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Synopsis

Homopolymers of vinyl 5-(1,4,5,6,7,7-hexachloro-3-undecylbicyclo[2.2.1] 5-hepten-2-
vl)-pentanoate and vinyl 8-(1,4,5,&,7,7-hexachloro-3~oetylbicyclo[2.2.1]5-hepten-2-yl)-
octanoate were prepared, as well as their copolymers with a vinyl tetrahydroabietate-
teti'ahydropimarate mixture, vinyl 12-hydroxystearate, and vinyl chloride. The vinyl
octanoate-12-hydroxystearate copolymer gave light-weight urethane foams with prac-
tically no volume change upon humid aging. The vinyl pentanoate and vinyl octanoate
monomers lose hydrogen chloride during polymerization. The vinyl pentanoate homo-
polymer was hydrolyzed in an attempt to establish the position of the loss of hydrogen
chloride. Fractionation of vinyl chloride copolymers of the vinyl petauoate and the vinyl
octanoate derivatives showed that they possessed a rather homogeneous composition.
Incorporation of the vinyl pentanoate monomer in a polyfviuyl chloride) copolymer im-
parted some internal plasticization with serious loss of tensile strength.

INTRODUCTION

The Agricultural Research Service of the U.S. Department of Agriculture
has been sponsoring research at the University of Arizona for several years
aimed at extending the utilization of agricultural commodities. One
phase of this program has involved new oilseed crops. The work de-
scribed here is based on the acid obtained from the oilseed of a family of
plants known as Umbelliferae. A unique feature of the oilseed of these
plants is that it is, with very few exceptions, the only known large-scale
(30-75%) source of petroselinic acid (eis-6-octadecenoic acid).1 The
isolation of petroselinic acid, the preparation of its adduct with perchloro-
cyclopentadiene, and the preparation of the vinyl ester of the acid adduct
has been described elsewhere.12 Although oleic acid is also found in the
oilseeds of these plants, the oleic acid used in this work did not come from
this source.

In the work undertaken to prepare polymers with useful properties from
the vinyl esters of the perchlorocyclopentadiene adducts of petroselinic and
oleic acids, two specific objectives were pursued. One involved the exten-
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tion of earlier studies34 of the effect of the type, number, and location of
chlorine atoms in the fatty acid portion of vinyl ester, upon the plasticiza-
tion efficiency in internally plasticized poly(vinyl chloride). The other
involved preparation of chlorine-containing polyols for subsequent rigid
polyurethane foam work.

RESULTS AND DISCUSSION

Monomers

Samples of the monomers were provided by the Qilseed Crops Labora-
tory of the Southern Utilization Research and Development Division of the
Agricultural Research Service. The vinyl ester of perchlorocyclopentadi-
ene adducts of petroselinic acid, vinyl 5-(1,4,5,6,7,7-hexachloro-3-undec-
ylbicyclo[2.2.1] 5-hepten-2-yl)-pentanoate (VSP), and of oleic acid, vinyl
8-(I,Lo,(i,7,7-hexachloro-3 - octylbicyclo[2.2.1]5 - liepten - 2-yI) -octanoate
(VSO), were supplied as hydroquinone-stabilized oils. Both materials were
chromatographed on a silica gel (Silica Gel, plain; Research Specialties
Co.; Richmond, Calif.) column with 4% anhydrous ethyl ether-hexane
(Phillips, 99.3% pure) mixture as eluent before use. Some of the physical
properties on the chromatographed materials are listed in Table I.

The chromatographed VVSP was obtained as a translucent (hazy) liquid.
The hazy appearance could not be dissipated by heating the liquid up to
160°C. in an open test tube. Thin-layer chromatography (TLC) on silica
gel with 2% ethyl ether-hexane as eluent showed only one spot. TLC on

0—CH=CH; 0-CH=CH,
Cc=0 c=0
(CH) (CH,)7
a «cl
a
(CH)U (CH27
CH; CH
VSP VSO
TABLE 1
Physical Properties of VSP and VSO
VSO
Appearance Hazy, very light, yellow- Light yellow-green-
colored oil colored oil
>210°C./0.U5 mm.
1.5025 1.5108
1210

S (solubility parameter) 9.0
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Fig. 1 Portion of NMU spectrum of YSP.

silver nitrate-treated silica gel56also produced only one spot, but it was
more elongated than on the plain silica gel. A portion of the observed
NMR spectrum is given in Figure L The vinyl, methyl, and methylene
proton resonances appeared at the expected places (quartets at 7.16-7.50
and 4.48-4.97; doublet at 0.90-1.00, and a large peak at —1.25-1.80 ppm,
P
respectively). Apeak at 2.80 ppm was due to m-("H—CU - in the bicyclic
ring. The large downfield shift for this type of protons was due to the de-

\
shielding effect of C—Ck and the double bond in the bicyclic ring. The

/
doublet (/ = 6 cps) at 2.28 and 2.38 is due to the two protons a to the car-
bonyl.  Absence of other absorptions indicates the presence of very little
if any other isomeric materials.

As YSP was intended to be used in internal plasticization of poly(vinyl
chloride) (PVC) it was of interest to know its solubility parameter a for
compatibility considerations. The estimation of a was done according to
the proposal of Small from the molar-attraction constants, structural for-
mula, and density. The a of VSP turned out to be 9.6, which is about
the same as that for PVC (9.5).

The chromatographed YSO did not have the hazy appearance, and TEC
on silica gel showed only one spot. However, the monomer was dark tan in
color.

Homopolymerization

VSP Homopolymers, llomopolymerizafion was conducted in three sys-
tems: bulk, solution, and emulsion. The experimental data are given in
Table 1. The polymers from the three systems were obtained as semiglassy
yellow-green solids possessing no noteworthy adhesive properties. The low
inherent viscosities, even for a vinyl ester, are probably due to the chain-
transfer activity of the tertiary hydrogen atoms and or chlorine atoms.
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Buffering of tlie hatch to J>H 7.0 improved the conversion considerably.
Because of the bulky size and the hydrophobic nature of the monomer,
soaps gave poor emulsions.  An alkyl-substituted benzene sulfonate deter-
gent. was a much better emulsifier in this particular case. Use of a water-
soluble initiator, or a mercaptan- water-soluble initiator combination gave
only atrace of the polymer. Of the four oil-soluble initiators investigated,
diethyl azobisisobutyrate gave the best results. A relatively high initiator
level (10%) was necessary to obtain reasonable conversions. Lower levels
gave lower conversions.

The solubility characteristics of the homopolymers were as shown in
Table 11l.  The afor tetrahydrofuran was calculated by using the method
of Small;7 the other values were obtained from Burrell.8 Except for
tetrahydrofuran, the solubilities were what one would expect from the com-
patibility o relationship.9

TABLE 111
Solubility of
Solvent 5 homopolymer
Tetrahvdrofunui 7.4 Soluble
Benzene 9.2 Soluble
Cyclohexanone 9.9 Soluble
Nitrobenzene 10.0 Insoluble
,V,.Y-Dimethylacet amide 10.8 Insoluble
Acetonitrile 11.9 Insoluble

Analytical data on the polymers were unexpected. The chlorine con-
tent in bulk and solution homopolymers was about 2.0% lower than cal-
culated and in emulsion homopolymer 1.15% lower. The lower chlorine
content in the emulsion homopolymer was not due to unremoved emulsifier
or buffer salts as the polymer was checked for these and no sulfur or residue
was found. Furthermore, the greater chlorine loss occurred in the bulk and
solution runs.

The NMR spectra on the homopolymers showed a minor peak around

2.00 ppm, indicating the presence of —('ll, ~(* (‘— The relevant por-
tions of the spectra of the monomer and emulsion homopolymer are given
in Figure 2. The doublet at a is due to protons a to the carbonyl, shifted
to higher field in the homopolymer because of the loss of the deshielding ef-
fect of the vinyl ester double bond. The minor peak at b indicates the

presence of —CIF C=C—. Unfortunately the integration curve in the
area of this peak was smooth, and thus no quantitative estimate of the
amount of this structure could be made.

Acid Hydrolysis of VSP Homopolymer. In an attempt to learn more
about the structure of the low chlorine content material, a sample of the
emulsion homopolymer was submitted to hydrolysis. To minimize side
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reactions during hydrolysis, we resorted to acidic (anhydrous hydrogen
chloride in absolute methanol) hydrolysis conditions. The hydrolysis reac-
tion mixture was chromatographed on silica gel and a fraction which,
by infrared (carbonyl at 17-10 cm.-1 indicated saturated ester absorption;
absorption at 1G00 cm,“ lindicated internal unsaturation) and AMR (the
signal at 3.6 indicated COOCH) and integration showed 3 protons), ap-
peared to be the methyl ester, was isolated. TLC of the ester on silica
gel showed only one spot.  Vapor-phase chromatography also showed only
one peak, which, however, was quite broad. Analysis of the ester gave
a chlorine content which was 1.4% low; this was expected because the
parent polymer was 1.2% low in chlorine content. .Mass spectral examina-
tion of the hydrolysis product, however, has not been conclusive as to its
composition.

VSO Homopolymers. The polymers from the three systems were iso-
lated as brown-colored viscous masses with no noteworthy adhesive proper-
ties. The conversions and inherent viscosities were much lower than for
the VSP polymers.  Although a chromatographed material was used, it is
still possible that some impurity active in chain transfer was present. The
analytical data on the once-chromatographed monomer showed a chlorine
content only 0.45% lower than the calculated value. The solubility charac-
teristics of the VSO homopolymers were the same as those of VSP homopoly-
mers.

The analytical data on the three homopolymers again indicated a chlorine
loss upon polymerization, however, smaller than with VSP (bulk 1.42%
lower; 2.0%, for VSP). The bicyclo ring is three methylene units further
away from the carbonyl in VSO than in VSP. Assistance from another
point in the VSP molecule may then be responsible for the higher chlorine
loss in VSP.

Thermal Stability of VSP and VSO Homopolymers. Heating a film of
the homopolymers on a hot plate above 300°C. produced a steady loss in
tlie weight of the films.  When the homopolymers were placed in refluxing
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A/NV-dimethylacetamide (b.p. 166°C.) for 1hr., examination of the reaction
mixtures (infrared, NMR, analytical data) showed the presence of reverse
Diels-Alder reaction products. New infrared absorption at 1625, 1650,
and 1665 cm.-1 indicated internal unsaturation. NMR showed a broad
signal at 1.9-2.0 ppm. due to unsaturation of the —CHj—CH=CH->—
type and a weak signal at 5.30 ppm indicated the—CH=CH—structure.
Analytical values for chlorine dropped from 36.60% for the monomer to
33.33% in this sample. Interestingly, it was noticed that the partially
reverse Diels-Alder degraded homopolymers possessed a slightly higher in-
herent viscosity than the original materials. Apparently the perchlorinated
cyelopentadiene component, due to its high mass value and bulk, con-
tributes to decreased inherent viscosity values when incorporated in the
polymer chain.

Curing of VSP Homopolymer. Because the repeating unit contained
tertiary hydrogens and chlorines (potential curing sites), curing of the solu-
tion VSP homopolymer was investigated. The curing composition was
prepared in tetrahydrofuran solution containing 20% of dicumyl peroxide
(Di-Cup, Hercules Powder Co., 96-99% pure) and the cure itself was done
on a cast, dried film at 160°C. for 30 min. A completely insolubilized ma-
terial was obtained.

Chlorination of VSP Homopolymer. Chlorination of the liomopolymer
at 2 £ 1°C. and in the dark resulted in chlorine substituted a to the car-
bonyl as well as elsewhere in the molecule. The infrared carbonyl ab-
sorption was shifted from 1730 to 1750 cm.-' by the «-chlorine substitu-
tion. A higher chlorine incorporation can be achieved at room tempera-
ture and in presence of ultraviolet light. The increased chlorine content
materials became increasingly rigid.

Copolymerization

VSP/'Vinyl Chloride Copolymers. In the evaluation of VSP as internal
plasticizer for poly (vinyl chloride), a set of emulsion VSP/vinyl chloride
copolymers was prepared. The copolymers were isolat ed as white powders
soluble in tetrahydrofuran and which could be molded (at about 160°C.)
into transparent, tan-colored films. The films were tough until all of the
solvent was removed, then they became brittle. The material for physical
properties evaluation was prepared by using a 70/30 (by weight, charged)
ratio of vinyl chloride/\VVSP and using azobisisobutyronitrile as the initiator.

VSP/Vinyl Tetrahydroabietate Tetrahydropimarate Copolymers.9 The
VSP homopolymer is nonflammable. It was of interest to evaluate VVSP
flame-retarding effect in other materials. A set of VSP copolymers with
vinyl tetrahydroabietate-tetrahydropimarate mixture (VTA) was pre-
pared. Because both monomers individually gave low inherent viscosity
homopolymers, the low inherent viscosities for the copolymers were not un-
expected. The 21% and 36% VSP copolymers were isolated as white pow-
ders while the 46% VSP copolymer as a dark tan-colored material. The
copolymers could be molded (at about 100°C.) into very brittle films. The
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flammability of the copolymers was tested by placing a piece of the film in a
Bunsen flame. While the VTA homopolymer supports combustion readily,
increasing incorporation of VVSP decreased this characteristic until the 46%
V/SP copolymer did not support combustion.

VSP Vinyl 12-Hydroxystearate Copolymers. The work with the VSP/
VTA copolymers demonstrated that if more than 16% of alicyclic chlorine
was incorporated inthe copolymer, the material did not support combustion.
Incorporation of chlorine in a polyol would be expected to produce a less
flammable polyurethane composition. Thus, three VSP/VVHS copolymers
were prepared in solution. The 11% and 23% V'SP copolymers were iso-
lated as white powders, while the 43% VSP copolymer was a dark tan-
colored soft mass.  All formed brittle films and none possessed noteworthy
adhesive properties-.  While the 11% and 23% VSP copolymers supported
combustion, the 43% V'SP copolymer did not.

VSO/Vinyl Chloride Copolymers. A set of three different vinyl chloride/
VSO copolymers was prepared. The copolymers were isolated as white
powders soluble in tetranydrofuran.  All could be molded (at about 120°C.)
into brittle, tan-colored films. The low inherent viscosities for the copoly-
mers are due to the poor polymerization quality of the VSO itself.

VSO Vinyl 12-Hydroxystearate Copolymers. In the work with VSP/
vinyl 12-hydroxystearate copolymers, it was found that the 43% VSP
composition did not support combustion.  Tor the preparation of a flame-
retarding polyol for polyurethanes the 60/40 vinyl 12-hydroxystearate/\VSO
composition was chosen.  The solution copolymer was isolated as a dark-

TABLE It
Analytical and Inherent Viscosity Data on Fractionated
Copolymers of VSP and VSO with Vinyl Chloride

Samples Wt, g T % Vinha
VSP/vinyl chloride
Entire sample .3.00 50.03b 0.52
Fraction 1 0.60 48.07 0.88
Fraction 2 0.90 50.03 0.65
Fraction 3 0.64 50.60 0.37
Fraction 4 0.76 51.ND 0.35
Recovered 2.90 (97%)
Y SO/vinyl chloride
Entire sample 3.00 51.32 0.37
Fraction L 0.60 50.32 0.61
Fraction 2 0.25 50.80 0.52
Fraction 3 0.45 50.90 0.45
Fraction 4 0.30 51.18 0.39
Fraction 5 0.40 53.94 0.30
Fraction 6 0.80 ~553 0.26
Recovered 2.90 (93%)

*Determined on solutions of 0.101-0.345 ¢./10() ml. of tetrahydrofuran at 30.5°C.
hChlorine content of polyfvinyl chloride) is 56.74%.
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tail-colored soft mass. The composition had only a borderline flamma-
bility. The emulsion copolymer was isolated as a tan-colored soft solid
which did not support combustion. The emulsion copolymer was used in
the subsequent polyurethane work.

Fractionation of Vinyl Chloride Copolymers of VSP and VSO. As the
differences in jy» values between the vinyl chloride and vinyl esters is quite
considerable,Dit was of interest to learn more about the homogeneity, as
well as molecular weight distribution, in the VSP and VSO copolymers with
vinyl chloride. The copolymers fractionated were: the 31/69 VSP/vinyl
chloride and the 30/70 VSO/vinyl chloride. Fractionations were done on
3.0-g. samples in 300 ml. of tetrahydrofuran. The analytical and inherent
viscosity data are given in Table IV.

No significant amount of homopolymer was found in either the VSP/
vinyl chloride or VSO/vinyl chloride copolymers. Both VSP and VSO are
very efficient molecular weight modifiers, as judged from the low inherent
viscosities (0.6-0.9).  Of the two comonomers, the VSO would seem to have
given a less homogeneous copolymer, as the last fraction isolated (0.80 g.,
29%) should be predominantly poly(vinyl chloride) and, surprisingly, of
very low molecular weight. The VSP copolymer would seem to have a
rather uniform comonomer distribution.

Evaluation

VSO/Vinyl 12-Hydroxystearate Copolymer in Urethane Formation.
Because the copolymer was too high-melting and incompatible with the
other polyol components to be incorporated conveniently with the polyol
portion of a one-shot urethane foam formulation, a prepolymer had
to be prepared. The prepolymer was prepared by adding the melt
slowly with rapid stirring to an excess of toluene diisocyanate (80/20)
maintained at 80°C. Stirring was continued for 1 hr. at 80°C. after
addition was complete.

Foams were prepared by reacting a 5% excess of the prepolymer with
Quadrol (tetrahydroxypropylethylenediamine) in the presence of fluoro-
trichloromethane blowing agent, dibutyltin dilaurate catalysts, and Dow
Corning 199 silicone.  In another formulation SI"Os was added to improve
the flame resistance of the foam.

A polyurethane foam was also prepared by an identical procedure from
poly (vinyl 12-hydroxystearate)l for comparison.

The foam compositions and prepolvmer and foam properties are listed
in Table V.

A light-weight foam with practically no volume change upon humid
aging can be obtained. A higher chlorine content is necessary, as the foams
were flammable.

VSP as Internal Plasticizer for PVC. The following formulation was
used in all evaluations of the VC1-VSP 70/30 copolymer: copolymer 100
parts, stearic acid 0.5 parts, tin mercaptide stabilizer (Advastab T-360) 4
parts. This composition milled and molded satisfactorily at 100-106°C.
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TABLE A
I Tre(litiik Foam from Poly(vinyl 12-llydroxystearalo) and
\ SO/A inyl 12-1lyilrnxystearate cnlyiner.s

F(immla lion

Foam composition, pai'ts/100
Poly (vinyl 12-hvdroxysteiirate),

r, = 0.06 27.2 — —
VSO/vinyl 12-liydroxystenrnic — 29.1 29.1
TDI (80/20) 44.2 44.1 44. 1
Quadrol 28.6 29.8 29.8
CCIF 16.0 10.0 10.0
Dibutyltin dilauralc 0.07) 0.07) 0.07)
DC-199 silicone 17 17) 17
Shd 3 — — 7.0

Prepolymer properties
NCO, % 24.8 24.9 24.9
V4 cp. 2,200 2. 780 2, %0
Foam properties
Density, Ib./ft.3 2.2S 2.36 2.09
Comp, strength, psi (d = 2.0) 33 37 20
Closed cells, % 78 11 90
Humid aging, % volume increase

(14 days, 70°C., 100% R.I1.) +7 —0 -

Flammability (ASTM D1692-59T) Burns Burns Burns

The resulting dark tan molded sheet (0.07(1 in. thick) was brittle and ex-
hibited poor flexibility. Specimens used in the evaluations of the physical
characteristics of the copolymer were not prepared from the thermally
molded sheet but were die-cast from a 0.034-in. thick sheet cast from a tetra-
hydrofuran solution of the copolymer. They were cut from the cast sheet
while it was still plasticized with residual solvent to facilitate cutting and to
minimize imperfections in the specimens. They as well as the remaining
uncut portion of the cast sheet were then heated for 24 hr. in a 70°C.
forced draft oven to remove the residual solvent. Although the desol-
ventized cast sheet appeared more flexible as would be expected, than the
thicker thermally molded sheet, it was just as brittle.

Tensile strength, yield point, elastic modulus under tension, and elonga-
tion were determined in accordance with ASTM method D638-64T. The
testing rate used was 0.2 in./min., and the gauge length was 2 in. No
extensiometer was used. The Tj and T\ torsional stiffnesses were deter-
mined in accordance with ASTM method D1043-61T.

The lower modulus, strength, and Tf and 7h values of this copolymer
when compared to those for a similar vinyl chloride-vinyl acetate co-
polymer (Table AT) show that the VSP component has imparted some
measure of internal plasticization to the polymer. However, the degree of
plasticization attained, as reflected by the torsional stiffness measurements,
T; and 7/, is far short of the desired goal and not at all comparable to that
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of the externally plasticized poly (vinyl chloride) composition. Recourse to
higher levels of VSR comonomer incorporation as a means of improving
low-temperature performance would hardly be desirable as this would very
likely exert a concomitant deterioration of tensile strength which is already
low at the present level of incorporation. The mediocre low-temperature
performance and poor balance between it and tensile strength exhibited by
this experimental 70/30 VC1-VSP copolymer presages a dim future for the
VSR monomer as an internal plasticizing component for polyfvinyl chlo-
ride).

TABLE M
Comparison of Physical Characteristics of VC1-VSP Copolymer with Those of a Vinyl
Chloride-Vinyl Acetate Copolymer and an Externally Plasticized Polyfvinyl Chloride)

Composition
PVC with
70/30 66.3/33.7 25% DOP
VCI-VSP VC1-VA external
Tesi copolymer copolymer* plasticizer
Elastic modulus ns,son 420.000 -
tension, psi
100% modulus 3120
tension, psi
Yield point, psi 1,200 —
Tensile strength, 1,020 7,900 3720
psi
Elongation, ' 120 — 211
v, °C. 19 40 1
N, °C. 39 — -
Milling temp., °F. 212-220 300 340

* Data of Port et al.2

EXPERIMENTAL

Homopolymerization of VSP

Bulk. VSP (4.0 g.) and DEABIB (0.4 g.) were charged under nitrogen
in a pressure tube (1X4 in.) and capped with an aluminum-lined cap.
Polymerization was continued at 00 + 2°C. for 48 hr., and a very viscous
and dark red-brown-colored material was obtained. It was dissolved in 25
ml. of benzene and then poured into 100 ml. of methanol. About 0.2 g. of
hot benzene- and tetrahydrofuran-insoluble material was also obtained.
The precipitated material was redissolved in 25 ml. of benzene and repre-
cipitated in 200 ml. of methanol; 2g. (50%) of vacuum-oven-dried (48°C.
7 hr.) light-yellow-green-colored semiglassy material was isolated. The
infrared spectrum showed no absorption bands characteristic for the mono-
mer, (such as 1650 cm.-1 characteristic of vinyl ester).

Solution. VSP (4.0 g.), DEABIB (0.4 g.), and dry, thiophene-free ben-
zene (20 ml.) were charged under nitrogen into a pressure tube (1X7 in.)
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and capped with an aluminum-lined cap. Polymerization was continued
at 60 £ 2°C. for 48 hr. The light yellow solution was then poured into 200
ml. of methanol. The precipitated material was dissolved in 25 ml. of
benzene and reprecipitated into methanol (100 ml.) twice. A 3.3-g. yield
(83%) of vacuum-oven-dried (48°C./7 hr.) light yellow-colored viscous
mass was obtained. The infrared spectrum showed no absorption bands
characteristic for the monomer, (such as 1650 cm.~I characteristic of vinyl
ester).

Emulsion. VSP (4.0 g.), DEABIB (0.4 g.), Siponate DS-10 (0.24 g.),
and 12 ml. of a 1:1 mixture of air-free distilled water and Beckman pH 7.0
solution were charged under nitrogen in the above order in a pressure tube
(1X7 in.). The materials were emulsified at room temperature for 15 min.
and then polymerized at 60 + 2°C. for 48 hr. A good latex was formed.
The latex was poured into 200 ml. of methanol and the isolated material
dissolved and reprecipitated from benzene (35 ml.) into methanol (150
ml.) twice; 4 g. of vacuum-oven-dried (4S°C./7 hr.) light yellow-green-
colored semiglassy material was isolated. The infrared spectrum showed
no absorption bands characteristic for the monomer (such as 1650 cm.-1
characteristic of vinyl ester).

The procedure for the VSO homopolymers was similar to that for the
VSP homopolymers.

Hydrolysis of Emulsion VSP Homopolymer

Poly(VSP) (1.5 g.) was dissolved in thiophene-free, dry benzene (30 ml.),
placed in a 250 ml. round-bottomed flask, and heated to 120°C. Next,
anhydrous methanol (90 ml.) was added to the heated solution and dry HCL
bubbled through for 7 hr. The HC1 was passed through concentrated
HZ()t before entering the reaction mixture. At the end of the heating
period the reaction mixture was purged with nitrogen for about 30 min.
Next, the reaction mixture was extracted with 200 ml. of benzene and the
combined benzene extracts were washed, first with 2% sodium bicarbonate
solution (200 ml.) and then water (200 ml.). The benzene solution was
then dried over anhydrous sodium sulfate. The dried benzene solution was
placed in a Botavac at 75°C., and a dark-brown viscous oil was obtained.
The oil was next chromatographed on a silica gel (TEC, plain, Research
Specialties Co.) column with 4% ether hexene followed by chloroform and
finally tetrahydrofuran. The first major fraction isolated (0.55 g., about
37%) was the methyl ester according to the infrared, NMR, and analytical
data.

Anal. Calcd. for 35% loss of one of the chlorine atoms in the monomer (1.4% of the
total chlorine): C, 51.84%; H, 6.46%; CI, 35.92%. Found: C, 51.49%; 11, 6.65%;
Cl, 35.50%.

Copolymerization of VCL with VSP

VSP (1.0 g.), diethyl azobisisobutyrate (0.5 g.), Siponate DS-10 (0.3 g.),
and air-free, distilled water (30 ml.) were charged under nitrogen in a
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pressure tube (1.5 X 7in.). The tube was then cooled to about —15°C.,
and VCL (9.0 g.) was added. An excess was added to purge the tube of air
before capping. The materials were emulsified at room temperature for
about 15 min. and then polymerized at 60 + 2°C. for 48 hr. A thick
latex was produced. It was poured into methanol (300 ml.) and the iso-
lated material was dissolved in tetrahydrofuran (150 ml.) and reprecipitated
in 400 g. of methanol; 9.6 g. (96%) of vacuum-oven-dried (50°C./24 hr.)
material was isolated. The infrared spectrum showed no characteristic
absorption bands for the monomers.

Copolymerization of VSP with VTA

VSP (1.0g.), VTA (3.50.), diethyl azobisisobutyrate (0.225 g.), Siponate
DS-10 (0.135 g.), and air-free, distilled water (12 ml.) were charged under
nitrogen in a pressure tube (1 X7 in.), emulsified at room temperature for
about 5 min. and polymerized at 60 + 2°C. for 53 hr. The charge had
formed a tan-colored plug. It was broken up in 300 ml. of methanol in a
Waring Blendor. The isolated material was dissolved in 80 ml. of tetra-
hydrofuran and reprecipitated in 300 ml. of methanol. A 3.3-g. yield grains
(74%) of vacuum-oven-dried (55°C./28 hr.) of white powder was obtained.
The infrared spectrum showed no characteristic absorption bands for the
monomers.

Copolymerization of VSP with Vinyl 12-Hydroxystearate (VHS)

VSP (0.4 g.), VHS (3.6 g.), diethyl azobisisobutyrate (0.2 g.) and thio-
phene-free benzene (10 ml.) were charged under nitrogen in a pressure tube
(1X7 in.) and polymerized at 60 + 2°C. for48 hr. The charge had formed
a very viscous solution. It was poured into 300 ml. of methanol, and the
isolated material was then dissolved in 50 ml. of tetrahydrofuran and re-
precipitated in 400 ml. of methanol. The suspension was allowed to stand
for 2 days before centrifuging and filtering, yielding 2.8 g. (70%) of vacuum-
oven-dried (58°C./22 hr.) white powder. The infrared spectrum showed
no characteristic absorption bands for the monomers.

Copolymerization of VSO with Vinyl Chloride

VSO (1.0 g.), diethyl azobisisobutyrate (0.4 g.), Siponate DS-10 (0.25 g.),
and air-free, distilled water (20 ml.) were charged under nitrogen into a
pressure tube (1.5 X 7in.). The tube was then cooled to about —15°C.,
and vinyl chloride (4.0 g.) was added. An excess of vinyl chloride was used
to purge the tube of air before capping. The contents were emulsified
at room temperature tor about 15 min. and then polymerized at 60 + 2°C.
for 25 hr. The latex was poured into 250 ml. of methanol, and the pre-
cipitated material was dissolved in 75 ml. of tetrahydrofuran and repre-
cipitated in 400 ml. of methanol. The suspension was allowed to stand for
1day, then 2ml. of 9% hydrochloric acid was added to speed up the settling
out; 4.2 g. (84%) of vacuum-oven-dried (60°C./18 hr.) white powder was
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isolated. The infrared spectrum showed no characteristic absorption bands
for the monomers.

