ion with a substituted ethylene oxide (epichlorohydrin in water), and
concluded that the reaction involves

10 + CH2—CHCHoCIl + HA ~ (Transition state) (34)
3
where HA may be HD, HOAc, or HY +.  Thus no pre-equilibrium between
oxide and the free (dissociated) oxonium salt of the oxide is involved in the
main reaction which yields iodohydrin.
When HA is phenol, the following reaction mechanism might be suggested

analogously from the mechanism2 for the reaction of ethylene oxide and
phenol as described above:

<0
A OH+0=C N=0+ ef2lh. ~=

CH-
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The equation of reaction rate, v, takes the same form of eq. (29) as shown
in the case of the other HA’s, alcohol and acid, and agrees with the experi-
mental eq. (12). The mechanism illustrated by eq. (35) however, involves
a reaction accompanied by a large negative entropy, and the mechanism
shown by egs. (36) and (37) may be a more probable one which would allow
the same kinetic order.

Clh-ACH— (36)

-ochZh— 37

The reaction rate, then, is obtained as in the cases of the other HA’s,
alcohol and acid, and can explain the results in Figures 6 and 7.

The equilibrium reaction shown by eq. (36) is suggested from the observed
electron donor ability of epoxides in hydrogen bonding23-26 and from the
probability®BZ for the presence of the oxonium form of epoxides. The
following equilibrium:

[*ComplexJ (38)

might be suggested also from the factBthat formation of 2:1 and 1:1 hy-
drogen-bonded complexes between p-bromophenol and 3,5- dinitrobenzoate
anion represented by V and VI was observed with the infrared spectra.
The catalytic efficiency of the complex indicated in eq. (38), however, may
be smaller for this reaction because of poor acid catalysis in the hydrolysis
of benzoic anhydride even in acidic solution.29-31
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If the following reactions occur:

/°\ 0 9
c6h5oh + O=C Cc=0 C6H50-C COH (39
s (
? §or P
C6H50C COH CHxXH- £ C6H50C COCHOH-  (40)
S;
or
CeHsOH + CH2CH- c6h50ch20|h- (41)
OH
0 0
/°\ | 1

c6hSoch2c|h- + 0=c¢ c=0 C6HB60OCH2CHOC COH (42)

OH

The reaction of eq. (39) is supported by the production334of phenyl esters,
but the reaction rate as obtained as the same form of egs. (32), disagrees
with the experimental eq. (12) and cannot explain the results in Figures 6
and 7.

Shechter, Wynstra, and Kurkjy®and Kakurai and Noguchi®studied the
accelerating and retarding effects of various compounds on the reaction of
epoxide and amine, and proposed a push-pull mechanism, i.e., a termolec-
ular “concerted displacement” for the reaction. Smith and Gough¥3
studied the catalytic effects of additives on the curing reaction of epoxy
resin and amine, and supported the mechanism of Shechter et al.3 They¥
also showed that since acceleration might be associated with donation of
hydrogen bonds in transition states, accelerators are capable of hydrogen
bonding to an oxygen atom, and addition of a compound capable of acting
as hydrogen bond acceptor might be expected to reduce the number of
hydrogen-bonded epoxide groups and hence to reduce the curing rate.

If the catalytic effect of HA on the curing reaction of epoxide and acid
anhydride may be shown by egs. (18), (25), and (36), which show acceler-
ation may be associated with donation of hydrogen bonds, we can attempt
to predict the effect of added compounds on the curing reaction. A list of
functional groups based on Gough and SmithJis shown in Table IV.

Differences in the catalytic effects among benzoic acid, benzyl alcohol, and
phenol in the reaction system of epoxy resin/anhydride are considered to
depend on the donating power of the hydrogen bond which is the important
role rather than a general electrostatic interaction effect as solvent effects
in nucleophilic substitution reactions.
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TABLE IV
Catalytic Effects of Various Compounds
Accelerators Retarders
—OH —OR (R™H)

COsH COsR
-S0y -s0%
-conh2 — CONR,
—CONHR —S0:NR;
—SOjNH-. —CO—
- SOONHR —CN

—NIL (5;,CH:N 02)

It is clear from Table V and the results in Figure 7 that there is no
relationship between the dielectric constants of additives and their effects
on the rate of curing reactions. It has been shown that the pKavalues of
organic bases may be correlated with their hydrogen bond-acceptor proper-
ties.®4D Schechter and Wynstra4l showed that the order of the base-
catalyzed reactions of the systems of epoxide/acid, epoxide/alcohol, and
epoxide/phenol is alcohol > phenol > acid, and that this is also the order of
increasing basicity of the anions derived from each of these compounds.
Smith and Gough3 showed, similarly, a correlation may be found between
the pKavalues of acidic compounds and their hydrogen bond donor proper-
ties, as long as the compounds have similar structures and are free from
varying steric effects.

TABLE V
Physical Properties of Additives

Association equilibrium
constants K at 25°C., l./mole3

Dielectric pKa at
Compounds constantsO 25°C.b In CCL In CoHe
Benzoic acid d 4.2 1000-4000 170-550
Benzyl alcohol 13.1 (20°C) 0.8-2.5
Phenol 9.78 (60°C.) 9.9 0.7-2.3 0.57

" Data of Pimentel and McClellan.4b

bData of Lange.43

cData of Lange.4h

d Acetic acid, 6.15 (20°C.); formic acid, 58.5 (16°C.); oleic acid, 2.46 (20°C.).

According to the above hypothesis, we might anticipate that phenol
could be more effective than alcohol. No correlation, however, was found
between the pKa values of acid, alcohol, and phenol, and their catalytic
effects on these curing reactions as shown in Table V and in Figure 7.
Table V also shows some association equilibrium constants for the forma-
tion of hydrogen bonds written in this form:43

HA+ B A- H. B @)
K = [A—H. ...B]/[AH][B] (44)
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A correlation may be found easily between the equilibrium constants, K,
for the formation of hydrogen bonds and their catalytic effects shown in
Figure 7, and this must be consistent with the fact that accelerating effect
of phenol was almost the same as that of alcohol with smaller concentra-
tion.

Although this is in qualitative agreement with the experimental results
presented above, and strengthens the validity of the proposed mechanism
shown by egs. (18), (25), and (36), there are certain points worthy of fur-
ther discussion.  According to the above scheme, we might anticipate that
the accelerating effect of phenol must be proportional to its concentration
within this experiment as the other HA’s. The fact that with larger con-
centration phenol had a retarding effect proportional to its concentration
as shown in Figure 7, indicates that phenol plays both roles of accelerating
and retarding the gelation of the reaction system of epoxy resin/acid
anhydride. This, in turn, suggests that there are certain points worthy of
further study for the catalytic effect of phenol and the reaction mechanism
in the system of epoxide/anhydride/phenol.

In the reaction system of epoxide/anhydride/tertiary amine/HA, the
following elemental reactions are assumed to occur:

R3N + HA [ran. ... ha]l (45)
©f 10
[ran ha] O=C C=0 7k73’ RN-C CO. HA  (46)
©
© 9 @I? th2 © q q Ole LA
RsN—C . .HAa + 01 R:iN -C COCH]CH- (47)
XCH
M i 1 nNT J

where HA are acid, alcohol, or phenol. When Ca, Cha, Cb, Cd, Cc, and Ce
are the concentrations of tertiary amine, HA (acid, alcohol, or phenol),
acid anhydride, epoxide, activated complex of amine, HA, and anhydride
shown by eq. (46) and the complex of amine and HA shown by eq. (45).
respectively, the following equations are obtained :

dCs/dt = CaCha —k"Cv —ICeCb T k$Cc (48)
dCc/dt = K¥CeCs —kiCc —k*CnCc (49)

since dCc/dt = dCE/dt = 0 in the stationary state, we obtain:

Cc = kIc"Cocvacors (edc, fklcCD T deChCU) (50)
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The equation of reaction rate, v, takes the form with the above eq. (50):
v= —dCu/dt = -hCcCu
— aCbCdCha/ (Kjii 4- kX-JJo T ksk&CuCo) (52)
Ifisi > k2k3v » s>, and 1> co, ca, We can obtain:
v — (—kik&¥k&/)CaChCe\ia (52)

and eq. (52) explains more reasonably the results of Figures 4-6, 8, and 12,
and is consistent with the experimental equation of reaction rate, eq. (12).
These might be also supported with the observed large negative entropies
of activation for these reactions as shown in Table II.

The equilibrium reaction shown by eq. (45) is suggested from the facts
that the formations of association products, RN(RCOOQOH),,, where n > 2,
or carboxylic acids and their 1:1 acid-amine salts in nonpolar media,44
and the hydrogen-bonded complexes of tertiary amine with phenol% or
alcohol.% have been detected experimentally by ultraviolet# and infra-
red4860 spectrophotometry.  The important role of the complex shown by
eg. (45) might be also suggested from a more detailed kinetic investigation
showing the relative importance of the 1:1 and 2:1 salts or complexes of
acid and amine as reactants in the amine-induced chloroacetolysis of trityl
chloride in carbon tetrachloride.4

Table VI shows the equilibrium constants for the formation of hydrogen
bonds between a tertiary amine and HA written in those forms of egs.
(43) and (44), and makes us anticipate that the order of the complex con-
centration of tertiary amine and HA may be acid > phenol > alcohol. The
fact that phenol was most effective of other HA’s within certain concentra-
tion, suggests that if the curing reaction proceeds with egs. (45)-(47),
phenol might play most effective cocatalytic role on the elemental reaction
shown by eg. (46) and that the complex of acid with amine is more stable
or less reactive than that of phenol. Differences in the cocatalytic effects
among benzoic acid, benzyl alcohol, and phenol in the reaction system of
epoxide/anhydride/amine/HA are considered to depend on the donating

TABLE VI
Equilibrium Constants for the Formation of
Hydrogen Bonds between Amine and HA

Compounds Amines Solvents Temp., °C. K, I/mole Ref.
Acetic acid Diethy&amine CCuU 25[30 2800 4#

CHCL 3000
Pyril(jine CCh Rolgm temp. 220 g

CHCL 70
Ethyl alcohol Triethﬁamine CCh — 2.9 51
Phenol re-Heptane ZE 83.8 52
Trimethyl- Cyclo- 86 53

amine hexane

Pyridine CCh 18-20 55 54
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power of hydrogen bond with amine, which is the important role rather than
an electrostatic interaction effect in these reaction systems, and on the re-
activity of the complex of HA with amine.

Although this is in qualitative agreement with the experimental results
presented above, and supports the validity of the proposed mechanism
shown by eqgs. (45)-(47), there are certain points worthy of further dis-
cussion.  According to the above hypothesis, we might anticipate that the
cocatalytic effect of phenol must be proportional to its concentration within
this experiment as the other HA’s.  Phenol with larger concentration had a
retarding effect proportional to its concentration shown in Figure 8, and
this indicates that phenol has both effects of accelerating and retarding the
gelation of the reaction system of epoxide/anhydride/amine. This, also,
suggests that there are some points worthy of further investigation for the
cocatalytic effect of phenol and the reaction mechanism in the system of
epoxide/anhydride/tertiary amine/phenol.

Figures 12 and 14 suggest that the accelerating effect of mixed catalyst
of amine and HA might not be the sum of the effect of amine and of HA,
but the catalytic effect of complex of amine and HA, as shown by eq.
(45) ,thatis, HA has a cocatalytic effect in these mixed catalysts. Curves
I and Il in Figures 12 and 14 must run parallel to each other, if the accel-
eration of the mixed catalyst is the sum of each catalytic effect. For the
catalytic effects of acid, alcohol, and phenol showed by egs. (45) and (46),
they may depend on the complex-forming powers of hydrogen atom of
acid, alcohol, and phenol with amine, and the reactivity of the complex
shown by eq. (45). In Figures 9-11 (log too/to) is plotted against Ham-
mett’s sigma constants, a,@&for the curing reactions of epoxy resin/acid
anhydride/tertiary amine/HA at 100°C. The best straight lines have
been found in these cases and, from slopes, are found to be +0.18, +0.18,
and +0.22 for acid, alcohol, and phenol, respectively. The fact that p
are all positive indicates that electron-withdrawing substituents of RCéH4
COOH, RCAHACH2H, and RCAaH40H increase the reaction rate and that
HA might play the cocatalytic role in the transition states shown by egs.
(46) and (47). The results in Figures 9-11 supported the proposed curing
mechanisms of egs. (45)-(47) better.
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Résumé

La réaction de vulcanisation d’une résine époxy et d’un anhydride acide avec une
amine et/ou un acide, un alcool et un phénol a été étudiée cinétiqguement en employant
des résine époxy et des anhydrides acides commerciaux. La réaction d’éthérification
ne se produit pas a 70-140°C. méme dans le cas du mélange époxyde/anhydride acide/
HA (acide, alcool ou phénol) et d’époxyde/anhydride acide/amine tertiaire/HA et la
vitesse initiale de réaction est proportionnelle & la concentration en époxyde, en an-
hydride acide et en catalyseurs tels qu’une amine tertiaire, un acide, un alcool et un
phénol. L’énergie d’activation apparente du systeme réactionnel Epikote 828/méthyl-
bicyclo(2,2,1)-heptene-2,3-anhydride dicarboxylique/triéthanolamine/HA, obtenue est
de 14.7 Kcal./mole et les faibles facteurs de fréquence ainsi que les entropies d’activation
fortement négatives, pour la réaction, montrent que la réaction de vulcanisation des
résines époxy et des anhydrides suit le type de réaction de substitution nucléophile. Les
effets des substituants R, des acides, alcools et phénols comme cocatalyseurs sur la réac-
tion de vulcanisation des résines époxy/anhydride acides/amine tertiaire/HA ont été
étudiés. Les constantes de réaction p positives obtenues pour des HA indiquent que les
substituants de HA capteurs augmentent la vitesse de réaction de vulcanisation du sys-
téme époxyde/anhydride acide/amine/HA. Des différences dans les effets catalytiques
et cocatalytiques entre I’acide benzoique, I’alcool benzylique et le phénol dans ces sys-
témes de réaction peuvent étre considérés comme dépendantes du pouvoir donneur du
lien hydrogene dont le réle est plus important qu’une interaction électrostatique générale
comme des effets de solvant dans des réactions de substitution nucléophile. Ces résultats
vérifient raisonnablement les mécanismes proposeés.