Copolymerization of VSO with Vinyl 12-Hydroxystearate

Solution.  Vinyl 12-hydroxystearate (15.0g.), VSO (10.0g.), AIBN (2.50
g.), and dry, thiophene-free benzene (100 ml.) were charged under nitrogen
in a pressure tube (2X9 in.) and polymerized at 60 + 2°C. for 48 hr. The
dark-tan-colored obtained solution was poured into 2 liters of stirred meth-
anol to which 10 ml. of concentrated HC1 was added to speed up the settling
out of the polymer. The oil that settled out was separated and 10 nil. of
concentrated hydrochloric acid in 400 ml. of water was added to the de-
canted methanol layer. Additional oil had settled and was separated.
Finally, 500 ml. of water was added to the methanolic aqueous layer from
the previous separation to yield an additional small amount of cil. The
combined oil fractions were then dissolved in 60 ml. of tetrahydrofuran,
filtered, and reprecipitated in 250 ml. of methanol. The suspension was
allowed to stand for 1 day before separating the oil. A4.8-g. yield (19%)
of vacuum-oven-dried (45°C./20 hr.) dark-tan-colored soft solid was iso-
lated. The infrared spectrum showed no characteristic absorption bands
for the monomers.

Emulsion. Vinyl 12-hydroxystearate (12.0 g.), VSO (8.0 g.), Siponate
DS-10 (1.0 g.), AIBN (2.0 g.), and air-free, distilled water (100 ml.) were
charged under nitrogen into a pressure tube (2X9 in.), emulsified at room
temperature for 10 min. and polymerized at 60 + 2°C. for 48 hr. A dark-
tan-colored latex was obtained which tended to settle out with time. The
latex was then poured into 1 liter of methanol and the suspension allowed
to stand for 1 day. The viscous oil layer was separated and 250 ml. of
water added to the methanol layer. Additional viscous oil was isolated.
The oil fractions were combined and dissolved in 100 ml. of tetrahydrofuran,
filtered, and reprecipitated in 1 liter of methanol. Concentrated HCl
(2ml.) was added to the suspension to speed up the settling out of the semi-
solid. The methanol tetrahydrofuran layer was separated and 300 ml. of
water was added to it, yielding additional viscous oil. The oil fractions
were combined for drying purposes. The yield was 11 g. (55%) of vacuum-
oven-dried (55°C./24 hr.) dark-tan-colored, soft solid. The infrared spec-
trum showed no characteristic absorption bands for the monomers. The
material was completely nonflammable.

Fractionation of 69/31 Vinyl Chloride/VSP Copolymer

A 3.0-g. sample of the copolymer was dissolved in 300 ml. of tetrahydro-
furan. Aprecipitate (1.50 g.) was obtained by adding 320 ml. of methanol.
It was allowed to stand at room temperature for 4 hr. before filtering and
drying in a vacuum oven (55°C./20 hr.). The dried precipitate was next
dissolved in 150 ml. of tetrahydrofuran and 106 ml. of methanol was slowly
added to the stirred solution. The hue precipitate was allowed to stand for
1day, and then the liquid phase was decanted and the precipitate dried in a
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vacuum oven (60°C./4S hr.) yielding the first fraction (0.60 g.). The
second fraction (0.90 g.) was isolated by adding 5 ml. of 17% hydrochloric
acid to the decanted phase from isolation of the first fraction. The third
fraction (0.64 g.) was obtained by adding 200 nil. of methanol to the first
liquid phase from filtering. The suspension was allowed to stand over-
night before centrifuging and filtering. The last fraction (0.76 g.) was ob-
tained by adding 40 ml. of water. The isolation was done as before.

We are indebted to Dr. W. H. McFadden, Western Utilization Research and Develop-
ment Division, Agricultural Research Service for the mass speetrometric analyses and
their interpretation, to Mr. Frank Magne, Southern Utilization Research and Develop-
ment Laboratory, Agricultural Research Service for the results on YSP as internal plas-
ticizer for PYC, and to Dr. T. II. Applewhite of the same laboratory for many helpful
discussions and criticisms of this work.

This is a partial report of work done under contract with the Western and Southern
Utilization Research and Development Divisions, Agricultural Research Service, V. S.
Department of Agriculture, and authorized by the Research and Marketing Act. The
contract is supervised by Dr. T. H. Applewhite of the Western Division.
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Résumé

1es liomopolymeéres de (1,4,5,G,7,7-hexachloro-8-imdécylbicyclo (-2,2,1)o-heptene-2
-yl)pentanoate de vinyle 5 et de (1,4,5,6,7,7-hexachloro-3-octylbicyclo(2,2,1)5-heptenyl-
2)octanoate de vinyle S, ont été préparés, aussi bien que leurs copolymeres avec le tétra-
hydroabiétate et tétrahvdropimarate de vinyle en mélange, le 12-hydroxystéarate de
vinyle et le chlorure de vinyle. Le copolymére d’octanoate de vinyle 12-hydroxystéar-
ate donnait des mousses d’uréthane légéres avec pratiquement aucune modification de
volume par vieillissement humide. Les monomeres pentanoate de vinyle et octanoate de
vinyle perdent de I’acide chlorhydrique au cours de leur polymérisation. L ’hoinopulv-
nkre de peutoute de vinyle a été hydrolysé eu vue d’établir la position de I’élimination de
I’acide chlorhydrique. Le fractionnement des copolymeéres de chlorure de vinyle et du
pentanoate de vinyle et de I'octauoate de vinyle montraient qu’ils possédent une compo-
sition plutdt homogene. L’incorporation de monomeére de pentanoate de vinyle a un co-
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polymere de chlorure de polyvinyle apporte a celui-ci une plastification interne mais avec
une considérable perte de force de tension.

Zusammenfassung

Homopolymere von Vinyl-5-(1,4,5,6,7,7-hexachlor-3-undecyl-bicyelo[2.2.1.]-5-hepten-
2-yl)-pentauoat und Vinyl-S-(1,4,5,6,7,7-hexachlor-3-octylbicyclo [2.2.1.]-6-hepten-2-yl)-
octanoat sowie Copolymere mit einer Vinyltetrahydroabietat-tetrahydropimarat-Mis-
chung, mit Yinyl-12-hydroxystearat und Vinylchlorid wurden dargestellt. Das Vinyl-
octanoat-12-Hydroxystearat-Copolymere liefferte Leichtgewichts-Polyurethanschaum-
stoffe, die bei der Alterung in feuchtem Milieu praktisch keine Volumns-anderung zeig-
ten. Monomeres Vinylpentanoat und Vinyloctanoat verlieren wahrend der Polymeri-
sation Chlorwasserstoff. ~Zur Bestimmung des Ortes des Chlorwasserstoffverlustes wurde
das llomopolymere des Vinylpentanoates hydrolysiert. Fraktionierung der Vinylchlor-
idcopolymeren der Vinylpentanoat- und Vinyloctanoatderivate zeigte, dass sie eine recht
homogene Zusammensetzung besitzen. Einbau des Vinylpentanoatmonomeren in ein
Polyvinylchloridcopolymeres fiihrte zu einer gewissen inneren Weichmachung mit ern-
stlichem Verlust an Zugfestigkeit.
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Cyclocopolymerization of Bicyclopentene and Other
Dicyclic Dienes with Sulfur Dioxide to
Fused Ring Systems

KLAUS MEYERSEN* and JEAN Y. C. WANG, Mellon Institute,
Pittsburgh, Pennsylvania 152PS

Synopsis

The synthesis and cyclocopolymerization with sulfur dioxide of four 1,5- and 1,6-dienes
(bicyclopentene, bicyclohexene, dicyclopentenyl ether, and dicyclohexenyl ether) and one
tetraene (quartercyclopentene) is described. Under optimum conditions, completely
soluble copolymers are obtained from bicyclopentene in high conversions at temperatures
down to —39°C. Bicyclohexene also gave soluble copolymers, but in a by far slower re-
action and in low conversion. Quartercyclopentene does copolymerize, but as expected,
gives only insoluble polymers. The two compounds with 1,6-diallyl ether structure, dicy-
clopentenyl ether and dicyclohexenyl ether, failed to polymerize.  The influence of initia-
tor, temperature, reaction medium, diene concentration, etc., on the properties of the poly-
mers was studied in detail for copolymerizations of bicyclopentene. Only a very limited
number of peroxides in unusual large quantities was found to be effective in initiating this
copolymerization. The reaction is further limited to a narrow choice of solvents, e.g,.
diethyl ether and tetrahydrofuran, in order to obtain soluble products. Polymerization
could not be achieved in ethanol, benzene, methylene chloride, dimethyl sulfoxide, and
tetramethylene sulfone; excess sulfur dioxide .yields only dark and insoluble products.
Diene concentrations of below 0.3 wt.-% are normally required to obtain polyfbicyclo-
pentene sulfones) which are soluble in dimethyl sulfoxide, tetramethylene sulfone, or
sulfuric acid. Polymerization can be carried out from room temperatures down to
<#89°C.; optimum results are generally obtained around 0°C. Inherent viscosities of
1.72 (0.5 g./IOO ml. dimethyl sulfoxide) have been measured. X-ray diffractions are
those of amorphous polymers.

INTRODUCTION

Numerous examples of copolymerization! of olefins and sulfur dioxide
are known,T2which with three exceptions, namely, styrene and deriva-
tives, vinyl chloride, and vinyl bromide, give strictly alternating 1:1 co-
polymers. Recent developments have shown that alternating cyclo-
copolymerization can be achieved when nonconjugated dienes such as 1,5
hexadiene* or diallyl compounds4 are used. Bicyclocopolymerization
occurs when cis,ci-s-1,5-cyclooctadiene is polymerized in the presence of
sulfur dioxide.5 These polymers exhibit a composition ratio of diene
to sulfur dioxide of 1.2, indicative of alternating copolymerization in the

*Present address: Farbwerke lloechst A.G., Kunststoff-Forsclmng, Frankfurt(M)-
IToechst, Germany.
1827
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inter- as well as the intramolecular polymerization step. The one known
exception is diallylamine hydrochloride,4 where sulfur dioxide is presum-
ably incorporated only in the intermolecular propagation step.

The purpose of our investigation was to achieve the cyclocopolymeriza-
tion of dicyelic dienes and sulfur dioxide to form fused three-ring systems,
as shown in eq. (1).

0 -0 + s —

This is, to our knowledge, the first attempt to prepare fused ring systems by
a cyclocopolymerization.

Two five-membered dicyclic dienes and two six-membered dicyelic di-
enes with 1,5-diene-(diallyl) and 1,6-diene-(diallyl ether) structures were
selected for this investigation, but only two of these were found to undergo
cyclocopolymerization resulting in soluble polymers in high yields. One
five-membered tetraene could also be copolymerized; however, only in-
soluble products were obtained. The results are presented in this paper.

EXPERIMENTAL

Reagents

Dibenzoyl peroxide, teW-butyl hydroperoxide, methyl ethyl ketone per-
oxide (Luperzol DI3M, (50% in dimethyl phthalate), I.I'-bishydroxycyclo-
hexyl peroxide (all Wallace and Tiernan, Lueidol Division); di-p-chloro-
benzoyl peroxide, lauroyl peroxide, ketone peroxides (Cadox HDP-85,
S5% in dibutyl phthalate) (all Cadet Chemical Corporation); /erf-butyl
peroxide, cumene hydroperoxide (both U.S. Peroxygen Corporation); as-
caridol (K & K Laboratories); hydrogen peroxide (94% DuPont, Electro-
chemical Division) wore all used as obtained. Their active oxygen content
was determined iodometrically where possible.

Sulfur dioxide (anhydrous; Matheson, Coleman and Bell) was either
used as obtained or dried further over P2j. The additional drying, how-
ever, had no apparent influence on the properties of the products.

Diethyl ether (anhydrous; Baker Analyzed Reagent Grade) was stored
over sodium wire and freshly distilled under nitrogen. Tetrahydrofuran
(Eastman) was distilled from sodium benzophenone under nitrogen shortly
before use, a forerun of approximately 25% being discarded. Benzene
(Baker Analyzed Reagent Grade) was stored over sodium wire and dis-
tilled. Petroleum ether was extracted with sulfuric acid, washed, dried,
distilled from sodium wire. Ethanol (absolute, Commercial Solvent Corp.)
was used as obtained. Dimethyl sulfoxide (Fisher Certified Reagent
Grade) and tetramethylene sulfone (Beacon Chemical Industries) were
redistilled in vacuum; a middle fraction of approximately 50% of the mate-
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rial was used. Dicyc.lopentadieue (95%, practical; Matheson, Coleman
and Bell) was used as obtained.

Instruments and Analyses

The spectroscopic investigations were performed with a Perkin-Elmer
Infracord infrared spectrometer and Varian AGO nuclear magnetic reso-
nance spectrometer. Elemental analyses were carried out by Alfred Bern-
hard!, M ikroanalytisches Laboratorium, Muhlheim (Ruhr), Germany,
and by Galbraith Laboratories, Inc., Knoxville, Tennessee. Gas chro-
matographic analyses and x-ray diffraction were obtained from the Physi-
cal Measurement Laboratory of Mellon Institute.

Polymerization Procedure

The polymerizations were carried out in an argon atmosphere in ampules
sealed with rubber serum caps. Reaction conditions are listed in Tables
I-V. In atypical example, 25 g. diethyl ether was transferred from a stor-
age bottle into a 100-ml. ampule by means of hypodermic wire by apply-
ing a slightly positive argon pressure in the storage bottle. Bicyclopen-
tene, 0.21 g. (1.5 X 10-3 mole), was added by means of a hypodermic
syringe and the mixture was cooled to —78°C. To the cooled solution
97.4 mg. of methyl ethyl ketone peroxide (60% in dimethyl phthalate),
in 2 ml. ether was added, which represents GO mole-% (0.9 X 10~3 mole)
peroxide based on diene (determined by iodometric titration). From a
storage ampule containing 6.4 g. (10-2 mole) of sulfur dioxide in 45 g. di-
ethyl ether, approximately 1.0 g. solution, amounting to about 2 X 1073
mole S02 was transferred into the polymerization ampule. The mixture
was then allowed to warm to 0°C. in about 15 min. while being shaken.
At this temperature, the rest of the sulfur dioxide solution in ether was
added. The onset of the polymerization was apparent from the cloudy
appearance of the solution. The ampule was kept at the polymerization
temperature for 24 hr. with occasional shaking. The polymer was more
or less suspended and formed a precipitate with a clear supernatant solu-
tion at the late stage of the polymerization. To terminate the polymeriza-
tion at early stages, hydroquinone was added. In the work-up, the con-
tent of the ampule was poured into a tenfold volume of methanol, filtered,
and washed several times with methanol, and dried at room temperature
in vacuum; 0.366 g. poly (bicyclopentene sulfone) corresponding to 87.6%
conversion (based on diene) was obtained. The polymer was soluble in
DMSO, TMS, and sulfuric acid and had an inherent viscosity (0.5 g./IOO
ml. DM SO) of 1.72.

Anal. Calcd. for I, CioJRSjOu C, 45.80%; Il, 5.34%.; 8, 24.42%. Found: C,
45.61%:; 11, 5.46%; S, 24.87%.

Soluble polymers were generally purified by reprecipitation (DMSO/
methanol).
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Monomer Syntheses

I,I'-Bicyclopent-2,2'-ene. This monomer (Il)was obtained by the reac-
tions shown in eq. (2).

O — O -a 7S+ 0 -0 B

Cyclopentadiene (CPD) was obtained from thermal degradation of di-
cyclopentadiene (DCPD). Its purity was determined by NMR. Only
freshly distilled CPD containing less than 1% DCPD was used in the
synthesis of 3-chlorocyclopentene by addition of HC18at —30 to —7S°C.
and distillation of the mixture at room temperature in vacuum. 3-Chloro-
cyclopentene was stored at —78°C. and used within a few hours after prepa-
ration. I,I'-Bicyclopent-2,2'-ene was synthesized by a modified biallyl
synthesis.9 In an argon atmosphere, 274 g. of 3-chlorocyclopentene was
diluted with 300 ml. THF and added to 30 g. of magnesium in 150 ml. THP
over a period of 75 min. at a rate fast enough to maintain gentle reflux.
A fter the addition was complete, another 100 ml. THP was added to facili-
tate stirring and the mixture was stirred for 3 hr. The contents were then
cooled to 0°C.; 350 ml. of 5% hydrochloric acid was added, followed by
200 ml. H2D. The organic layer was washed with dilute XaHCO land then
with water until neutral and dried over sodium sulfate. Evaporation of
solvents and fractionation under argon yielded 130 g. of 1,1'-bicyclopent-
2,2'-ene (72.2%), b.p. 43°C./1.4 mm.; nf, 1.4859.

Anal. Calcd. for CidIm: C, 89.55%; Il, 10.45%. Found: C,89.46%; II, 10.50%.

From gas chromatography' the product was determined to be +99.8%
pure, with benzene as the majorimpurity. NM R gave H Oiefillie:H aliphatic =
4:10.7 (4:10 theor.).

1,1'-Bicyclohex-2,2'-ene.  This monomer (I1) was synthesized from
cvclohexene according to eq. (3).

3-Bromocyclohexene was synthesized by allylic bromination of cyclo-
hexene with A-bromosuceinimidel (XBS) in 80% yield. For the synthe-
sis of 1,1'-bicyclohex-2,2'-ene, the same procedure as given for the synthe-
sis of 1,1'-bicyclopent-2,2'-ene was followed, except that the Grignard mix-
ture was heated under reflux for 2 hr. after the addition of 3-bromocyclo-
hexene was completed. |I,I'-Bicyclohex-2,2'-ene was obtained in 87%
yield; b.p. 50°C./0.2 mm. (argon bleeding); w]* = 1.5264.

Anal. Calcd. for C«H,,;: C, 88.88%; 11,11.12%. Found: C, 8,8.72% ; I, 11.14%.
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From gas chromatography the product was determined to he +99.8%
pure, with benzene as major impurity. NME gave H olefinir.. H aliphatio =
4 :14 (4 :14 theor.).

Quatercyclopentene. This was prepared from 3-ohlorocyclopentene as
shown in eq. (4).

0 -a c k >d <>

Cyclopentenylcyclopentenyl chloride was synthesized by addition of 3-
chlorocyclopentene to cyclopentadiene following the procedure of Fitz-
patrick.1'2 Since both 1,4- and 1,2-addition is possible, the mixture will
consist of at least two isomers:

I-chloro-4-(cyclopent-2-enyl)-eyclopent-2-ene and I-chloro-2-(cyclopent-2-
enyl)-cyclopent-4-ene. Quatercyclopentene (IV) was synthesized via
Grignard reaction of cyclopentenylcyclopentenyl chloride by following the
procedure given for I,I'-bicyelopent-2,2'-ene, except that the mixture was
heated to reflux for 2 hr. after addition of the chloride was complete.

Quatercyclopentene was obtained in 72% vyield; b.p. 139°C./0.42 mm.
(argon bleeding); si™ 1.5279.

Anal. Calcd. for CICH C, 90.23%; H, 9.77%. Found: C, 90.01%; H, 10.07%.

N MR gave H Oiefinic: H aiiphatic = 8:18.09 (8:18 theor.). Three major
components with peak area ratio of 1:4.76 :0.17 and respective retention
times of 1.00, 1.07, and 1.11, were found by gas chromatography. They
presumably represent the three expected isomers resulting from coupling

of the two isomeric chlorides: I,1,:4"'1":4" I,"-quatercyclopent-2,2"',-
2",2"'-ene; I, 14 ,,1,":5" 1,"-quatercyclopent-2,2'3",,2""-ene; and
1, 5T ":5",I",-quatercyclopent-2,2,,3,",2"/-ene. No attempt was

made to isolate and identify the quatercyclopentene isomers.
I,I'-Dicyclopent-2,2'-enyl Ether. This (V) was synthesized from 3-chlo-

rocyclopentene following the procedure of Alder and Flock.8
I,I'-Dicyclohex-2,2 -enyl Ether. This was prepared from 3-bromocyclo-

hexene by variation of the procedure8for I,I'-dicyclopent-2,2'-enyl ether

[eq. (5)].

3-Bromocyclohexene (111 g., 0.69 moles) was slowly added to a stirred
solution of 65 g. NaHCO03in 370 ml. water over a period of 1 hr. with ex-
ternal cooling by ice water. After the addition was completed, the mix-
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ture was stirred for 2 hr. at approx. 10°C. and then at room temperature
for 2 hr. more. The water layer was then saturated with sodium chloride;
(he organic layer was separated, and the aqueous solution was extracted
with ether four times. The combined organic layers were dried over Na2-
SO4and fractionated.

3-Hydroxycyclohexene was obtained in 67% vyield (44.5 g.), b.p. 61°C./
2.9 mm. (argon bleeding); nfl 1.4837.

3-Hydroxycyclohexene (44.5 g.; 0.454 moles) and 2 ml. HC1 were stirred
for 24 hr. with no apparent sign of reaction. It was necessary to force the
reaction by adding 100 ml. benzene and refluxing the mixture in the pres-
ence of 0.5 g. p-toluenesulfonic acid for 4 hr., after which the collection of
water in the water separator ceased. The organic layer was separated,
washed with dilute XaHCO:isolution and water, and dried over Na2SCL.
The solvents were stripped off and the residual oily liquid was fractionated.

1,1 -Dicyclohex-2,2,-enyl ether (V1) was obtained in 57% vyield (23.2 g.);
b.p. 80-89°C./0.5-0.6 mm. (argon bleeding).

Anal. Caled. for CJT»: O, ,SUill ; Il, 10.11%; O, Pound: C, SO.4%;
1 ;5 0,0.7Sr;..

H . H, H

X.MR gave Il,, :Hi, :(Hc + lid ) = 2.0:0.9:6.0 (theor. 2:1:0).

RESULTS AND DISCUSSION
Polymerization

The prime object of this paper was the establishment of optimum reac-
tion conditions. This was necessary because of the incomplete and some-
times controversial information about suitable reaction media, effective
catalytic systems, ceiling temperatures, etc., for even the relatively simple
monoolefin-sulfur dioxide polymerizations.12 The naturally more com-
plicated behavior for copolymerizations of nonconjugated dienes,3-5 and
the unusual behavior sometimes observed in sulfur dioxide copolymeriza-
tions of cyclic olefins (e.g., high ceiling temperature of cyclopentene,”
spontaneous copolymerization by a biradical coupling mechanism of bi-
cyclo [2,2,1]-hept-2-ene)7made a search for optimum conditions in the com-
plicated reactions of the cyclic dienes obligatory. It was anticipated fur-
thermore that the dicyelic diene systems would be extremely sensitive not
only to the diene structure, but to concentration and temperature, and
would respond to changes of these parameters by forming more or less
erosslinked, and hence, insoluble polymers.



CYCLOCOPOLYMERIZA.TION TO FUSED 1U.\G SYSTEMS 1833

Alio four dienes (and one tetmenc) selected for this study included three
compounds with five- and six-mem bored 1,5-diene (“diallyl”) structures:
1,1 '-bi-cyclopent-2,2'-ene (BCP) (I1), 1,1'-bicyclohex-2,2'-ene (BCH) (IIl),
quartercyclopontene (mixture of isomers) (QCP) (IV), and two compounds
with five- and six-membered 1,6-diene (diallyl ether) structure: [I.I'-di-
cyclopent-2,2'-em lether (DOPE) V

\%

and I,I'-dieyclohex-2,2'-enyl ether (DCHE) VI.

Polysulfones were formed most easily, as expected, from the five-mem-
bered species with 1,5-diene structures. With polymerizations carried
out at low diene concentration, high yields of a completely soluble poly(bi-
eyelopentene sulfone) (I) could be obtained in a fast reaction at 0°C. and
h)wer temperatures.

Quartercyclopentene does also react easily, but, as expected, yielded
only completely insoluble material. The three intramolecular cyclization
steps which would be required in this particular case to obtain linear poly-
mers would only be favored in extremely dilute solutions. The situation
was further complicated since due to the route of synthesis, quartercyclo-
pentene consisted of a mixture of three positional isomers. Two of these
would make complete intramolecular propagation very unlikely for steric
reasons; they possess partial 1,6-diene structures. The generally lower
probability of formation of cyclopolymers from these structures further
enhances the chance of crosslinking by an independent noncyclic poly-
merization of isolated double bonds. The elaborate isolation of pure 1,5-
isomers could not be undertaken.

Bicyclohexene also copolymerizes with sulfur dioxide, but at a far slower
rate of reaction and to low conversion.

No polysulfones could be obtained from the 1,6-dienc systems, dieyelo-
pentenyl and dicyelohexenyl ether, even at temperatures as low as —10°C.
This issomewhat surprising, since diallyl ether itself is known to copolymer-
ize with sulfur dioxide up to a fairly high ceiling temperature of >85°C .6

For all the above-mentioned reasons, the emphasis of this investigation
lias been put on bicyclopentene, and the examples listed below refer to this
system only.

The choice of solvents and diluents is limited to not too polar solvents
(to minimize interference with the olefin-sulfur dioxide complex) and was
further narrowed by the desire to allow polymerization down to —40°C.
In preliminary tests, it was found that at temperatures of 0°C. and below,
bicyclopentene can be polymerized in diethyl ether and tetrahydrofuran
in high yields. The polymer precipitates in these media and, when soluble,
was purified by washing with methanol and reprecipitation from dimethyl
sulfoxide (DMSO), tetramethylene sulfone (TIMS), or sulfuric acid solu-



1834 K. MEYERSEN AND J. Y. C. WANG

t-ion. Polymerization also proceeds in excess sulfur dioxide as the diluent
at 0°C. and below, but the resulting product is very dark and completely
insoluble. Ethanol at 0°C., benzene at 0°C. and above, petroleum ether
at room temperature, methylene chloride at 0°C. and below, dimethyl-
sulfoxide and tetramethylene sulfone at room temperature, are not suitable
media since either no polymerization occurs at all, or only traces of reac-
tion products are formed; none of these solvents was extensively investi-
gated.

The rather broad spectrum of free-radical sources usually effective in
copolymerization of monoolefins and conjugated dienesl2 narrows down
to a few peroxides which are able to initiate the copolymerization of bi-
cyclopentene: methyl ethyl ketone peroxide, I,I'-bishydroxycyclohexyl
peroxide, a mixture of cyclohexanone peroxides, cumene hydroperoxide.
Other peroxides such as dibenzoyl peroxide, di-p-chlorobenzoyl peroxide,
lauroyl peroxide, tot-butyl hydroperoxide, and ascaridol, either alone or in
combination with HC1 or PPSO4, were found to be completely ineffective.
This classification resembles the behavior found with cyclooctadiene.5
Xeither could polymerization be initiated by azobisisobutyronitrile or ultra-
violet light; however, these initiating systems were not studied exten-
sively. Oxygen, although claimed as an initiator for several olefin-sulfur
dioxide copolymerizations,12 was not investigated. Rather, an attempt
was made to eliminate oxygen as far as possible in order to avoid com-
plications caused by the extremely fast autoxidation of these dienes.
Table | lists some of the catalytic systems.

It is assumed that the ineffectiveness of certain peroxides is caused by
failure to produce active intermediates in the redox reaction with sulfur
dioxide and/or by the extreme speed of the redox reaction. Furthermore,
the yield of free radicals useful for initiation is very low, even with catalysts
capable of initiating the polymerization, because of the low concentration
of diene and the large excess of SO» always present which may further
interact with the active species of the redox systems. Thus, unusually
high concentrations of peroxides are required to promote polymerization.
To enhance the probability of forming active radicals without interference
from excess SOj, the initiation was allowed to proceed with only equimolar
amounts of peroxide and sulfur dioxide in the presence of the diene at low
temperatures. The bulk of the sulfur dioxide was added later. Although
this process gave more reproducible data with peroxides also effective in an
excess of sulfur dioxide, it did not change the above-mentioned classifica-
tion of effective and ineffective peroxides.

The unusually large amounts of peroxide needed to initiate the copoly-
merization of bicyclopentene and sulfur dioxide are shown in Table Il fora
typical example, methyl ethyl ketone peroxide (MEKPO) as initiator
in diethyl ether at 0°C.

Xo polymerization was observed for initiator concentrations less than 5
mole-% MEKPO. Above 40 mole-%, the degree of conversion becomes
virtually independent of the catalyst concentration, whereas the inherent
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viscosity decreases with increasing catalyst concentration. Polymers ob-
tained from experiments with less than ~50 mole-% peroxide are normally
insoluble in DM SO but are still soluble in concentrated sulfuric acid (with
degradation). For those obtained at minimum catalyst concentration, no
solvent could be found. It must be left open whether the insolubility is
due to an increase in molecular weight of linear polymers or to crosslinking.