Zusammenfassung

Die Hartungsreaktion eines Epoxyharzes und S&ureanhydrids mit einem Amin und
einer Séure, einem Alkohol und Phenol wurde kinetisch unter Verwendung handelstb-
licher Epoxyharze und Sdureanhydride untersucht. Bei 70-140°C. trat selbst in den
Systemen Epoxyd-Saureanhydrid-HA (S&ure, Alkohol oder Phenol) und Epoxyd-
Séureanhydrid-tertidres Amin-HA keine Veratherung auf und die Anfangsreaktions-
geschwindigkeit war der Konzentration an Epoxyd, Sdureanhydrid und Katalysatoren
wie tertidres Amin, Sdure, Alkohol und Phenol proportional. Die scheinbar Aktivier-
ungsenergie im System Epikote 828-Methylbicyclo-(2,2,1)-hepten-2,3-dicarbonséure-
anhydrid-Tridthanolamin-HA wurde zu etwa 14,7 kcal./Mol erhalten; die niedrigen
Frequenzfaktoren und grossen negativen Aktivierungsentropiewerte der Reaktion
sprechen dafiir, dass die Hartungsreaktion der Epoxyharze und Anhydride zum Typ
der nucleophilen bimolekularen Verdréngungsreaktionen gehért. Der Einfluss der
Substituenten R, an Sdure, Alkohol und Phenol als Kokatalysator auf die Hartungs-
reaction des Systems Epoxyharz-Saureanhydrid-tertidres Amin-HA wurde untersucht.
Die fur die HA’s positiv erhaltenen Reaktionskonstanten, p, zeigen, dass elektronen-
entziehende Substituenten an HA die Geschwindigkeit der Hartungsreaktion im System
Epoxyd-Séureanhydrid-Amin-HA erhéhen. Unterschiede in der katalytischen und
cokatalytischen Wirkung zwischen Benzoesdure, Benzylalkohol und Phenol in diesen
Systemen scheinen von der Donorstérke der Wasserstoffbindung und nicht von einem
allgemeinen elektrostatischen Wechselwirkungseffekt, wie Losungsmitteleffekte bei
nucleophilen Substitutionsreaktionen, abzuh&ngen. Die Ergebnisse bilden eine aus-
reichende Stiitze fir den angenommenen Mechanismus.

Received July 8, 1963
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Kinetics of Polymerization of Molten Trioxane

MILOSLAV KUCERA and EDUARD SPOUSTA, Research Institute nf
Macromolecular Chemistry, Brno, Czechoslovakia

Synopsis

Conversion curves of molten trioxane polymerization at temperatures between 70
and 90°C. have been measured. Their analysis has established that the rate-controlling
step of the reaction

+~(CH2,—C+ + (3 - re)CH,0

is the addition of a trioxane molecule to the active center. Values of the rate constants,
K\ and feh/fe as well as the rate constants of initiator deactivation k, have been deter-
mined. Initiator deactivation causes premature leveling off of the conversion curves,
especially at lower temperatures of polymerization (70-80°C.). The activation energies
of the rate constants have been determined.

Cationic polymerization of heterocyclics is of considerable theoretical
interest. As can be seen from the patent literature, interest is focused at
present mainly on trioxane, which can be polymerized in solidland liquid23
phases and in solution2-7 or suspension.Z35

Although the number of original papers published in the scientific
literature and dealing with the polymerization of trioxane is not too large,
they contain valuable information;8-11 however, none of these deals with
the polymerization of molten trioxane.

Very little is known regarding processes accompanying the transition
from liquid trioxane into solid, high molecular-weight polyoxymethylene.
In a previous communication of the present authors, Rattention was drawn
to certain phenomena caused by decreased concentration of active centers
through deactivation. Since then it proved desirable to investigate the
behavior of trioxane at different temperatures; results of such a study are
reported in this paper.

Experimental

Apparatus, materials, and procedure are as described earlier.1213
3431
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Fig. 1 Polymerization of trioxane at 70°C.: (1) initial initiator concentration
Jo/G = 4.47 mmoles kg.-1; (2) initial initiator concentration I,,/G = 2.19 mmoles kg.-1.

Fig. 2. Polymerization of trioxane at 80°C.: (1) initial initiator concentration 10/ =
4.47 mmoles kg.-1; {2) initial initiator concentration 10/ = 2.19 mmoles kg.-1; (3)
initial initiator concentrationioc = 1.49 mmoles kg.-1.
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Fig. 3. Polymerization of trioxane at 85°C.: (1) initial initiator concentration 10/G
= 151 mmoles kg.-1; (,?) initial initiator concentration 1o/G = 0.76 mmoles kg.-1;
(S) initial initiator concentration lo/G = 0.54 mmoles kg.-1.

Results

Conversion curves of trioxane polymerization at 70, 80, 85, and 90°C. are
shown in Figures 1-4. In the previous paper, a relation was derived2
for the polymerization of molten trioxane;

(I/G)(dN/dt) = K(N/G)(IGG)[I - ks(NO- N)] @)

where No and N are the number of moles of trioxane at zero time and time
t, respectively, Gis the weight of the liquid phase of the polymerizing system
(in kilograms), 1 ois the number of moles of initiator in the polymerization
feed, k is the reaction rate constant (in kilograms per mole min.), ksis the
deactivation rate constant (per mole), and M is the molecular weight of
trioxane (in kilograms per mole).

Equation (1) yields upon integration

(No - N)/No = (1 - e~m ‘uM)t)/kNo )

which gives access to the constants k and ks. The time dependence of
In 1 —ks(NO — TVj] for various temperatures is shown in Figures 5-8.

Discussion

Let us assume that the addition of a trioxane molecule to an active
center proceeds through the mechanism shown in eq. (3). (Practically the
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Fig. 4. Polymerization of trioxane at 90°C.: (1) initial initiator concentrationl0G =
2.19 mmoles kg.-1; (#) initial initiator concentration 1dG = 149 mmoles kg.-1;
(3) initial initiator concentration 100G = 1.09 mmoles kg.-1; (4) initial initiator con-
centration 1o/G = 0.79 mmoles kg.-1.

Fig. 5. Temperature dependence of In [L - «k,(N, - N)] at 70°C. Symbols as in
Fig. 1,x = No- N/No.
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same mechanism simplified by neglecting the reverse reactions from right
to left in a few instances was assumed also by other workers, e.g., Jaacks.8

c\ c\
\ fa fa
Ct+0 *—CA<€*- , -t ~(CHD)R—
VAN ;o *
c cl/

y f ~(CH,),—C - «CEL() B)

The effect of the counterion is neglected in eq. (3). n stands for the

number of formaldehyde molecules which prolong the polyoxymethylene
chain upon trioxane addition; it may be 0,1, 2, or 3.

Fig. 6. Temperature dependence of In [1 —ks(No —N)] at 80°.  Symbols as in Fig. 2.
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Equation (1) which describes the course of trioxane polymerization is
accurately obeyed under our experimental conditions although it cannot be
used to determine unambiguously the rate-controlling step; this step can
be either a bimolecular reaction of an active center with a trioxane molecule
or the decomposition of a transitional complex.

The rate-controlling step can be determined by a more detailed analysis
ofeq. (3). If the initiation reaction is quick, the whole of the dosed initiator
will react in the active centers; therefore the concentration of active
centers in the liquid phase will be identical with the concentration of the
initiator. To simplify notation let us write C for the concentration of
active centers —C+, N for the number of molecules of trioxane, and O'
for the number of molecules of transitional complex, C—0 +—C—=C.

Fig. 7. Temperature dependence of In [L —k~no —n)] at 85°C. Symbols as in Fig. 3.



KINETICS OF POLYMERIZATION OF MOLTEN TRIOXANE 3437

The rate of change of the number of moles of O' in the liquid phase of
the polymerizing system is given by

(1/G)(dO'/dt) = h(N/G)C + kiC - (k2+ h)(0'/G)
= CMN/G) + ki] - (f2+ k9(0'/G) @
and using expressions derived earlier2for Cand N, we have
(U/G) (dO'/dt) = (//(?)MNI/G) + MU - k,(NO- N)] -
2 + 3(07G) ()
and
dO'/dt = [h(ki + kM)/M]e-"kKh/mt - (h + fc,)0' (6)
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In deriving eq. (4) we make use of the assumption that starting from a
certain low conversion the concentration of CH2 in the liquid phase during
the polymerization of trioxane is constant.  This is in good agreement with
published data.8

Integration of eq. (6) yields

- (ki + W /0 __r ~(kk,h/M)t e-(fe + As)lj
© (k2+ h)M - kkjo i
Equation (7) has meaning only if @+ k3M > kkjQ Analysis of the
expression (f2 + kM — kkjO (substituting for k3 or fd) shows that the
condition (f+ k3M "$=>Kd Ois always fulfilled and accordingly

(fa + AQP  (k.nime
@+ k3M (72)

The rate of decrease of N must be a function of the “equilibrium” con-
centration O'. The fact that polymer is formed proves that k®' > K\C.
Neglecting KE against k®' in the first approximation we have (as the
polymerization of trioxane is a precipitation reaction—the product falls out
as a solid phase—no great error seems to be introduced by neglecting the
reverse reaction)

- (/G)(dN/dt) = UO'/G) 8)
from which after substitution from eq. (7a) and integration with appro-
priate boundaries we obtain :

M —N k3ki + kj\l)
No (k2 +
A comparison of eq. (9) with eq. (1) shows that

I k3ki + kiM)
k2 + k3

The number of moles of O' cannot at any moment of the polymerization
exceed the number of initiator 70 Since the expression

s-(kk.ormyt _ g—(fof fo)ij

(10

in eq. (7) assumes values near unity in a certain period of polymerization,
the relation

k k\ - fiil/
k3  k2+ k3

must hold, as a substitution from eg. (10) into eq. (7) proves; in other
words, k < k3 Accordingly the decomposition of the transitional complex
O' cannot be the rate-controlling step. The rate constant of complex
decomposition must be larger than the measured constant of the overall
reaction rate.

11
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It follows from the above consideration that the formation of the transi-
tional complex O' is the controlling step. The empirical constant k from
eg. (1) can therefore be identified with fg from eq. (3) (i.e., when kiNC
kD'; the agreement of egs. (1) and (2) with experiment bears out this
assumption).

A further consequence of the above considerations are the inequalities
fof2= a< land M = a< 1; hence ktM < k2 This conclusion agrees
with the assumptions made so far about the qualities of individual com-
ponents taking part in the reaction. For one thing ~C+ is probably

stabilized by mesomery
~—Er—o+=t
- |

Upon formation of the complex, the C—0—C bonds are being deformed,
which requires a certain amount of energy.  On the other hand the splitting
of the complex can proceed smoothly: the energies due to internal strain
of the cycle and to bond deformation through complex formation are
liberated.

All of the above considerations hold true under the assumption that the
initiation is very quick.  This seems to contradict the conclusion just made,
viz., that the rate of formation of the transitional complex is slow. Even
during initiation such a complex ought to form slowly and active centers
ought to form slowly too. This apparent disagreement can be explained
away by the function of formaldehyde in the system. Discussion of this
aspect will be published in a forthcoming paper.

Values of individual constants are summarized in Table I. Figure 9
shows the graphical dependence of rate constants on temperature. Activa-
tion energies are shown in Table I1.

TABLE |
Rate Constants of Initiator Deactivation ks, Rate Constant of Interaction of Active
Centers with Trioxane Molecules k\, and Values of fefci/fe

ksi k,, k-iki/k?,

Temp. 1, °C. kg. mole“1min.“ia  Kkg. mole-1 min.-1 min.“1

76 0.346 0.215 2.39

75 0.345 0.560 6.22

80 0.181 0.570 6.43

85 0.135 1.720 19.10

20 0.090 2.180 24.20
»No = 11.1 mole. See Kucera and Spousta.2
TABLE Il

Activation Energies E of the Rate Constants
E, kcal, mole-1

k, 6.5+ 2.2
h 183 £4.8
kiki/ki 183 + 4.8
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Fig. 9. Temperature dependence of the rate constants: (1) temperature dependence
of f8'; (2) temperature dependence of kt; (3) temperature dependence of kjcjkt.

Conclusion

Analysis of the course of conversion curves of molten trioxane polymeriza-
tion has established the rate-controlling step, the magnitude of rate con-
stants of interaction of trioxane molecules with the active centers, and the
rate constants of initiator deactivation. Information concerning the
mechanism and rate of initiation and rate constants of reversible processes
which would complete the kinetic analysis is not available so far.
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Résumé

Des courbes de conversion de la polymérisation du trioxane a I’état fondu ont été
obtenues a des températures se situant entre 70° et 90°C. Leur analyse a montré que
I’étape déterminante de la vitesse de la réaction:

~C++O/ \ d ~é—é+\ s M C H,.003—0+ 0 1
/w2 R B & -0 b
c/ c/

~(CH2,—C++ (3 - n)CHD

est I’addition d’une molécule de trioxane a un centre actif. Les valeurs des constantes
de vitesse ki et fafci/fe ainsi que les constantes de vitesse de désactivation de I'initiateur
k8ont été déterminées. La désactivation de I'initiateur provoque une déviation préma-
turée des courbes de conversion spécialement a des températures de polymérisation plus
basses (70°-80°C.). Les énergies d’activation des constantes de vitesse ont été déter-
minées.

Zusammenfassung

Die Umsatzkurven flr die Polymerisation von geschmolzenem Trioxan wurden bei
Temperaturen zwischen 70 und 90°C gemessen. lhre Analyse hat gezeigt, dass der
geschwindigkeitsbestimmende Schritt der Reaktion

~(CHD)3—C+

~(CH,),—C+ + (3 - k)CHX®

die Addition eines Trioxanmolekiils an das aktive Zentrum ist. Es wurden sowohl
Werte der Geschwindigkeitskonstanten ki und fafa/fe, als auch die Geschwindigkeits-
konstanten der Starterdesaktivierung ka bestimmt. Die Starterdesaktivierung verur-
sacht eine friihzeitige Krimmung der Umsatzkurven, besonders bei niedrigeren Poly-
merisationstemperaturen (70-80°C.). Die Aktivierungsenergie der Geschwindigkeits-
konstanten wurden bestimmt.

Received August 29, 1963
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Initiation of the Bulk Polymerization of Trioxane

MILOSLAV KUCERA and EDUARD SPOUSTA,
Research Institute of Macromolecular-Chemistry, Brno, Czechoslovakia

Synopsis

Kinetic analysis of the induction periods of trioxane polymerization shows that
although the interaction of the initiator with a trioxane molecule is slow, the reaction
of the initiator with free formaldehyde (followed by the splitting of trioxane) is quick
and yields active centers. Kinetic relations have been developed for the amount of free
formaldehyde in the first stages of the reaction between the initiator and trioxane, for
the rate of formation of active centers and for the time dependence of the conversion of
trioxane during the induction period. Kinetic formulas are compared with experimental
data.

In a previous communication the present authorslpresented an analysis
of the course of conversion curves of the bulk polymerization of molten
trioxane. The chain growth of polyoxymethylene has been assumed to
take place by the mechanism1
C\ . cX

K I\ s L

I A~vC—(>+ 'k (CH,Q)3—C+; I

d d

~vC++(>

~(CHD),—C++ (3- n)CHD (1)

It has been proved that the rate-controlling step can be only a bimolec-
ular interaction of an active center with a trioxane molecule. Assuming
a high rate of initiation, kinetic relationships were derived and the overall
rate constant was shown to be identical with hi.