Completely soluble poly(bicyclopentene sulfones) were obtained only at
high dilutions naturally favorable to cyclopolymerization. A definite
threshold in diene concentration can be observed. No attempts have been
made to determine the percentage of soluble material in incompletely
soluble polymers, since a wide enough range of diene concentration allowed
the synthesis of entirely soluble polymers.

As shown in Table Ill, experiments carried out along the borderline of
solubility suggest that the Conversion is independent of the solubility of the
polymers formed. The inherent viscosity is also independent of diene con-
centration as long as the polymers stay soluble. Solubility in sulfuric acid
alone characterizes the solubility limit. Higher diene concentrations re-
sult in completely insoluble polymers. Lower concentrations than those
shown in Table Il give polymers soluble in DM SO and TMS.

Since the formation of soluble polymers also depends very strongly on
other parameters, such as temperature and catalyst concentration, changes
in these will also influence the range of diene concentrations suitable for
obtaining soluble polymers. From our experience, bicyclopentone con-
centrations below 0.3 wt.-% normally give completely soluble poly(bi-
cyclopentene sulfones) unless extremely low catalyst concentrations or
temperatures above room temperatures are employed. A large excess of
sulfur dioxide was provided in all experiments. The influence of varia-
tion of the sulfur dioxide concentration was not studied in order to avoid
enhanced crosslinking caused by a deficiency of sulfur dioxide at low con-
centrations.

Table IV shows the influence of temperature in a typical example. Co-
polymerization was found feasible at temperatures down to —39°C., with
optimum conditions near 0°C. Temperatures below 0°C. very often re-
sult in insoluble polymers, whereas temperatures above 0°C. give serious
decreases in conversion and inherent viscosities, probably due to a reduc-
tion in the concentration of initiating species through a fast redox reaction
or to side reactions before the initiation step. No polymerization occurred
in 5hr. at —7S°C.; when the mixture was then allowed to warm to —39°C.,
polymerization began, and the obtained product was identical with the one
obtained originally at —39°C. The presence of a definite ceiling tem -
perature could not be observed in this and the other systems, although
there seems to be a temperature threshold below which no polymerization
of bicyclopenteue occurs. This was not further investigated, since it was
believed that these systems are too complicated and too sensitive as to
allow such a study. The temperature effects around a possible ceiling
temperature would be overshadowed by reactions leading to more or less
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crosslinked products, as observed, for example, in the case of bicyclopen-
tene copolymerizations (See expts. 114 and 115 in Table IV).

The reaction is fast even at very low temperatures and is virtually com-
plete after 10 min. at 0°C. (Table V). Conversion data in these examples
collected in Table V were obtained by terminating the reaction by ad-
dition of hydroquinone, contrary to all other reported examples in this
paper where polymerization was allowed to reach completion or self-termi-
nation.

TABLE V
Conversion versus Time in Copolvmematiou of BCP and
Sulfur Dioxide in Diethyl Ether™

BCP, Cone., wt.-% MEKPO, Time, Yield,

Reaction mmole BCP in ether mole-Gb eC.® mole-' (b M 1
105 2.78 0.58 80 15 17.4 0.11
1H 2.78 0.5:1 0 30 26.4 020
107 2.78 0.53 80 60 46.1 1.15
110 2.78 0.53 0 600 S3.1 121

Reaction conditions: solvent, 70 g. diethyl ether; catalyst, methyl ethyl ketone
peroxide (MEKPO); sulfur dioxide, 0.05 mole; temperature, C°C.
bBased on BCP.
M X 10-3mole hydroquinone added at this time to terminate the reaction.
d0.5 g/I0O ml. DMSO at 30°C.

Polymer Structure and Properties

The polysulfones obtained from bicyclopentene are colorless powders,
ranging from complete solubility in polar organic solvents, such as DM SO,
TMS, V-methylpyrrolidone, hexamethyl phosphoric amide, etc., to com-
plete insolubility in any solvent. Intermediate stages are characterized by
solubility in concentrated sulfuric or methanesulfonic acid. However,
as shown in Table VI, the viscosity is reduced drastically when a sample is

TABLE VI
Degradation of I’oly(bicyclopentene Snifone) Caused by Sulfuric Acid

Inherent, viscosity {7
After 2 After 1

reppt. reppt.
Untreated, Untreated, from from
Reaction meas, in meas, in  DMSO, meas. 112304 meas,
Reaction medium DM80 11204 in DMSO in DMSO
61 THE 0.25 0.14
&> Ether L72 0.10
83 Ether Insoluble 0.23
@ TUP 1.06 0.00
02 THE 0.27 0.23

104 Ether 1.30 0.12 0.15
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dissolved in strong acid, indicating a severe degradation, although the
polymer does not decompose completely even in sulfuric acid. The in-
herent viscositj- obtained immediately after dissolving, seems to be inde-
pendent of the inherent viscosity in DM SO and remains constant over a
period of several days. Qualitative comparisons show that a relationship
exists between solubility and composition of the polymers. Polysulfones
which approach the theoretical composition for | (C, 45.80%; H, 5.34%;
S, 24.42%) are the most soluble in organic solvents. W hereas those with
lower sulfur content (S, 22.0% and below) are generally insoluble, or at
best, soluble in sulfuric acid, thus indicating also in this solubility behavior
deviations from the ideal cyclocopolymerization. Pendant cyclopentcnyl
groups (VII)

Vil

barred from participating in the intramolecular cyclization lower the sulfur
content and are potential sites for crosslinking through grafting, and hence
may cause the insolubility.

The infrared spectrum is consistent with structure I. The SO2absorp-
lions occur at 1125 and 1310 cm.-1. Model compounds, tetramethylcne
sulfone (V1I1) and the polysulfone of cyclopentene (1X),

Vil IX

absorb at 1100 and 1300 cm.-1 and 1140 and 1310 cm.-1, respectively.
Only very little, if any, residual unsaturation may be present in the poly-
mers. An observed weak absorption at 1650 cm.-1 is rather broad and sug-
gests adsorbed or complexed water, since its intensity always corresponds
to the intensity of a weak hydroxylic absorption; however, this does not
rule out a covered weak C=C absorption. Very weak acidic hydroxyl
absorptions occurring at 2950 cm.-1 in some samples are probably due to
sulfonic acid groups incorporated in the polymer.

Lack of suitable solvents (deuterated dimethyl sulfoxide underwent
quite rapid deuterium exchange) allowed only a semiquantitative NMR
evaluation, and this only on completely soluble samples. No detectable
amounts of residual unsaturation were found in those samples even at
spectrum amplitudes of 40. (Bicyclopentene shows a multiplet centered at
t = 4.28 with a half bandwidth of 3 cps.) The preliminary assignments are
presented in Table VII.
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Poly(bicyclopentene sulfones), soluble or insoluble, do not soften or
melt up to 260®%, as determined on a Kofler hotbeneh in air. Thermo-
gravimetric analysis (heating rate 5°C./min., in nitrogen) shows a weight
loss of only 2.5% at 200°G, 11% at 200°C,, and 52% at 300°C.

Owing to lack of suitable solvents, no absolute molecular weight deter-
mination could be undertaken. The viscosity behavior resembles that of
polyelectrolytes; however, no consistent behavior was observed and there
were variations from sample to sample. This can probably be attributed
to the presence of various amounts of ionic groups, e.g., sulfonic acids,
incorporated in the polymer by side reactions. No intrinsic viscosity could

TABLE VII
NM 1 Assignments of Poly(bicyclopentene Sulfone)*

Protons

It,

Ih,

Hc)

liai
“Measured at room temperature in 111, solution of ;»-dimethyl sulfoxide. T.MS tis

internal reference.

b Deuterium exchange approximately 11(5 (integrated area of d.,-dimethyl sulfoxide).
“OQverlapping, unresolved peaks.

be determined for this reason. The inherent viscosities at 0.5 g.,/100 ml.
solvent fall in the range of the concentration curves where the polyelec-
trolytic effect is negligible.

Inherent viscosities (0.5 g./IOO ml. dimethyl sulfoxide at 30®%) of up to
1.7 have been measured on soluble poly(bicyelopentene sulfones) prepared
in diethyl ether, the normal range being 0.75- 1.4. Polymers prepared in
THF show consistently lower inherent viscosities, normally in the range
0.12- 0.34, with the highest value 1.05.

X -ray diagrams are those typical for amorphous polymers.

We are indebted to 1)r. Thomas G Fox for his encouragement during the work and to
Dr. S. S. Pollack for x-ray measurements and their interpretation. We also thank the
Lueidol Division of Wallace and Tiernan, Inc., the Cadet Chemical Corporation and lhe
1’.S. Peroxygen Corporation for generously providing us with samples of various per-
oxides.
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Résumé

La synthése et la cyclopolymérisation du dioxyde de soufre avec quatre dienes 1,5-
et 1,6- le bicyclopentina, le hicyclohexene, 'éther dicyclopenténylique et I'éther dicyclo-
hexénylique, et un tétratne, le quartercyclopentene, sont déerites.  Dans des conditions
optimums des copolymeres complétement solubles ont été obtenus du départ de bicyclo-
pentene & des degrés de conversion élevés A la température inférieure & —39°C.  Le bi-
cyclohextne également donne des copolymeres solubles, mais par une réaction beaucoup
plus lente et & des degrés de conversion faibles. Le quartercyclopenténe copolymérise
comme prévu et donne uniquement des polymeres insolubles. Les deux composés avec
une structure 1,6-diallyléther, le dicyclopentényl éther et le cyclohexényl éther, ne don-
nent pas de polymérisation. L’influence de 'initiateur, de la température, du milieu de
réaction, de la concentration en didne, etc., sur les propriétés des polymeres a été étudiée
en détail pour les copclymérisations du bieyclopenténe. Uniquement un petit nombre
tréss limité de peroxydes en quantités exceptionnellement elevées est efficace pour initier
celte polymérisation. La réaction est en outre limitée par un choix limité de solvants,
¢’est-a-dire, léther diéthylique, et le tétrahydrofurane, en vue d’obtenir des produits solu-
bles. La polymérisation ne peut étre effectuée dans I’éthanol, le benztne, le chlorure de
méthylene, le sulfoxyde de diméthyle et la tétraméthyléne sulfone; un exces de dioxyde de
soufre produit uniquement des produits sombres et insolubles. Des concentrations
en didne inférieures 3 €.3% en poids sont normalement requises pour obtenir, ne polydi-
cyclopenténe sulfome soluble dans le diméthylsulfoxyde, la tétraméthylenesulfone oul'ac-
ide sulfurique. La polymérisation peut étre effectuée depuis la température de chambre
jusqu'a —39°C; les résultats optimums sont généralement obtenus vers 0°C. Des vis-
cosités inhérentes de 1.72 (0.5 g/100 ml de diméthyl sulfoxyde) ont été mesurées. Des
diffractions aux rayons-X montrent une structure de polymeres amorphes.

Zusammenfassung

Die Synthese von vier 1,5- und 1,6-Dienen, nimlich Bicyclopenten, Bicyclohexen,
Dicyclopentenylither und Dicyclohexenylither, und eines Tetraens, des Quartercyclopen-
tens, sowie ihre Cyelo- Copolymerisation mit Schwefeldioxyd wird beschrieben.  Bei op-
timalen Bedingungen werden aus Bicyclopenten bei Temperaturen bis hinunter zu
—39°C in hoher Ausbeute vollstindig losliche Copolymere erhalten. Bicyclohexen lie-
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ferte ebenfalls 16sliche Copolymere, wenn auch in weitaus langsamerer Reaktion und mit
niedrigem Umsatz. Quartercyclopenten copolymerisiert zwar, ergibt aber, wie erwar-
tet, nur unlésliche Polymere. Die beiden Verbindungen mit 1,6-Diallylédtherstruktur,
Dicyclopentenylidther und Dicyclohexenyldther, polymerisierten nicht. Der Einfluss von
Initiator, Temperatur, Reaktionsmedium, Dienkonzentration ete. auf die Eigenschaften
der Polymeren wurde eingehender an der Copolymerisation von Bicyclopenten unter-
sucht. Nur eine sehr begrenzte Zahl von Peroxyden in umgewdhulich grossen Mengen
erwies sich zum Start dieser Copolymerisation als wirksam. Weiters ist die Reaktion zur
Erzielung loslicher Produkte auf eineenge Auswahl von Losungsmitteln, z.B.  Didthyl-
iither und Tetrahydrofuran, beschrinkt. Keine Polymerisation konnte in Athanol, Ben-
zol, Methylenchlorid, Dimethylsulfoxyd und Tetramethylensulfon beobachtet werden;
iiberschiissiges Schwefeldioxyd als losungsmittel liefert nur dunkle und unlgsliche Pro-
dukte. Dienkonzentrationen unterhalb 0,3 Gew.9; sind normalerweise erforderlich, um
in Dimethylsulfoxyd, Tetramethylensulfon oder Schwefelsdure 16sliche Polybicyclopenten-
sulfone zu erhalten. Die Polymerisation kann bei Temperaturen von Raumtemperatur
bis hinunter zu —39°C ausgefithrt werden; optimale Ergebnisse werden im allgemeinen
um 0°C erhalten. Inherent-Viscosity-Werte von 1,72 (0,5 g/100 ml Dimethylsulfoxyd)
wurden gemessen. Die Rontgenbeugung entspricht derjenigen amorpher Polymerer.
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Cyclocopolymerization of Dicyclic Dienes and

Maleic Anhydride to Fused Ring Systems

KLAUS MEYERSEN* and JEAN Y. C. WANG, Mellon Inslitule,
Pittsburgh, Pennsylvania 156213

Synopsis

The cyclocopolymerization of maleic anhydride and four 1,5- and 1,6-dienes (bicyclo-
pentene, bicyclohexene, dicyclopentenyl ether, and dicyclohexenyl ether) and one tetra-
ene (quartercyclopentere) is deseribed. Soluble, low molecular weight copolymers were
obtained from all five compounds. Their compositions approach 2:1 copolymer ratios.
Fused ring structures are proposed as the main repeating units. Among the compounds
listed, bicyclopentene copolymerized most easily and gave good conversions for monomer
ratios of 2:1. Quartercyclopentene and dicyclopentyl ether, the other five-membered
ring compounds, also polymerized to good-to-fair yields. However, a monomer ratio of
about 4:1 was required to obtain conversions comparable to a 2:1 maleic anhydride—bi-
cyclopentene polymerization. The six-membered systems, bicyclopentene and dicyelo-
pentenyl ether, gave consistently low conversions, even with a 4:1 monomer ratio. The
influence of the initiator system, initiator concentration, and reaction medium was stud-
ied on copolymerizations of bicyclopentene. Best results were obtained in acetic anhy-
dride with azobisisobutyronitrile as the initiator.

INTRODUCTION

Copolymerization with cis,cis-1,5-cyclooctadiene is the only reported
case of a cyclocopolymerization of maleic anhydride (MA).! This re-
action, however, is not believed to be a strictly alternating copolymeri-
zation, since maleic anhydride seems only to be incorporated in the inter-
molecular step, the intramolecular step being a transannular reaction
of the cyclooctadiene. Thisleads toa 1:1 copolymer.!

In a foregoing paper? we described the cyclocopolymerization of dicyclic
dienes with sulfur dioxide to fused ring systems. In the present inves-
tigation, we used the same four dienes, namely bicyclopentene (BCP) (D),
bicyclohexene (BCH), dicyclopentenyl ether (DCPE), dicyclohexenyl
ether (DCHE), anc one tetraene, quartercyclopentene (QCP), in attempts
to achieve alternating cyclocopolymerization with maleic anhydride.
The reaction leads to soluble, low molecular weight polymers approach-
ing a 2:1 copolymer ratio, for which we propose fused ring structures
(e.g., IT) as the main repeating unit.

* Present address: Farbwerke Hoechst A.Gi., Kunststoff-Forschung, Frankfurt(M)-

Hoechst, Germany.
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EXPERIMENTAL

Reagents

Lauroyl peroxide (LPO), p-chlorobenzoyl peroxide (PCPBO) (Cadet
Chemical Corp.), and cumene hydroperoxide (U.S. Peroxygen Corp.)
were used as obtained. The active oxygen content of the peroxides was
determined iodometrically.

Azobisisobutyronitrile (Eastman Organic Chemicals) was recrvstal-
lized twice from ethanol.

Maleic anhydride (Fisher Certified Reagent Grade) was recrystallized
twice from equal volumes of chloroform and carbon tetrachloride with a
small amount of petroleum ether added.

Benzene (Baker, analyzed reagent grade) was stored over sodium wire
and distilled. Acetic anhydride (Baker, analyzed reagent grade) was
purified by fractionation shortly before use. Tetrahydrofuran was stored
over sodium benzophenone and redistilled shortly before use in viscosity
measurements. Other solvents used were redistilled reagent grade ma-

terials.

Instruments and Analyses

Spectroscopic investigations were performed with Perkin-Elmer Infra-
cord and Beckman IR 9 infrared spectrometers; NMR measurements
were obtained with a Varian A60 nuclear magnetic resonance spectrometer.

TABLE I
Variation of Initiator System for Cyclocopolymerization of Maleic
Anhydride (MA) and Bicyc.loperltene (BCP) in Benzene*

Initiator
concen-  Solvent Con-
tration, (benzene), version,
Reaction Initiator mole-%b o mole-%2
BCP/MA/1 Azobisisobutyronitrile 2.32 22 19.0
/5 Azobisisobutyronitrile 2.37 42 2.0
12 p-Chlorobenzoyl peroxide 2.55 22 36.0
/3 Cumene hydroperoxide 3.36 22 5.4
/4 Lauroyl peroxide 2.52 22 15.4

“ Reaction conditions: molar ratio BCP: MA = 2.0: 4.02 CO*“3moles): time, 204

hr.; temperature, 73°C.
b Based on BCP.
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Elemental analyses were carried out by Alfred Bernhardt, Mikroanaly-
tisches Laboratoriimi, Mtihlheim (Ruhr), Germany.

Diene and Tetraene Synthesis

The synthesis of the four dienes, bicyelopentene, bicyclohexene, dicvclo-
pentenyl ether, dicyclohexenyl ether, and of quartercyclopentene has been
described in the foregoing paper.2

Polymerization Procedure

The polymerizations were carried out in ampules sealed with rubber
serum caps in an argon atmosphere. Reaction conditions are listed
in Tables I-V.

In a typical example, 1.1 g. MA was dissolved in 6.5 ml. freshly distilled
acetic anhydride (Ac2) in a 10-ml. ampule, which was cooled down to
—7S°C. and then evacuated; after the melting of the contents at room

TABLE IV
Time vs. Conversion for Cyclocopolymerization of Maleic Anhydride
(MA) and Bicyelopentene (BCP) in Acetic Anhydride*

. Analyses'
Conversion,
Reaction Time, hr.  mole-%b C % H, % 0, %
BCP/MA/18 24 45.4 64.06 5.65 30.07
lis 48 52.7
120 72 57.0 64.11 5.56 30.08
/—+ 96 56.8

“Reaction conditions: temperature, 70°C.; catalyst, 4.1 wt.-% AIBN; molar ratio
BCP:MA: 3.6:7.6(10 3moles); solvent, 8 ml. Ac»0.

bBased on BCP.

' Calculated for CisH ¥ 6: C, 65.44%; 11,5.49%; 0,29.06%.

TABLE V
Variation of Initiator Concentration in Cyclocopolymerization of Maleic
Anhydride (MA) and Bicyelopentene (BCP) in Acetic Anhydride*

Initiator
(AIBN)
concen- Co_nver- Aiialysesd
tration, sion,
Reaction wt.-% mole-%b M ¢ C, % H, % 0O, %
BCP/MA/14 0.075 19.5 0.037 64.27 5.67 29.95
/15 0.378 29.4 0.036
/16 1.0 39.8 0.037
117 2.63 67.3 0.037 64.37 5.59 30.01

1 Reaction conditions: molar ratio BCP:MA, 5:11 (10 3moles); temperature, 70°C.;
time, 72 hr.; solvent, 7 ml. Ac.
bBased on BCP.

00.5 g./100 ml. tetrahydrofuran.
q4Calculated for C,sTT® 6 C, 65.44%; IT, 5.40%; O, 29.00%.
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(emperatme, Ilic ampule was filk'd with argon. Tin* freezingmeltinj>*
cycle was repeated live times. Before the last, freezing, 0.(10 g. BCP
(BOP was stored in a bottle, sealed with a rubber serum cap, under a
slight, positive argon pressure) as well as a solution of 0.0527 g. azobis-
isobutyronitrile (AIBN) in 1 ml. Ac20 were added by a hypodermic syringe.
After warming to room temperature, the ampule was placed in an oil
bath at 70 + 0.5°C. and kept at this temperature for 72 hr. with oc-
casional shaking. The contents were cooled to room temperature and
precipitated by pouring into 300 ml. of a 1:1 mixture of petroleum ether
and diethyl ether. After being filtered and dried at room temperature,
the polymer was redissolved in tetrahydrofuran (THF) and reprecipitated
twice in petroleum ether- diethyl ether. After isolation and drying to
constant weight, 0.5128 g. (corresponding to 39.8% conversion) of a white
polymer was obtained; %} = 0.037 (0.5 g./IOO ml. THF).

RESULTS AND DISCUSSION

Polymerization

Four dienes (and one tetraene) were selected for the study of cyclo-
copolymerization with maleic anhydride:

11 '-Bioydopeiit-2,2"-ene (BCE)

11 '-Bicyclohex-2,2"-ene (BCH)

Quartercyclopentene (mixture) (QCP)

11 1l)jirydopent-2,2'-envl
ether (DCPE)

11 '-Dicyclohex-2,2'-envl
ether (DCHE)

Copolymers were obtained from all five compounds. This is contrary to
the findings in the copolymerization with sulfur dioxide,2where only the
five-membered and six-membered 1,5-dienes gave copolymers; the com-
pounds with 1,6-diallyl ether structure (V and V1), failed to polymerize.
As in the case of cyclocopolymerization with sulfur dioxide, bicyclopentene
gave copolymers most easily; and thus a large excess of maleic anhydride
was unnecessary (Table 1). Quartercyclopentene and dicyclopentenyl
ether, the other five-membered ring compounds, also polymerized to good-
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to-fair conversions. However, in these cases, a twofold excess of maleic
anhydride was required to obtain comparable conversion of 67.7 and 54.4
mole-%, respectively. The six-membered systems gave consistently
lower conversions and reached only 28.3 mole-% for M('l f and 21.0 mole-%
for DCHE (Table I) under identical conditions.

Although it had been a dogma formany years that maleic anhydride does
not homopolymerize, early studies of copolymerizations with allyl acetate3
indicated and recent investigations proved4that homopolymerization does
in fact occur. In our experiments, we, therefore, tried to stay as closely to
equivalent ratios as reasonable to reduce any potential block-copohuneriza-
tion of MA. Since all other dienes tested in this investigation required a
larger excess of MA over diene to obtain reasonable conversion of the dienes
—although the resulting copolymer compositions did not deviate seriously
from the proposed structures—we restricted further studies to bicyclopen-
tene where a slight excess of MA is sufficient to obtain conversions of
40-60% .

Various free-radical initiators such as peroxides and azodinitriles are
found to be effective. Table Il lists some of the systems tested. In
benzene as the reaction medium, p-chlorobenzoyl peroxide (PCBPO)
gives the highest conversion (38 mole-%), compared to 19% when initiated
with azobisisobutyronitrile (AIBN).

Table 11l shows the influence of the reaction medium. Precipitation
occurs in all cases during the polymerization in benzene. Acetic anhydride
is therefore the solvent of choice, as this homogeneous system gives higher
conversions. Particularly effective is the combination Ac2/AIBN.

A marked increase in conversion is observed for AIBN/Ac2 as com-
pared to AIBN/benzene, whereas the peroxide-initiated systems show
only a slight increase in the case of lauroyl peroxide (LPO) (from 21.8
to 26.2%) or even drop (from 38.3 to 27.4%) for PCBPO when Ac2 is
used instead of benzene. This occurs despite the higher concentration in
the Ac2 reaction. Similar behavior was described for the homopolymeri-
zation of M A,4where no polymer was obtained in benzene while 15.98%
was obtained in Ac20 (60Co-initiated).

The reaction in Ac2 initiated by AIBN requires about 70 hr. to reach
optimum conversion at 70°C. (Table IV). The polymer composition
is independent of the conversion as expected for an alternating copolymer-
ization. The conversion itself strongly depends on the initiator concen-
tration (Table V), whereas the inherent viscosity appears to be completely
independent of the initiator concentration, and, hence, the conversion.

Polymer Structure and Properties

The copolymers obtained from maleic anhydride and BCP, BCH, DCPE,
DCHE, and QCP are colorless powders, completely soluble in a variety
of common organic solvents: acetone, acetic anhydride, tetrahydrofuran,
ethyl acetate, pyridine, iiitromethane, nitrobenzene, dimethylformamide,
dimethyl sulfoxide, butyrolactone, etc., as well as in aqueous base solutions
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and concentrated mineral acids, such as sulfuric acid. Non,solvents are
aromatic and aliphatic hydrocarbons, chlorinated hydrocarbons and ali-
phatic alcohols.

Softening points fall in the range of 190-220°C., depending on the type
of olefinic compound used (Table I).

Infrared spectra are in agreement with the main structures proposed for
cyclocopolymerization, e.g., Il and VII-X.

No residual unsaturation, or only a trace, could be observed in the co-
polymers of BCP, BCH, QCP, and DCHE; a very weak C=C-absorption
at 1(100 c.m."1is present in the spectra of DCPE/M A, which, however, is
also present in maleic anhydride homopolymers.4 The carbonyl doublet
of the anhydride system is observed at 1860 and 1780 cm.-1 in all five
copolymers. Typical absorptions of poly(maleic anhydride)4 at 12.50,
1060, and 945 cm ."lalso occur in all five copolymers of this series with
slight shifts to 1225, 1065, and 920 ¢cm ."1 That hydrolysis to the car-
boxylic acid derivative during polymerization, work-up, and handling is
negligible is indicated by barely noticeable OH -absorptions at 8600 and
~2500 cm."1

Exact structure determinations on the basis of nuclear magnetic reso-
nance measurements could not be carried out with these polymers, since
only very broad unresolved peaks were obtained. However, nothing more
than traces of residual unsaturation could be detected by NMR.

Inherent viscosities [fj| (YB/C at a concentration of 0.5 g./IOO ml.
solvent) indicate low molecular weight products; the values obtained
for the diene (BCP, BCH, DCPE, and DCHE) copolymers fall in the range
0.029-0.039 (in tetrahydrofuran); QCP copolymers gave distinctively
higher values of about 0.06. The neutralization equivalent of BCP-
copolymers was found between 104 and 109.5 (calculated for tetraacid,
based on Il, 91.5), thus indicating a copolymer with a somewhat low MA
content.
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Résumé

La cyclo-copolymérisation de I’anhydride maléique et de quatre 1.5- et 1.6-dienes.
le bicyclopenténe, le bicyclohexéne, I’éther dicyclopenténylique et I’éther dicyclohexényl-
ique, et un tétraéne, le quatercyclopenténe, a été décrite. On a obtenu des copolyméres
de bas poids moléculaire soluble pour les cing composés.  Leur composition s’approch-
ait d’un rapport 2/1 du copolymere. Des structures a anneaux fondus étaient proposées
comme unités périodiques principales. Parmi les composés cités, le bicyclopentene, co-
polymérisait le plus facilement et donnait de bonnes conversion avec des rapports mono-
mériques de 2/1. Le quatercyclopenténe et I’éther dicyclopenténique, les autres com-
posés a anneaux a cing atomes, polymérisaient également avec des rendements suffisants.
Toutefois, le rapport monomérique était d’énviron 4/1 si I’on désire obtenir des degrés de
conversion comparables a la polymérisation 2/1 de I’anhydride maléique bicyclopenténe.
Les systemes a six atomes bicyclopentene et I’éther dicyclopenténylique donnaient des
conversions basses méme dans un rapport monomérique de 4/1. L’influence des systemes
initiateurs, de la concentration en initiateurs et du milieu de réaction a été étudiée sur les
copolymérisations du bicyclopentene. Les meilleurs résultats ont été obtenus dans I’an-
hydride acétique avec I’azodiisobutyronitrile comme initiateur.