At first sight the above assumption seems incorrect. If the initiation
were to take place according to eq. (1) (~vC+ would be replaced by an
initiating acid) this step could not be quick. To explain this apparent
contradiction it is necessary to consider another factor, viz., the presence
of free formaldehyde in the system. The importance of free formaldehyde
in the polymerizing system has first been stressed by Jaacks.2

Experimental

Trioxane was brought to temperature in a thermostatted reactor with
bottom outlet and was mixed with a required quantity of WSI®HS04
initiator dissolved in cyclohexane;1 the mixture was stirred and samples
were withdrawn at definite time intervals into beakers half filled with

3443
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water. Free formaldehyde in the trioxane- initiator system was determined
iodometrically4 in aqueous solution. Other details of experimental tech-
nique are being published.3

Results

The time dependence of the concentration of free formaldehyde in the
trioxane-initiator system at 70, 80, and 90°C. is shown in Figure 1 This
concentration is directly proportional to time up to the moment when

Fig. 1. Time dependence of the amount of formaldehyde liberated from trioxane at
various initiator concentrations and temperatures: (1) 90°C., initiator concentration
h/G =51 X 10“4mole kg.“L {2) 90°C., h/G = 1.4 X 10" mole kg.-1 (3) 80°C,,
h/G = 43 X 10-4mole kg.“1, (4) 80°C., h/G = 2.4 X 10-4molekg.“L (5) 70°C.,
h/G = 2.7 X 10-4mole kg.-I; (6) 70°C., 10G = 1.3 X 10“4mole kg.-1

polymer settles out. The quantity of formaldehyde liberated from trioxane
after equal time lapses is proportional to the initiator concentration, as is
shown in Figure 2.

Analogous measurements were made also at 75 and 85°C. These results
are in basic agreement with results mentioned above.

The rate of polymerization of trioxane reaches its maximum after a
certain time, as is seen from the conversion curves.1 We tried to find why
this is so.

Discussion

Jaacks has shown in his work2 that polymerization of trioxane takes
place only after a certain amount of formaldehyde has been set free. The
concentration of free formaldehyde required for the polymerization to start
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—2 104 [mole kg L

Fig. 2. Relation between the initial concentration of initiator and the amount of form-
aldehyde liberated from trioxane in constant time: {1) 70°C., 5 min.; (2) 80°C., 5
min.; (3) 90°C., 2.5 min.

is a function of thermodynamic factors of the reaction. Let us consider
two stages of initiation:

First stage:

______ *«~'Si+ + 3CHD (2)

Second stage :

~Si++ 0=CH21 " -Si—O—c:+ )]
The first stage is slow; there is practically no polymerization in the
initial stages, since CH2 is not present in the necessary equilibrium con-
centration. While the concentration of formaldehyde increases, free CH2
molecules react (one or more at a time) very quickly with -'VSi+ with the
formation of an active center ~vC+. The occurrence of complicated
processes in the initial stages of the polymerization results in a dy-
namic equilibrium between \WSi+, ""Si—0|+—C—q, CHD, —C+,

‘“'C—(I)+—C—(|3, and later on, polymer.

Let us introduce the symbol O' for "'-Si—0+—C—C and let us examine
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the rate of change of O' with time (G is the weight of the liquid phase of
the system; since initiation occurs practically in homogeneous phase,
G = constant = 1kg.; it is being used for the sake of dimensional homo-
geneity). Molecules of trioxane are designated as N, the molecular weight
of trioxane as M (in kilograms/mole) and the initial number of moles of
initiator as 10

Then
(dO'/Gdt) = ki'(h/G)(N/G) - (W + W)(0'/G) 4
Integration of eq. (4) yields
O = [Wh/iW + W)M](1 - )
The number of moles of liberated formaldehyde (F) is given by
dF/dt = 3WO" (6)
from which, after substitution from eg. (5) and integration, there is obtained
c_ 37O —ieen
ki + k3 ki + k3 _
. 1
W + h'J
=\ [t- ) :/I (7

(for /(W + ~3) ™ ¢+ induction)-

Therefore the quantity of formaldehyde liberated upon addition of the
initiator in the initial stages (before reactions leading to its loss through
polymerization become important) is proportional to the initial number of
moles of initiator and to time. Figures 1and 2 show that this is the case.

Equation (3) leads to the dependence of the moles of active centers A on
time as follows (see also Kucera and Spousta3; the loss of active centers
through their deactivation is neglected):

dA/Gdt = W(h/G)(F/G) - h'{A/G) (8)
and after integration and rearrangement
Ki'l'X {wW + f8) - W ,-ki't

= MGh' . (h' + W)h’ n+t &
For
W+ h - h'
o+ W)kl e DSt
there is obtained
A1 @Xj . ar,.z2j . Sh'kt'h'la*

~Gh'M '~ GM1~ GW + h)Mh" " (%)
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Fig. 3. Comparison of (O, *, A) experimentally determined conversion curves with
(- ) the theoretical course: (1) at 90°C., 10/G = 2.19 mmoles kg.-1; (2) 80°C.,
lo/G = 4.47 mmoles kg.-1; (3) 70°C., l1o/G = 4.47 mmoles kg.-1.

Equation (9) is valid only for the induction period, since the validity of
eq. (7) used in the derivation is limited to this interval; this is why the
actual dependence A = f(t) does not go through a maximum as eq. (9)
would imply.

Substitution of A from eq. (9a) into a relation describing the change of
number of moles of trioxane with time3yields

—dN/Gdt = K\(N/G) (A/G) = h(AIGM) (10)
-dN/dt = k,(10M)2a/G)i

Upon integration we obtain eq. (11) expressing the rate of trioxane disap-
pearance during the induction period as a function of time (0 < t < ¢induction)

(NO- N)/NO= (lo2/2GM)kit2 (11)

The value of a can be estimated with good accuracy from the conversion
curves; fczZffes' can be calculated from egs. (7), (9), and (11).

The measured value of ki/h' = Kz of the second stage of initiation,
[eq. (3)] may be only an apparent equilibrium constant. The measured
value may also be influenced by thermodynamic factors so far not taken
into account, especially at low formaldehyde concentrations (effect of the
ceiling temperature). Therefore the actual value of the Kz constant may
be higher than indicated.
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Fig. 4. Characterization of sinduction and ta

The extent to which the above assumptions are fulfilled and simplifica-
tions justified is illustrated in Figures 3 and 4, which show the experimental
conversion data and the derived theoretical curves as a function of time.
For 0 < t < ¢indution theoretical curve is based on eg. (11), while for t >
dndudtion it is based on the relation:1

(No - N)/No = (1 - e-{kdkh/M)t)/ksNO (12)
where
' =1t- ts

The range of validity of egs. (11) and (12) is well visible in Figure 4.
Table | summarizes the constants found.

TABLE 1
Constants of Initiation Reactions*
n ki'ks' , . \
kZ + kz' 8~ kJ a =\KZ
Temp, t, °C. kg. mole-1 min.-1 kg. mole-1 kg.2mole-2 min.-1
70 0.39 0.13 0.05
75 0.40 0.70 0.28
80 0.94 0.19 0.18
85 1.47 0.35 0.51
90 2.29 0.14 0.32

*The temperature dependence of \ is E\ = 23.7 + 3.25 kcal. mole-1.
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The value of Xand its changes with temperature are practically identical
with the ki values.3 This may indicate that k-/ is very small; i.e., the
decomposition of the complex into original components—viz. eq. (2)—is
practically negligible, and then ki would nearly approach the value of ki

[ea. (1)].

Conclusion

The active part played by formaldehyde in initiation reactions can help
to explain the existence of the induction period in trioxane polymerization.
The formation of active centers by a quick reaction between formaldehyde
and the initiator explains the apparent contradiction between an assumed
quick initiation on the one hand and a slow interaction of active centers
with trioxane, derived from kinetic considerations, on the other hand.

Kinetic evidence supports this view. The initiation of trioxane poly-
merization differs from that of other heterocycles of the tetrahydrofuran,
oxycyclobutane, etc. type by its high speed. The above considerations
explain why polymerization of heterocycles in which no formaldehyde
liberated is slow and why the kinetics of such processes is complicated.
The presence of a small amount of formaldehyde (or other substances
quickly reacting with acids, e.g., ethylene oxide) accelerates the poly-
merization of heterocycles.6 These conclusions are of general validity.
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Résumé

Une analyse cinétique des périodes d’induction dans la polymérisation du trioxane
montre que I’interaction de I'initiateur avec les molécules de trioxane est lente, tandis
que la réaction de I’initiateur avec le formaldéhyde libre (suivie de la désintégration du
trioxane) est rapide et donne des centres actifs. Des relations cinétiques ont été dévelop-
pées pour déterminer la quantité de formaldéhyde libre dans les premiéres phases de la
réaction entre I'initiateur et le trioxane pour la vitesse de formation des centres actifs et
pour la dépendance vis-a-vis du temps de conversion du trioxane pendant la période
d’induction. Des formules cinétiques sont comparées avec des données expérimentales.

Zusammenfassung

Die kinetische Analyse der Induktionsperiode der Trioxanpolymerisation zeigt, dass
die Reaktion des Starters mit freiem Formaldehyd (gefolgt von der Aufspaltung von
Trioxan) trotz langsamer Wechselwirkung zwischen Starter und Trioxanmolekdl schnell
erfolgt und aktive Zentren erzeugt. Es wurden kinetische Beziehungen flir den Anteil
an freiem Formaldehyd in den ersten Stufen der Reaktion zwischen dem Starter und
Trioxan, flr die Bildungsgeschwindigkeit der aktiven Zentren und die Zeitabhéngigkeit
der Trioxanumwandlung wéhrend der Induktionsperiode entwickelt. Die kinetischen
Formeln wurden mit den Versuchsergebnissen verglichen.

Received August 29, 1963



JOURNAL OF POLYMER SCIENCE: PART A VOL. 2, PP. 3451-3459 (1964)

A Method of Estimating Molecular Weight
Distributions of Polymer Fractions

HIROSHI OKAMOTO, The Electrical Communication Laboratory, Nippon
Telegraph and Telephone Public Corporation, Musashino-shi, Japan

Synopsis

A method of estimating molecular weight distributions of polymer fractions which was
proposed previously is investigated. The distribution curves calculated by the pro-
posed method are compared to the experimental curves. Several numerical experiments
are also carried out to discuss a nonsystematic change of the fractionation parameters.

Introduction

In the study of polymer properties, molecular weight distribution is very
important. Pofymer samples are usually separated into fractions to reduce
their polydispersity. However, a monodisperse sample can never be
obtained by the usual fractionation procedures. Therefore, the poly-
dispersity of polymer fractions has always been an important factor in the
various polymer studies.

In a previous paper, a method of estimating molecular weight distribu-
tions of polymer fractions was proposed by Okamoto andSekikawalfrom
their study of phase equilibria of polydisperse polymer solutions. The
proposed method has been tried, and the results are described in this
paper.

Brief Description of the Method

Consider a two-phase equilibrium (liquid-liquid) of a polydisperse poly-
mer solution. The molecular weight distribution of the polymer is known
asfo(x). The weight fraction of the polymer in the concentrated phase is
W. The ratio of the volume of the dilute phase to that of the concentrated
phase is R. It was found that the molecular weight distribution of the
polymer in the dilute phasefa,i(x) is given byl

R exp {—axa}

1+ R exp {—qj fo(x) D

fa i(x)
and/i,,i(o:) that of the polymer in the concentrated phase or the first frac-
tion
1
1+ Rexp {—ox
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where a and a are unknown fractionation parameters. In the case where
a = 1, the above relations reduce to those obtained by Flory.2 From eq.
(2), the weight fraction IF and the weight-average molecular weight x of
the polymer in the concentrated phase or of the first fraction are given

by
w o r Mx)
W . Jo 1+ Rexp {—ax“} (3)

and

1 f“
= T ax @)
w Jo 1+ r exp {—ax=}

X =

In egs. (3) and (4), IF, x, and R are experimentally obtainable quantities,
and fo(x) is assumed to be known; therefore, these equations can be re-
garded as a simultaneous equation with two unknowns a and a and can be
solved by numerical calculations. The molecular weight distributions
/aj(x) and can be calculated by substituting the solved values of
a and a into egs. (1) and (2). When the dilute solution phase is further
fractionated, the distribution of the second fraction/”(.r) can be calculated
in a similar way by the replacement of ro(x) withr,,.i(x) m Further repetition
of the above procedure yields the distribution of any fraction.

Linear polyethylene (Marlex 6009) was successively fractionated into
11 fractions. The first, the fourth, the fifth, and the last fraction were
further fractionated to determine their molecular weight distributions.
The distributions were also calculated by the proposed method, and the
two distributions were compared.

Experimental

The fractionation apparatus used is shown in Figure 1. The whole ap-
paratus was immersed in an oil bath at 120 £ 0.1°C. About 0.5 g./IOO ml.
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solution of linear polyethylene Marlex 6009 in xylene was prepared in flask
A. Polyethylene glycol of molecular weight 400, which is nonsolvent, was
added slowly until an appropriate amount of concentrated phase was pro-
duced. After a vigorous agitation of the solution, equilibrium was con-
sidered to be attained. The concentrated phase settled at the top of the
solution. The total volume of the solution was measured by a mark on
the wall of the flask. The dilute phase was then drained through the glass
tube D into the neighbor flask B by suction. When the boundary be-
tween the dilute and the concentrated phase reached the bottom of the
flask A, the plug E was opened; thus the concentrated phase remained in
the narrow part C of the flask. The volume of the concentrated phase
was measured in this stage. Discrimination of the boundary between the

Fig. 2. Integral molecular weight distribution of Marlex 6009; (-----) obtained by
combining fractionation data (X) and refractionation data (----).

two phases is often difficult. Addition of a very small amount of dye, Sudan
Black, when nearly all the dilute solution was transferred to B, was very
convenient. The dilute phase was colored by the dye but the concentrated
phase was not; the boundary could then be clearly observed. The con-
centrated phase was redissolved in xylene and then poured into a large
amount of methanol. The polymer precipitated from methanol was
filtered, washed repeatedly with methanol, vacuum-dried, and then
weighed as the first fraction. Further fractionation consisted of repetition
of the above procedure for the remaining dilute phase. The second, the
third, . . ., and the tenth fraction were obtained successively. The residual
solution was the last fraction. The first, the fourth, the fifth, and the last
fraction were refractionated to obtain their distributions.