Zusammenfassung

Die Copolymerisation von Maleinsaureanhydrid mit vier 1,5-und 1,6-Dienen, Bicyelo-
penten, Bicyclohexen, Dicyclopentenylather und Dicyclohexenylather, sowie mit einem
Tetraen, Quartercyclopenten, wird beschrieben. Mit allen fiinf Verbindungen wurden
I6sliche, niedermolekulare Copolymere erhalten. Ihre Zusammensetzung nahert sich
einem Copolymerverhdltnis 2:1. Als Hauptbausteine w-erden annellierte Ringstruk-
turen vorgeschlagen. Von den angefiihrten Verbindungen copolymerisierte Bicyclopen-
ten am leichtesten und lieferte bei einem Monomerenverhlatnis 2:1 gute Umsétze.
Quartercyclopenten und Dicyclopentenylather, die anderen Verbindungen mit funf-
gliedrigen Ringen, polymerisierten elbenfalls mit guten Ausbeuten. Es war jedoch ein
Monomerverhaltnis von etwa 4:1 erforderlich, um Umsatze in vergleichbarer Hohe zu
denjenigen einer 2:1 Maleinsaureanhydrid-Bicyclopentenpolymerisation zu erhalten.
Die sechsgliedrigen Systeme, Bieyclopenten und Dicyclopentenylather, lieferten durch-
wegs, auch bei einem Monomerverhaltnis 4:1, niedrige Umsatze. Der Einfluss des Initia-
torsystems, der Initiatorkonzentration und des Reaktionsmediums wurde bei der Copoly-
merization von Bieyclopenten untersucht. Die besten Ergebnisse wurden in Essigs-
aureanhydrid mit Azobisisobutyronitril als Initiator erhalten.

Received September 19, 1906
Prod. No. 5323A
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Studies on Tacticity of Polyacrylonitrile.
II.  Higli-Resolution Nuclear Magnetic Resonance
Spectra of 2,4 -Dicyanopentanes

AIASAO MURANO and REIZO YAMADERA,
Textile Research Institute, Toyobo Company Ltd., Katata, Shiga, Japan

Synopsis

The NMR spectra of 2,4-DCNP were measured in CCh, NaCNSMLO, DMSO0-d6,
and other solutions. The spectra of the meso form show no significant change with the
solvent, but the racemic form shows two kinds of spectra, one of which is observed in a
solvent for PAN and the other in a nonsolvent. In the solution, the meso 2,4-DCNP is
considered to have two equivalent conformations, TG and G'T, which are the mirror
images with each other. The racemic 2,4-DCNP, however, might have predominantly
either the TT or GG conformation in CCh, pyridine, and benzene, while it, has the two
conformers with almost equal probability in NaCNS-D.O and DMS1W*. The results
obtained from the calculation assuming appropriate constants are in fairly good agree-
ments with the observed spectra of the 2,4-DCNP isomers. The values of chemical
shifts and coupling constants used in the calculation correspond to those of PAN which
were obtained previously from (lie analysis of the NMil spectra.

Introduction

As iswell known, itisvery important to study the high resolution nuclear
magnetic resonance (NMR) spectra as well as the infrared spectra in order
to determine the configuration and conformation of a polymer chain.

Previously, the authors have reported12 that the tactic structure of poly-
acrylonitrile (PAN), which had been difficult to elucidate from the infrared
and x-ray studies, could be determined approximately by the NM R spectra.

However, a study on low molecular weight model compounds may be
necessary to permit discussion of the problem in more detail. In the case
of poly(vinyl chloride) (I’VC) and poly(vinyl alcohol) (PVA), there have
been many reports on the structures of the model compounds, such as 2, 4-
dichloropentane,2“1 2,4,R-triehloroheptano,B 2,4-pentanediol,78 and 24,<>
heptanetriol.9

As for the model compounds of PAN, Takata et al.l0have prepared 2,4-
dicyanopentane (2,4-DCNP), 2,4,6-tricyanoheptane, and 2,4,6,8-tetra-
cyanononane in their studies on the coloration of PAN. ClarkIlhas pre-
pared MESO and racemic 2,4-DCNP and measured the infrared and NMR
spectra. McMahon et al.2have studied the energy difference between two
conformations of racemic 2,4-DCNP from the NMR spectra taken in CCh

1855
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solution. In the present paper, the AMR spectra of the two isomers ot
2,4-DCNF (nmo and racemic) are explained by assuming chemical shifts
and coupling constants of each proton and then discussed in comparison
with the Spectra of PAN.

Experimental

A mixture of stereoisomers of 2,4-DCNP was synthesized by the method
reported by Takata et al.10 [egs. (1)—4) ]

CN GOOCH,
cin—c -fin .
XCC11CO(>CH, -=> cncii.ciicir,
CHUONa [ |
CN CN
coociis COO0ClJI,
<H iicm il '———-> (liisCcilchci:
[ C-IUONa | i
CN CN CN CN
coocjr. COON
1 Hydrolysis
chXchZzhch3- -> CIhCCIbCHCH;
CN CN CN CN
cooir
& o i
CHXCHZXIirCH3 CHaCnCNiCIK
1 1
CN CN CN CN

The racemic form was separated by distillation and collected in fraction
boiling at 105°G./7 mm. Hg. The other isomer, the NMO form, was taken
at 115 117°C./7 mm. Hg.

These stereoisomers of 2,4-DCNP were dissolved in various solvents, such
as carbon tetrachloride, deuterium oxide solution of sodium thiocyanate
(50% by weight), hexadeuterodimethyl sulfoxide (DMSO-r/s), pyridine,
and benzene, at aconcentration of 5wt.-%, respectively.

The NMR spectra of these solutions were measured on Varian A-GO and
V-4311 spectrometers operating at GO JMc./sec. and a JNM-4H-100 spec-
trometer at 100 Ale./sec. The spin decoupling techniciue with the side
band method was used.

Resulis and Discussion

in the previous paper,12 the methylenic proton resonance spectrum of
PAN in NaCNS-DjO solution was explained as a superposition of two
triplets; one ofthem centered at higher magnetic field is due to syndiotactic
(racemic) methylene and the other at lower field due to isotactic (meso).
On the other hand, the methylenic proton resonance measured in DAfSO-r/6
was not separated into two triplets,213 and a solvent effect was expected on
the chemical shift of racemic and MeSO methylene groups of PAN.
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Fig. L NAIR spectra of (a) racemic and (b) meso 2,4-DCNP in CCl4solution.

The methylene groups of racemic and MeSO 2,4-DCNP are considered to
be simple models of svndiotactic and isotactic methylene groups in a PAN
molecular chain, similar to poly(vinyl chloride), poly(vinyl alcohol), and
other vinyl polymers. The NMR spectra of the 2,4-DCNP isomers were
measured in carbon tetrachloride solution,l1but not measured in a solvent
for PAN, such as NaCNS-D,0, DAISO, and DMT.

Figure 1showsthe NAIR spectra of racemic and MesO02,4-DCNP in CCh;
these are almost in agreement with the spectra reported by Clark. The
NMR spectrain NaCNS-D2 and DMSO-de are shown in Figures 2 and 3.
The methylenic resonance spectra of the racemic form in NaCNS-D2 and
DMSO-de differ slightly from that in CC14. This fact suggests a difference
in stability of the conformers in various solvents. The spectrum of the
meso form has no remarkable change due to the kinds of solvent.

The analysis of the NMR spectra of the two-unit model compounds of
vinyl polymers has been described by Fujiwara et al.8’14 According to their
calculation method, ten protons of 2,4-DCNP were reduced to two six-
spin systems and one four-spin system. That is, the methyleuic proton
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Fig. 2. N.Mli speclraof (a) racemic and (b) menu 2,4-DGNP in NaCNS-DjO solution.

resonance is associated with two methine protons (11 ,and 1(Bin Figure 4),
and is analyzed as the KL part of an ABKL system. The methine protons
interact with three protons of methyl group and the two protons of methyl-
ene group, and then they show a complicated spectrum due to Apartof an

AKLX3system.
TABLE |
Chemical Shifls and (‘onpling Constants of meso- and Racemic 2,4-DC'NT
Coupling constants, cps

2,4-DONE Solvent. f AK JRL A R  JKL 4R  FKk

meso CCh 7.2 7.2 7.2 7.2 14.0 7.2 15.0
Racemic.  CCL 115 11.5 4.2 4.2 7.2 0
meso NaCNS-DjO 7.5 7.5 7.5 7.5 135 7.5 13.0
Racemic  NaCNS-DA) 7.5 7.5 7.0 7.0 7.5 0
meso (CD3=0 7.0 7.0 7.0 7.0 13.2 7.0 1.0

Racemic ~ (CD3BSD 7.0 7.0 7.2 7.2 7.0 0
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(a)
®
Fig. 3. NAIR spectra of (a) racemic and (6) meso 2,4-DCNP in OMSO-r/o .solution.
Ha Hk Hb
Hxf — C — C — C — CHy3
3 i i |
CN H1 CN

Fig. 1 Schematic representation of protons of 2,1-1 X'N I\

I'lio values of llie coupling constants (JAKJ m, «/hk<and ¢ K/<), and
Ilie chemical shifts VKh, were estimated so as to obtain an agreement be-
tween the calculated and observed spectra. The calculated spectra are
shown in Figures 5-8, and the values used in the calculation are summarized
in Table 1.

The methylenie proton resonance of mesu 2,4-DCNP are treated as the
KL part of an ABKL (d. = B) system where JAK = JBL = JAI = ] bk-
This fact can be confirmed by the methylenie proton spectrum decoupled
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Fig. 5. Methylenic proton resonance spectra of racemic 2,4-DCNP: (a) in CCh; (ft) in
NaCNS-DjO; (c) in DMSO-d«; (top) observed spectra; (bottom) calculated.

IO

Fig. 6. Methinic proton resonance spectra of racemic 2,4-DCNP: (a) in CCU; (6) in
NaCNS-DjO; (c) in DMSO-dc; (top) observed spectra; (bottom) calculated.

Fig. 7. Methylenic proton resonance spectra of mean 2,4-DCNP: (a) in CCL; (ft) in
NhCNS-DjO; (c) in J)MSO-(/0; (top) observed spectra; (bottom) calculated.
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Fig. 8. Methinic proton resonance spectra of meso 2,4-DCNP: (@) in CC14; () in NaCNS-
D->0; (c) in I)MSO-(/s; (top) observed spectra; (bottom) calculated.

Fig. t). Decoupled methyleuic proton resonance spectra of mesa 2,4-DCNP in CCl,:
(top) observed; (bottom) calculated.

from the methinic proton. A quartet of the KL system is observed in the
decoupled spectrum as shown in Figure 9.

On the other hand, the methylenic proton resonance of the racemic form
consists of four peaks in CCl4solution, and it can be analyzed as the KL part
of an ABKL (A —B, K = L) system, where Jax = Jo: and JAL =
JBK  Whereas the methylenic resonance spectra in benzene and in pyridine
show four peaks and can be treated in the same way as above, the spectra in
NaCNS-DoO, in ZnCF-DoO, in DMSO-tfe and in DMF show simple triplets
which have an intensity ratio of 1:2:1. In the latter case, two couples of
the values of coupling constants are almost equal (JAK = JBL « JAL =
Jbk), and then the J KL value is not defined, because the separation of the
central peaks in the /3-proton spectra of the racemic 2,4-DCNP is about
zero.
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meso T6
Fig. 10. Possible rotational isomer of MCSN 2,4-1)(INP (T( 1).

racemi TT

Fig. 11 Possible rotational isomer of racemic 2,4-DCNP (TT).

racemi G
Fig. 12. Possible rotational isomer of racemic 2,4-DCNP (GG).

These results may suggest the chain conformation of 2,4-DCNP molecule.
The coupling constants obtained from the spectra of molecules with rota-
tional isomerism may be regarded as an averaged value of those isomers.5
In the case of the meso form, the analysis of the NMR spectrum shows that
Jak = JeL = j aL = j sk, While in the racemic form, JAK = Jei » Jar =
J bk in CCh, pyridine, and benzene, and JAK = JBL ~ JAL —JBK in
NaCNS-D2 and DMSO-d6 Such a result may be interpreted as follows.
In solution, the 2weso-2,4-DCNP is considered to have two equivalent con-
formations, TG and G'T, which are the mirror images of each other. The
racemic-2,4-DCNP, however, might have either a TT or GG conformation
predominantly in CCh, pyridine, and benzene, while it has the two con-
formers with almost equal probability in NaCNS-D2D and DMSO-d6
(Figs. 10-12). This fact may be associated with the dipole moments of
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these solvents and suggests a relationship of the ehain conformation of
PAN and its solubility.

The values of the chemical shift and the coupling constant are listed in
Table I, in which the values for PAN are also listed.

TABLE I
Comparison of Chemical Shifts and Coupling Constants of 2,4-DCNP and PAN
t, ppm Jem—ch, cps
D,0 + D»0 +
NaCNS (ClhhsSO NaCNS (CIJPISO
2,4-DCNP
Neso 7.77 8.23 7.5 7.0
Racemic 7.82 8.25 75 7.0 72 7.0
PAN
Iso CH2 7.45\ y 7.21 70
Syndio CH2 7.50/ 8-°8 6.6/ ’

As shown in Table 11, the meso methylene protons give a triplet in PAN
but not in 2,4-DCNP. These facts correspond to data for the other vinyl
polymers, such as PVC, and it has not been clarified why the value of vkKL
becomes small in high polymers.  The spectrum of meso methylene protons
should give a triplet, if one takes a small value for vkL. If the center of
methylenic resonance shift can be taken for a comparison of the chemical
shifts of 2,4-DCNP and PAN, the chemical shift of racemic methylene has
a higher value than that of meso methylene in PAN (7.50 and 7.45 ppm) as
well as 2,4-DCNP (7.82 and 7.77 ppm) in the solution of NaCNS-DD. In
DMSO-dg the racemic methylene of 2,4-DCNP has slightly higher shift
(8.25 ppm) than the meso methylene (8.23 ppm), and correspondingly, the
methylenic resonance of PAN could not be separated.

The authors wish to express their sincere thanks to Dr. S. Satoh of this Institute for
measurement of the decoupled spectrum and helpful advice.
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Résumé

Les spectres NM R de 2,4-DCN P ont été mesurés dans le COU NaCNS-DiO, DMSO-dt
et d’autres solutions. Les spectres de la forme méso ne subissent pas de modification
par les solvants, mais la forme racémique montre deux sortes de spectres, un qui est,
trouvé dans un solvant pour la solution de PAN et I’'autre dans un non-solvant. Dans
la solution, le 2,4-DCNP méso est considéré avoir deux conformations équivalentes
TG et G'T qui sont les images spéculaires de I’autre. Toutefois, le DCNP-2,4-raeémique
peut avoir soit une conformation TT ou GG predominente dans le CCR, pyridine ou
benzéne, tandis qu’il a les deux conformaires avec une probabilité presque égale dans
NaCNS-DsO and DMSO-d«. Les résultats obtenus au départ de calculs admettant des
constantes appropriées sont en bon accord avec les spectres observés du DCNP’s-2,4.
Les valeurs de glissements chimiques et des constantes de couplage utilisées dans ce
calcul correspondent a celles pour le PAN qui étaient obtenues antérieurement au départ
des spectres NMR.

Zusammenfassung

Das NMR-Spektrum von 2,4-DCNP wurde in CCh, NaCNS-D2, DMSO-de und
anderen Losungen gemessen. Das Spektrum der meso-Form wird durch Wechsel des
Losungsmittels nicht wesentlich gedndert, aber die Racem-Form zeigt zwei Arten von
Spektren, von welchen das eine in einem Losungsmittel fir PAN und das andere in
einem Féllungsmittel auftritt. Es wird angenommen, dass meso-2,4-DCNP in Lésung
zwei aquivalente Konformationen, TG und G'T, besitzt, welche sich wie Bild und
Spiegelbild verhalten. Racemisches 2,4-DCNP hingegen kdnnte in CCli, Pyridin und
Benzol entweder vorwiegend TT- oder GG-Konformation besitzen, wéhrend in NaCNS-
D2 und DMSO-d« beide Konformationen etwa gleiche Wahrscheinlichkeit besitzen.
Rechnungsergebnisse unter Annahme geeigneter Konstanten stimmen mit den beo-
bachteten 2,4-DCNP-Spektren ziemlich gut Gberein. Die bei der Berechnung ver-
wendeten Werte fiir chemische Verschiebung und Kopplungskonstanten entsprechen
den friher fir PAN aus der Analyse des NMR-Spektrums erhaltenen.

Received May 22, 1966
lievised August 15, 1966
Prod. No. 5273A
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Polyoxazolidones

YOSHIO IWAKURA, AIKO XABEYA, FUSAKAZU HAYAXO, and
KEISUKE KURITA, Department, of Synthetic Chemistry, Faculty of

Engineering, University of Tokyo, Tokyo, Japan

Synopsis

Polyurethans with chloromethyl side chains were prepared by the polyaddition reac-
tion of bischlorohydrins and diisoeyanates. The Polyurethans had inherent viscosities
in a range of 0.22-0.60 and gave transparent films by solution casting. These Poly-
urethans were easily converted to the polyoxazolidones by treatment with sodium meth-
oxide. The polyoxazolidones had inherent viscosities up to 0.51, and gave transparent
films by solution casting.

INTRODUCTION

Polymers having oxazolidone rings in the main chain have been prepared
from diisoeyanates and bisepoxides.1 3 However, these polyoxazolidones
are reported to be insoluble in organic solvents and infusible, possibly be-
cause of the existence of crosslinking structures. In our previous paper,4
it was shown that linear polyoxazolidones were obtained by the polyaddi-
tion-condensation reaction between bisepoxides and difunctional urethans.
However, the degree of polymerization was low due to the low solubility
of the growing polymer molecules in the solvents under the reaction con-
ditions.

In continuation of the study of polymer syntheses, high molecular
polyurethans with chloromethyl side chains were prepared from diisocya-
nates and bischlorohydrins. Such polyurethans were easily converted to
polyoxazolidones by dehvdrochlorination with bases.

RESULTS AND DISCUSSION
Monomers

The aromatic bischlorohydrins were prepared from bisepoxides* and
hydrochloric acid, and purified by recrystallization from benzene or a

*Since these bisepoxides contain two equivalent asymmetric carbon atoms, there should
be respective meso- and racemic isomers. With respect to |,4-bis(l,2-epoxypropoxy)-
benzene, such isomers were separated by fractional recrystallization from acetone and
methanol. For simplicity, we wish to employ subscripts (or suffixes) If and L, standing
for the higher melting bisepoxide and its derivatives and the lower melting one and its
derivatives, respectively. Other bisepoxides were used without separation of the
isomers.

186.)
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inix(ur< of benzene and cyclohexane. | I'-Tctramelhyleiiedioxybis(;i-
chloro-2-propauol) was prepared from tel ramethylene glycol and epichloro-
liydrin and purified by distillation in a poor yield, since distillation at high
temperatures always accompanied dehydrochlorinat.ion of the product.
The yields, the melting points or boiling point, and the analytical data are
listed in Table 1.

Polyurethans

The bischlorohydrins prepared above were subjected to polyaddition
reaction with diphenylmethane diisocyanate, 2,4-toluene diisocyanate, and
tetramethylene diisocyanate to form polyurethans having chloromethyl
groups.

CI1CHXHCHD — R—O0CH,CHCHZ1 + OCN— R'—NCO

OH OH
CHZC1 CH,C1

H-0CHCH.,0— R— OCH.CHOCNH—R'—NHC+- (1)

d }

butyltin dilaurate being used as a catalyst and anisole as a solvent.

These polyurethans were soluble in various organic solvents, such as
acetone, tetrahydrofuran, dioxane, dimethylformamide, and m-cresol, and
insoluble in methanol, n-hexane, toluene, and formic acid. Tough, trans-
parent films were obtained by solution casting. Table 1l summarizes the
yields, the inherent viscosities, the melting points, and the analytical data
of the polyurethans.

Model Compounds

In order to make possible identification of the polymers and to in-
vestigate the oxazolidone formation from the polyurethans, difunctional
iV-aryl and alkyl urethans were prepared from bischlorohydrin and aromatic
and aliphatic isocyanate [eq. (2) ], where R" is Cells or CHS5

CICHZHCHD OCHZXHCHZX1 + 2 R'—NCO
OH OH
ClbCL CHX1
-NHCOCHCHo0O OCHZ:IHOCNH— R

@) 0
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Fig. 1. Infrared spectra of (be bisurethan and (he polyurethan:

a1 a7
M) NHOOOHCH® - / ~ \ - ochi ; HOONH (Nujol);
o) 0
cHa a1
B -CII]{H,O ochhocnh- NHC- (fitm ).
0 CHO

The yields, the melting points, ;»id the analytical data of the bisurethans

are listed in Table 111

Infrared spedra of the bisurethans and the polyuret bans obtained above
are shown in Figure 1L They are essentially identical, and the most char-
acteristic absorption bands are found at 33b0 (XH stretching), 1700 1710

(C=0 stretching), and 1520-1530 cm.-1 (XH bending).

These bisurethans obtained above were treated with sodium methoxide

In form bisoxazolidones under various conditions [eq. (3)J.
cHa

a1
R—NHOOOHCHO aobroonR O
0

R—N CHCHD- ochZh N—R
Ne—o' ‘0—C
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Results are summarized in Table IV. As seen in Table IV, when a large
excess of sodium methoxide was used at higher temperatures, bisoxazoli-
dones were obtained in almost quantitative yields.

TABLE IV
Preparation of Bisoxazolidones from Bisuret.lians
[ CH H
R'— N Y 'HCH.0O—/ V-OCH,CH AN— It
\ —(f W h X0-C
0 0
Molar
equivalence ) )
of Temperature, Time, Yield,
R’ NaOCIL, °C. min.
1.2 20 30 84
\'=/
Il 1.2 70 10 98
1l 2 100 60 80
tr 3 60 60 89
C;H5— 1.2 20 30 86
tr 1.2 50 90 90
otr 2 100 60 87
b 3 @ 60 90

Polyoxazolidones

Treatment of the polyurethans obtained above in a similar manner with
sodium methoxide resulted in the formation of polyoxazolidones [eg. (4)].
The reaction was carried out in dimethylfornramide at room temperature
for about 1 hr. The polymer reaction proceeded without the formation of
precipitate.

cHOL chi
_OHOHD—R—OCHOHOONH—R—NC MO

0 0
CHD—R—OCHCH N—R—N CH+
X0o—<y sc—o/ @

0 0

Table V summarizes the yields, the inherent viscosities, the melting points,
and the analytical data of the polyoxazolidones.
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Il L 1 ! 1 ] | | 1 ) ! 1 | ] | 1 |
(B)
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cm.

Fig. 2. Infrared spectra of the bisoxazolidone and the polyoxazolidone:

CH,
Q CHCH,O—C>{—OCHICH/ \N—Q (Nujol):
CH,
CHQO—QOCHZCH’ \NQI\( SCH (film).
c

3
n

The rate of the ring closure reaction was affected by the structure of the
N-substituent of the polyurethans. The polyurethans derived from
diphenylmethane diisoevanate were dehydrochlorinated very rapidly,
and the reaction was completed in a few minutes. However, in case of
those derived from 2,4-toluene diisocyanate, the reaction was slower, pre-
sumably due to the steric hindrance by the o-methyl group.  Accordingly,
a little longer reaction time was necessary to complete the reaction.  The
polyurethans derived from tetramethylene diisocyanate underwent
dehydrochlorination much more slowly. Moreover, iu contrast to the
results with N-aryl derivatives, the cyclization reaction ol the N-tetra-
methylene polyurethans resulted in the marked reduction of the inherent
viscosities of the polymers. The fact would indicate that the cleavage
of the polymer main chain oceurred to some extent. It s well known that
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¢V-rniiosuhstiluted or unsubstituted urethans are attacked by bases
much more rapidly than the disubstituted ones.5 The above results
suggest that the cleavage of the urethan linkage in the starting AT-tetra-
methylene polyurethans would have occurred partially before the slow
cyclization reaction took place to give the oxazolidone ring, which is
considered to be a disubstituted urethan.

The formation of the polyoxazolidones was confirmed by infrared spectra
and the analytical data. Figure 2 shows the infrared spectra of the bis-
oxazolidone and the polyoxazolidone. The characteristic absorption
bands of urethans at 3350 and 1520-1530 cm.“ lentirely disappeared, and a
band at 1700-1710 cm.*1shifted to 1740-1750 cm.“1 showing that the
ring closure reaction proceeded completely.

Polyoxazolidones obtained here were soluble in dimethylformamide
(polyoxazolidones 11 and A were soluble on heating) and w-eresol, and
insoluble in usual organic solvents such as acetone, methanol, /;-hexane,
tetrahydrofuran, dioxane, toluene, and formic acid.

Crystallinity

The x-ray diffraction diagrams show that all the polyurethans having
chloromethyl groups were amorphous. The polyoxazolidones derived
from aromatic diisocyanates were crystalline to some extent, while those
derived from aliphatic diisocyanate were highly crystalline. The dif-
ference is not attributed to the lower molecular weight of the latter poly-
mers, since low molecular weight polyoxazolidones from aromatic diiso-
cyanate also showed a low crystallinity as those of the high molecular
weight ones. The low crystallinity of the polyoxazolidones derived from
aromatic diisocyanates as shown in Figure 3, might be due to the rigid all-
ring structures and bent constitution along the nitrogen of oxazolidone and
the carbon of aromatic ring, which added less chain mobility and disorder
of orientation among the polymer chain. In iV-polvmethylene poly-
oxazolidones, on the other hand, the flexibility of the polymethylene chain
would allow the polymer chain to arrange more regularly.

EXPERIMENTAL

Monomers

I,r-p-Phenylenedioxybis(3-chloro-2-propanol) (H). To a large excess of
concentrated hydrochloric acid (120 ml.) dissolved in 120 ml. of dioxane was
added 15 g. of 1,4-bis(l,2-epoxypropoxy)benzene (H). The epoxide went
into solution gradually in the course of the reaction. The mixture was al-
lowed to stand at room temperature for 1 hr., and the solvent was evapo-
rated under reduced pressure. The residual white solid was recrystallized
from 90 ml. of benzene to give 18.0 g. (90%) of the product, m.p. 106-
108°C.

The other aromatic bischlorohydrins were prepared by the same method.
1Y/-Tetramethylenedioxybis(3-chloro-2-propanol) was prepared by treat-
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ing tetramethylenc glycol with epichlorohydrin in the presence of stannic
chloride.6

Polyaddition

Polyaddition was carried out at 120-155°C. for 1-6 hr. in anisole in the
presence of a small amount of di-ra-butyltin dilaurate as a catalyst. A
typical example was as follows.

Polyurethan 1. To a mixture of 1493 g. of diphenylmethane diisocya-
nate and 17G5g. of I,I'-p-phenylenedioxybisfi-chloro-2-propanol) (L) dis-
solved in 20 ml. of dry anisdle was added a few drops of di-n-butyltin dilau-
rate as a catalyst. The mixture was stirred at 120°C. for 1 hr. under an
atmosphere of nitrogen and then poured into 500 ml. of w-hexane to pre-
cipitate the polymer. The polymer was obtained as white fibrous material
and weighed 3.13 g. (96%). The inherent viscosity was 0.(30 (determined
at a concentration of 0.5 g./IOO ml. of ?n-cresol at 30°C.).

Model Compounds

Bisurethans. The bisurethans were prepared from the bischlorohydrin
and the monoisocyanates by using di-n-butyltin dilaurate as a catalyst.

/nPhenylenebis(3-ethyl-2-oxa/.olidinon-5-yl-methyl) Ether. To a solu-
tion of 0.88 g of I,l/-p-phenvienedioxybis[3-chloro-2-(Ar-ethyl)car-
bamoylpropane] in 10 ml. of dimethylformamide was added a solution of
0.26 g. of sodium methoxide in 0.5 ml. of methanol. Soon sodium chloride
and the bisoxazolidone precipitated out. The mixture was stirred at
20°C. for 30 min. and then poured into 200 ml. of water, and the crystals
were collected on filter. The yield was 0.63 g. (86%). Recrystallization
from 30 ml. of anisole gave white plates, m.p. 173.5-175°C.

Anal. Caled, for CisERNCV: C, 59.33/7; H, 6.64%; N, 7.69%. Found: C, 59.24%;
IT, 6.44%; N, 7.59%,

p-Phenylenebis(3-phenyl-2-oxazolidinon-5-yl-methyl) ether was pre-
pared in a similar manner as above. The yield was 84%. Recrystalliza-
tion from aniséle gave white plates, m.p. 215-216.5°C. (reported:4 216-
217°C.).

Polyoxazolidones. An example of the synthesis of a polyoxazolidone was
as follows. To a solution of 0.436 g. of polyurethan | in 10 ml. of dimethyl-
formamide was added a slight excess of sodium methoxide (0.10 g.) dissolved
in 0.5 ml. of methanol.  After stirring for 50 min. at 20°C., the mixture was
poured into 200 ml. of water. The polyoxazolidone was obtained as pow-
dery material, which weighed 0.33 g. (88%) and gave tough, transparent
films by solution casting. The inherent viscosity was 0.51 (determined at a
concentration of 0.5 9./100 ml. of m-cresol at 30°C.).