The molecular weight of every fraction was determined through solu-
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tion viscosity measurement. The solvent was tetralin at 130°C. The
intrinsic viscosity-molecular weight relation derived by Tung3was used:

fo] = 4.6 X 10“4M075 )

The integral molecular weight distribution of the unseparated polymer

which is shown in Figure 2, was evaluated by combining the first

fractionation data shown in Table I and the experimental refractionation
data. They are represented by crosses and dotted lines in Figure 2.

TABLE |
Fractionation Data of Marlex 6009

Fraction

No. W) X li a a
1 0.122 547,000 88 1.62 3.55 X 10-“
2 0.073 188,000 182 2.33 152 X 10"4
3 0.087 125,000 191 2.00 1.74 X 10“12
4 0.136 71,500 161 0.911 8.33 X 107
5 0.131 50,400 204 1.08 2.18 X 10-7
6 0.098 35,200 330 1.56 2.57 X 10“9
7 0.075 22,400 593 1.06 6.88 X 10-7
8 0.063 17,300 841 0.957 2.64 X 10“6
9 0.048 12,600 927 0.699 3.84 X 10“6
10 0.050 9,600 1500 0.488 3.37 X 105
1n 0.119 6,200

a The ratio of the fraction weight to the total polymer weight. This is not W in the
text.

Though the refractionation of the selected fractions was carried out by
the usual procedure, some of the “refractions” were too large (in quantity)
and were further fractionated. The distributions of the first and the
fourth fraction were evaluated by combining these data as shown in Fig-
ures 3and 4.

Fig. 3. Comparison of the integral distributions: (----) calculated for the first frac-
tion and (----- ) the experimental obtained by combining fractionation X and refraction-
ation data (- -X- -).
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Fig. 4. Comparison of integral distributions: (----) calculated for the fourth frac-
tion and (-—---- ) the experimental obtained by combining ( X) fractionation, and (- -X- -)
refractionation data.

Fig. 5. Integral distributions: (----) calculated for the fifth fraction and (—X—) the
experimental distribution.

Fig. 6. Comparison of the integral distributions: (----) calculated for the last fraction
and (—X—) the experimental.
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The other distributions were evaluated by the usual method and are
shown in Figures 5 and 6.

Numerical Calculations

All the distribution curves were handled in integral forms to avoid the
errors inherent in graphical differentiation. Equations (3) and (4) for
the fth fractionation step are rewritten in integral forms by using appro-
priate subscripts i and (i—1):

. f xa exp{- iXa}lg.injx)

Wt= 1 —Rtetal 5~ | i exp {—UiX“]2 ©
Xa,i—1 RiOliOi ¢ X EXp{ cix |tla,i—d (x7)
Xti= ~w7 ~ Wt Jo 1[1+ fl, exp {(-«r, *)}]* «
where i = 1, 2, 3, ... , and lat-l (x) is the integral distribution of the

polymer in the (i—I)th dilute phase, xat . is its weight-average molecular
weight, and Jat-1 (%9 is defined by

Jaina Xfa,t-i(x)dx (8)

and the subscripts i for a in the exponent are omitted.
The numerical solutions of atand <t of the simultaneous equation were
substituted into eq. (9), the rewritten integral form of eq. (2).

1/ la,i—2 ()

wt\l + Rtexp {—<ttxa}

h.t{x) =

rxxa lexp {(—0>a) Ha,i-1(x)

TR0 T L+ Rtexp {—tixa}2
All the calculations were made by an electronic computer. The com-
parison of the experimental and the calculated curves is shown in Figures
3-6. The agreement is fairly good. The best agreement was obtained
for the fifth fraction. The number-average molecular weight of the fourth
fraction from the calculated curves is 52,000 and 60,000 from an osmotic
measurement. The values of the calculated a, and at are listed in Table
.
As the fractionation step proceeded, a systematic change of the values
of afand <iwas at first expected. Contrary to this expectation, the results
were quite nonsystematic. These results will be discussed later.

Discussion

The possible errors of the calculated distributions of the proposed method
consist of two parts. The one is due to the reliability of the fundamental
equations, egs. (1) and (2), and the other is due to the errors in the meas-
urements of IT, x, R, and fu{x). The former problem is fundamental and
very important; the accumulation of much more experimental results
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Fig. 7. Calculated integral distributions: (----) the eighth fraction for R = 841
(----) calculated that for R = 84 together with (------ ) the calculated integral distribu-
tion of the polymer in the dilute phase of the seventh fractionation step.

may be still needed. The latter problem is considered here by numerical
calculations. It is adventurous to deduce a general conclusion from a
limited number of numerical calculations, but it is certain that the results
obtained reflect the complicated problem.

In Figure 7, the calculated integral distribution of the eighth fraction is
compared with that calculated for one-tenth volume ratio of the measured
value. The difference of the two distributions is very small. It can be
said that no accurate measurement of R is probably needed (for the case
R > 100). The obtained values of a and a in the two cases are listed in
Table II.

TABLE 11
Relation between the Change in the Volume Ratio and in the Fractionation Parameters
Calculated in the Eighth Fractionation Step

R a <J
841 0.957 2.64 X 10"6
84 1.79 5.50 X 10-w

The effects of the errors in molecular weight measurements were in-
vestigated by a model distribution of the unfractionated polymer assumed
as shown in Figure 8. Two distributions of the first fraction of the model
polymer were calculated for x = 187,000 and 169,000 under the condition
W = 01 and R = 300. The other two distributions of the first fraction
of the model polymer were calculated for x = 151,000 and 136,000 under
the condition W = 0.4, R = 200.

These calculated curves are shown in Figure 8. A difference of molec-
ular weight of about 10% affects the broadness of distribution. In the
case of W small (= 0.1), the integral distribution curve for the higher
average-molecular weight crosses the curve for the lower molecular weight
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Fig. 8. Integral molecular weight distributions: (----- ) for the model polymer and
these of the first fraction calculated under various conditions: (-------- )W = 01,
R = 300, x = 187,000; (-—-)W = 0.1, R = 300, x = 169,000; (---------- )W =
0.4, R = 200, x = 151,000; (---) W = 0.4,R = 200, x = 136,000.

at the intermediate point of the molecular weight range. The former dis-
tribution is sharper than the latter. In the case of IF large (= 0.4), the
two curves never cross, and the lower curve belongs to that calculated for
the higher molecular weight. The difference of the two curves is large
in the lower molecular weight region and small in the higher molecular
weight region. In any case, corresponding changes of a and < are large,
as are shown in Table I11. The aforementioned nonsystematic changes of
aand <rare probably due to errors in the volume ratios and the molecular-
weight measurements.

The error in weight fraction measurement is so small that calculations
to investigate its effect were not undertaken.

Also the study of the effect of the errors in the initial distribution fo(x)
was not undertaken. The study appears to be rather a complicated prob-
lem to treat in a simple form.

It was at first expected that the agreement was best in the first fraction
and gradually became worse as the errors in each step were accumulated.

Contrary to this expectation, the best agreement was obtained in the fifth
step, as described before. A more accurate original distribution fOx) may
be necessary to estimate an accurate distribution of every fraction. An
investigation on a smaller number of fractionation steps may be desirable
to elucidate this problem.

TABLE IlI1
Relation between the Change in Molecular Weight and in the Fractionation
Parameters. (Calculations Made for the Model Polymer in Fig. 8.)

w R X a a

0.1 300 187,000 2.50 9.27 X IO 1
0.1 300 169,000 1.22 1.79 X 10-*
0.4 200 151,000 2.50 2.29 X 1014

0.4 200 136,000 0.574 3.72 X 10-6
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Conclusion

Though some problematical points remain as discussed in the preced-
ing section, the results shown in Figures 3-6 indicate that the proposed
method is useful for estimating molecular weight distributions of polymer
fractions.

The author wishes to express his thanks to Dr. A. Nishioka for his encouragement
and to Mr. S. Tanaka for Ids help in the experimental work.
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Résumé

L’auteur étudie une méthode qui permet estimer la distribution des poids moléculaires
dens chaque fraction de polymere. Les distributions calculées par cette méthode sont
comparées avec les valeurs mesurées. Pour étudier le changement nonsystematique des
paramétrés de fractions quelques calculs numériques on a effectué.

Zusammenfassung

Die schon friiher vorgeschlagene Methode zur Bestimmung der Molekulargewichts-
verteilung von Fraktionen wird untersucht. Die berechneten Verteilungen werden mit
den experimentellen verglichen. Um die beobachteten, nichtsystematischen Anderungen
der Fraktionsparameter zu diskutieren, werden einige numerische Berechnungen durch-
gefiihrt.
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Some Aspects of Thermal Decomposition of
Polyoxymethylene and Irradiated Polyoxymethylene

SADAO TORIKAI, Central Research Laboratories, Toyo Rayon Co., Ltd,.,
Otsu, Shiga, Japan

Synopsis

The thermal decomposition of polyoxymethylene and irradiated polyoxymethylene
in vacuum was carried out and the kinetic aspects of thermal decomposition discussed.
Although decomposition of low viscosity polyoxymethylene followed a pattern in which
log (polymer residue) was roughly linear with decomposition time, the high-viscosity
polyoxymethylene which was obtained by the post-polymerization of irradiated solid
formaldehyde showed the two components different in stability. However the con-
centrations of the components depended on the decomposition temperature.  After the
thermal decomposition, the sample could not be further stabilized by acetylation, while
this initial polymer could be highly stabilized by acetylation. The irradiated polymer
also could not be thermally stabilized by acetylation, though the first component of the
irradiated polyoxymethylene disappeared after acetylation. The components of the
polymer irradiated at 100°C., ~4 Mr (ig®/c = 0.23) showed three components the con-
centrations of which are independent of decomposition temperature. In irradiation at
room temperature, or in the case of irradiation by the electron beams from a Van de
Graaf generator at a high dose rate, the evacuation at 100°C. of the irradiated sample
after irradiation disclosed the clear dependence of formation of stable polymer on dose,
and the formation of three components which are independent of the decomposition

temperature.

INTRODUCTION

Kern and others reported the mechanisms of the thermal decomposition
of polyoxymethylene according to which decomposition starts at the poly-
mer ends and main-chain scission hardly occurs under 270°C.12 The ther-
mal decomposition of polyoxymethylene, however, exhibits complicated
features in some cases, where the thermal stability of the sample seems to be
changed during thermal decomposition.  The termination of depolymeriza-
tion, main-chain scission, and other miscellaneous phenomena might change
the stability of the polymer in the process of decomposition.

The change in stability on irradiation with y-rays at room temperature
was studied in our previous paper.3 The three components of irradiated
polyoxymethylene different in stability were dependent slightly on the de-
composition temperatures, and the concentrations of the three components
could not be definitely decided.

The present paper deals primarily with the thermal decomposition of
polyoxymethylene and irradiated polyoxymethylene, undertaken with a
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view to elucidating the effect of thermal decomposition and decomposition
by irradiation on the thermal stability of the polymer. It also supple-
ments some results and discussion to our previous paper.

EXPERIMENTAL

Polyoxymethylene dihydrate was prepared by introducing anhydrous
formaldehyde gas into stirred re-heptane which contained dimethylform-
amide as initiator. High viscosity polyoxymethylene was also obtained by
the post-polymerization of irradiated solid formaldehyde.4’6 The viscosity
number of this polymer was estimated to be 5-6.3

Acetylation of polyoxymethylene was carried out by using boiled acetic
anhydride in the presence of sodium acetate in nitrogen gas for 2 hr. Poly-
oxymethylene was irradiated by y-rays from a Co®source at a dose rate of
0.83 X 104r/hr., or by electron beams from a Van de Graaff-type generator
at a dose rate of 0.77 X 107rad/min., at room temperature and 100°C. in
vacuum, an n-shaped glass ampule, of which one end was immersed in
liquid nitrogen during irradiation, being used.

Thermal decomposition of the sample was measured in vacuum (ca.
10" 6mm. Hg) by the same method as described in our previous paper. It
took 4-12 min. for the temperature of the sample to rise to 150-300°C.,
respectively. Viscosity number was measured at 60°C. in p-chlorophenol
containing 2% of a-pinene at a concentration of 0.5 g. polymer/100 cc. sol-
vent, after dissolving the polymer in the solvent at 110-120°C. for 1 hr.

RESULTS

Thermal Decomposition of Polyoxymethylene Dihydrate and
Polyoxymethylene Diacetate

Several kinds of polyoxymethylene were decomposed in vacuum at var-
ious temperatures from 150 to 200°C.

Figure LI shows the result of decomposition of polyoxymethylene dihy-
drate which was polymerized by dimethylformamide as initiator. Each of
the curves in Figure 1A follows approximately a first-order decomposition.
Polyoxymethylene dihydrate having a viscosity number not exceeding
about 2 usually decomposes in this manner.

On the other hand, polyoxymethylene obtained from irradiated solid
formaldehyde decomposes in a complicated manner.  This is illustrated in
Figure IB. The decomposition curves of this polymer might be divided
into two components each of which roughly follows a first-order decomposi-
tion. The concentrations of two components, however, would differ
markedly from one another depending on the decomposition tempera-
ture.

In spite of this queer aspect of decomposition, the polymer obtained from
irradiated solid formaldehyde could be highly stabilized by acetylation,
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Fig. 1 Thermal decomposition of polyoxymethylene dihydrate in vacuum: (A)
polymer polymerized with dimethylformamide as initiator, vsp/c = 1.68; (B) polymer
from irradiated solid formaldehyde, i\sv/c estimated to be 5-6.

just as polyoxymethylene dihydrate polymerized by dimethylformamide as
shown in Figure 2

Thermal Decomposition of Irradiated Polyoxymethylene Polymerized by
Dimethylformamide as Initiator

It was found that in the case of irradiation at high temperatures, the ir-
radiated polyoxymethylene shows definite concentrations of the different
components which are independent of the decomposition temperature.
This is illustrated in Figures 3.1 and 3B, where the polymer was irradiated at
100°C. in vacuum. Direct comparison of the concentrations with the re-
sults of irradiation at room temperature seems to be complicated, as ca.
14% of the sample was decomposed during irradiation at 100°C.

In some cases of irradiation at room temperature, the dependence of the
concentrations of the components on the decomposition temperature was
large, as shown in Figure 4A. In this case, evacuation at 100°C. of the
polymer which was irradiated at room temperature afforded some dis-
tinctness to the concentrations of the three components.  This is illustrated
in Figure 4B.
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Fig. 2. Thermal decomposition of polyoxymethylene diacetate in vacuum: (-—-)
polymer from irradiated solid formaldehyde; (- -) polymer polymerized by dimethyl-
formamide.

Similar results were also obtained in the case of irradiation at a high dose
rate by electron beams from a Van de Graaff generator. The thermal sta-
bilization, in this case, was obscure and the formation of stable polymer did
not depend clearly on irradiation dose. However, evacuation at 100°C.
after the irradiation by electron beams disclosed clearly the dependence of
the formation of stable polymer on irradiation dose. This is shown in
Figure 5.

Change in Thermal Stability of Polyoxymethylene Obtained from Irradiated
Solid Formaldehyde by Irradiation and by Thermal Decomposition

In Figure 6 are shown the thermal decomposition curves at 250°C. of the
samples derived from polyoxymethylene from irradiated solid formalde-
hyde. These curves indicate the similarities and differences in the sta-
bility change resulting from irradiation decomposition and thermal de-
composition.

The acetylation of the initial polymer gave the most stable derivatives
(Fig. 6, curves 5and 5"). It is evident in Figure 6 that the viscosity of the
sample does not have as important an effect on the stability as the kind of
endgroups.

When the initial polymer was at first decomposed at 180°C. for 5 hr. to
82% residue, the thermal decomposition at 250°C. of the polymer was ob-
viously changed, especially at the initial stage of the decomposition at
250°C., as shown in Figure 6 (curve 3).

On the other hand, irradiated polyoxymethylene showed three compo-
nents apparently different in their stability (Fig. 6, curve 2). When the
irradiated polyoxymethylene was heated at 180°C. for 5 hr. the first com-
ponents of the irradiated polyoxymethylene formed disappeared in subse-
quent decomposition at 250°C., just as the first component had decomposed
in the first decomposition at 180°C. (Fig. 6, curve 4).
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One of the most important results in Figure 6 is that neither the ir-
radiated polymer nor the polymer preheated at 180°C. could be stabilized
so well by acetylation as polyoxymethylene dihydrate or initial polymer
(Fig. 6, curves 6-8). (Acetylation of the treated polyoxymethylene im-
proved the thermal stability to some extent, but the rate of decomposition

Fig. 3. Thermal decomposition of polyoxymethylene irradiated with 7-rays at 100°C.
in vacuum: (A) per cent residue at first inflection points; (B) per cent residue at second
inflection points. Initial polymer obtained by polymerization in the presence of di-
methylformamide, risp/c = 1.68; irrradiation dose 4 Mr; irradiated polymer risv/c =
0.23.

was the order of the second component of the irradiated polyoxymethyl-

ene.)
Non-irradiated sample (excluding the part obtained by acetylation)
seemed to lack the component corresponding to the third component of the

irradiated sample.
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Time (min..)

Fig. 4. Thermal decomposition of polyoxymethylene irradiated at 20°C. in vacuum:
(A) direct decomposition after irradiation; (B) decomposition after evaluation of the
irradiated sample at 100°C. for 5 hr. (4% decrease in weight during evacuation). In-
itial polymer obtained by polymerization in the presence of dimethylformamide, iji7/c =
1.68; irradiation dose 10 Mr, irradiated polymer fsv/c = 0.33.

Fig. 5. Thermal decomposition at 200°C. of polyoxymethylene irradiated at room
temperature by electron beams from a Vau de Graaff generator: (1) initial polymer,
Vsp/c = 1.68; (2) irradiated with 1 Mrad; (2') irradiated with 1 Mrad, then evacuated
at 100°C. for 16 hr.; (3) irradiated with 10 Mrad; (S') irradiated with 10 Mrad, then
evacuated at 100°C. for 5 hr.; (4) irradiated with 50 Mrad; (4') irradiated with 50
Mrad, then evacuated at 100°C. for 5 hr.
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Fig. 6. Thermal decomposition at 250°C. of polyoxymethylene derived by irradiation,
thermal decomposition, or acetylation: (1) initial polymer, from irradiated solid form-
aldehyde, veo/c = 5-6; (2) irradiated with 0.5 Mrad at room temperature, rup/c =
1.10; (3) decomposed thermally at 180°C. for 5 hr. (18% decrease in weight during
thermal treatment); (4) %thermally decomposed at 180°C. for 5 hr. (16% decrease in
weight during thermal treatment), ijsp/c = 1.07; (5) acetylated (4% decrease in weight
during acetylation); (S') polyoxymethylene dihydrate with viscosity of 1.68 acetylated
(3% decrease in weight during acetylation), inv/c = 1.70; (6) 2 acetylated (10%
decrease in weight during acetylation), m//c — 1.15; (7) 3 acetylated (2% decrease in
weight during acetylation); (8) 4 acetylated (10% decrease in weight during acetyla-
tion), risp/c —1.08.

DISCUSSION

As far as the results here are concerned, the decomposition curves might
be taken to indicate that the components follow a first-order decomposition.
No fundamental basis for this kinetic aspect of thermal decomposition is
known. However, it seems that the separation of the components differ-
ent in the stability should be due to either of the following reasons: (a)
the initial sample consists of components differing in stability; (b) the sta-
bility changes during the process of thermal decomposition in vacuum (as a
result of the nature of the sample or the nature of the decomposition).

The discrimination between (a) and (6) might be achieved by the exami-
nation of the dependence of the component concentration on the decomposi-
tion temperature.

As for this point, the polyoxymethylene irradiated at 100°C. (3s./c =
= 0.23) showed components of which the concentrations were independent
of the decomposition temperature.  So, in this case, the thermal decomposi-
tion itself did not affect the stability, and the three components had been
evidently produced during irradiation.

On the other hand, in the case of the polyoxymethylene of high viscosity
which was obtained by polymerization of irradiated solid formaldehyde,
the concentrations of the components were extremely dependent on the de-
composition temperature.  So the stability seems to be changed during the
process of thermal decomposition.  As long as this polyoxymethylene could
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be stabilized by acetylation, this initial polymer might well be taken as
polyoxymethylene dihydrate. No viscosity decrease seemed to occur
during the acetylation reaction, for the acetylated polymer did not dissolve
in p-chlorophenol at 120°C. and its viscosity decreased by irradiation almost
to the same degree as the initial polymer. After thermal decomposition,
the polymer showed fairly stabilized thermal decomposition (less stable
than the acetylated polymer, almost equally stable as the second compo-
nent of the irradiated polymer).

This thermally treated polymer could not be further stabilized by acety-
lation. Thus, the thermally treated polyoxymethylene fromirradiated solid
formaldehyde seems to have mainly other kinds of endgroups than hydroxy
endgroups. (The ineffectiveness of acetylation of the irradiated polymer
was also observed, although the first component disappeared after acetyla-
tion.) In principle, the reactions after the main-chain scission or the term-
inations of depolymerization seem to be able to produce such endgroups as
methoxy, formyloxy, and hydroxy. The possibility of crosslinking during
thermal decomposition might be also considerable. (The viscosity change
during the thermal decomposition showed some complicated features.78)
Polyoxymethylene dihydrate showed a slight increase in viscosity during
the thermal decomposition at 175-200°C. There was a slight decrease in
viscosity of polyoxymethylene diacetate beginning from 250°C. No de-
crease in viscosity of polyoxymethylene diacetate was observed in the ther-
mal decomposition below 225°C.

Here, it should be noted that the stability change during the thermal
decomposition was shown clearly only in the case of the polymer of high
viscosity and that no apparent viscosity decrease during the thermal
treatment could be observed. The accumulation of experiments seems to
be necessary to permit the mechanisms of the stability change to be de-
duced.

As for the dependence of the concentrations of the components on the
decomposition temperatures, polyoxymethylene irradiated at room tem-
perature showed the less dependent concentrations of the components
after evacuation at 100°C. Polyoxymethylene irradiated by a Van de
Graaff generator also indicated the clear dependence of stable polymer
formation on irradiation dose after evacuation at 100°C. The effects of the
evacuation at 100°C. seem to be due to the exclusion of the low molecular
weight substances and such substances as would accelerate the decom-
position.

The author is greatly indebted to the Director of the Laboratories, Dr. H. Kobayashi,
and to Drs. E. Mukoyama and Y. Shinohara for suggestions and interest in this study.
He is also indebted to Mr. S. Saito and Mr. H. Mekata for the collaborations in the
experiments.
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Résumé

On a effectué la décomposition thermique du polyoxyméthylene et du polyoxy-
méthylene irradié sous vide et une discussion qualitative a été faite a partir des aspects
cinétiques de la décomposition thermique. Bien que le polyoxyméthyléne de faible vis-
cosité se décompose approximativement d’une facon linéaire entre le log du résidu poly-
mérique et le temps de décomposition, le polyoxyméthyléne qui a été obtenu par la post-
polymérisation du formaldéhyde solide irradié présente les deux composants différents
de stabilité. Cependant les concentrations des composants dépendent fortement de la
température de décomposition. Aprés la décomposition thermique I’échantillon ne peut
plus étre stabilisé par acétylation, tandis que ce polymere initial peut-étre fortement
stabilisé par acétylation. Le polymére irradié ne peut pas non plus étre stabilisé par
acétylation, bien que le premier composant du polyoxyméthyléne irradié disparaisse
apres acétylation. Les composants du polymere irradié a 100°C. {ttp/c — 0.2, ~4 Mr)
montrent les trois composants qui sont indépendants des températures de décomposition.
Dans certains cas d’irradiation a température de chambre, ou dans le cas d’irradiation
par un faisceau d’électrons provenant d’un générateur de VVan der Graaf a une vitesse
de dose élevée, I’évacuation a 100°C. de I’échantillon irradié, révele aprés irradiation la
nette dépendance de la formation de polymére stable vis-a-vis de la dose et les trois
composants qui sont indépendants de la température de décomposition.

Zusammenfassung

Die thermische Zersetzung von Polyoxymethylen und bestrahltem Polyoxymethylen
im Vakuum wurde untersucht und die kinetischen Aspekte der thermischen Zersetzung
einer qualitativen Diskussion unterzogen. Niederviskoses Polyoxymethylen zersetzte
sich zwar angenéhert nach einer linearen Beziehung zwischen log(Polymerriickstand) und
Zersetzungsdauer, das hochviskose, durch Nachpolymerisation von bestrahltem festen
Formaldehyd erhaltene Polyoxymethylen besass jedoch zwei Komponenten verschie-
dener Stabilitat. Die Konzentration der Komponenten zeigte eine extreme Abh&ngigkeit
von der Zersetzungstemperatur. Nach der thermischen Zersetzung konnte die Probe
durch Acetylierung nicht mehr stabilisiert werden, wahrend beim Ausgangspolymeren
auf diese Weise eine hochgradige Stabilisierung erreicht wurde. Das bestrahlte Poly-
mere konnte ebenfalls durch Acetylierung nicht thermisch stabilisiert werden, obgleich
die erste Komponente des bestrahlten Polyoxymethylens nach der Acetylierung ver-
schwand. Das bei 100°C. bestrahlte Polymere {ylc = 0,23, ~4 Mr) zeigte drei von der
Zersetzungstemperatur unabhdngige Komponenten. Bei manchen Bestrahlungen bei
Raumtemperatur oder bei der Bestrahlung mit Elektronen eines Van de Graaf-Genera-
tors bei hoher Dosisleistung liess die Evakuierung der bestrahlten Probe nach der
Bestrahlung bei 100°C. klar die Abhangigkeit der Bildung des stabilen Polymeren von
der Dosis sowie die drei von der Zersetzungstemperatur unabhdngigen Komponenten
erkennen.
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Coupled Vinyl and Acetal Ring-Opening
Polymerization

MURRAY GOODMAN and AKIHIRO ABE, Polymer Research
Institute, Polytechnic Institute of Brooklyn, Brooklyn, New York

Synopsis

4-Methylene-1,3-dioxolane and its derivatives were polymerized by cationic catalysts.
Infrared and ultraviolet studies showed that the polymers of 2,2-dimethyl- or 2-methyl-
1,3-dioxolane possess appreciable carbonyl content. This indicates that the polymer-
ization takes place in such a manner that the carbon-carbon double bond opening is
coupled with a concurrent acetal ring rearrangement in the propagation step to give
“ketoether” sequences. 4-Methylene-l,3-dioxolane, on the other hand, was found to
polymerize mostly at the carbon-carbon double bond. Copolymerization of these
monomers with acrylonitrile under ultraviolet irradiation was also studied.

INTRODUCTION

The ring-opening polymerization of cyclic formals was first studied by
Hill and Carothers.l They reported that while seven- and eight-membered
rings are polymerizable with cationic catalyst systems, six-membered ring
formals are unreactive. The polymerizations of dioxolane, other higher
formals and their derivatives have also been reported.1"7 In addition to
these simple ring-opening reactions, a double ring-opening polymeriza-
tion was observed by Bodenbenner.8

On the other hand, the polymerization of ketene acetals9-11 was known
to proceed primarily by the carbon-carbon double bond addition route with
cationic catalysts.

Recently the preparation and polymerization of 1,3-dioxole and 2,2-di-
methyl-1,3-dioxole was reported by Field.2 Vinyl polymerization was
observed with boron trifluoride at Dry Ice-acetone temperatures. An
alternating copolymer with maleic anhydride was obtained by use of a free
radical initiator.

The compound 4-methylene-l,3-dioxolane and its derivatives also pol-
ymerize by Friedel-Craft catalysts at about room temperature.i34 Al-
though the pure monomers are essentially indifferent to radical initiators,15
they copolymerize with some vinyl compounds in the presence of radical cata-
lysts. However, in this report we present data on the polymerization
mechanisms and polymer structures which have heretofore not been eluci-
dated.
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RESULTS

Polymerization and Copolymerization

The monomers, 2,2-dimethyl-4-methylene-1,3-dioxolane (1), 2-methyl-4-
methylene-1,3-dioxolane (I1), and 4-methylene-l,3~dioxolane (I11) were
prepared by acetal formation as follows: (1) acetone was allowed to react
with epichlorohydrin; (2) acetaldehyde was allowed to react with epichloro-
hydrin; and (3) trioxane was allowed to react with 3-chloro-1,2-propane-
diol. These chlorinated dioxolanes were dehydrohalogenated with potas-
sium hydroxide.

Polymerizations of these monomers take place easily with typical cationic
catalysts at Dry Ice-acetone temperatures. While aluminum trichloride
catalyst gave white or slightly yellowish polymers at room temperature, the
polymers with boron trifluoride etherate at this temperature were black
and completely insoluble. It was also found fortuitously that molecular
sieves were able to initiate the cationic polymerization of these monomers.
The results of the polymerization are summarized in Tables I-HI.

Most of the polymers were observed to be very soluble in benzene,
chloroform, p-dioxane, acetone, and even partially soluble in methanol.
They are insoluble in «-pentane or «-hexane. When the polymers of 2,2-
dimethyl- or 2-methyl-4-methylene-I,3-dioxolane contain a small amount
of solvent, they exhibit sizable adhesive properties, and they become fairly
brittle when completely dry. Poly-4-methylene-I,3-dioxolane, on the
other hand, is somewhat more brittle under the same conditions. All of
the polymers were shown to be amorphous by x-ray examination. Viscos-
ity measurements were carried out using an Ubbelohde-type viscometer.
The intrinsic viscosities in benzene or chloroform are shown in Tables I-H1.
The softening temperatures of the polymers were observed by the capillary
method. These are the temperatures at which the polymers become vis-
cous liquids. The polymers are very sensitive to acid, the color becoming
variously yellow, green, or black, under these conditions.