Crystallinity

The x-ray diffraction diagrams of the polyurethans and the polyoxazoli-
dones were obtained hv the powder method with the use of nickel-filtered
CuKa radiation.
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Résumé

Par polyaddition de bis-ehlorohydrines et de diisocyanates, on a préparé des poly-
uréthanes avec des chaines latérales chlorométhylées. Les polyuréthajies ont des vis-
cosités inhérentes de 0.22 a 0.60 et donnaient des films transparents au départ du cordage
de leur solution. Ces polyuréthanes étaient facilement transformés en polyoxazolidones
par traitement avec le méthylate de sodium. Les polyoxazolidones avaient des viscosités
inhérentes allant jusque 0.51 et fournissaient des films transparents par coulage au départ
de leur solution.

Zusammenfassung

Durch die Polyadditionsreaktion von Bischlorhydrinen und Diisocyanaten wurden
Polyurethane mit Chlormethylseitenketten dargestellt. Die Polyurethane besassen
Viskositatszahlen im Bereich von 0,22 bis 0,60 und Hessen sich aus Ldsung zu transparen-
ten Filmen giessen. Diese Polyurethane konnten durch Behandlung mit Natrium-
inethylat leicht in Polyoxazolidone umgewandelt werden. Die Polyoxazolidone hatten
Yiskositatszahlen bis zu 0,51 und lieferten durch Giessen aus Ldsung transparente Filme.

Received October 4. 1964
Prod. No. 5324A
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Kinetics of the Bulk Polymerization of Dioxolane
in the Presence of W ater

MI LOSLAV KUCERA, EDUARD HLADKY, and KARLA
AIAJEROVA, liesrivrh Institute of Macroinnleculnr Chemistry,
Brno, ('zechoslorakin

Synopsis

The polymerization of dioxolane initiated by the ~Si®HSOJe ion pair is greatly in-
fluenced by water which changes the overall polymerization rate. Particularly great,
changes are brought about at certain higher conversions (whose values are also a function
of an initial concentration of water). The polymerization practically stops at these con-
versions and the system appears to be close to a monomer-polymer equilibrium. 1t is
shown that the equation tWraii = /([H?0]), which describes the dependence of the overall
rate of polymerization on the concentration of water and which was originally derived
for the polymerization of trioxane, holds also for the polymerization of dioxolane. The
decrease of water concentration during the polymerization was measured and the ob-
served equilibrium was shown to be a kinetic phenomenon.

INTRODUCTION

The polymerization of dioxolane has been studied in several labora-
tories1-7 recently. Until now, however, there has been no interest in the
sharp changes in the Kinetics of the process which are brought about by
water in the polymerizing medium. We also failed to observe the effect of
water in our previous study.6 At that time we used a dioxolane-solvent
system containing a constant initial amount of water.

Detailed study has shown that the effect of water on the kinetics of the
polymerization of dioxolane is so great that it cannot be neglected even in
a medium with a constant amount of water but with a varying concentra-
tion of dioxolane. These problems are discussed in detail in this paper.

EXPERIMENTAL

Materials

Dioxolane was prepared by condensation of pure ethylene glycol with
75% formaldehyde in the presence of 2% (by weight of glycol) of analyti-
cally pure sulfuric acid. As soon as the reaction was over, a dioxolane-water
azeotrope mixture was distilled off and freed from the main part of water by
adding CaCL. The remaining dioxolane was dried by repeated distillation
over sodium metal.  The purity of dioxolane was checked chromatographi-

131
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cally8in the first syntheses; it was no longer checked in subsequent work as
no impurities had been found.

Initiator of the type ~Si®HSO( was used to initiate the polymerization
of dioxolane. Its preparation and properties have already been described.9

Apparatus

As in the case of trioxane, an automatic recording dilatometer was used
to study the polymerization of dioxolane.D

The concentration of water was measured by a modified Fischer coulo-
metric method. 1L

Procedure

Dioxolane was kept in a thermostatted container. By adding a suitable
amount of water (either in a monomer solution or directly) to the container
before every experiment a polymerization mixture with the required initial
concentration of water was obtained. The concentration of water was
determined before the start of the polymerization.

In the course of polymerization it was determined by stopping the poly-
merization at different conversions and taking an aliquot of the polymeriza-
tion mixture for analysis.

The conversion curves were obtained by evaluating data from the auto-
matic recording dilatometer. The relation previously found between the
conversion and the height of the graphical record was used to determine the
conversion.

RESULTS

The enormous influence of water on the course of the polymerization of
dioxolane is demonstrated by the conversion curves in Figure L The ion
pair ~Si®HS(he was used as the initiator.9 Detailed description of the
conditions at which the different curves were obtained is given in the legend
of Figure 1

A few facts are immediately obvious from Figure 1 The rate of poly-
merization depends on water concentration. Also a monomer polymer
“equilibrium” depends on the concentration of water. Both the polymeri-
zation rate vand the “equilibrium” x,, = (NO—N,,)/NQ where N,, is con-
centration of dioxolane at time t » 200 min.) are shown in Figure 2to be a
function of the water concentration. The rates were found by graphic dif-
ferentiation, the equilibria by approximate extrapolation of the conversion
curves to The amount of free water (this term characterizes dissolved
and solvated water which can be determined by the coulometrie method1))
does not remain constant over the course of the whole polymerization.
This is shown in Figure 3; immediately after the start of the polymerization
the amount of water decreases to a fraction of the original value but does
not change in the subsequent phases of the reaction. In our opinion the
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Fig. 1 Effect of water on the course of the bulk polymerization of dioxolane (13.5
mole/kg.) al 70°C.: (1) initial water concentration [HD]Jo = 20 ppm, final water
concentration [HD]w = 12 ppm, [HZY],/[IEOjo = 0.6; (1) [HOJo = 320 ppm;
3) [HD]o= 1500 ppm, [H,0], = 30 ppm, [HD],/[HD]Jo = 0.02; (4) [HD], =
2060 ppm, 1lle(]” = 56 ppm, [HD],*/[HD|g = 0.015; (5) [HDJo = 3800 ppm,
IHD]a = 165 ppm, [HD]wWA[HD]o = 0.043; (6) [H2]0 = 8100 ppm, [HD]r =
274 ppm, [lID]«,/[HD],, = 0.034; (7) [HAD]0 = 22,800 ppm; (8) [HAD]0 = 39,200
ppm, [HD]m = 1460 ppm, [H»0]JR/[HD]0 = 0.037; (9) [IID]Jo = 200,000 ppm
Initiator concentration, 114.0 mmole/kg. Conversion = (No — N)/NQ where M, .V
are the initial and instantaneous concentrations of the monomer.

phenomena examined are related to the effects observed in the polymeriza-
tion of other heteroeyclies.

DISCUSSION

The character of the dependence of the reaction rate on the concentra-
tion of water in the polymerization of dioxolane reminds us very much d
the dependence found in the polymerization of trioxane.22 There is no
reason why we should not try to apply the same reaction scheme to the
case of dioxolane, including assumptions of the reactivities of the single
components.

According to this scheme the origin of the active center is due to hydra-
tion (generally solvation) as is shown in egs. (1) (5.

Ki
ARHKOIe + mil/) ~  A®jHSOD (N

A®IHSOZ + wH0 A oil-: IUrISOA @)

K
1()@HS0E  A® HSG& + rH,0 ©)
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0,5 10 [H,0] [mokka'l

Fig. 2. Dependence of the rate V of bulk polymerization of dioxolane and of the
maximum conversion on the concentration of water at 70°C. The curve (1) is cal-
culated from eq. (6), the points are experimental.

In egs. (I)--(3) A®HS04 indicates the molecule of the native initiator or
of the ion pair formed by desolvation of the active center; A®||HS04&
is the solvated initiator, the active center proper; HIEHSCe symbolizes
the hydrolyzed active center; A®represents the -onium part of the initia-
tor (a short siloxane chain with the siliconium atom) or the polydioxolane
chain with the carbonium atom. The reaction rate is controlled by the
concentration of A®||HSO4; the other participants have so small a re-
activity that their contribution to the rate of the loss of monomer can be
neglected.

If the establishment of the equilibria is quick, a relation for the momen-
tary concentration of active centers can be derived by using a simple
method (described in detail elsewhere1213.

K fITO
a@lhsodd = + {KIK3InDy-+m[mit] (@

As was shown previously,5the polymerization of dioxolane is a first-order
reaction with respect to initiator. Then we can write for the overall rate:

~d[N]/di = fc[N]“[A®HS04] 5

where [N] represents the concentration of dioxolane and a is the reaction
order with respect to monomer. As the reaction rates at the given con-
centration of the initiator were measured at constant conversion, it is pos-
sible to include [N] in the constant of eg. (5) and to write:

d[N] = AitHzOr
dl 1+ /ViI[HD]Im+ (Kv'K-d [H2D Jr+m
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Fig. 3. Decrease of water in the bulk polymerization of dioxolane at 70°C. |Initiator
concentration, 110.0 nmiole/kg.; initial water concentration, 23.9 mmole/kg.

There are three constants and two exponents in eg. (6). All of these
can be derived from the experimental data with relatively good accuracy.
The graphical form of eq. () is plotted as curve 1 in Figure 2; the points
represent the experimental values. The values of the constants used to
calculate the expression iWraii = /([HD]) are summarized in Table I.

TABLE 1
Constants of the Initiator-W ater Interaction at 70°C.
AN X 1If»
kg.2 Ki.
molU-mm. kg./mole KilAl Ki in r
3.90 280 300 0.94 1 |

The question of a maximum conversion (tr,,) at which the polymerization
stops remains open. The observed equilibria cannot be explained in terms
of thermodynamics; the experiments were run under rigorously isothermal
conditions. It is certain that the presence of a cocatalyst (of water) in
different concentrations cannot influence the thermodynamic monomer-
polymer equilibrium.  An explanation of the observed processes must be
sought in the kinetics of the process. It is interesting, however, that most
of the water reacts in the initial stages of polymerization; the major part
of the polymerization takes place in the presence of a constant amount of
free water (Fig. 3). Then, in accordance with the legend ol Figure 1,
[HA],,, = /([HZJ9. A detailed discussion of the equilibria will be pos-
sible after the course of the polymerization at various concentrations in
solutions of dioxolane has been measured.

CONCLUSION

The rate of the dioxolane polymerization initiated by the ~Si®HS04
ion pair is a function of the initial concentration of water. An equation
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describing this dependence is practically identical with the equation which
describes the same effect in the polymerization of trioxane. The observed
agreement shows the analogy of the cocatalytical processes in the poly-
merizations of both monomers.

The initial concentration of free water determines also a conversion at
which a sharp decrease of the reaction rate occurs. The loss in the rate
of the monomer consumption is so great that we can be misled into suppos-
ing that a position close to a monomer polymer equilibrium was reached.
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Résumé

La polymérisation de dioxolane initiée par la paire d’ions ~Si+l1S04- est fortemenl
influencée par la présence d’eau qui entraine des modifications de vitesse de polymérisa-
tion globale. En particulier, des grands changements sont obtenus a des degrés de con-
version plus élevés (dont les valeurs sont également fonction de la concentration initiale
eneau). La polymérisation s’arrét pratiquement a ces conversions et le systeme apparait
étre voisin d’un équilibre monomeére-polymeére. Les auteurs ont montré que I’équation
de la vitesse globale est une fonction de H»0 qui décrit la dépendance de la vitesse globale
de polymeérisation en fonction de la concentration en eau et qui était initialement dérivée
pour la polymérisation du trioxane et est également valable pour la polymérisation du
dioxolane. Ils ont mesuré la diminution de concentration en eau au cours de la poly-
meérisation et ont montré que les équilibres observés sont en fait dus a un phénomene
cinétique.

Zusammenfassung'

Die durch das lonenpuar - Si 1lifciOj initiierle Polyinerisul iou von Dioxolan wird
durch Wasser stark beeinflusst, wobei die Brutlopulvinerisationsgeschwindigkeil geéan-
dert wird. Besonders grosse Anderungen entstehen bei gewissen hoheren Umsitzen,
deren Werte ebenfalls eine Funktion der Anfangskonzentration an Wasser sind. Die
Polymerisation kommt bei diesen Umsdtzen praktisch zum Stillstand und das System
scheint sich nahe bei einem Monomer-Polymergleichgewicht zu befinden. Die Autoren
zeigten, dass die Gleichung »Hnx = /[(ILO]), die die Abhangigkeit der Brultopoly-
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merisationsgeschwindigkeit von der Wasserkonzentration beschreibt und die urspriing-
lich fir die Polymerisation von Trioxan abgeleitet wurde, auch fiir die Dioxolanpoly-
merisation gilt. Sie massen die Abnahme der Wasserkonzentration wahrend der Poly-
merisation und zeigten, dass die beobachteten “Gleichgewichte” ein kinetisches Phéno-
men darstellen.
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Kinetics of the Solution Polymerization of Dioxolane
in the Presence of W ater

MILOSLAV KIJCERA, EDUARD HLADKY .and KARLA MAJEROVA,

Research Institute of Macro-molecular Chemistry, Brno, Czechoslovakia

Synopsis

Water acts as a cocatalvst in the polymerization of dioxolane initiated by the ion pair
~Si®HSO4e. The dependence of the reaction rate on the water concentration exhibits
a maximum, the width of which strongly depends on the concentration of dioxolane.
The change of the coordinates of the maximum and its shape with the decrease of the
monomer concentration causes tire reaction rate to decrease with increasing conversion.
The point at which the slope of the conversion curve changes is a function of initial con-
centration of waterl There is a very fast decrease of the concentration of free water in
the polymerizing system. The consumption of water is associated with some peculiari-
ties. The amount of free water which remains in (he system is a function of the concen-
tration of the original initiator. The ratio [HoQ],. /[initiator] is constant over a rather
broad range of initial concentration of water.

INTRODUCTION

The conversion curves of the bulk polymerization of dioxolanelchange
slope greatly after a certain amount of polymer has been formed. The
point at which the polymerization rate decreases sharply is a function of the
initial concentration of water brought into the system with the dioxolane.
The sharp decrease of the rate from a certain conversion is similar to the
behavior of a system approaching the equilibrium state. The change of
the polymerization rate with concentration of water shows that water
has a cocatalytic effect in the system studied.

While the effect of water on the polymerization rate can be explained by
analogous reactions which are presumed to take place inthe polymerization
of trioxane,2 the explanation of the “equilibria” remains open. This
phenomenon, as far as we know, has not been mentioned in the literature.
For this reason we have tried to find out whether there are any other factors
influencing the equilibria and thus to contribute to their explanation.

EXPERIMENTAL

The preparation of dioxolane, the initiator used, and the experimental
technique were described in the previous paper.1
A mixture of tetrachloroethane and «-heptane (tetrachloroethane: n-
heptane = 90:10 by volume) was used as a solvent in the solution poly-
merization of dioxolane.
1889
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Commercial 1,1,2,2-tetracliloroethiine was distilled twice before use and
its purity was determined by measuring the index of refraction.

Concentrated sulfuric acid was added to commercial n-heptane and the
mixture was stirred for 4 hr. After the sulfonated impurities had been
removed, n-heptane was freed from water by adding KOH and finally dis-
tilled over sodium metal before each polymerization.

Solutions of dioxolane were prepared in a thermostatted container. The
concentration of water was adjusted to the required value in the manner
described in the previous paper.1

Fig. 1 Effect of water on the course of the polymerization of dioxolane at 70°C.:
(1) initial water concentration [H2]o = 10 ppm; final water concentration [HD], =
4 ppm, [HD],/[11,0]o0 = 0.4; (g) [H*0], = 50 ppm, [TbO-ty = 15 ppm, [HD]ty

|[H,0]0 = 0.3; (3) 11101, = 250 ppm, 111.0]*, = (10 ppm, [IhOty/111,0], - 0.2;
(4) 111,0,, = 410 ppm, 111,0],, = 25 ppm, 1U)JtylH,0]« = 0.025; (£) 111,0], -
500 ppm; Iff) ]1I>QJs = Sti5 ppm, |11,0], 50 ppm, 11)|,,/[11D|, - 00
(7) IH»0Jit - 1040 ppm, JIHDU - 40 ppm, [\U)\J 111*0], = 0.04; (8) |L1D|,,

1770 ppm, |H>0] = 77 ppm, 11,0],/ [HD|, ~ 0.04; (V) |[T1,0], = 3200 ppm;

(20) [ICO],, = 14,700 ppm, [H,0ty = 2120 ppm, [11,0],/111D],, = 0.14. Dioxolane
concentration, 5.5 mole/kg.; initiator concentration, 110.0 mmole/kg. Conversion =
(Ao — Ar)/Ao, where A/, and A' are initial and instantaneous concentrations of the
monomer.
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RESULTS

The dielectric constant (DC) of the polymerizing medium is one of the
factors complicating the kinetics of the process. In order to avoid this
complication a 10:90 mixture of «-heptane and tetrachloroethane was
used as solvent. The dielectric constant of this mixture is equal to that of
dioxolane at 70°C., i.e., 5.52.

The course of the polymerization of dioxolane in solution in the pres-
ence of varying amounts of water is represented by the conversion curves in
Figures I d. These plots give (ATO — N )/N Oversus time t, where N» and
N are initial and instantaneous concentration of the monomer. It has
been shown that both the overall rate of reaction and the point at which it
decreases sharply depend on the concentration of water, even in the poly-
merization in solution. This dependence is more distinct at lower concen-
trations of the polymerized dioxolane. The changes of both parameters—

Fig. 2. Effect of water on die course of the polymerization ot dioxolane at 70°C.:
(1) IHOlu - 5 ppm; (X) IHDJ, - 22 ppm, [HsO|., = 9 ppm, IHDK*/|HD]» -
0.4; (3) [HjOM# = 50 ppm, UbOU - 22 ppm, |[HDU/IHD]Ju - 04; U) [H,G], -
80 ppm, [HiO], = 32 ppm, (HjOU/jHiOt = 0.4; (5) [H,0], = 180 ppm, [HD],
= 76 ppm, [HD],/IH2]0 = 0.4; (6) [HXj, = 300 ppm; (7) [l .Oh, = 300 ppm,
[H,0], = 48 ppm, [II;(3] 11Lt)], = 0.1; (8) [HD], = 1020 ppm, [lID], = 192
ppm, [ILOIc/IHsOlo = 0.2. Dioxolane concentration, 3.1 mole/kg.; initiator con-
centration, 107 mmole/kg.
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the rate and the maximum conversion (x,,)—with the water content can be
seen more clearly in Figures -1and 5.

The decrease of water concentration depends on its initial concentra-
tion (|[H2]U and also on the concentration of the initiator, as is seen in
Figures (Land 7.

Fig. 3. Effect of water on the course of the polymerization of dioxolane at 7U°C.:
(1) [H20]10 = 7 ppm, [H»0Joo = 7 ppm; (2) [11,0]10 = 37 ppm, [H»Oh, = 1G ppm;
IHD]«/[IbOJo = 0.43; (3) [H2]0 = 52 ppm, [11,0]«, = 41 ppm, [11,0]«/[11,0], =
0.80; (4) [H,0]o0 = 216 ppm, [11,0]«,= 20 ppm, [H,0]«,/[HD]o = 0.09; (5) [H,0|n
= 300 ppm, [HD]m = 33 ppm, [HD],/[HD]Jo = 0.11. Dioxolane concentration,
1.5 mole/kg. ; initiator concentration, 105 mmole/kg.

Fig. 4. Dependence of the rate of dioxolane polymerization at 70°C. on the concen-
tration of water [I1120]0at various dioxolane concentrations: (1) 5.5 mole/kg.; (2) 3.1

mole/kg.; (3) 1.5 mole/kg. 'Lhe curves are calculated values and the points are experi-
mental.
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Fig. 5. Dependence of the maximum conversion x,, at 70°C. on the concentration of
water [H>0]Ju at various dioxolane concentrations: (1) 5.5 mole/kg.; {$) 3.1 mole/kg.;
(S) 1.5 mole/kg.

HQ

Fig. 6. Decrease of water concentration in the polymerization of dioxolane at 70°C.:
(1) [HD]o= 570 mmole/kg.; (2) [HD]Jo = 22.2 mmole/kg. Dioxolane concentration,
5.5 mole/kg.; initiator concentration, 110 mmole/kg.

DISCUSSION

The curves in Figure 4 were calculated from eq. (6) of our preceding
paper.l The constants for this equation were derived from the experi-
mental data (see Table 1). The solvation constant K\ [see eq. (1) of the
preceding paperl] is not altered by the change of the concentration of the
monomer.
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The concentration of free dioxolanc decreases with increasing conver-
sion. The change of K% with the concentration of dioxolanc N is very
abrupt; therefore the rate decreases sharply even at an already invarying
concentration of water. This is the main factor determining ,r . Another,
less important, factor is the formation of oligomers; it can be shown by a
simple calculation that linear dimers, trimers, and tetramers are formed

HoL

Fig. 7. Decrease of water conceal ration in the polymerization of dioxolanc at 70°C.
at various initiator (water) concentrations: (/) [IbOlo = 23.4 mmole/kg., [initiator] =
21.0 mmole/kg.; (@9 [HD]o = 24.4 mmole/kg., [initiator] = 107.0 mmole/kg.; (i)
[HD |o= 23.4 mmole/kg.; [initiator] = 214.0 mmole/kg.; (4) [HD]n = 2.3 mmole/kg.,
[initiator] = 107.0 mmole/kg.

as the concentration of water decreases. These oligomers can take part in
solvation of the active centers, but their ability to activate the initiator
probably decreases with increasing degree of polymerization. The fate of
these oligomers now depends on |[H2Q]& As the conversion increases they

TABIt: |
Const ants of the Inil iator -wwater Interaction at 70°C.:i

ioxolane k'K, X

concn., 10-/ kg.-/  Ai, N,

mole/kg. inole--niin. kg./mok Aa A» i 1}
f).fi 4.0 250 200 0.94 1 1
3.1 175 280 t X idl 4.03 X 10-3 1 1
15 124.0 280 5X 10 5.70 X It)“5 1 1

Initiator concentration, 105-114 mmole/kg.

can be built into longer chains by transfer with the polymer; the consump-
tion of the oligomers is faster if [H20]0is lower. On the contrary, at high
|[HD Jothey can survive throughout the polymerization even up to x,,.

Now let us consider the polymerization processes at different [Hd) |, levels.
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Polymerization at Very Low fH»0|(

W ater decreases slowly (see Fig'. 7) and a higher molecular weight poly-
mer is formed which can activate the initiator to some extent. The reac-
tion rate is low. As soon as the concentration of dioxolane is lower than a
critical value, a rapid decrease of K-toccurs with increasing conversion and
the rate of reaction decreases sharply; the conversion -time curve has the
shape it would if an equilibrium had been reached. These examples are
illustrated by curves 1 in Figures 1-3.

Polymerization at High [H20]0 (>50 ppm)

The water concentration decreases rapidly to [HEO],, and oligomers are
formed by transfer; depending on the initial water content the oligomers
can activate the initiator in a shorter or longer interval of the polymeriza-
tion, or take part in solvation equilibria. The explanation of these proc-
esses occurring during the polymerization is analogous to that at low
[H0 Ja but there is a small difference, in that the contribution of the low-
est molecular weight polymers in the solvation equilibria near xa is higher.
The change of /v3in this case causes the system always to reach the de-
creasing part of the rate-[H2] curve (Fig. 4). The rapid change of the
reaction rate with decreasing N causes this alleged equilibrium to be
attained sooner. The point of the rapid decrease of the rate changes with
[HD Joand with activating oligomers. These conditions are character-
ized by curves 2-10 in F'igure 1, curves 4- 8 in Figure 2, and curves 2-5 in
Figure 3.

Special Case

An extremely high conversion is reached in a special case. This occurs
when the slow decrease of the water concentration (Figure 7) leaves as
much free water in the medium as is necessary to reach a maximum rate.
(In other words: the decrease of the concentration of free water with con-
version parallels the shift of the maximum of the reaction rate with mono-
mer concentration.) The rate of reaction does not decrease under these
conditions. This is the case illustrated by curve 3 in Figure 2.

These special conditions can be fulfilled only in a very narrow range of
water concentration. If the monomer concentration is higher than of>
mole/kg. it may not be possible to find the [H21o which would fulfill the
special conditions. At higher concentrations of monomer the change of
K3with N is very small (we cannot detect it by using our method). How-
ever, water decreases irrespective of this circumstance. At higher conver-
sions, when iv3begins to change substantially, [H2],, already remains con-
stant and the shift of the reaction rate maximum is not followed by the
water decrease. Then, sooner or later, the reaction must stop according
to the descending part of the rate-[H.,0] curve (Fig. fi). Also, the pres-
ence of low molecular weight polymers can be a complicating factor.
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Kinetics

The processes connected with the cocatalysis of the polymerization of
dioxolane which lead to a rapid decrease of reaction rates at various con-
versions depending on [H2]o make the study of the thermodynamic
parameters of the polymerization more difficult. From the results dis-
cussed hitherto it follows that it is almost impossible to determine the true
monomer-polymer equilibrium and thereby also the ceiling temperature
of the polymerization.

Let us consider more closely the effect of water from another point of
view. The system with extremely high water concentrations (higher than
200 mmole/kg. at N > .55 mole/kg., and higher than 10 mmole/kg. at
N = 3.1 mole/kg., will not be included in the following discussion.

As is shown in Figures 1-3, the overall rate of polymerization is directly
proportional to the “equilibrium” concentration of water [FLO] . By using
eq. (6) from our previous paperlwe can write:

AT [FLO]u [init] S
= k' . . L = /IAT [H.>Oj,,[init] (1)
1+ /vi[TI=0Jo -fi (ivi, Nj) |FLOJo

and for 1 + AT[H20]03> (AT/AT) [FI2N]o2 |[FLOJO< 1, wo have

iH2D]o/(1 + AT Il.OF) = I11,() (2)
Then

:iu)!L,LiLo], = 1/(1 + ATIHD ]9 (3)

Equation (3) is a quantitative expression for the ratio of the final and
initial concentrations of water as a function of [H2](. Since we know the
value of AT (Table 1), we can plot [FLO]«, against [ELOJo (Fig. 8). The
curve has been completed by plotting of the values of [FLO]™/[FLO]Ju

ifi*
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Fig. S. Dependence of [HsO),/[HiO)o on [tID]<, at various dioxolane concentrations:
0O) 135 mole/kg.; (¢) 5.5 mole/kg.; (O) 3.1 mole/kg. The curve is calculated, the
points are experimental.
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found experimentally. The agreement, of the experimental points with the
curve calculated by using K j determined hv other independent means shows
that the previous hypothesis is correct.

If AT |H,0],, >>1, it follows from eq. (3) that [HZD]mis constant,
Then the amount of free water in the polymerization of dioxolane is prac-
tically constant over a rather wide range of [HgO]«. Free water then equals
I/Ki, i.e., [H»0]x = 3.6 mmole/kg.

Under these conditions the concentration of free water is at least ten
times lower than the concentration of the complex ~Si®HSO.,G  [HD ] ®is
a function of the initiator concentration as is seen in Figure 7. This fact
is rather important. It may mean that a certain amount of water is
bound by the initiator more firmly; that relatively stable units are formed
in a definite stoichiometric ratio. The water bound in these units cannot
be active as a transfer agent.

CONCLUSION

Some evidence for the cocatalysis by solvation has already been collected
in the technical literature. However, there are only a few papers at-
tempting to explain the complications of the polymerization processes
caused by the decrease of the cocatalyst concentration in the course of the
reaction. The polymerization of dioxolane is quite complicated because
the reaction rate depends on the water and monomer concentrations. The
relation between these variables and their effect on the reaction rate is
not yet clear. The lower the dioxolane concentration N is the sharper
is the decrease of the overall reaction rate. The change in slope of the con-
version curve caused by a sharp decrease in the reaction rate is so great
that the reaction seems to approach a thermodynamic equilibrium. Butin
fact, a loss of the active centers provides a kinetic reason for this. The
reaction can reach higher conversions under different conditions. There-
fore, ignorance of the kinetic factors can lead to a misinterpretation of the
experimental results.
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Résumé

L’eau agit comme eocatalyseur tie la polymérisation de dioxolane initiée par la paire
d’ions <~8i+HSC>4-. La dépendance de la vitesse de réaction en fonction de la concen-
tration en eau manifeste un maximum dont la largeur depend fortement de la concentra-
tion en dioxolane. Le changement des coordonnées du maximum et le changement de
sa forme avec une diminution de concentration en monomére entraine une diminution
de la vitesse de réaction avec une conversion croissante. Le point auquel la tangente
de la courbe de degré de conversion change est une fonction de la concentration initiale
eneau. 11y a une diminution trés rapide de la concentration d’eau libre dans le systeme
en polymérisation. La consommation de I’eau est associée a certaines particularités. La
quantité d’eau libre qui reste dans les systémes est une fonction de la concentration de
I'initiateur de départ. Le rapport [LEO]»/[initiateur] est constant sur un domaine
plutdt large de concentration initiale en eau.
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Zusammenfassung

Wasser wirkt, bei der durch das lonenpanr ~Si+l1S04~ initiierten Polymerisation
von Dioxolan als Cokatalysator. Die Abhéngigkeit der Reaktionsgeschwindigkeit von
der Wasserkonzentration zeigt ein Maximum, dessen Breite sehr von der Dioxolankon-
zentration abhangt. Die Anderung der Koordinaten des Maximums und seiner Gestalt
mit der Abnahme der Monomerkonzentration verursacht eine Abnahme der Reaktions-
geschwindigkeit mit steigendem Umsatz. Die Ordinate des Beginns der scharfen Biegung
der Umsatzkurve ist eine Funktion der Anfangskonzentration des Wassers. Es findet
eine sehr rasche Abnahme der Konzentration des freien Wassers im polymerisierenden
System statt. Der Verbrauch des Wassers ist mit gewissen Besonderheiten verknipft.
Die Menge an freiem Wasser, welche im System verbleibt, ist eine Funktion der Kon-
zentration des urspringlichen Initiators. Das Verhaltnis [HtO],/[Initiator] ist Gber
einen breiten Bereich der Anfangskonzentratiou an Wasser konstant.

Reeeived August 30. 1966
Revised November 23, 1966
Prod. No. 5329A



JOURNAL OK POLYMER SCIENCE: PAU L A-Il VOL. 5, 1899-1909 (1967)

R adiation-Induced Solid-State Polymerization in
Binary Systems. V. Solid-State Polymerization in

the Glassy Phase

IKAO KAKTSU,* KOZO TSU.TI, KOICHIRO HAYASHI, mid SKIZO
OKAAIUHA, Department of Polymer Chemistry, Kyoto University,
Kyoto, Japan

Synopsis

The radiat ion-induced polymerization of glass-forming systems containing monomers
has been investigated. It was found that irradiation below the second-order transition
temperature 1\ of the systems causes no in-source polymerization but causes a rapid post-
polymerization on warming above the T, after initial irradiation below the T, The
post-polymerization was followed by differential thermal analysis and ESR spectra. It
is caused above the T, by the release of peroxy radicals trapped below the T, and its
rate is proportional to the irradiation dose to some extent, often is explosively high, and
brings about a remarkably large temperature rise by accumulation of polymerization
heat. Irradiation above the Tt causes rapid in-source polymerization which is accelerated
by the high viscosity of the monomeric system between T, and T, (WLF temperature)
compared to crystal or ordinary solution polymerization. The temperature dependence
of the in-source polymerization of glassy systems shows a peak between the Tgand T,
which may be the result of competing effects of the rate increase by the decreased
termination near T, and the rate decrease by the decreased propagation caused by the
diffusion prevented near the Ta. The degree of polymerization was also investigated.
The temperature dependence of the degree of polymerization of the polymers obtained
by in-source polymerization shows a peak similar to that of the temperature dependence
of conversion. Unusually large values of the Huggins constant k' are noted between Tgand
7. The degree of polymerization of the polymer obtained by post-polymerized increases
wit h the increase of irradiation dose and the polymerization rate; this may be the result
of decreased chain transfer to nonpolymerizable components.

INTRODUCTION

In the previous studies.l some fundamental investigations about the
mechanism of glass formation and properties of the glassy state in binary
systems containing acrylic monomers were made. On the basis of these
results, the radiation-induced polymerization of glassy systems containing
acrylic monomers has been studied to obtain new information about low-
temperature polymerization. It was found that rapid polymerization tonic
place easily at very low temperature in these glassy systems and that this

* Present address: Central Research Laboratory, Sekisui Chemical Co. Ltd., Hirose,
Shimamoto-eho, Mishima-gun, Osaka-fu, Japan.
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polymerization was sensitive to physical properties such as viscosity and
transition temperature of the glassy systems. In the present paper, char-
acteristics of the glassy polymerization of acrylic monomers are reported
in detail.

EXPERIMENTAL

The materials were purified by the usual methods and mixed and melted
homogeneously, if necessary, by heating.

Transition temperature and phase diagram were determined by the
volume change and differential thermal analysis. The irradiations were
with y-rays from a filCo source. The polymerization rate was investigated
in part by differential thermal analysis of the irradiated samples and in part
by the usual gravimetric method. The degree of polymerization of acryl-
amide polymer was determined from the viscosity measurement in
aqueous solution at 30°0. by using the equation:

W] = 3.73 X IO-TI/"-*

RESULTS AND DISCUSSION

Polymerization of Glass-Forming Systems

Radiation-induced polymerization of glass-forming systems containing
acrylamide and acrylic acid by 7-ravs from 9Co has been investigated in
order to study the general aspects of glassy polymerization. Results are
shown in Table I. The following conclusions are obtained from these
results. Irradiation at temperatures below the T,, (second transition point)
causes no in-source polymerization, but by warming above the Tg after
irradiation, a violent, almost explosive post-polymerization occurs and is
completed within a few minutes, the temperature rising to SO-1(i0°C., due
to the heat of polymerization.

Irradiation at temperatures above the T,, causes in-source polymerization
to be completed at a high rate, almost to 100% conversion.

These results suggest that the transition point is the most important
factor for the polymerization in the glassy state. The polymerization does
not occur below the Tg, but does occur as a result of increased molecular
diffusion above the T,, as well as crystal growth.

Transition points of glassy systems are much lower than those of crystal-
line systems in general and can be varied widely by selecting various com-
bination of components. Thus, it should be possible to complete high
polymerization at very low temperatures by a suitable choice of glass-
forming systems. The distinction of in-source and post-polymerization is
based on the following observations: (1) the polymerization heat peak of
differential thermal analysis is small or non-existent for in-source polymeriza-
tion with warming after irradiation; (2) on the other hand, a remarkable
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temperature rise is observed for the post-polymerization; (8) polymer ob-
tained by in-source polymerization is closely crosslinked containing non-
polymerizable components, and shows gumlike elastic properties, while
that obtained by post-polymerization is not so highly crosslinked as to
show elasticity but does show plastic properties; (4) crystallization of non-
polymerizable components occurs rapidly, and half of the transparency of
the samples is lost during post-polymerization. In in-source polymeriza-
tion, no crystallization occurs, and a more transparent appearance is main-
tained due to the closely crosslinked structure including nonpolymerizable
substances.

TABLE 1
Polymerization of Glass-Forming Systems

Temperature of
polymerization, °C."

Irradi-
ation In-
Irradia- tern-  source Second
tion pera-  poly- Post- transition
Compo-  dose, ture, meriza- polymeriza- temperature,
System sition Mr. °C. tion tion °C.
Acrylamide- 1:<I.X 0.14 —78 - -45 to -21 -39
itaeonic acid 0.09 —78 — -42 to -21
0.07 -78 -41 to -19
0.05 -78 — -47 to -21
Acrylamide- 1:1 014 -45 - 45 —
malonic acid 0,27 —78 — —to 40 -m
0.09 -78 — —til) to —40
1t.07 -78 -55 to -41
Acrylamide- 1:0.0:1 It 14 -45 -45 — -74
succinic acid It 14 -78 -0(1 to -55
- acetamide
Acrylamide- 1.1 0. 14 -45 -45 -1
propionic acid It 14 —78
-acetamide 0.14 - 190 -90
Acrylic acid 1:.0.5 0. 14 -78 -78 110to - 115
acetamide 0.14 - 190 - 114
Acrylic acid 1.1 0, 14 —78 —78 - 135 to0 - 145
1 formamide 0.14 - 190 — - 125

t A dash ( -) indicates no polymerization takes place.

Explosive post-polymerization in glassy systems containing acrylamide
may be compared to the explosion polymerization achieved by Kargin2
using the molecular beam method.

The crystallization caused by the rise in temperature may not be a
necessary condition of this polymerization lout an unconnected phenomenon.
Because in-source polymerization can be conducted near the T,, without
crystallization and post-polymerization occurs just above the T,,, the poly-
merization can be explained only by the release of molecular motion.3"’
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In-Source Polymerization of Glass-Forming Systems

The polymerization behavior of some glassy systems in in-source poly-
merization at —78°C. is shown in Figure 1.

An induction period was observed in some systems, because oxygen is not
completely excluded, in order to avoid the possibility of thermal polymer-
ization.

The polymerization is accelerated from its initial stage because the
viscosity of the monomeric systems is very high at the temperature be-
tween Tsand Tg.

Polymerization is completed rapidly even for very small dosage owing
to the high viscosity of the system and the small termination rate. To clarify
the effect of temperature on in-source polymerization, the polymer con-
versions for the irradiation at a definite dosage at different temperatures
are compared in Figure 2.

The polymerization rate decreases with the decrease of temperature far
above Tsas in the usual liquid-state polymerization, but it increases with
decreasing temperature near Tsand decreases again near T,,, SO a conversion
peak as a function of temperature appears.

irradiation dose (Mr)

tig. 1 Illl-source polymerization ol glass-forming systems containing acrylamide and
acrylic acid: (O) acrylamide-propionic arid-«formamide (1.1:0.5); (A) acrylic acid-
acetamide (1:0.5); (O) acrylic acid-formamide (1:1). Temperature, —7S°C,".; dose
rale: 15 X JO1r./lir.
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These results suggest the existence of some important relationship be-
tween polymerization and molecular diffusion in glassy systems. An
increase of conversion in the range between Tsand T,, is attributed to the
decrease of the termination rate owing to the prevention of diffusion of
active polymer chains. A decrease of conversion near T,, is attributed to
the decrease in the propagation rate owing to the prevention of monomer

Fig. 2. Relationship between conversion and polymerization temperature for in-
source polymerization of glass-forming systems containing acrylamide: (O) acrylamide
(AA)-propionie acid (PA)-formamide (FA) system (1:1:0.5), glassy; (¢) AA-itaconic
acid (1A) system, (1:0.8), glassy; (&) 20% solution of AA in methanol;6 (O0) AA-IA
isystem, (1:0.8), crystal. Dose, 0.003 Mr.; dose rate, 1.5 X 10Jr./hr.

diffusion. It is obvious from Figure 2 that the in-source polymerization
rate in glassy systems is much greater at low temperature than that of
crystal or ordinary solution systems.

Post-Polymerization of Glass-Forming Systems

General aspects of the post-polymerization of some glassy Systems are
shown in Table I1.

Almost 100% final conversions are obtained in the systems containing
acrylamide after rapid post-polymerization. In the acrylamide-dtaconic
acid systenp copolymerization occurs. The inner temperatures of the
samples rise to 40-100°C. from the T, as a result of the heat of post-
polymerization which proceed# explosively, so that the polymerization rate
can not be pursued by the usual weighing method. The possibility of a
guantitative treatment of (lie post-polymerization rate by differential
thermal analysis was investigated according to lhe relationship |eq. (1)]
introduced by Borchardt and Daniels.6

HP = /ll, H= (NOkA) [C{<IAT ill) + k\T | (@)

where —flu/ilt is reaction rate; N Ois the initial number of moles of monomer,
K is the beat transfer coefficient, taken as 0.17 cab. deg.-see.-cm. in a
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Kig. ). Relaliimship between polymerization rate and irradiation dose in post-poly-
merization of glass-forming systems containing acrylamides: (A) acrylamide-malonic
acid (1:1); (O) acrylamide-itaconic acid (1:0.S).

platinum cell; A = JI ATdI is taken as constant, at definite conversion
0

(100%); Cp is the heat capacity of the reference substance, taken as
0.24 cal./g.-deg. in air; AT is the observed height of the polymerization
heat peak, and dAT/dt is the observed slope of the polymerization heat peak.

dAT/dt of some glassy systems containing acrylamide are plotted against
the irradiation dose in Figure 3.

The results show a proportionality between polymerization rate and
irradiation dose for a certain dose range. This suggests the lack of bi-
molecular termination and the possibility of inactivation by the occlusion
of propagating chains. The higher rate in the acrylamide-malonic acid
system than in the acrylamide-itaconic acid system may be attributed to an
accelerative effect of malonic acid or a chain degradative effect of itaconic
acid.

ESR Spectra of Post-Polymerization of Some Glassy Systems

Tn order to clarify the mechanism of post-polymerization in the glassy
systems, ESI! spectra were measured for some irradiated glassy systems
(acrylamide malonic acid, acrylamide-itaconic acid). FISH spectra of the
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acrylamide-malonic acid system irradiated at —196°C. in air are shown in
Figure 4.

The spectrum consists mainly of a superposition of the quintet spec-
trum and the triplet spectrum with a coupling constant of about 24 gauss.
They are assigned to CH;—CH(CONFF) and 'w"FTIhCI I(CONFF), respec-
tively. Another less intense spectrum was also observed, which may be
attributed to free radicals from malonic acid.

When the temperature of the sample was raised to —129°C., there re-
mained only the triplet spectrum. This spectrum completely changed to

Fig. 4. Change with increasing temperature of ESR spectrum of acrylamide-malonic
acid system irradiated at —196°C.

that of the peroxy radical at —S2°C. This fact indicates that diffusion of
oxygen molecules begins to take place near this temperature. The peroxy
radical spectrum changed into the triplet spectrum responsible for the
propagating radical at about —60°C., i.e., a little above the glass transition
temperature (T,,). It is clear that post-polymerization began with the
peroxy radical at this temperature; this is entirely in agreement with the
results of differential thermal analysis and polymerization experiments.
The propagating radical disappeared sharply at about —49°C.

The ESR spectrum of the irradiated acrylamide-itaconic acid system is
shown iu Figure 5. Almost the same feature was observed as in the
acrylamide-malonic acid system.
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Fig.  Change with increasing temperature of the KSR speelrum of acrylnmkfo- jlaconic
acid irradiated at —]I)0°C.

In this case, the KSR .spectrum due to the propagating radicals was a lit tie
different from that in the acrylamide-malonic acid system. It seems to he
caused by superposition of the spectra of two kinds of propagating radicals,
~CH2CH(CONH2 and-CH2C(COOH)CH2COO0OH. They survived to a
slightly higher temperature than in the acrylamide-malonic acid system.
This difference in stability of the propagating radicals in these two systems
corresponds to a difference in second transition temperature, polymerization
rate, and temperature rise of the system due to the heat of polymerization.

Degree of Polymerization

The degree of polymerization is expected to be very high owing to the,
low termination in glassy systems. Table 11l shows the degree of polymer-
ization and Huggins constant k' of the polymers formed by polymerization
of some glassy systems containing acrylamide.

The degree of polymerization of polymers obtained by in-source poly-
merization varies with the polymerization temperature in correspondence
with the dependency of conversion on temperature, though such a de-
pendency is not so clear as in conversion.

It is surprising that k' of polymer between Tsand T,, is extremely large,
while k' of polymer above Ts is the normal value. The reason may be
(hat at a temperature between T,, and Ts active species are formed in the
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TABLE 111
Molecular Weight of Polymer Obtained in the Polymerization
of Glass-Forming Systems Containing Acrylamide

In-source polyrnerization"”
Pust-polyinerizationl

Irradiation

temperature, Irradiation
e Ex - k' dose, Mr. DP x or4 k'
- 75 2.1 3.40 0.23 7.0 0.22
-63 2.4 3.00 0. 14 6.0 0.29
-4k 1.6 0.52 0.01» 5.9 0.4N
-30 11 0.51 0.03 4.7 0.76
-20 1.3 0.48 0.02 4.4 0.78

Acrylamide-propionic acid-formamide, 1:1:0.0; dose, 0.003 Mr.
Acrylamide-succinic acid-acetamide, 1:U.5: 1, temperature, —75°(

polymer chain by irradiation and these begin to propagate at a very high
rate owing to the high viscosity. So, the branching develops to an unusual

degree.
The degree of polymerization of polymers formed by post-polymerization
increases with dosage and polymerization rate, k' decreases with increasing

dosage.
The reason may be that the chance of chain transfer to nonpolvmerizable

components increases with the decrease of polymerization rate.

The authors would like to express their thanks lo Dr. Norm Sagaue of Sekisui Chemi-
cal Co. Ltd. for his encouragement throughout this work.

References

1. 1 Kaetsu, Il. Kamiyama, and K. Hayashi, J. Polymer Set., hi press.

2. V. A Kargin, V. A. Kabanov, and 1 M. Papissov, in Macromolecular Chemistry
(J. Polymer Sci. C, 4), M. Magat, Ed., Interscience, New York, 1963, p. 767.

3. J. Hughes and A. M. North, Trans. Faraday Soc., 60 960 (1964).

4. Y. Amagi and A. Chapiro, J. Chim. Phys., 59, 537 (1962).

5. Il. ,J. Borchardt and F. Daniels, J. Am. Chem. Soc., 79, 41 (1957).

6. K Shida, Z Kuri, and T. Yoshimura, Ann. Repl. Japan. Assoc. Radiation Res.
Polymers, 3, 423 (1961).

Résumé

La polymérisation induite par radiation de systémes vitreux contenant des monomeres
a été étudiée. On a observé que I'irradiation en-dessous de la température de transition
de second ordre T, de ces systémes n’entraine pas de polymérisation immédiate mais
occasionne une postpolymérisation rapide par chauffage au-dessus de Tgaprés une ir-
radiation initiale en-dessous de ce méme i',. La postpolymérisation a été suivie par
analyse thermique différentielle et par des spectres ESR. Elle est due, au-dessus de T0,
a la libération des radicaux peroxydés piégés en-dessous de T, et sa vitesse est propor-
tionnelle & la dose d’irradiation dans une certaine mesure, souvent elle est explosive et
entraine une augmentation de température vraiment appréciable par accumulation de la
chaleur de polymérisation. L'irradiation au-dessus de Tg cause une polymérisation
rapide immédiate et. accélérée par la viscosité élevée du systeme monomérique entre T,,
et T, (température W.L.F.) comparée au cristal ou a la polymérisation en solution
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normale. La dépendance thermique de la polymérisation immédiate du systéme vitreux
montre un pic apparent entre T, et T,; ce pic pourrait étre le résultat d’effets eompété-
lifs ddis a I’accroissement de vitesse par diminution de la terminaison au voisinage de T,
et une diminution de vitesse due a la décroissance de la propagation par suite d’une dif-
fusion freinée au voisinage de Tg Les degrés de polymérisation ont également été
étudiés. La dépendénce thermique du degré de polymérisation des polymeres de poly-
meérisation immédiate montre un pic semblable a la dépendance thermique du degré de
conversion et montre des valeurs exceptionnellement élevées de la constante K' d’Hug-
gins entre Taet T.,. La degré de polymérisation des polymeres de postpolymérisation
croissait avec une augmentation de la dose d’irradiation et de la vitesse de polymérisation
qui peut étre le résultat d’une diminution de la réaction de transfert de chaine sur des
composants non-polymérisables.

Zusammenfassung

Die strahlungsinduzierte Polymerisation von glasbildenden, monomerhaltigen Sys-
temen wurde untersucht. Bestrahlung unterhalb der Umwandlungstemperatur zweiter
Ordnung Ta der Systeme fiihrt nicht zu einer unmittelbaren Polymerisation, verursacht
aber eine schnelle Nachpolymerisation beim Erwédrmen tber TOnach Bestrahlung unter-
halb Tg Die Nachpolymerisation wird mittels Differentialthermoanalyse und ESR-
Spektroskopie verfolgt. Sie wird oberhalb T, durch die Freisetzung der unterhalb 7',
eingeschlossenen Peroxydradikale ausgeldst und ihre Geschwindigkeit, ist in gewissem
Ausmass der Bestrahlungsdosis proportional; sie erreicht oft eine explosive Hohe und
fahrt durch Ansammlung der Polymerisationswarme zu einem bemerkenswert grossen
Temperaturanstieg. Bestrahlung oberhalb von T,, fiihrt zu einer raschen unmittelbaren
Polymerisation, welche, im Vergleich zur Polymerisation im Kristall oder in normaler
Loésuug, durch die hohe Viskositat des Monomersystems zwischen T, und T, stark
beschleunigt wird. Die Temperaturabhéngigkeit, der unmittelbaren Strahlungspoly-
merisation von Glassystemen besitzt zwischen T,, und T, ein Maximum, das durch das
Gegeneinanderspiel der Geschwindigkeitserhéhung durch den herabgesetzten Ketten-
abbruch in der Nédhe von Taund der Geschwindigkeitserniedrigung durch herabgesetztes
Kettenwachstum infolge der Diffusionserschwerung in der Nahe von T, verursacht
werden kann. Polymerisationsgrade wurden ebenfalls untersucht. Die Temperatur-
abhéangigkeit des Polymerisationsgrades besitzt bei der unmittelbaren Strahlungspoly-
merisation ahnlich wie die Temperaturabhédngigkeit des Umsatzes ein Maximum; die
Werte des Huggins k' sind zwischen Ta und Ta unbewohnlich gross. Der Polymerisa-
t.ionsgrad des bei der Nachpolymerisation erhaltenen Polymeren nimmt mit steigender
Bestrahlungsdosis und Polymerisationsgeschwindigkeit zu, was das Ergebnis einer
verminderten Kettenlbertragung an nicht polvmerisierbare Komponenten sein kann.
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Revised November 10, 1966
Prod. No. 5330A
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E ffects of Metal Salts on Polymerization.* Part 1V.
Polymerization of iV-Vinylearbazole Initiated

by Oxidizing Metal Nitrates

SIIIGEO TAZUKE, T.TTX BU T.IOA, and SEIZO OKAMUHA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan.

Synopsis

The polymerization of A'-vinylearbazole (YCZ) in ethylene diehloride, acetone, ben-
zene, and dioxane with cupric nitrate, fen'ic nitrate, and ceric ammonium nitrate as
catalyst was studied. In all cases the polymerization seemed to be of a cationic nature,
judged by copolymerization with styrene. Electron spin resonance (ESR) spectroscopy
was made for the polymerization system and also for a system containing X-ethylcarba-
zole instead of YCZ. Singlet ESR spectra were observed for all systems containing ceric
salt and for some systems containing ferric salt but not for systems containing cupric
salt. The ESR spectra indicated the formation of an ion radical by electron transfer
between the oxidizing metal salt and the carbazole derivatives. Mechanisms of initia-
tion other than electron transfer were less likely, and it was concluded that the initiation
process was most likely to be of the electron transfer type.

INTRODUCTION

The polymerization of Y-vinylcarbazole (YCZ) has lately attracted the
attention of many researchers. This monomer is peculiar with respect to
its high reactivity to cationic polymerization and its strong tendency to
form donor-acceptor complexes that can initiate polymerization. Such
donor-acceptor complexes as an ether-acid anhydride system have been
reported initiators for both radicall and cationic-3 polymerizations. |l
seems reasonable, therefore, to assume that the initiation by a donor-
acceptor complex involves radical-ion formation by electron transfer.
The polymerization of VCZ initiated by organic acceptors is similarly ex-
plained, by considering a charge transfer or polarization between YCZ
and acceptors.4-5

Ellinger4’5considered that the polymerization is initiated through meso-
meric polarization but not by complete charge transfer, since very weak
acceptors, such as acrylonitrile or methyl methacrylate, could initiate the
polymerization. He also considered the attacking monomer to be acti-
vated by complex formation. His original idea was extended to other
systems as “activated monomer polymerization.”7 This would be a new
category of polymerization, but confirmatory evidence in support of

* For Part Il see .7. Polymer Sri. A-l, 5, 1083 (1067).
1911
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Ellinger’s proposal has not been obtained. Cation-radical formation would
be another possible type of initiation. Pac and Plesch8considered that the
slow dissociation of charge-transfer complex to radical ions is the initiation
process for the polymerization initiated by tet.ranit.romethane in nitro-
benzene.

There is considerable confusion about the mechanism of polymeriza-
tion of VCZ initiated by oxidizing metal salts. Such metal salts could ac-
cept electrons leading to oxidation of VCZ, during which radical ion might
be formed as an intermediate. The actions of oxidizing metal salts might
be considered to be the same as those of organic acceptors as a first ap-
proximation. All reported results on systems of VCZ and oxidizing metal
salts have been therefore explained by assuming initial ion-radical forma-
tion similar to organic donor-acceptor systems. The interpretations of
secondary reactions involving ion radicals widely differ among researchers.
Wang9presented the first report on the polymerization of VCZ initiated by
oxidizing nitrates in methanol. According to him, ceric ammonium
nitrate, ferric nitrate, and cupric nitrate are capable of polymerizing VCZ
in methanol solution and also of polymerizing completely the mixture of
VCZ and styrene. He has postulated the polymerization to be of a radical
nature like that of 4-vinylpyridine initiated by the same oxidizing metal
salts. As has been pointed out by Hawn et al.,,nthe poly-VCZ that Wang
claimed to obtain in methanol seems to be in fact dimeric VCZ, 1,2-di-
carbazvicyclobutane. The present authors have reexamined the experi-
ment made by Wang and are critical of his report, since the reaction product
of ferric nitrate and VCZ in methanol shows entirely different infrared spec-
tra from those of polv-VCZ. Polymerization of VCZ was observed, how-
ever, when methanol was replaced with aprotic solvents such as dioxane,
benzene, ethylene dichloride, tetrahydrofuran, or acetone. We have al-
ready reportedll that the polymerization of VCZ initiated by cupric salts
is cationic whereas that of vinylpyridine is radical. A Kkinetic study of
the polymerization of 4-vinvilpyridine initiated lay cupric acetatel2 led to
the conclusion that an electron-transfer process between monomer and
cupric salt is the initial process of polymerization. The initiation process
of VCZ by oxidizing metal salts might be a similar electron transfer.
There is, however, another possibility, since these oxidizing metal salts
are hydrolyzed rather easily and would produce nitric acid, which could
initiate the cationic polymerization of highly reactive VCZ. The present
study is consequently directed toward the initiation process in the poly-
merization.

EXPERIMENTAL

Materials

W-Vinylcarbazole (Koch-Light Laboratories Ltd.) was recrystallized
twice from hot n-hexane and dried in vacuo; m.p., 64.2°C.
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JV-Ethylcarbazole (Tokyo Ivasoi Co. Chemical Pure Grade) was dis-
solved in benzene and purified by being passed through a column 17 mm. in
diameter and 30 cm. in length, packed with activated alumina (200-300
mesh). The eluted iV-ethylcarbazole was recrystallized three times from
«-hexane; m.p., 66-67°C.

Styrene was dried over calcium chloride and distilled twice in vacuo after
the stabilizer was removed by washing. The purified styrene was stored
over calcium hydride and distilled again immediately before use.

Solvents were purified by fractional distillation from reagents of guar-
anteed reagent grade (G.R.) and finally dried over metallic sodium (for
benzene and dioxane) or calcium hydride (for acetone and ethylene di-
chloride) and distilled before use.

All metal salts (G.R. grade) were used without further purification.

Polymerization

Polymerization was carried out in a reaction vessel equipped with a T-
type three-way stopcock on the top. One of the sidearms of the stopcock
was connected to a nitrogen line, through which a dry-nitrogen stream was
supplied. Another sidearm was open to air, but the dry-nitrogen stream
prevented the moisture from diffusing into the reaction vessel. A catalyst
solution and then a monomer solution were introduced into the reaction
vessel from the open end of the stopcock by means of an injector. These
monomer and catalyst solutions were prepared in vessels similarly equipped
with three-way stopcocks, so that contamination by moisture was avoided.
When the metal salt had not enough solubility, it was directly weighed
into the reaction vessel. The vessel containing the polymerization solution
was placed in a thermostatted water bath, and the polymerization solution
was taken out at appropriate intervals by means of an injector under the
dry-nitrogen counterflow. The polymer, precipitated with a large excess
of methanol, was filtered and weighed Contamination of the polymer with
catalyst or with by-products, such as dimeric VCZ, could be avoided by
using a large amount of the precipitant. The reaction products of the VCZ
and the oxidizing metal salts in methanol were soluble in methanol, al-
though the solubility was very small.

The viscosity measurement was made in a benzene solution of polymer
at25°C.

Copolymerization

The copolymer composition was analyzed by means of infrared spec-
troscopy. The absorptions at 988 cm.-1 of poly-VCZ and at 1020 cm.“ 1,
which was common to polv-YCZ and polystyrene, were used as key bands.

Spectroscopy

A Varian Model V-4500 spectrometer and Shimazu SV50A spectrometer
were used for electron spin resonance spectroscopy at liquid nitrogen tem-
perature and electronic spectroscopy at room temperature, respectively.
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RESULTS ANI> DISCUSSION

Polymerization of VCZ in Various Solvents, Initiated
by Oxidizing Metal Nitrates

Polymerizations in different, solvents are described in figures 1 to 4.
Among these solvents acetone has the highest dissolving power, and all
three metal salts are soluble in acetone; dioxane does not dissolve cerium
salts whereas benzene and ethylene dichloride dissolve none of the metal
salts. It is therefore not possible to compare the catalytic activity of
metal salts in different solvents. Polymerization in acetone is very fast
during the initial stage but does not go to 100% conversion. This tend-
ency of the saturation of polymer yield seems to be more or less a general
feature of the polymerization of VCZ with metal salts, which effect revers-
ible oxidation.10 The polymerization of VCZ in ethylene dichloride or in
dioxane, initiated by ferric nitrate, saturates at about 80%. Although
ferric nitrate is soluble in acetone and dioxane, a brown, amorphous solid
begins to precipitate, on standing, from the catalyst solution. The effects
of solvent and metal salt on the polymerization are qualitatively shown in
Tables I and Il. The initial rate of polymerization is larger in a polar
solvent, as judged from the limited amount of data.