The polymerizations of the saturated analogs, 2,4-dimethyl-1,3-dioxolane
and 2-methyl-4-chloromethyl-1,3-dioxolane, were also attempted. Al-
though some viscosity increase was observed at room temperature, no
recognizable reaction was observed at Dry Ice-acetone temperatures with
the cationic catalysts mentioned above.

While pure 4-methylene-l,3-dioxolane derivatives are essentially insen-
sitive to ultraviolet irradiation, they smoothly copolymerize with vinyl
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compounds carrying an electron-attracting substituent such as acrylonitrile
under irradiation. The resulting copolymers with acrylonitrile are soluble
in both chloroform and V,V-djmethylformaiuide, and can be reprecipi-
tated from these solutions by addition of n-pentane or methanol. These
polymers are also found to be amorphous by x-ray examination. Viscos-
ities and softening temperatures were measured in the same manner as
described above, and are tabulated in Table IV. When the copolymer of
2-methyl-4-methylene-l,3-dioxolane with acrylonitrile is heated in con-
centrated hydrochloric acid, it dissolves completely. Addition of methanol
to this solution gives a white polymer which shows a characteristic carboxyl
absorption in infrared. At the same time the nitrile peak at 2240 cm. '!
and the acetal peaks at 1200-1050 cm. '1 disappear. This is probably due
to complete hydrolysis of nitrile and acetal groups in the polymer. As ex-
pected, this polymer is very soluble in agueous sodium hydroxide solution.

Infrared and Ultraviolet Absorption Studies and the Elucidation of the
Homopolymer Structures

Infrared absorption measurements were carried out with the use of
Perkin-Elmer Model 21 and Infracord instruments. Most of the polymer
samples were prepared by casting films from chloroform or benzene solu-
tion. Typical examples of the spectra of the monomer, its saturated
analog, and polymer are shown in Figures 1-5.

Some remarkable differences are recognized in the fingerprint region of
the infrared spectra of the polymers from those of the monomers resulting
from the disappearance of the carbon-carbon double bonds (1690, 1250-
1290, 940-960, and 800-810 cm.') during polymerization. Chemical
tests on poly-2-methyl-4-methylene-1,3-dioxolane also indicate that no
sizable amount of carbon-carbon double bonds remains in the polymer.
The tests on which these conclusions are based are summarized below.

(@) Hydrogenation of the polymer was attempted with 5% palladium
on charcoal or platinum oxide in dioxane under 40 psi pressure at room tem-
perature for several hours. The polymer after such treatment was shown
to be exactly the same as the original polymer.

(6) The polymer solution in acetone did not decolorize added dilute
potassium permanganate solution at room temperature. At an elevated
temperature, the color changed from the permanganate purple to deep red.

() Addition of a small amount of bromine solution in carbon tetrachlo-
ride to a polymer solution in the same solvent gave a very insoluble black
precipitate.

In the case of poly-2,2-dimethyl-4-methylene-1,3-dioxolane and poly-2-
methyl-4-methylene-l,3-dioxolane, fairly sharp absorptions are observed at
1730 cm. "1 (Figs. 3 and 4), suggesting the presence of a carbonyl group.
The intensities of these peaks remain constant after repeated reprecipitation
from chloroform or benzene solution by n-pentane. It was, however, ob-
served that the intensity of the carbonyl absorption in the infrared varied
appreciably depending upon the catalyst system and polymerization
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WAVE LENGTH (»7/0

Fig. 6. Ultraviolet absorption of the polymers and the model compound (c = 0.050
mole/1. in methylene chloride): (A) poly-2,2-dimethyl-4-methylene-1,3-dioxolane pre-
pared by BF3-ELO catalyst; (B) poly-2-methyl-4-methylene-l,3-dioxolane prepared by
BFa-ELO catalyst; (C) poly-4-methylene-l,3-dioxolane prepared by BF3-ELO catalyst;
(D) I-methoxy-2-propanone.

temperature employed. While the polymers obtained using boron tri-
fluoride etherate as a catalyst at Dry Ice-acetone temperatures show the
strongest carbonyl absorption, those derived from the aluminum trichloride
catalyst possess the weakest. The carbonyl absorptions of both polymers
derived from 2,2-dimethyl- and 2-dimethyl-4-methylene-1,3-dioxolane
diminish in the following order :

BF3-EtD (—78°C.) ~ AICL, (25-30°C.) >
molecular sieves (above 25°C.) = FBSO4(concn.) (—78°C.) >
AICU (—78°C.)

As shown in Figure 5, on the other hand, poly-4-methylene-I,3-dioxolane
possesses an extremely weak carbonyl absorption, even when it was formed
by using boron trifluoride etherate at Dry Ice-acetone temperatures.
Ultraviolet absorption studies supply additional proof of the structures of
the polymers. All of the samples were freshly prepared by reprecipitating
from the solvent which was used in the ultraviolet absorption measure-
ments, and dried completely under reduced pressure. The measurements
were carried out with a Cary Model 14 spectrophotometer. As is clearly
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seen in Figure 6, while the polymers of 2,2-dimethyl- and 2-methyl-4-
methylene-1,3-dioxolane obtained with boron trifluoride etherate catalyst
at Dry Ice-acetone temperatures exhibit appreciable absorptions at 290-
295 mu, the polymer derived from 4-methylene-1,3-dioxolane under the
similar conditions does not show any absorption in this region. The ob-
served values for the polymers and related compounds are listed in Table
V. While the polymers show absorption maxima at 290-295 nvx, a simple
aldehyde or ketone possesses an absorption maximum at lower wavelength
in the same solvent. Since none of the polymers shows the infrared ab-
sorption attributable to an aldehyde residue at 2750 cm.-1, it is reasonable
to assume that the carbonyl absorption is attributable to a ketone group.
From the data shown in Table V, it is also reasonable to assume that large
portions of the monomeric units of the polymer derived from either 2,2-
dimethyl- or 2-methyl-4-methylene-1,3-dioxolane by use of boron tri-
fluoride etherate contain a carbonyl group.

Infrared absorptions of these polymers in the ether region (C-O-C
stretching, 1200-1000 cm.-1) show only slight differences from the spectra
of the corresponding monomer (Fig. 1), the saturated analog (2,4-dimethyl-
1.3- dioxolane) (Fig. 2), and the copolymer with acrylonitrile. As will be
discussed later, this is probably due to the copolymer nature of the polymer
sequences.

Infrared Absorption Studies of the Copolymer with Acrylonitrile

An example of the infrared spectra is shown in Figure 7. A sharp ab-
sorption peak at 2240 cm.-1 is assignable to a nitrile group. From the fact
that there are no detectable carbonyl or carbon-carbon double bond absorp-
tion bands, we conclude that the monomers (4-methylene-1,3-dioxolane
derivatives) copolymerize with acrylonitrile only by carbon-carbon double
bond addition reactions.

From chemical analyses (Table IV) and the fact that pure 4-methylene-
1.3- dioxolane derivatives are stable to ultraviolet irradiation and radical
initiators,Bit is most reasonable to assume almost alternating structures
for the copolymers. The exact structures of these copolymers are still
unknown, however.

DISCUSSION

The three polymerization routes shown in egs. (1)—€3) are conceivable for
polymerization of 4-methylene-1,3-dioxolane derivatives with cationic
catalysts.

Vinyl Polymerization:

R—C----0 @
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Ring-Opening Polymerization:

CH=C- -CH, A
0 -C—0—C—CIL—0-
‘C @
R,
k
Coupled Vinyl and Ring-Opening Polymerization:
0] Ri
Cationic ~CHZC-—CH2 I |
catalyst (o Xkh2-c- ch2 o- cl- €]
&
Ri R2 r2

As we have seen above, when the polymers of 2,2-dimethyl- and 2-
methyl-4-methylene-1,3-dioxolane are prepared by boron trifluoride ether-
ate at Dry Ice-acetone temperatures or by aluminum trichloride at room
temperature, large portions of the monomeric units of the polymers contain
ketonic groups. This fact can be explained only by assuming that route
(3) isimportant, i.e., the double bond opening by cationic catalyst is coupled
with the acetal ring rearrangement to a ketone. This generates another
electron-deficient site which is attacked by additional monomer. This
structure is also consistent with the other observations cited above. 1-
Methoxy-2-propanone was prepared as a model compound for this polymer
structure. As shown in Table V, this compound possesses an absorption
maximum at 282.5 m/i in methylene chloride, which is higher than that
observed for acetone (275 m/x) in the same solvent. It is, therefore, seen
that an alkoxy substitution as well as an alkyl groupBat the position a to
the carbonyl group shifts the absorption maximum to a higher wavelength.

The fact that the intensity of the carbonyl absorption in infrared is more
or less variable depending upon the catalyst system and polymerization
temperature employed is probably due to partial polymerization via route
(D), that is, a simple vinyl polymerization. By taking the molar extinction
coefficient of I-methoxy-2-propanone as a standard, conversion to the
above-mentioned ketoether type sequence during cationic polymerization
is estimated to be between 40 and 90% (Table V).

In the case of 4-methylene-l,3-dioxolane, polymerization takes place
mostly at the carbon-carbon double bond. It can be explained in terms of
the difficulty of forming the primary carbonium ion, which would be pro-
duced if the polymerization Avere accompanied by acetal ring rearrange-
ment.

In summary, we conclude that cationic polymerization of 2,2-dimethyl-
or 2-methyl-4-methylene-1,3-dioxolane under certain conditions mainly
takes place by a coupled vinyl and acetal ring opening to give a “poly-
ketoether.” It is interesting to note that although the polymerization of
1,3-dioxoles may be considered to proceed through a similar transition state,



3486 M. GOODMAN AND A ABE

only vinyl-type polymerization was reported.2 In the present case, it is
reasonable to assume that the polymerization involves concurrent acetal
ring rearrangement in a large portion of the propagation steps. In this
respect, we may find some analogy to the polymerization of 1,4,6-trioxa-
spiro-[4,4]-nonane,8 which yields a type of 1:1 copolymer of ethylene
oxide and 7-butyrolactone by a double ring opening.

EXPERIMENTAL

The chemical analyses were carried out by Schwarzkopf Microanalytical
Laboratory.

Syntheses of the Monomers and Model Compounds

2.2-  Dimethyl-4-chloromethyl-l,3-dioxolane.19 An ice-cooled mixture of
acetone (127 g., 2.19 mole) and epichlorohydrin (198.5 g., 2.16 mole) in 350
ml. of methylene chloride was slowly added to a cold solution of stannic
chloride (20.1 g., 0.077 mole) in 50 ml. of methylene chloride. The solution
was stirred and the addition was continued at such a rate that the tempera-
ture did not rise above 25°C. The resulting orange-brown solution was
poured into 300 ml. of a 10% sodium carbonate solution to remove the
catalyst. The organic layer was separated, washed with water, and dried
over anhydrous sodium sulfate overnight. This solution was more rigor-
ously dried with molecular sieves for 5 hr. before distillation.

The desired acetal was thus obtained: 216 g.; 66.7%; b.p. 54-55°C./
15 mm. Hg.

2.2-Dimethyl-4-methylene-1,3-dioxolane.  Commercial  potassium
hydroxide pellets (350 g.) were heated to 250°C. in a copper flask with
stirring under reduced pressure (2-3 mm. Hg). The molten potassium
hydroxide began to resolidify after 30-60 min. or heating. Completely
solidified potassium hydroxide was allowed to cool to room temperature.
The reactant, 2,2-dimethyl-4-chloromethyl-1,3-dioxolane (200 g., 133
mole) obtained above, was decanted onto this solid potassium hydroxide at
atmospheric pressure. After refluxing for 30 min. on a sand bath, the
product was collected by distillation (100-150°C.) at atmospheric pressure
and finally under the reduced pressure (3 mm. Hg). The resulting product
was washed with a small amount of water and dried over anhydrous sodium
sulfate overnight. It was more rigorously dried with a small amount of
molecular sieves for 5 hr. before distillation. It is important not to use
too much because of polymerization, (see later section). Pure product was
obtained by distillation under nitrogen. Some of the starting acetal (79.6
g., b.p. 56~59°C./17 mm. Hg) was also recovered. The product was ob-
tained in 55.2 g. yield (60.3%); b.p. 110-111°C.; nf) 14272 (Lit. value:®
rag 1.4221); df 0.9360.

Anai. Calcd. for (CEHID2D: C, 63.14%; H, 8.83%. Found: C,63.02%; H,
9.04%.
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2-Methyl-4-chloromethyl-I,3-dioxolane. Acetaldehyde (100 g., 2.3
mole) and epichlorohydrin (200 g., 2.2 mole) were treated with stannic
chloride (24 g., 0.092 mole) in a similar manner as described in the pre-
vious section. Carbon tetrachloride was employed as a reaction solvent.
A fraction boiling at 45-47°C./12 mm. Hg was collected; yield 140 g.
(46.8%).

Anal. Calcd. for (CtHIC102): C, 43.95%; H, 6.64%; Cl, 25.97%. Found: C,
43.74%; 11,6.60%; CI, 25.76%.

2-Methyl-4-methylene-1,3-dioxolane. ~ Dehydrohalogenation of 2-
methyl-4-chloromethyl-1,3-dioxolane (62 g., 0.46 mole) was carried out
in the same manner as described above. Potassium hydroxide pellets
(160 ¢.) were used. The pure product (13.0 g.) and unreacted starting
acetal (22.2 g.) were obtained by distillation under nitrogen; yield 44.4% ;
b.p. 95-97°C. ; ng 1.4304; dm0.9707.

Anal. Calcd. for (CH®2): C, 59.96%; H, 8.06%. Found: C, 60.01%; H,
8.05%.

4-Chloromethyl-1,3-dioxolane. To a mixture of trioxymethylene (60.0
g., 0.667 mole) and stannic chloride (55.8 g., 0.214 mole) in 300 ml. of car-
bon tetrachloride was added 3-chloro-1,2-propanediol (220 g., 2.00 mole).
The mixture was refluxed with stirring for 5 hr. ~ The resulting solution
was poured into 500 ml. of a 20% sodium carbonate solution to remove the
catalyst. The organic layer was separated, washed with water, and dried
over anhydrous sodium sulfate overnight. This solution was more rigor-
ously dried with molecular sieves for several hours before distillation. After
removal of the solvent, the desired product was obtained by distillation
under reduced pressure; yield 121.5-130.0 g. (49.8-53.3%); b.p. 45-47°C./
10 mm. Hg.