It might seem strange that a cation-like polymerization proceeds rapidly
in a strong Lewis base such as acetone. The high basicity of VCZ seems
to enable the monomer to compete with Lewis bases for propagation.
For example, water is a rather weak retarder of the polymerization of the

Fig. 1 Time-conversion curves for the polymerization of VCZ in (CILCIfa al 40°C.;
[VCZ] = iMM, [initiator] = 10~M; (A) Cu(NO,V31U), (O) Fe(N033<ill2D,
(X) Ce(NH4IANO036
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Fig. 2. Time-conversion curves for the polymerization of YCZ in benzene at 40°C.;
[YCZ] = 1MM, [initiator] = 10 TIT. (6) Fe(N033-9H,0, (A) Cu(N0323HD.

Fig. 3. Time-conversion curves for the polymerization of YCZ in acetone at 40°C.;
[YCZ| = I'AM, [initiator] = l«-»JIf; (A) Cu(N0323fT,0, (O) Fe(N()3)3-9HD,
(X) Ce(NH4),(N03c
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Fig. 4. Time-conversion curves for the polymerization of YCZ in dioxane at 40°C.;

[VCZ] = 0.67M, [metal salt] =

TABLE |
Effect of Solvent
Dielectric Solubility  Sequence

constant of metal of

Solvent e salt Rv
Acetone 21.4 Oood 1
Dioxane 2.23 Good 2
Ethylene dichloride 10.36 Poor i
Benzene 2.25 Poor 2

“ Benzene solution at 25°C.

TABLE

(*) Fe(NOs)sd)H,0 in dark, (A) Cu(NO,),-
3H,0 indark, (0) [VCZ] = 0.2M, [Cu(N0323HD] = 2 X

Intrinsic

viscosity

0.02-0.04
0.04-0.05
0.12-0.1S
0.04-0.08

Properties of Metal Salts and Their Catalytic Activities

Sequence of Rp

Ace- Diox- (CH2 Ben
Metal salt tone ane CI)2 en
Cu(N032.:3HD 2 2 2 2

Fe(N033-9HD TR T T
Ce(NHAANOH|i 1 — 3
AA*

“M"+ + HD =t MOTT"-11+ + H+.
b V- ionic strength.

z-
e

Intrinsic
viscosity

Differences

Oxida-
tion
poten-
tial,
V.

0.167
0.772

1.6

log K k¢
at
25°C.“

-7.34
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monomer when tire process is initiated by tetranitromethaue in nitroben-
zene.8 When the basic solvents do not interfere with the propagation step
very much, the dielectric constant may be more important than the ba-
sicity. A high dielectric constant would facilitate not only the propagation
step but also the initiation step, if the initiation step was of an electron-
transfer type. An increase of the rate of electron-transfer initiation with
increasing dielectric constant has been demonstrated in the polymerization
of 4-vinylpyridine initiated by cupric acetate.12

The shape of the time-conversion curve may be compared with that of a
polymerization catalyzed by organic oxidants. The initial acceleration

i

450 475 500 550 600 700
X mp

Fig. 5. Visible-wavelength absorption spectra: (I) VCZ-Fe(N03V9HD -(CHXI)2,
(I1) poly-VCZ-Fe(N 0339H,0-(CH.CI)2

period, which is particularly prominent for cupric nitrate in all solvents,
has been reported also for the polymerization initiated by tetranitrometh-
ane8or chloranil.4 This might indicate a slow process of formation of active
species, possibly by charge-transfer interaction. As will be mentioned
later, the polymerization initiated by nitric acid does not show any such
acceleration period, indicating a different initiation mechanism.

The viscosity of the polymer is shown in Table I. Although the viscos-
ity is low, all methanol-precipitated products were confirmed as poly-VCZ
by their infrared spectra. The fact that polymer of the highest molecular
weight is obtained in ethylene dichloride indicates that the polymerization
is of a cationic nature rather than a radical one. The dependence of the
molecular weight of the polymer on the kind of metal salts or on the poly-
merization time is negligibly small.



1918 S. TAZUKK, B. TIOA, S. ORAMI KA

Time (min.)

Fig. 0. Color development of ATA().; 0<>i('l'l.(."Isystem; reaction at
40°C. in air.

During the polymerization in ethylene dichloride, catalyzed by ferric
nitrate, a distinct color change was observed. A yellowish color begins
to develop from the surface of the metal salt and then slowly changes to a
bluish green. Eventually the whole polymerization system becomes
colored, '"bhe spectrum of the reaction system is shown in Figure 5, and
the change in the intensity of the maximum absorption with polymeriza-
tion time is shown in Figure (i. The color change of the polymerization
system recalls the color of Wurster blue and might be considered a result
of radical-ion formation. The colored species is, however, not likely to
be the active species in the polymerization. Comparing Figures 4 and (i,
the development of color is much slower than the formation of polymer and
continues even after the time-conversion curve has reached its saturation
value. Moreover, the same color could be produced when poly-VCZ dis-
solved in ethylene dichloride was treated with ferric nitrate (Fig. 5), and
this colored polymer solution does not give an ESR signal. Such a bril-
liant color change is not observed in other systems.

Spectroscopic measurements of the polymerization systems were not at-
tempted, except for the dioxane-cupric nitrate system, since solutions
of ferric and ceric salts gave small amounts of precipitation during poly-
merization. Xo evidence of complex formation between the cupric salt and
VCZ is obtained from the absorption spectra in the visible-wavelength
region. The optical density of the polymerization system containing
cupric nitrate does not change with polymerization time, as shown in Fig-
ure 4. Thus, the results of electronic spectroscopy do not provide evi-
dence of irreversible electron transfer between VCZ and cupric salt. How-
ever, if the kinetic chain length of polymerization is very large (this is
very likely for litis extremely active monomer), we cannot neglect the pus-
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sibility that an undetectable amount of cupric reduction species might
produce sufficient amounts of active species for polymerization.

The question arises whether the polymerization is initiated by an elec-
tron-transfer process or by some other mechanism. Since the polymeriza-
tion is apparently cationic, judged by the foregoing results and the follow-
ing results on copolymerization, any polymerization other than one of the
electron transfer type, if any, should be brought about by the direct inter-
action of metal salt and monomer, initiating a cationic polymerization, or
by free acid, which might be formed as a result of the hydrolysis of metal
salt. These metal nitrates have not hitherto been recognized as Friedel-
Craft catalysts; consequently, this participation in the polymerization as
conventional cationic catalysts could be ignored. The role of free acid
in the polymerization will be discussed in the following section.

Polymerization of VCZ in Dioxane, Initiated by Nitric Acid

Nitric acid itself can also initiate polymerization, as shown in Figure 7.
It is possible to make an approximate calculation of the amount of nitric
acid produced by hydrolysis. For example, the hydrolysis of ferric nitrate
may be estimated as follows. The hydrolysis constant Kh* and stability
constant Ai for ferric nitrate complex have been obtained as follows:

I'ci- - UT)  FcOl2i | IT, A,* = |FeOH2+][H +]/[Fe3+] ()
Fe8* * NOs- ~ FcMV+ AT = [I-'eN032+]/[Fe3+][N03*J (2)

Higher orders of hydrolysis or complex formation and the effect of the
spontaneous dissociation of water molecules are neglected. The value of
Aft* at 40°C., when » —»0, is calculated to be 1.55 X 10“2from the value
of log Kh* = —2.17 measured at 25°C., when ~ —0 and Aflh* = 104

Fig. 7. Time-conversion curves for the polymerization of VCz in dioxane at 40°C.,
initialed by nitric acid; [VCZ] = 0.67Jf; (HJ [IINOJ = (i.o X 10"dl/, £ST [IINOsl =
G5 X 10-'M, (-6-) [IINOd = G5 X 10~8M.
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kciil./mole.13 The value of Kxat 40°C., when g — 0, is estimated as 10.0
from the reported value at 25°C., neglecting the heat change of the com-
plex formation, since the value of K xseems to be rather insensitive to tem-
perature.l4 When the total ferric concentration is 10~2 mole/l., then
[FEOH2+] and [FeX032+] are calculated as 0.58 X 10-2 and 0.20 X 10~2
mole/l., respectively; then [H+]is also 0.58 X 10-2 mole/1.

These figures correspond, however, to the composition of ferric species
in aqueous solution. Since the value of Kh* is in fact the product of the
real K* and the concentration of water in dilute aqueous solution, it is
not proper to apply eq. (1) to an organic system. The real K,* (dis-
tinguished by adding a prime) should be expressed as follows:

[FEOH2+][H +]
[Fe3+][HD]

©)

The value of Kh*' is then reduced to 2.8 X 10~4 (that is, KA/[H2] in
dilute aqueous solution). Using this figure and assuming the concentra-
tion of water in the system to be equal to crystalline water dissolved in
ferric nitrate, one obtains |[FeOH2+] = 4 X 10~4and [FeN(V+] = 3.6 X
10~3mole/1.

The real composition of the dioxane solution containing metal salt would
be more complicated as a result of the interaction of metal salt with solvent
molecules and, in addition, changes in the stability constants Ki and K,*",
owing to the much smaller dielectric constant of dioxane than of water.
In nonpolar solvents the ion-pair complexes would be stabilized, and the
formation of FeOH2+ would be very much facilitated. The formation
of FeENXV+ would be enhanced to the same extent as FeOH2+ and, as a
whole, the relative amounts of FeOH2+ and FcN 032+ would not be affected
much. Now it is clear from the discussion above that the concentration
of acid produced by the hydrolysis of ferric salt is much smaller, probably
one order less than the initial total ferric concentration.

Cupric ion is less easily hydrolyzed than ferric ion (the Kh* for cupric
ion is 10~6to 10-7), and the amount of nitric acid formed would be very
much smaller than in the case of ferric nitrate.

It has been reported that the polymerization of VCZ in the dry state
could be catalyzed by a trace of protonic acid (10~73/).1I; In the presence
of water the polymerization was retarded but not inhibited. A low yield
of low molecular weight polymer was reported to be produced within half
an hour at room temperature when solid monomer was added to concen-
trated hydrochloric acid. The initiating activity of 62% nitric acid is in
fact much weaker than that of the protonic acid in a completely dry sys-
tem, as mentioned by Scott, since polymerization of VCZ was observed
only when [HXO3]> 10_4d/, as shown in Figure 7. The wet system was
intentionally chosen so that the results could be compared with those of the
systems initiated by metal nil rate. The ratio of water to nitric acid in 02%
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nitric acid about 2, and this value corresponds to the completely hydro-
lyzed state of Fe(N033-9HX:

Fe(N033-9HD  Fe(OH), + 3HNO3+ 6HD

The water-to-acid ratio in an actual ferric nitrate system that is incom-
pletely hydrolyzed would be then larger than 2.0, and consequently its
catalytic activity as a protonic acid would be weaker than would be an-
ticipated from the model experiments with 62% nitric acid as initiator.

A comparison of Figures 7 and 4 leads to the conclusion that nitric acid
would not be the main active species inducing polymerization when ferric
nitrate and, probably, also cupric nitrate are used as catalyst in dioxane.
The initial rate of polymerization initiated by nitric acid is only one-tenth
of that initiated by ferric nitrate when the ratio of [HNO03] to [Fe(N033]is
as high as 0.65.

Copolymerization of VCZ with Styrene

Copolymerization is one of the best methods of determining the mecha-
nism of propagation. Although a cationic copolymerization of VCZ and
styrene has not been reported, the high cationic reactivity of VCZ would
bring about a copolymer rich in VCZ units.

In electron-transfer polymerization systems the formation of pure poly-
VCZ was reported6to take place when VCZ was polymerized by using p-
chloranil or tetracyanoquinodimethane in styrene. Scott mentioned that
no absorptions other than those of poly-VCZ were detected in the infrared
spectra of methanol-precipitated products. However, the infrared ab-
sorptions due to styrene units almost overlap with those of poly-VCZ, and
it would be rather difficult to confirm the formation of any homopolymer
of VCZ. Wang9reported that the mixture of VCZ and styrene was com-
pletely polymerized in the presence of 1% by weight of ferric nitrate at
room temperature during a period of 24 hi'., even though air was not ex-
cluded. A reexamination of his experiment gave sharply contrasting
results. A saturated solution of VCZ made up with 1 g. of VCZ and sty-
rene was added to 20 mg. of ferric nitrate, and the mixture was kept at
room temperature. Complete polymerization was not observed, and the
methanol-insoluble products after 9 days’ reaction were only 0.80 g. The
products were nearly pure poly-VCZ, judged by nitrogen analysis.

Copolymerization of VCZ (Mj) with styrene (M2 in acetone, dioxane,
benzene, or ethylene dichloride, with cupric nitrate, ceric ammonium
nitrate, or ferric nitrate as catalyst at 40°C. always gave polymers very
rich in VCZ. When the feed ratio of VCZ to styrene was 0.07, the poly-
mer produced was at least 80% VCZ units. This result differs entirely
from those of radical copolymerization.16 Since the possibility of produc-
ing mixtures of homopolymers or mixtures of copolymers and homo-
polymer6was not examined, because of a lack of suitable solvent for ex-
traction, furl her discussion could not be made.
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Electron Spin Resonance Spectroscopy

The foregoing discussions indicate that the cationic polymerization of
VCZ, initiated by oxidizing metal nitrates, is very likely to be caused by
an electron-transfer process. When relatively stable ion radicals are
formed thermally and can be trapped by cooling of the reaction system,
ESR spectroscopy is a suitable method of detecting the species. Some of
the ESR spectra are shown in Figure 8, and qualitative observations of
other systems are tabulated in Table 111. The ESR absorptions of metal
salts alone in methanol, benzene, and ethylene dichloride were confirmed
to be negligible, except that of cupric salt.

VCZ —Ce(NH4)2(N03)6 VCZ-fre(N0339HD
Gain 4000
gauss
N-ECZ - Ce(NH,yNO,)t N-ECZ

— Fe(N0,)39HD

94-
gauss
Gain 1600

gauss

Fig. 8. ESR spectra of vinylcarbazole and A 1 ethylearbazole in the presence of oxidizing
metal salts in ethvieni dichloride at 77°K.

The ESR spectrum, when it is observed, appears always as a singlet band
lhat may be assigned to the delocalized ion radical. The behaviors of VCZ
and vV-ethylcarbazole are qualitatively the same according to the ESR
spectroscopy, indicating that the presence of the vinyl group in forming the
paramagnetic species is not the essential condition. At the present time
it is not decided whether the ir molecular orbitals or the pair of nonbonding
electrons of the nitrogen atom would participate in the electron-transfer
process. In organic donor-acceptor systems V-isopropylcarbazole is con-
sidered a T donor.l/ The free spins produced on the carbazole ring by
either mechanism would conjugate with the vinyl group and activate the
monomer. The high stability of the paramagnetic species would be an
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TABLE 111
ESI! Spectrum of Yinylearbazole and AYEthylcarbazole in the Presence of
Oxidizing Metal Salts, Measured at 77°K.8

Solventl
Donor-aeeeptor Ethylene
pair Methanol Benzene dichloride
YCZ- (!u(NO:,)2-3Hs(> (G = soy i (G = 80) O (O = 250)
YCZ Fe(N03),-9H,<> n 10 = 20(io.) A ((! = 1000) A (G = 4000)
YCZ Ce(NH,MNO:j)6 O «7 = 03) 0(0 = 2000) 0(0 = 1600)
S.8 gauss'l 7.2 gauss 6.5 gauss
ECZ-Cu(N()3»3HjO O (O = 16) o =2
ECZ-Fe(N033-9HD O (fir = 250) 0 (0 = 1600)
9.4 gauss
ECZ-Ce(NITAH2ANO0I)6 O (G = 10) 0 (0 = 2000)
9.6 gauss 6.8 gauss

“Sample: 0.5 ml. of solution containing 0.08 mmole of YCZ or ECZ was added to
—0.03 mmole of metal salt.

b No signal, q; weak signal, A; strong and clear signal, O.

cGain.

dValues of AHNa (peak-to-peak width).

indication of extensive delocalization of an unpaired electron over the
carbazole ring. Its stability is so high that the ESR signal is still observ-
able even after several cycles of freeze and thaw.

The intensity of the ESR signal depends on the catalyst used. No ESR
signal was observed for the system containing cupric nitrate. This might
be due partially to the fact that the strong background absorption caused
by cupric species prevents ESR measurement at high sensitivity.
The strength of the ESR signal seems to be correlated to the oxi-
dizing power of the metal salts. This is a reasonable correlation, because
stronger oxidants (i.e. stronger acceptors), such as CelV, bring about a
larger extent of electron transfer than do the weaker oxidants such as Fem
and Cull

No general correlation could be found between the strength of the ESR
signal and the rate of polymerization. The strengths of ESR signals may
be given in the order Cel > Felll > Cull, whereas the strength of the
catalytic activity of the ferric salt is always larger than that of the cupric
salt, but the position of the ceric salt is uncertain. In homogeneous sys-
tems the ceric salt is as strong an initiator as the ferric salt (Fig. 3). In
heterogeneous systems (Fig. 1) the initiating activity of the ceric salt is
even weaker than that of the cupric salt. Complicating factors due to the
insolubility of the initiator must be considered, and consequently a com-
parison of the catalytic activity of metal salts in this system seems to have
little significance.

The production of paramagnetic species does not mean the initiation of
polymerization, unless the reaction conditions, such as the solvent used,
;ire favorable for the polymerization to proceed. [I"or instance, the ESR
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signal was observed for the system VCZ-CelV-methanol, but no polymer
was formed.

CONCLUSION

The initiation process for the polymerization of VCZ catalyzed by oxi-
dizing metal salts is most likely to be of an electron-transfer type. Con-
firmatory evidence of the formation of ion radicals through the reaction
between carbazole derivatives and ceric or ferric salts has been obtained by
ESR spectroscopy. Although there is still no direct evidence of the iden-
tity of the paramagnetic species and the active species in the initiation of
the polymerization, initiation mechanisms other than one involving elec-
tron transfer are less likely. Concerning cupric nitrate systems, electron
transfer could not be confirmed by ESR spectroscopy, for technical reasons.
The catalytic activity of cupric nitrate is nevertheless difficult to explain
on the assumption that the polymerization is initiated by free nitric acid
produced by the hydrolysis of cupric nitrate. The probability of the
formation of a weak donor-acceptor complex between VCZ and the metal
salt is not discussed in this report. Very weak organic acceptors, such as
methyl methacrylate and acrylonitrile, could initiate the polymerization
of VCZ, which was regarded as a polymerization induced by mesomeric
polarization.4’5 If any charge-transfer complex is formed, it could be
detected by electronic spectroscopy. As far as we have examined, no
interaction between VCZ and the cupric salt has been found. Further
study on this point is clearly required.

The VCZ would show peculiar behavior in conventional cationic poly-
merization systems because of its strong donor property. Interaction be-
tween VCZ and conventional cationic catalysts would often involve donor-
acceptor complex formation. For example, a strong singlet ESR signal is
observed for the system VCZ-anhydrous ferric chloride-ethylene dichlo-
ride, in which ferric chloride would act both as an electron acceptor and as a
conventional cationic initiator.

The authors wish to express their thanks to Mr. Kozo Tsuji for the measurement of
the ESR spectra.
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Résumé

La polymérisation du iV-vinylcarbazole (VCZ) dans le dichlorure d’éthyléne, 1’acétone,
le benzene, le dioxane, utilisant le nitrate de cuivre, le nitrate ferrique et le nitrate
cériqgue ammonique comme catalyseurs, a été étudiée. Dans tous les cas la polymérisa-
tion semble étre de nature cationique si I’on en juge par la copolymérisation avec le
styrene. La spectroscopie ESR a été faite pour le systeme en polymérisation et égale-
ment pour le systtme contenant du Ar-éthyl-carbazole au lieu de VCZ. Les spectres
ESR singlets ont été observés pour tous les systémes contenant le sel cérique et pour cer-
tains systéemes contenant un sel ferriqgue mais pas pour les systémes contenant un sel
cuivrique. Les spectres ESR indiquaient la formation d’un ion radical par transfert
électronique entre le sel métallique oxydant et le dérivé carbazole. Les mécanismes
possibles d’initiation autres que par initiation par transfert électronique sont moins
probables et on conclut que le procesus d’initiation est trés probablement du type trans-
fert d’électrons.

Zusammenfassung

Die Polymerisation von iV-Vinylcarbazol (VCZ) in Athylendichlorid, Aceton, Benzol
und Dioxan mit Kupfernitrat, Eisen-1ll-nitrat und Cerammonnitrat als Katalysator
wurde untersucht. In allen Fallen handelte es sich, nach der Copolymerisation mit
Styrol zu urteilen, um eine kationische Polymerisation. ESR-Spektren des Polymeri-
sationssystems sowie des Systems mit W-Athylcarbazol an Stelle von VCZ wurden
gemessen. An allen Systemen mit Cersalz und an einigen mit Eisen-Il11-salz jedoch
nicht an Systemen mit Ivupfer-l1-salzen wurden Singulett-ESR-Spektren beobachtet.
Die ESR-Spektren sprachen fur die Bildung eines lonenradikals durch Elektroneniber-
tragung zwischen oxydierendem Metallsalz und den Carbazolderivaten. Andere, an
sich mogliche Mechanismen als Elektronentbertragung sind fur die Initierung weniger
wahrscheinlich und man kommt zu dem Schluss, dass der Initiierungsvorgang mit
grosser Wahrscheinlichkeit in einer Elektroneniuibertragung besteht.
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Copolymerization of Trioxane with Styrene

Catalyzed by BF30(C 2H 62

1" HIGASHIMURA, A. TANAKA, T. MIKI, and S. OKAMUKA
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

It was determined whether trioxane, a cyclic formal, can copolymerize with styrene, a
vinyl monomer, in the presence of BFj-OtCslish catalyst at :i()°0. The methanol-in-
soluble fraction after extraction with benzene was found to contain the copolymer of
styrene and trioxane, thus demonstrating that trioxane can copolymerize with styrene
Irt this case the amount of the methanol-insoluble polymer was less than that, of the total
monomer consumed, as determined by gas chromatography. This was found to be
caused partly by the formation of the cyclic oligomer, 4-phenyl-l,3-dioxane. The rela-
tive reactivity of styrene was qualitatively found to be larger than that of trioxane, not
only from the rate of monomer consumption but also from the composition of the meth-
anol-insoluble polymer obtained. In a nonpolar solvent the reactivity of trioxane in-
creased, and the difference in reactivity between the two monomers decreased. Indeed,
an apparent monomer reactivity ratio might be obtained from the relationship between
the monomer composition and the monomer consumption rate or the composition of the
methanol-insoluble polymer, but it did not have a quantitative meaning because of the
complexity of the copolymerization reaction.

INTRODUCTION

Recent studies have been made to determine whether cyclic compounds
such as cyclic formal,12 cyclic ether,3 and lactone4 can copolymerize with
vinyl monomers, which are quite different in chemical structure from the
former. It was found that cyclic formal and lactone can react with sty-
rene with formation of the copolymer. It was of interest to determine the
reaction mechanism between these monomers having such differences in
chemical structure and relative reactivities. In the published papers these
points are discussed mainly on the basis of the analyses of the polymer ob-
tained. These results would be valid only if substances other than co-
polymer were not formed during the copolymerization of the two monomers.
If this were not so, these results may be invalid.

We have found that the cyclic oligomer is formed in the homopolymeri-
zation of cyclic formats such as trioxane,6 tetraoxane,5 and dioxolane.”
Therefore, in the copolymerization of cyclic formats and vinyl monomers
the formation of these or similar reaction products other than polymer
may be expected. In such case the copolymerization reaction should be
studied, not only on the basis of the analyses of the polymer obtained,
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but also on the basis of the consumption of each monomer and the forma-
tion of by-products.

The copolymerization of trioxane with styrene was studied kinetically
from the above-mentioned point of view, since the formation of the co-
polymer had been previously reported by Hohr et ah® The cationic poly-
merizability of trioxane was found to be less than that of styrene. The
yield of methanol-insoluble polymer did not coincide with the amount of
total monomer consumption, the latter being larger than the former. This
discrepancy was found to be caused partly by the formation of the cyclic
oligomer, 4-phenyl-1,3-dioxane. The solvent effect on the reactivity of
styrene and trioxane was also studied.

EXPERIMENTAL

Materials

Styrene was refined by washing commercial material with sodium hy-
droxide and sodium bisulfite aqueous solutions, drying over calcium chlo-
ride, and distilling over calcium hydride at reduced pressure. Other ma-
terials were purified as described in a previous paper.7

Procedures

The copolymerization was carried out in solution by using boron tri-
fluoride etherate [BI*VO(C.>H6f2]as catalyst. The reaction was initiated by
adding the catalyst solution from a syringe through a rubber stopper into a
flask containing the monomer solution. The effect of air was not consid-
ered, and the polymerization solution was not stirred. In a given period
of time the polymerization was stopped by adding a certain quantity of
ammoniated methanol. By use of the upper layer the concentration of
residual monomers and cyclic oligomers (tetraoxane and 4-phenyl-I,3-
dioxane) formed were measured by gas chromatography according to the
internal-standard method. The conditions of the gas chromatographic
measurement are as follows, where PEG is poly (ethylene glycol) and CNP
is dinonyl phthalate.

For trioxane: PEG-4000 (1 m.) + DNP (1 m.), temp. 95°C., IT. 60 ml./
min., m-xylene as internal standard.

For styrene and tetraoxane: PEG-4000 (1 m.) + DNP (1 m.), temp. 130°-
C., H2, 70 ml./min., p-cymene as internal standard.

For 4-phenyl-1,3-dioxane: PEG-6000 (1 m.), temp. 170°C., 11/, 70 m 1./
min., nitrobenzene as internal standard.

The peak area was measured by using a planimeter. The methanol-
insoluble polymer was obtained by pouring the polymerizing system into a
large quantity of methanol filtering the precipitate, washing with methanol,
and drying in vacuum at room temperature.

The formation of the copolymer was confirmed by the extraction of the
methanol-insoluble product with benzene; that is, the infrared spectra and



CO1H)I,YMT5RIZAT1ION OF TRIOXANE WITH STYRENE 1929

the elemental analyses showed that both the parts soluble and insoluble
in benzene contained oxymethyleue and styrene units. The composition
of the methanol-insoluble polymer was determined by elemental analysis.
In the following results [AT]0 denotes total initial concentration of both
monomers.

RESULTS AND DISCUSSION

Rates of Monomer Consumption and Polymer Formation

The rate of consumption of each monomer was measured by gas chro-
matography for the copolymerization of trioxane and styrene in ethylene

Fig. L (a) Change in concentration of each monomer with reaction time in copoly-
merization of trioxane and styrene catalyzed by BFrO(C2H6)2 in ethylene dichloride at
:i0°C. with [M]0 = 1-50 moles/1.: (O) consumption of trioxane, (A) consumption of
styrene (moles/1.). Monomer composition [TOJo/[St]Q 92:8; catalyst concentration,
20 mmoles/1. (b) Same as Figure la, except that [TO]Q[St]0is 50:50 and catalyst con-

centration is 10 mmoles/1.
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Fig. 2. See caption, p. 1031

dichlorode at 30°C. The results for different monomer compositions, are
shown in Figures la and 16. Clearly, from these figures the consumption
rate of styrene is larger than that of trioxane, regardless of the monomer
composition. Therefore, it is concluded that the reactivity of trioxane in
the presence of the cationic catalyst is smaller than that of styrene. In
such a system a polymer which is rich in trioxane units cannot he expected.

It has been already found that in the homopolymerization of trioxane
catalyzed by BF3-0(C2H52the amount of methanol-insoluble polymer does
not coincide with that of the monomer consumed, the former being smaller
than the latter.6 This point was also confirmed in the copolymerization of
trioxane and styrene at various monomer compositions. The results are
shown in Figures 2a, 26, and 2c. As is seen in these figures, the amount of
methanol-insoluble polymer does not coincide with that of the total mono-
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Fig. 2. (a) Time-conversion curves in copolymerization of trioxane and styrene cat-
alyzed by BF3-0(C,d152 in ethylene dichloride at 30°C. with [M]O = 1.50 moles/1.:
(O) total monomer consumption rate, (V) methanol-insoluble polymer yield, (O) tetra-
oxane yield, (A) 4-phenyl-1,3-dioxane yield, (0) curvesb + ¢+ d. Monomer composi-
tion [TO]Jo/[St]Q 92:8; catalyst concentration, 20 mmoles/1. (b) Same as Figure 2a,
except that [TO]Q[St]0is 50:50 and catalyst concentration is 10 mmoles/1. (c) Same
as Figure 2a, except that [TO]JQ[St]0is 5:95 and catalyst concentration is 5 mmoles/1.

mer consumed, the latter being larger than the former, as occurs in the
homopolymerization of trioxane. On the other hand, in the homopoly-
merization of styrene catalyzed by in ethylene dichloride at
30°C. the amount of the methanol-insoluble polymer exactly coincided with
that of the monomer consumed, as is shown in Figure 3.