4-Methylene-l1,3-dioxolane.  4-Chloromethyl-1,3-dioxolane (200 ¢\,
1.64 mole) was treated with potassium hydroxide pellets (400 g.) according
to the procedure described above. A crude product (60 ml.) boiling at 85-
100°C. and a portion (90.0 g.) of unreacted starting acetal were obtained by
distillation. Redistillation under a nitrogen atmosphere gave pure 4-
methylene-1,3-dioxolane; yield 40.5 g. (52.2%); b.p. 88.5-89°C.; n{\
1.4372; dg’51.0397.

Anal. Calcd. for (CH®2): C, 55.81%; H, 7.03%. Found: C, 55.62%; H,
7.03%.

I-Methoxy-2-propanone. |-Methoxy-2-propanol (228 g., 2.53 mole)
was oxidized with sodium dichromate by the procedure given by Mariella
and Leech.2 The pure product (32.7 g.) and unreacted alcohol (15 g.)
were obtained ; yield 15.7%; b.p. 114.0-114.3°C., nji 1.3982 (Lit. value2L
ng 1.3982).

Anar. Calcd. for (CHD2): C, 54.53%; H, 9.15%. Found: C, 54.53%; H,
9.32%.
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2,4-Dimethyl-I,3-dioxolane. The saturated analog of 2-methyl-4-
methylene-1,3-dioxolane was prepared from acetaldehyde and propylene
oxide in a similar manner as described for the preparation of 2,2-dimethyl-4-
chloromethyl-I,3-dioxolane. Acetaldehyde (44 g., 1.0 mole) and propylene
oxide (58 g., 1.0 mole) were treated with stannic chloride (6 g., 0.023 mole)
in methylene chloride as a solvent. Distillation under nitrogen gave about
40 ml. of a crude product (b.p. 90-120°C.) which was redistilled under a
nitrogen atmosphere. A fraction boiling between 97 and 100°C. was col-
lected; yield 18g. (17.6%); ng 1.4048; d40.9390.

Anal. Calcd. for (CHID2: C, 58.78%; H, 9.87%. Found: C, 58.79%; H,
9.72%.

Polymerization

Polymerization at Low Temperatures. Polymerizations were carried
out at Dry lce-acetone temperatures in glass ampules which were thor-
oughly dried and swept with dry prepurified nitrogen. Typical cationic
catalysts were found to be effective for all of the monomers prepared.

In the case of boron trifluoride etherate, the polymerization took place
in ether solution instantaneously after the introduction of a few drops of
catalyst yielding a white polymer. With concentrated sulfuric acid, the
reaction also took place very rapidly. However, the resulting polymer was
colored because the acid attacked the formed polymer.

When aluminum trichloride was used as a catalyst, the polymerization
in both ether and methylene chloride proceeded very slowly. The viscosity
increase of the system was clearly observed after about 20 hr.

In the case of boron trifluoride etherate and concentrated sulfuric acid,
the catalysts were destroyed by the addition of a small portion of either
sodium ethylate in methanol or more efficiently, ammoniacal methanol
solution. The polymers obtained were repeatedly reprecipitated by em-
ploying a chloroform (good solvent)-n-pentane (poor solvent) or benzene
(good solvent)-re-pentane (poor solvent) system. On the other hand,
aluminum trichloride was removed by filtration from the diluted ether or
methylene chloride solution as quickly as possible. After a small portion
of ammoniacal methanol solution was added to remove the remaining
catalyst, the addition of w-pentane gave a white or slightly yellowish poly-
mer.

The purified polymers thus obtained were dried either at room tempera-
ture under reduced pressure (1-2 mm. Hg) for 20-40 hr. or by freeze-dry-
ing from benzene solution. The complete removal of the trapped solvent
was achieved only by the latter technique. Some typical examples are
shown in Tables I-HI.

Polymerization with Aluminum Trichloride at Koom Temperature.
Polymerization was carried out in a glass ampule at room temperature.
Aluminum trichloride was added to the monomer solution in ether or in
benzene under a dry nitrogen atmosphere. Two days later, the resulting



VINYL AND ACETAL POLYMERIZATION 3189

yellow viscous solution was diluted with an equal volume of solvent, and
aluminum trichloride was removed by filtration. The removal of the cata-
lyst was completed by addition of a small portion of ammoniacal methanol
solution. Addition of w-pentane yielded a slightly yellowish polymer.
The resulting polymer was purified and dried in a similar manner as de-
scribed above. In the case of 4-methylene-1,3-dioxolane, however, the
polymer was formed on an aluminum trichloride surface and was insoluble
in conventional organic solvents. The exact reaction conditions and re-
sults are shown in Tables I-HI. At room temperature with boron tri-
fluoride etherate, the polymerization system immediately became black.

Fortuitous Polymerization with Molecular Sieves. 2,2-Dimethyl-4-
methylene-1,3-dioxolane (about 50 g.) in ether (40 ml.) was kept over
molecular sieves (4 A.) (about 10 g.) for a month. After the molecular
sieves were removed by filtration, the solution was submitted to distilla-
tion. Pure 2,2-dimethyl-4-methylene-1,3-dioxolane (32 g.) boiling at 110-
111°C. was obtained. On the other hand, the distillation residue was
diluted with benzene to reduce the viscosity of the system. After the fil-
tration, addition of n-pentane gave a white polymer (2.5g.) (see Table I).

2-Methyl-4-chloromethyl-I,3-dioxolane (37.0 g.) was dehydrohalogenated
by the procedure described above. The resulting crude product (about 30
ml.) was washed with a small portion of water. When molecular sieves
(5A) (about 4 g.) were added to this solution, some heat was instantane-
ously evolved probably due to the water present and, at the same time,
viscosity increase of the system was observed. About an hour later, the
resulting viscous gel was dissolved in benzene. After the molecular sieves
were removed by filtration, a white polymer (6.1 g.) was obtained by addi-
tion of n-pentane.  On the assumption of an average yield for the dehydro-
halogenation step, the polymer yield is estimated at about 70% (see Table
).

Copolymerization with Acrylonitrile by Ultraviolet Irradiation. A
mixture of a 4-methylene-l,3-dioxolane derivative and acrylonitrile was
placed in a Pyrex glass ampule and irradiated by ultraviolet light (Hanovia
lamp, Type SH). In the case of the 2,2-dimethyl- or 2-methyl- derivative,
the resulting hard, clear solid was dissolved in chloroform and reprecipi-
tated by addition of «-pentane or methanol to give a white polymer.
It was dried under 1-2 mm. Hg pressure at 60°C. for 24 hr. When 4-
methylene-1,3-dioxolane was used as a component, the copolymer was
soluble only in N,N-dimethylfomiamide and reprecipitated by addition of
methanol. The resulting polymer was thoroughly washed by methanol
and dried at 40°C. under 0.5-1.0 mm. Hg pressure for 16 hr. The results
are shown in Table IV.

The pure monomers of 4-methylene-I,3-dioxolane derivatives did not
show any tendency to polymerize under the same conditions.

We wish to acknowledge the support via a predoctoral fellowship granted by the
United Carbon Company of Houston, Texas.
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Résumé

On a polymérisé le 4-méthylene-1,3-dioxolane et ses dérivés avec des catalyseurs
cationiques. Au moyen d’études infrarouges et ultraviolettes, on a trouvé que les poly-
meres de 2,2-diméthyl- ou 2-méthyl-1,3 dioxolane contiennent encore beaucoup de
carbonyles. Ceci indique que la polymérisation prend place de telle maniéere que lI'ouver-
ture de la double liaison carbone-carbone est couplée avec un réarrangement concurrent
d’un cycle acétalique en cours de propagation pour donner des séquences cétoesters.
Pour le 4-méthylene-1,3-dioxolane, on a trouvé que la polymérisation prend place surtout
a la double liaison carbone-carbone. On a étudié aussi la copolymérisation de ces mono-
meres avec I’acrylonitrile sous I’influence de rayons ultraviolets.

Zusammenfassung

4-Methylen-l,3-dioxolan und seine Derivate wurden mit kationischen Katalysatoren
polymerisiert. Nach Infrarot- und Ultraviolettuntersuchungen besitzen die 2,2-Di-
methyl- und 2-Methyl-1,3-dioxolanpolymeren einen betrdchtlichen Gehalt an Karbonyl-
gruppen. Das beweist, dass die Polymerisation in der Weise erfolgt, dass die Offnung
der Kohlenstoff-Kohlenstoffdoppelbindung beim Wachstumsschritt mit einer gleich-
zeitig verlaufenden Acetalringumlagerung unter Bildung von “Ketoéther”-sequenzen
gekoppelt ist.  Andrerseits polymerisiert 4-Methylen-1,3-dioxolan bevorzugt an der
Kohlenstoff-Kohlenstoffdoppelbindung. Auch die Copolymerisation dieser Monomeren
mit Acrylnitril bei Ultraviolettbestrahlung wurde untersucht.
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Optically Active Polymers: Cyclopolymerization
of the Divinylacetal of (i?)(+)-3,7-
Dimethyloctanal

AKIHIRO ABE and MURRAY GOODMAN, Polymer Research Institute,
Polytechnic Institute of Brooklyn, Brooklyn, New York

Synopsis

The divinylacetal of (7f)(+ )-3,7-dimethyloctanal was polymerized by radical and
cationic initiators. Radical initiation gave only viscous liquid polymers, while cationic
systems gave solid products. Optical rotatory dispersions of these polymers fit simple
Drude plots. The polymer prepared by boron trifluoride etherate exhibits negative
optical rotations, while both the polymer obtained by azobisisobutyronitrile and the
model compound show positive rotations. From these observations, it is suggested
that the polymers might differ from each other in stereoregularity.

INTRODUCTION

Cyclopolymerization of divinylacetal has been reported by Matsoyan
et al.1-3 They prepared a variety of soluble polymers carrying different
aldehyde residues by radical initiation. Cationic polymerization, however,
gave only insoluble polymers.

We prepared a divinylacetal derived from (7?)(+)-3,7-dimethyloctanal,
which yields soluble polymers either by radical or cationic initiation under
certain conditions. Our original attempt to study the radical polymeriza-
tion kinetics by optical rotatory technique4-6 was unsuccessful because of
the small differences in the optical rotatory power between the monomer and
polymer. It was, however, found that the optical activity of the polymer
is opposite in sign when a cationic catalyst is employed in the polymeriza-
tion.

RESULTS

The monomer, divinylacetal of (/?)(+)-3,7-dimethyloctanal, was pre-
pared from (4)(-|-)-citronellal* by a synthesis involving the following-
steps: (a) hydrogenation of the carbon-carbon double bond, (b) acetal
formation with 2-chloroethanol, followed by dehydrohalogenation.

The results of the polymerization are summarized in Table 1

* This aldehyde was obtained by purification of commercial citronellal7and possesses
[a]6 = 12.9°. Optical purity of this material appears to be about 80%.8
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Fig. 4. Drude dispersions of poly[divinylacetal of (R)(+ )-3,7-dimethyloctanal]
and its model compound (in chloroform at 25°C.): (A) model compound; (B) polymer
prepared by AIBN initiator; (C) polymer prepared by BF3-OEt.> catalyst.

Radical polymerization with azobisisobutyronitrile as an initiator gave
only extremely viscous liquid either in bulk or in solution. The polymer
is soluble in benzene or in chloroform and insoluble in methanol.

Cationic polymerization initiated by boron trifluoride etherate or alu-
minum trichloride yielded solid polymers. Soluble solid polymer was ob-
tained only when the polymerization was carried out at very high dilution.
At higher concentration of the monomer, the polymers were completely or
partially insoluble, probably because of crosslinking side reactions. The
soluble polymer thus obtained can be reprecipitated from benzene or chloro-
form solution by addition of methanol. The polymer is amorphous on x-
ray examination, and it turns to a viscous liquid at 120-130°C.

Infrared spectra of the polymers prepared by azobisisobutyronitrile and
boron trifluoride etherate as initiators are shown in Figures 1and 2, respec-
tively. In spite of the fact that one was taken as a film and the other as a
potassium bromide pellet, they are quite similar to each other except in the
region of 1000 cm.-1, where the polymer prepared by azobisisobutyro-
nitrile possesses a double peak (1010 and 990 cm.-1) and that initiated by
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Fig. 5. Concentration effect on the optical rotatory power of (ffi)(+ )-2-(2,6-dimethyl-
heptyl)-1,3-dioxane: (A) chloroform; (O) dioxane; (O) benzene.

boron trifluoride etherate shows a broad peak (1020 cm.-1). For compari-
son purposes, a low molecular weight model compound, an acetal derived
from (/t)(+)-3,7-dirnethyloetanal and 1,3-propanediol, was also prepared.
The infrared spectrum of the model compound (Fig. 3) is quite different
from those of the polymers.

Optical rotatory properties of the polymers and model compounds were
studied by using a Rudolph polarimeter equipped with a xenon-mercury
lamp and a photoelectric read-out system. The results are shown in Table
II.  As shown in Figure 4, optical rotatory dispersions of both polymers
and model compounds fit simple Drude plots :9

[a] = K/(V - X9

the constants of which are also summarized in Table II.  While the poly-
mer obtained by radical initiation possesses the same sign (positive) and
the same order of magnitude of the rotation of the model compound, the
polymer prepared by cationic catalyst exhibits a negative optical rotation.

As shown in Figure 5, while the model compound shows a very large
concentration effect on its optical rotatory power in benzene, there is little
effect on the polymers in the observed range of concentrations (3-16% of
solute). It is, however, interesting to note that while the model compound
and the polymer prepared by azobisisobutyronitrile show lower optical
rotations in benzene than in chloroform, the polymer prepared by boron
trifluoride etherate possesses higher absolute values of rotation in benzene
(Table 11). In other words, the optical rotatory powers of all the com-
pounds shift in the negative direction in benzene. A similar solvent effect
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has been observed for poly-L-propylene oxide by Price and Osgan.l0 As
shown in Table 111, however, an open chain acetal, the diethyl acetal of
(fF)(+)-citronellal,7 does not exhibit as large a concentration effect in
benzene as that observed on the above cyclic acetal.

Because of the small optical activity difference between the monomer and
the polymer prepared by radical initiators, we could not carry out satis-
factory kinetic studies on the cyclopolymerization by the optical rotation
method.4-6 When the monomer concentration was low, the optical activ-
ity change resulting from polymerization was too small to follow. At a
high monomer concentration (1.54 mole/1. in dioxane), only zero-order rate
was observed. The polymerization was initiated by benzoyl peroxide (1.6
mole-% of the monomer) at 54°C.

DISCUSSION

Complete disappearance of the carbon-carbon double bond (1650, 944,
and 843 cm.-1) on polymerization (Figs. 1 and 2) and fairly high solubili-
ties of the polymers suggest that the polymers possess mainly linear poly-
vinylacetal structures (I):

OH, jCH-
h "CIV
CKCL'O

I

CI:HCH:I.

(CHP,

xCH
CH) XCH)
[

As mentioned above, the following differences are recognized between
the polymers obtained by radical and cationic initiators: (1) molecular
weight (one is a viscous liquid, while the other is solid), (2) infrared spectra
in the region about 1000 cm.-1, (2) optical rotatory properties. The molec-
ular weight of the polymer prepared with azobisisobutyronitrile is appar-
ently much lower than that of the polymer obtained with boron trifluoride
etherate. We recognize that this is a factor in some differences in proper-
ties noted above. These differences may reside, however, in the stereo-
regularities of the polymers, a possibility now under active investigation in
our laboratories. At this stage, however, we favor the latter explanation
based on related work with optically active polyolefins, polyaldehydes, and
polyethers.

It has been demonstrated71l-14 that optically active vinyl or acetal
polymers carrying asymmetric sites in their side chains can show optical
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activity enhancements over corresponding monomers or low molecular
weight model compounds only when the asymmetric site is sufficiently
close to the main chain of the polymer to limit the number of allowed
conformations.’6 Following this line of reasoning, the difference in the
optical rotatory power between the model compound and the divinyl
acetal polymer prepared by boron trifluoride etherate, can arise from the
stereoregular structure of this polymer. It is also reasonable to expect
stereoregularity in such ionic polymerization at low temperatures. If all
of the carbon-carbon bonds of the main chain are exclusively either equa-
torial or axial with reference to the corresponding six-membered acetal rings
(assuming the same conformation for all of the acetal rings), the main chain
structure must be isotactic. If they are alternatively equatorial and axial,
on the other hand, a syndiotactic polymer results.

At this point, we must consider another possibility, that is, an asymmetric
induction during polymerization. As we can see from structure |, each of
the methinyl carbons in the main chain is truly asymmetric in its immedi-
ate vicinity, because the two methylene groups on either side are not iden-
tical, since one is in the ring, while the other bridges the ring system.
If the polymer possesses an isotactic sequence, however, any adjacent asym-
metric centers in the main chain are opposite in their configuration with
reference to the acetal ring. In other words, internal compensation of the
optical activity takes place in an isotactic polymer chain. On the other
hand, a syndiotactic polymer contains only asymmetric centers of the same
configuration. Therefore, if the polymerization proceeds under the in-
fluence of the asymmetric sites in the side chainl6-18 and if the resulting
polymer favors a syndiotactic structure, we may expect some optical ac-
tivity contribution from these newly induced asymmetric centers in the
main chain. A¥e are now actively engaged in a structural investigation to
test this hypothesis.

EXPERIMENTAL

The chemical analyses were carried out by Schwarzkopf Microanalytical
Laboratory.

Syntheses of the Monomer and Model Compound

(/¢)(+)-3,7-Dimethyloctanal. Palladium (5%) on charcoal (1.5 g.) was
added to freshly distilled (if)(+)-citronellal (60.0 g., 0.39 mole) in methanol
(150 ml.) under a nitrogen atmosphere. Hydrogenation was carried out
under 40 psi hydrogen pressure using a Parr apparatus at room tempera-
ture. Hydrogen absorption ceased in 3 hr. after a quantitative amount of
hydrogen was absorbed. The catalyst was removed by filtration. Pure
(7f)(-|-)-3,7-dimethyloctaiial (55.4 g.) was obtained by distillation under
reduced pressure; yield 91.0%; b.p. 50°C./1.2 mm. Hg; [a]f) = +10.0°
(c = 4,550 benzene).
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Divinylacetal of (ff)(-f-)-3,7-dimethyloctanal. A mixture of (#)(+)-
3,7-dimethyloctanal (78.0 g., 0.5 mole), 2-chloroethanol (80.0 g., 1 mole),
and p-toluenesulfonic acid monohydrate (4 g.) in benzene (150 ml.) was
refluxed in a flask equipped with a Dean-Stark trap. In 5 hr., an almost
theoretical amount (9 ml., 0.5 mole) of water was separated. The reaction
mixture was poured into 10% sodium carbonate solution (200 ml.) to re-
move the catalyst. The organic layer was separated, washed by water,
and dried over anhydrous sodium sulfate overnight. After the solvent
(benzene) was removed by distillation under reduced pressure, the red-
brown liquid was submitted to alkali fusion without further purification.

Commercial potassium hydroxide pellets (300 g.) were placed in a three-
necked copper flask and heated to 250°C. with stirring under reduced pres-
sure (3 mm. Hg). After 1 hr. of heating, solidified potassium hydroxide
was allowed to cool to room temperature. The crude acetal obtained above
was added to this solid potassium hydroxide at atmospheric pressure.
The mixture was again heated until the potassium hydroxide melted. The
product was collected by distillation under reduced pressure (70-120°C./3
mm. Hg), washed with water, and dried over anhydrous sodium sulfate
overnight. Pure divinylacetal of (R) (+)-3,7-dimethyloctanal (17.0 g.) was
obtained by distillation under reduced pressure; yield 15.0% (based on the
starting aldehyde); b.p. 77--8()°C./2.8 mm. Hg; n\\ 1.4489, dt 0.8542,
[dd = +3.04° (c = 10.703 chloroform).

Anat. Calcd. for (CuH®),): C, 74.27%, H, 11.59%. Found: C, 74.49%, H,
11.64%.

(ft)(+)-2-[2,6-Dimethylheptyl]-1,3-dioxane (Model Compound). A
mixture of (/?)(+)-3,7-dimethyloctanal (78.0 g., 0.5 mole) and 1-3-propane-
diol (38.0 g., 0.5 mole) in benzene (150 ml.) was refluxed in the presence of
p-toluenesulfonic acid monohydrate (4 g.). Water formed (9 ml., 0.5 mole)
was removed with the use of a Dean-Stark trap. After 5 hr., the reaction
mixture was decanted into 10% sodium carbonate solution (300 ml.) to
remove the catalyst. The organic layer was separated, washed with water,
and dried over anhydrous sodium sulfate overnight. After the removal
of the solvent, the product (75.6 g.) was obtained by distillation under
reduced pressure; yield 70.7%; b.p. 85.5-86.0°C./1.3 mm. Hg); n]\
1.4482; df 0.8920; [«]f|] = +2.48° (c = 19.298 chloroform).

Anat. Calcd. for (C,H®2): C, 72.84%, H, 12.23%. Found: C, 72.73%, H,
12.46%.

Polymerization

Radical Polymerization. The monomer, divinylacetal of (R){+)-3,7-
dimethyloctanal was polymerized by azobisisobutyronitrile at 80.0°C. in a
sealed Pyrex glass tube under a nitrogen atmosphere. After 24 hr., the
resulting viscous liquid was washed with methanol and dissolved in benzene.
After filtration, the polymer was obtained by addition of methanol. The
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polymer was reprecipitated several times in the same manner and dried
at 40°C. under reduced pressure (2 mm. Hg) for 24 hr. A transparent vis-
cous liquid was obtained.

Solution polymerization in benzene was also carried out in a similar man-
ner as described above.

The results are shown in Table I.

Cationic Polymerization. Polymerization with an aluminum trichloride
catalyst was carried out in diethyl ether as a solvent in a glass tube at
Dry Ice-acetone temperatures under a nitrogen atmosphere. The reac-
tion mixture was washed by ammoniacal methanol to destroy the catalyst.
The polymer formed was purified by reprecipitation with a benzene-metha-
nol system and dried at 40°C. under 2 mm. Hg pressure for 24 hr.

A soluble polymer was also prepared with the use of boron trifluoride
etherate (48%) as a catalyst. Polymerizarion was carried out in a three-
necked flask under nitrogen at the temperature of Dry Ice-acetone. Dur-
ing the polymerization, stirring was continued and the resulting polymer
was treated in a similar manner as described above. A white polymer
was obtained by freeze-drying from benzene solution. The exact condi-
tions and results are summarized in Table I.

The authors gratefully acknowledge the financial support of the United Carbon
Company for this work.
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Résumé

Le divinyl-acétal du (A)(+ )-3,7-diméthyloctanal a été polymérisé au moyen d’initi-
ateurs radicalaires et cationiques. Les initiateurs radicalaires ne donnent que des poly-
meres visqueux et liquides, tandis que les systemes cationiques donnent des produits
solides. Les dispertions optiques rotatoires de ces polyméres donnent des diagrammes
de Drude simples. Le polymeére préparé avec I’éthérate du trifluorure de bore montre des
rotations optiques négatives, tandis que les polyméres obtenus avec I’azo-bis-isobutyro-
nitrile et le composé modéle montrent des rotations positives. A partir de ces observa-
tions, on suggére que les polymeres possedent une stéréorégularité différente.

Zusammenfassung

Das Divinylacetal von (R)(+ )-3,7-Dimethyloctanal wurde mit radikalischen und
kationischen Startern polymerisiert. Radikalstart lieferte nur viskose flissige Polymere
wéhrend kationische Systeme zu festen Produkten fuhrten. Die optische Rotations-
dispersion dieser Polymeren gehorchte der einfachen Drude-Beziehung. Das mit
Bortrifluorid-Atherat hergestellte Polymere zeigt negative optische Drehung wahrend
sowohl das mit Azoisobutyronitril erhaltene Polymere als auch die Modellverbindung
positive Drehung zeigen. Aus diesen Beobachtungen wird geschlossen, dass sich die
Polymeren in ihrer Stereoregularitat unterscheiden.

Received January 28, 1964
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Thermal Decomposition of Model Compounds of
Polyvinyl Chloride. 1. Gaseous Thermal
Decomposition of Model Compounds Having
Secondary and Tertiary Chlorine

MITSUO ASAHINA and MITSUO ONOZUKA, Tokyo Laboratory,
Kureha Kagaku Company, Ltd., Tokyo, Japan

Synopsis

The thermal stabilities of branched model compounds of poly(vinyl chloride) are
studied in the gaseous state. The compounds containing tertiary chlorine, i.e., 2-
methyl-2-chloropropane and 3-ethyl-3-chloropentane, are compared with those con-
taining a secondary chlorine, i.e., 2-chloropropane and 2,4-dichloropentane. The results
of gaseous thermal decomposition show that the tendency of C-Cl cleavage depends on
the electronegativity of carbon bonded chloride. The decomposition temperature Td
can be used for the evaluation of the thermal stabilities of various model compounds.

INTRODUCTION

The thermal dehydrochlorination of polyvinyl chloride has been studied
extensively.l-7 Druesdow and Gibbs8 suggested that the first hydrogen
chloride is lost from a position which is inherently unstable due to some
structural abnormality such as tertiary chlorine and allyl type chlorine.
Baum and Wartman,9 from their experimental results on low molecular
weight models of polyvinyl chloride, considered the sites for initiation to be
unsaturated chain ends at about 150°C. and tertiary chlorine at about
190°C. However, the mechanism of dehydrochlorination of polyvinyl
chloride is a very complicated process, and there are many problems which
remain to be solved.

It is a matter of course to consider that the thermal stability should be
different for each kind of abnormal structure, e.g., branched chain, un-
saturated bond, or catalyst fragment at chain end.

The use of model compounds is a convenient way to elucidate the decom-
position of polyvinyl chloride in relation to the abnormal structures in the
molecular chain. Thus, we carried out experimental studies on the gas-
eous thermal decomposition of some low molecular weight chloride, which
are considered the models of abnormal structures in polyvinyl chloride.

The present communication deals with the experimental results on the
models of secondary chloride and tertiary chloride.
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EXPERIMENTAL

A. Preparation of Model Compounds

The model compounds used in this work were purified by gas chroma-
tography after distillation. Pure compounds were readily separated from
impurities in this way and were analyzed by infrared spectrometry as well
as gas chromatography and also by elemental analysis for carbon, hydro-
gen, and chlorine. Refractive indices close to the literature values were
obtained for all samples.

2-Chloropropane. 2-Chloropropane was prepared by chlorination of
2-hydroxypropane. Purified sample showed n*, 1.377; lit.,101.377.

Anat. Calcd. for CHTCL: C, 45.8%; H, 8.9%; Cl, 45.2%. Found: C, 45.1%;
H, 8.9%; Cl, 44.9%.

2,4-Dichloropentane. 2,4-Dichloropentane was prepared by chlorina-
tion of 2,4-dihydroxypentane which was obtained by hydrogenation of
acetyl acetone with Raney nickel catalyst. Purified sample showed
«Dj 1.4345-55; lit.,101.4360.

Anat. Calcd. for CH,&L2: C, 42.7%; H, 7.1%; CI, 50.3%. Found: C, 43.2%;
H, 73%; ClI, 49.9%.

2-  Methyl-2-chloropropane. 2-Methyl-2-chloropropane was prepared by
chlorination of ¢ert-butyl alcohol. Purified sample showed n®, 1.3820;
lit.,101.3853.

Anat. Calcd. for CH,Cl: C, 51.8%; H, 9.7%; CI, 38.4%. Found: C, 51.6%;
H, 9.7%; ClI, 38.0%.

3-  Ethyl-3-chloropentane. 3-Ethyl-3-chloropentane was prepared by
chlorination of 3-ethyl-3-hydroxypentane which was obtained by reaction
of diethyl ketone with ethyl Grignard reagent. Purified sample showed
nfS, 1.436; lit.,101.4329.

Anat. Calcd. for CHIGCI: C, 62.4%; H, 11.1%; Cl, 26.4%. Found: C, 62.5%;
H, 11.4%; Cl, 26.2%.

B. Apparatus for Thermal Decomposition

The decompositions of the model compounds of polyvinyl chloride were
studied in a static system by means of infrared spectrometry. A diagram
of the apparatus is given in Figure 1. The gaseous sample used was ad-
justed by the stopcock K] under a pressure from 10 to 200 mm. Hg, and
the reaction vessel G was heated by a Nichrome coil at a temperature
slightly higher than that at which the decomposition just takes place.

The reaction vessel was a gas cell, approximately 25 mm. long and 50
mm. in diameter, and completely enclosed in a box V which was heated by
a Nichrome coil. The temperature of the reaction vessel was indicated by
the thermometer T. During the reaction, the temperature of the reaction
vessel was regulated so as to maintain the desired temperature, and could
be kept constant almost indefinitely to within 1 °C.
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When the samples of high boiling point (e.g., 2,4-dichloropentane, 3-eth-
yl-3-chloropentane) were used, these samples were introduced through a
stopcock K2

Before the pyrolysis the reaction vessel was evacuated and was flushed
several times with nitrogen.

Fig. 2. Absorption spectra: (.4) 2-chloropropane; (B) 2,4-dichloropentane; (C) 2-
methyl-2-chloropropane; (D) 3-ethyl-3-chloropentane.

The reacted samples were analyzed by infrared spectrometry and the
rate constant