Therefore, the difference between the amount of methanol-insoluble
polymer and that of monomer consumed in the copolymerization of tri-
oxane with styrene is caused by the presence of trioxane in the polymerizing
system. This difference increased with an increase in the trioxane feed
content, as is shown in Figure 4. It is also clear from Figure 4 that the

Fig. 3. Time—eonversion curve in homopolymerizalion of styrene catalyzed by
BFj'QfCsHs” in ethylene dichloride at 30°G, with [Mb = 100 mole/l., [BI*VO-
(CYHsbl =4.0 mmoles/1.: (O) monomer consumption rate, .(D) polymer yield.



m s IHIGASHIMURA, TANAKA, MIKI, 0 KAMURA

addition of a small amount of styrene decreased remarkably the formation
of methanol-insoluble polymer as compared with the case of the trioxane
homopolymerization under similar conditions, while the amount of the
monomer consumption was almost the same in both cases. These facts
suggest the occurrence of a side reaction other than polymer formation by
the reaction of trioxane with styrene.

In the homopolymerization of trioxane the formation of tétraoxane has
been found.5 In the copolymerization of trioxane and styrene the forma-
tion of tetraoxane has been recognized by gas chromatography. More-
over, in the gas chromatogram of the trioxane-styrene copolymerized
system a new substance was found in the high boiling-point region, besides
the substances, charged and the tetraoxane formed. This new substance
was collected by a fraction collector through gas chromatography and shown

Fig. 4. Monomer composition dependence of conversion at, a reaction time of 60
min. in copolymerization of trioxane and styrene catalyzed by BFj-OfCsHsh in ethylene
dichloride at 30°G. with [M]o = 1.50 moles/1.: (A) total monomer consumption, (O)
methanol-insoluble polymer yield. Numbers in parentheses denote concentration of
BF30(C»Hs)! in mmoles/1.

to be 4-phenyl-1,3-dioxane by its refractive index and infrared spectrum
(Fig. 5). This spectrum is the same as reported for 4-phenyl-1,3-dioxane.l
The refractive index of the fraction collected was «'d = 1.5255, while that of
the commercial 4-phenyl-1,3-dioxane was = 1.5255 (lit,.8 jid =
1.5269). Therefore during the copolymerization of trioxane and styrene
the substances, polymer, tetraoxane, and 4-phenyl-1,3-dioxane are formed.

The formation of 4-phenyl-I,3-dioxane was confirmed in all systems in-
vestigated in this report, but the amount formed depends on the mono-
mer composition. The time-conversion curves for each component, for
example, was as shown in Figure 2a for the system in which the difference
between the monomer consumption amount and the amount of the meth-
anol-insoluble polymer was the largest. The total amount of monomer
consumed still did not coincide with the total amount of the polymer, tetra-
oxane, and 4-phenyl-1,3-dioxane formed.
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Fig.  Infrared spectrum of reaction product 4-phenyl-1,3-dioxaue in copolvmerizat ion
of trioxane and .styrene by BFj-OfCjHj)*

t-Phenyl-1,3-dioxane has little homopolymerizability with a cationic
catalyst such as BFr 0(CoH5)29but it is not clear whether this compound
can copolymerize with styrene, trioxane, or tetraoxane, which is produced
during the copolymerization of trioxane with styrene. The formation of
4-pheny1-1,3-dioxane may be explained in terms of the back-biting reac-
tion (or intramolecular transacetalization), as was reported with respect to
tetraoxane formation in the homopolymerization of trioxane.5

Effect of Solvent

Ln the copolymerization of cyclic formal and vinyl monomer it is also
possible to obtain the relationship between the monomer composition ratio
and the ratio of each component in the product, as done for the copolymeri-
zation of vinyl monomers. In the copolymerization of trioxane with sty-

Fig. 6. Polymer composition as determined by monomer consumption rate, with [M]o
= 15 mole/l., [BFa-OfCsTTrkl = 10 mmole/l.: (O) in benzene, (O) in ethylene di-
chloride.
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TO in feed (mol %)

Fig. 7. Polymer composition as determined by elemental analysis of methanol-
insoluble polymer obtained, with [M]Jo = 4.0 moles/1.: (O) in benzene, (O) in ethylene
dichloride, (A) in nitrobenzene.

rene in various solvents the composition curves determined by monomer
consumption are as shown in Figure (5 and those determined by elemental
analysis of the polymer are as shown in Figure 7.

These curves, however, do not simply show the relative reactivity of the
monomer as found in the copolymerization of vinyl monomers for flic
following reasons. Since reactions other than polymerization occur during
the copolymerization of trioxane and styrene, the monomers are not always
consumed just for formation of polymer. The polymer is also probably
formed by the reaction of styrene, tetraoxane, and other by-products in ad-
dition to the reaction of styrene and trioxane. Therefore, it is meaning-
less in regards to this system to discuss the results quantitatively by deter-
mining the monomer react ivity ratios r, and ©taccording to the Lewis-Mayo
equation.

Speaking qualitatively. Figures (i and 7 support the above-mentioned
conclusion that styrene is more reactive than trioxane. The composition
curves in Figure (i are clearly different from those in Figure 7. This shows
that the ratio of trioxane consumption to styrene consumption does not
coincide with that of trioxane content to styrene content in the polymer
formed. This is supported by the fact that 4-phenyl-l,3-dioxane and
other by-products are formed in the copolymerization of trioxane and
styrene.

As is seen in Figures (i and 7, the apparent relative reactivity of monomet
varies with the nature of the solvent used. At the present time, a quanti-
tative discussion is impossible, since all the reaction products have not been
confirmed yet. However, it can be qualitatively concluded that in the co-
polymerization of trioxane and styrene by cationic catalysis the reactivity
of trioxane as compared with that of styrene increases with a decrease in
the polarity of solvent.

As is shown in Figure 7, the composition of the polymer obtained in ni-
trobenzene is not very different from that obtained in ethylene dichloride.
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Therefore, it seems that the reactivity of trioxane increases only in a non-
polar solvent, such as a hydrocarbon compound. It has been reported by
Minoura et al. that the trioxane content in the methanol-insoluble polymer
increases with a decrease in the dielectric constant of the benzene-nitro-
benzene mixture solvent.10

hi the homopolymerization of trioxane by BFrO ~H sh at a low mono-
mer concentration the polymerization rate (the polymer formation rate)
in a nonpolar solvent was larger than that in a polar solvent.1l This phe-
nomenon was explained in terms of the selective solvation of the active end
with monomer. Accordingly, the larger reactivity of trioxane in a non-
polar solvent during the copolymerization of trioxane and styrene may
be explained by the same idea. It is assumed that the styryl carbonium
ion is stabilized by solvation with trioxane and solvent molecules and that
both processes proceed competitively, as is shown in the following scheme,
where TO is the trioxane molecule and S is the solvent molecule:

If the solvation with trioxane occurs predominantly, the styryl carbonium
ion may be easily transformed to a very stable oxonium ion, so that styrene
monomer then adds to it with difficulty. Since the solvation power of
solvent decreases with the decrease in the polarity of solvent, in a nonpolar
solvent the styryl carbonium ion may be stabilized selectively by solvation
with trioxane molecules rather than by solvent molecules, and thus the
styrene monomer may be consumed with difficulty. A similar phenomenon
may occur with respect to the active end composed of atrioxane unit at low
concentrations of trioxane, as is mentioned above.ll

As mentioned, trioxane reacts with styrene in the presence of BF3-0-
(C2HH2 catalyst with the formation of the copolymer. In this case it was
made clear that styrene is more reactive than trioxane and that appreciable
amounts of by-products other than polymer are formed. Therefore, for
this copolymerization system it is not correct to discuss the relative reac-
tivities of the monomers only on the basis of the composition of the polymer
obtained.

This investigation was reported at the Meeting on Polymer Chemistry at Kobe, Japan,
July 9, 1966.
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Résumé

On a étudié la copolymérisation éventuelle du trioxane, un formai cyclique, avec le
styréne, un monomere vinylique, en présence d’un catalyseur BiYOiCjHa)» a 30°C. La
fraction insoluble dans le méthanol apres extraction au benzene contenait un copolymeére
de styréne et de trioxane, démontrant ainsi que le trioxane et le styrene copolymérisent
effectivement. Dans ce cas, la quantité de polymere insoluble dans le méthanol est plus
petite que la quantité totale de monomeres consommeés tel que cela a été déterminé par
chromatographie gazeuse. Ceci est d( partiellement a la formation de I'oligomere
cyclique, le 4-phényle-1,3-dioxane. La réactivité relative du styréne a été trouvée étre
qualitativement plus grande que celle du trioxane, non seulement par la vitesse de con-
sommation du monomeére, mais également par la composition du polymére obtenu in-
soluble dans le méthanol. Dans un solvant non-polaire, la réactivité du trioxane aug-
mente et la différence de réactivité entre les deux monomeéres diminue. En effet, un
rapport de réactivit¢ monomérique apparent peut étre obtenu par la relation entre la
composition monomérique et la vitesse de consommation des monomeéres ou par la com-
position du polymere insoluble dans le méthanol, mais il n’a pas de signification quantita-
tive par suite de la complexité de la réaction de copolymérisation.

Zusammenfassung

Die Mdglichkeit, Trioxan, ein cyclisches Formal, mit Styrol, einem Vinylmonomeren,
in Gegenwart von BFDKCdb,):: als Katalysator bei 31)°C zu copolymerisieren, wurde
untersucht. Durch Extraktion mit Benzol wurde festgestellt, dass der methanol-
unlésliche Anteil lias Styrol-Trioxaneopolymere enthdlt und so die Copolymerisation
zwischen Trioxan und Styrol nachgewiesen. Die Menge des methanol-unléslichen Poly-
meren war in diesem Fall geringer als diejenige des gesamten, gaschromatographisch
bestimmten, umgesetzten Monomeren. Die Ursache dafir lag zum Teil in der Bildung
des cyclischen Oligomeren, 4-Phenvl-1,3-dioxan. Die relative Reaktivitdt von Styrol
envies sich qualitativ als grosser als diejenige von Trioxan, nicht nur durch die Gesch-
windigkeit des Monomerverbrauches sondern auch durch die Zusammensetzung des
erhaltenen, methanol-unléslichen Polymeren, In einem nicht-polaren L&sungsmittel
nahm die Reaktivitdt von Trioxan zu und der Reaktivitdt«unterschied zwischen den
beiden Monomeren verringerte sich. Aus der Beziehung zwischen .Monomerzusammen-
setzung und Monomerumsatzgeschwindigkeit oder der Zusammensetzung des methanol-
unldslichen Polymeren kdnnte man ein scheinbares Mouomer-Reaktivitatsverhdltnis
erhalten; dieses besitzt aber wegen des komplexen Charakters der Copolymerisations-
reaktion keine quantitative Bedeutung.

Received November 10, 1966
Revised J'ebruary S, 1967
Prod. No. 5376A
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Copolymerization of Tetraoxane with Styrene

Catalyzed by BF3-0(C 2H 52

7. 1IIJC.ASHIM UKA, A. TANAKA, T. MIKI, and S. OKAMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The copolymerization of tetraoxane with styrene catalyzed by BIYQOiColRh was
studied at 30°C. to determine whether a cyclic monomer can copolymerize with a vinyl
monomer. The formation of the copolymer was confirmed by elementary analysis of
both benzene-soluble and benzene-insoluble fractions of the polymer obtained. It was
found by gas chromatography that a fairly large amount of 4-phenyl-I,M-dioxane and a
small amount of trioxane were formed in the present system, in addition to polymers.
Koughly a third of the total amount of the monomers reacted was consumed in the for-
mation of methanol-insoluble polymer, a third for 4-phenyl-1,3-dioxane, and another
third for trioxane and unknown products which could not be identified. The formation
of these cyclic compounds during the copolymerization may be explained in terms of a
back-biting (or intramolecular transacetalization) reaction. The cationic reactivity of
tetraoxane was found to be similar to that of styrene on the basis of both the consump-
tion rate of each monomer in the copolymerizing system and the composition of the
methanol-insoluble polymer obtained.

INTRODUCTION

In a previous paper,lthe copolymerization of trioxane with styrene by a
cationic catalyst was studied to determine whether a cyclic monomer can
copolymerize with a vinyl monomer having a chemical structure quite
different from the former. It was found that the cationic polymerizability
of trioxane is smaller than that of styrene. The copolymer containing
many oxymethylene units was obtained with difficulty because of the pre-
dominant formation of by-products other than the polymer even at the
high trioxane feed content. Therefore, a more reactive cyclic formal than
trioxane should be used as a comonomer so as to readily obtain a copolymer
containing many oxymethylene units. In this paper, the copolymerization
of styrene with tetraoxane, which has a larger polymerizability than tri-
oxane,2was studied in the presence of BIYCKCsHe” as catalyst at 30°C.

The reactivity of tetraoxane was found to be similar to that of styrene
during the copolymerization of tetraoxane with styrene. In this case,
the formation of a large amount of 4-phenyl-1,3-dioxane was also observed,
as in the copolymerization of trioxane with styrene.l

1937
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EXPERIMENTAL

Tetraoxane was supplied by Toyo Ivo-atsu Co. Ltd. and recrystallized
from acetone. Chloroform was washed with concentrated sulfuric acid,
aqueous sodium hydroxide, and water, dried over calcium chloride, and
distilled over phosphorus pentoxide. The purification of the other mate-
rials, the procedures of the copolymerization, and the determination of
the concentration of each component in the reaction system by gas chro-
matography are the same as described in the previous paper.l The total
initial monomer concentration [M]0was equal to 1.0 rnole/l.

RESULTS AND DISCUSSION

Rate of Monomer Consumption During Polymer Formation

In the homopolymerization of tetraoxane, trioxane was formed.2 In
the copolymerization of trioxane with styrene, the formation of a cyclic
oligomer, 4-phenyl-1,3-dioxane, was found.l1 In the copolymerization of
tetraoxane with styrene, the formation of these cyclic compounds was also
recognized by gas chromatography. Consequently the change in the con-
centration of each component with reaction time was measured by gas
chromatography during the copolymerization of tetraoxane with styrene in
ethylene dichloride. The results for various monomer compositions are
showm in Figures 1-3. As is seen from curves a and b in Figure 2, tetra-
oxane and styrene are consumed at almost the same rate with BF30 (C2H52
as catalyst, The reactivity of tetraoxane is similar to that of styrene, or
strictly speaking, is slightly larger than that of styrene during the initial

Fig. 1 Change in the concentration of each component with reaction time in the
copolymerization of tetraoxane with styrene in ethylene dichloride at 30°C.: (a) con-
sumption of styrene; (b) consumption of tetraoxane; (c) formation of 4-phenyl-I,3-
dioxane; (d) formation of trioxane. Monomer composition [TeX] :[St] = 1:3; [M],,
1.Omole/1.; [BF30(C2Rhin, 4.0 nunole/1.; [I1D]o, 3.7 minole/1.
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Fig. 2 Change in the concentration of each component with reaction time in the
copolymerization of tetraoxane with styrene in ethylene dichloride at 30°C.: (a) con-
sumption of styrene; (b) consumption of tetraoxane; (c) formation of 4-phenyl-I,3-
dioxane; (d) formation of trioxane. [TeX]:[Sf] = 1:1; other conditions as inFig. 1

Fig. 3. Change in the concentration of each component with reaction lime in the
(~«polymerization to tetraoxane with styrene in ethylene dichloride at 30°C.: (a) con-
sumption of styrene; (6) consumption of tetraoxane; (c) formation of 4-phenyl-1,3-
dioxane; (d) formation of trioxane. [TeX] :[St] = 3:1; other conditions as in Fig.
1

stage of the reaction. In the copolymerization of trioxane with styrene at
low contents of styrene in the feed (8 mole-%), all of the styrene was
consumed in a few minutes,1 but during the copolymerization of tetra-
oxane with styrene at the low styrene feed content (Fig. 4), the styrene
was consumed at a reasonable rate without disappearing suddenly, al-
though the homopolymerizability of tet raoxane is much larger than that of
trioxane. This fact suggests that the rates of monomer consumption
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Fig. 4. Change in the eoncenlration of each monomer with reaction time in the co-
polymerization of tetraoxane with styrene hi ethylene dichloride at 30°C.: (a) consump
tion of styrene; (b) consumption of tetraoxane; [Allo, 1.00 mole/1.; [TeX]:[St] =
95:5; [BF3 OfCsHshl; 6.0 mmole/1.

Fig. 5. Time-conversion curves for the copolvmerization of tetraoxane with styrene
in ethylene dichloride at 30°C.: (a) total monomer consumption; (b) polymer yield;
(c) 4-phenyl-l,M-dioxane yield: (d) trioxane yield: (e) total products (b + ¢ + d).
[TeX]:[Sf] = 1:3. [M],, 1.0 mmole/l., [BF3-(>iCaHr)a, 4.0 mmole/l.; [If2]Q 3.7
mmole/1.

during the copolymerizatiou depend on the relative reactivities of the
monomers towards the growing chain ends and not necessarily Oll their
homopolymerizability.

In the copolymerization of trioxane with styrene, the amount of meth-
anol-insoluble polymer did not coincide with that of the monomers con-
sumed, the latter being larger than the former.1 In the copolymerization
of tetraoxane with styrene a similar phenomenon was observed. The total
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Time Unin.)

Fig. 6. Time-conversion curves for the copolymerization of tetraoxane with styrene
in ethylene dichloride at 30°C.: (0) total monomer consumption; (6) polymer yield;
(= 4-phenyl-1,3-dioxane yield; (d) trioxane yield; (e) total products (b + ¢ + d).
[TeX] :[St] =1:1; other conditions as in Fig. 5.

Fig. 7. Time-conversion curves for the copolymerization of tetraoxane and styrene in
ethylene dichloride at 30°C.: (a) total monomer consumption; (b) polymer yield;
(= 4-phenyl-l,3-dioxane yield; (d) trioxane yield; (e) total products (b + ¢ + d).
[TeX] :[St] = 3:1; other conditions as in Fig. 5.

monomer consumption and the polymer yield in various monomer com-
positions are shown by curves a and b in Figures 5-7 in which the yields
of trioxane and 4-phenyl-I,3-dioxane formed are also shown. In this case,
the total amount of methanol-insoluble polymer and cyclic compounds
(trioxane and 4-phenyl-1,3-dioxane) does not still coincide with the total
amount of the monomers consumed and a fairly large amount of the
methanol-soluble product, which has not yet been investigated, is present.
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Fig. 8. Monomer-eomposition dependence of conversion at a reaction time of 50 min.
in the copolymerization of tetraoxane with styrene in ethylene dichloride at 30°C.:
(a) total monomer consumption; (6) polymer yield; (c) 4-phenyl-1,3-dioxane yield;
(il) trioxane yield. [M],,, 1.0 mole/1., [BFa-OfCjHsfi], 4.0 mmole/1.

Figure S shows the amount of each component detected at a reaction
time of .50 min. in the copolymerization of tetraoxane with styrene. The
amount of each component produced clearly depends on the monomer com-
position. Roughly a third of the total amount of monomers reacted is
consumed by formation of the methanol-insoluble polymer, and a third
goes towards formation of 4-phenyl-1,3-dioxane, and another third to-
wards formation of the unknown methanol-soluble product.

As is clear from Figure S, in the copolymerization of tetraoxane with
styrene the amount of methanol-insoluble polymer is decreased markedly
by the addition of each comonomer while the amount of total monomer con-
sumption does not decrease as much. The difference between the amount
of monomer accounted for in polymer formation and the monomer con-
sumption increases with an increase in the styrene content in feed up to
high styrene content, and then decreases. That is, the amount of the
methanol-soluble product has a maximum at a high styrene feed content.
This is different from the copolymerization of trioxane with styrene in
which addition of a small amount of styrene markedly increased the amount
of methanol-soluble material.1 It seems that during the copolymeriza-
tion of styrene with trioxane or tetraoxane, the addition of a small amount
of the more reactive comonomer tends to inhibit the formation of the meth-
anol-insoluble polymer.

As is seen in Figures 5-8, the amount of methanol-insoluble polymer
depends on the composition of the monomer mixture. It should be noticed
(Figs. 5 and 6) that the formation of the methanol-insoluble polymer was
suppressed or apparently interrupted at a certain yield, depending on the
composition of the monomer mixture. Therefore it is clear from Figures
1 and 2 that styrene is consumed for the formation of compounds other
than 4-phenyl-1,3-dioxane even after the apparent interruption of the
formation of the methanol-insoluble polymer. One of the unknown prod-
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nets may be a very low molecular weight, polymer which is soluble in
methanol; a high molecular weight polymer is not to be expected because
of the; format ion of 4-phenyl-1,3-dioxane, a cyclic ether having lift le cationic
homopolymerizability.4 This cyclic ether adds to the active end with the
formation of a very stable oxouium ion, thereby retarding the copoly-
merization reaction between tetraoxane and styrene. In fact, it has been
found that the addition of a small amount of ether decreased the molec-
ular weight of polymer obtained in the homopolymerization of styrene
by a -cationic catalyst.5 Another possible methanol-soluble product
may be cyclic compounds larger than six-membered rings. The possibility
for the formation of these compounds is likely on the basis of the considera-
tions for the formation of 4-phenyl-1,3-dioxane, discussed below in detail.

Properties of the Methanol-Insoluble Product

The infrared spectrum of the methanol-insoluble product obtained in the
copolymerization of tetraoxane with styrene with BF3-0(C2H 62 was the
same as that of the mixture of homopolystyrene and polyoxymethylene.
The carbon and hydrogen contents of the product as determined by ele-
mentary analysis lie between those of polystyrene and polyoxymethylene.
Subsequently, it was checked whether the product contained a true co-
polymer.

The polymer obtained was fractionated by extraction with benzene.
A 200-mg. sample was added to 20 ml. of benzene at 30°C. with vigorous
stirring, allowed to stand for one day, and the benzene-insoluble part
filtered off. The benzene-insoluble fraction was extracted three additional
times with benzene. The benzene-soluble part was obtained by evaporat-
ing benzene from the filtrate at reduced pressure. The polymer was gener-
erally divided into two fractions, the benzene-soluble and -insoluble parts.
Each fraction was found qualitatively by infrared spectroscopy to contain
not only oxymethylene units but also styrene units. The composition of
each fraction was quantitatively determined by elementary analysis. The
results are shown in Table I. It is concluded from these results that a true
copolymer was formed as in the case of the copolymerization of trioxane
with styrene.l’3

TABLE |
Benzene Extraction of (he Methanol-Insoluble Product Obtained in Copolymerization
of Tetraoxane with Styrene in Ethylene Dichloride at 30°CVI

Composition
TeX units, St units,
Fraction, wt.-% mole-% mole-fi
Benzene-insoluble (56) 79.5 205
Benzene-soluble (33) 4.5 95.5

» Conditions:  [M],,, 1.0 mole/1. ([TeX]:[St] = 4:6); [BI'YCXCTTA], 2.0 mmole/].,
reaction time, 120 min.; polymer yield, 14,0 (weight).
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Fig. ). Thermal decomposition rate (P/Pu) of the methanol-insoluble polymers ob-
tained (a) in the copolymeri/.ation of tetraoxane with styrene and (b) in the homopoly-
merization of tetraoxane, catalyzed by BFi ()(Cd I,)2 in ethylene dichloride at 30°C.
For (a) [M]Q 1.0 mole/l. ([Fex]: [St] = 8:2); vyield, 25%; ij.nr, 0.54. For (b)
[M]o, 1.0 mole/L; yield, 29%,; ijgyc, 0.87.

Fig. 10. lielationship between the viscosity of the polymer and the yield in the co-
polymerization of tetraoxane with styrene in ethylene dichloride at 30°C,: (a) [TeX]:
[St] = 0:100; (b) [TeX]:[St] = 5:95; (c) [TeX]:[St] = 48:52; (d) [TeX]:[St] =
95:5; (e) [TeX]:[St] = 100:0.

The formation of the copolymer was also confirmed qualitatively by
thermal decomposition of the polymer obtained. In Figure 9 is shown
one of the results of the thermal decomposition in air at 220°C. of the co-
polymer and of end-untreated polyoxymethylene. The decomposition of
the polymer obtained in the copolymerization was temporarily stopped
near a decomposition rate of 70%, while that of polyoxymethylene or its
mixture with polystyrene (the latter data are not shown hereld proceeded
without interruption. Though the absolute value of the decomposition
rate in the initial stage could not be compared for three kinds of samples be-
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Fig. 11 Composition curves for the methanol-insoluble polymers obtained in the
.copolymerization of tetraoxane with styrene in various solvents at d(I°C.: (Q) chloro-
form; (0) ethylene dichloride; (A) nitrobenzene. 'M .. 1.0 mole-1: [BF3-OfCal E)a],
1.0 mmole/1. Polymer yield, 5-8 wt,-%.

cause of bad reproducibility, such a temporary interruption was deduced
to be caused by the existence of styrene units combined chemically with
oxymethylene units in the main chain, and this supports the formation of
copolymer.

In Figure 10 is shown the relationship between the viscosity of the meth-
anol-insoluble polymer and the polymer yield at various monomer com-
positions. Here the limiting viscosity number [77] of the styrene-rich
polymer was measured in benzene at 30°C. (Fig. 10, lines a and 6) and the
viscosity number (~p/c) of the tetraoxane-rich polymer was measured in
p-chlorophenol including 2% a-pinene at a polymer concentration of 0.0
g./100 ml. solvent at 60°C. (Fig. 10, lines c, d, and €). Clearly the addition
of a small amount of each comonomer decreased the molecular weight of
the polymer as compared with the homopolymerization. This suggests that
each comonomer serves as a transfer or terminating agent, as in the copolv-
merization of only vinyl monomers, or that 4-phenyl-l,3-dioxane formed
during the copolymerization inhibits the formation of the high molecular
weight polymer, as is mentioned above.

In Figure 11 is shown the composition curves for the methanol-insoluble
polymer obtained in various solvents at yields of 5-8 wt.-%, as determined
by elementary analysis. This figure may support the conclusion that the
cationic reactivity of tetraoxane is similar to that of styrene. There was
no difference in composition of the polymer obtained in ethylene dichloride
and nitrobenzene solvents, as was also the case for the copolymerization
of trioxane with styrene.l The composition of the polymer obtained in
chloroform, however, was different from that obtained in the other two
solvents, the content of styrene units in the polymer being increased in
chloroform. It seems that the reactivity of each monomer is strongly
affected by the nature of solvent, especially in a nonpolar solvent. The
monomer reactivity ratio might be determined from Figure 11 according to



1916 TIIGASTIIMURA, TANAKA, MIKT, OKAMURA

a simplelcopolymerization equation or the Lewis-Mayo equation, but the
results are not quantitative because of the complexity of the eopolymeriza-
tion reaction.

Mechanism of Formation of 4-Phenyl-1,3-Dioxane

The formation of trioxane during the polymerization of tetraoxane by the
cationic catalyst has been reported and could be explained in terms of a
“back-biting” reaction (intramolecular transacetalization).2 In the co-
polymerization of tetraoxane with styrene, the rate of formation of trioxane
depends markedly on the monomer composition and is larger, the higher
the content of tetraoxane in the feed, as shown in Figures 1-3.

On the other hand, it has been reported that 4-phenyl-1,3-dioxane is
formed by a reaction of formaldehyde with styrene in water or acetic acid
by a strong acid catalyst such as perchloric acid at a high temperature
(100°C.).4,6-8 This reaction is generally called the Prins reaction. The
formation of 4-phenyl-1,3-dioxane by a reaction of trioxane or tetraoxane
with styrene in an organic solvent by a mild catalyst at room temperature
has not been reported yet, however. Therefore, it is very interesting to
consider the mechanism of 4-phenyl-1,3-dioxane formation.

In the first place, it was supposed that 4-phenyl-1,3-dioxane is formed
by the direct interaction of styrene with formaldehyde which may be de-
rived from the decomposition of tetraoxane or trioxane, or from a depoly-
merization of the oxymethylene active end, by a Prins reaction. The
amount of formaldehyde detected in the homopolymerization of trioxane
by the cationic catalyst is very small at room temperature except for the
particular case.910 On the other hand, the rate of formation of 4-phenyl-
1,3-dioxane in the present case is fairly large. Therefore, it was supposed
that this compound is not formed mainly by the reaction of styrene with
free, monomeric formaldehyde.

Thus the formation of 4-phenyl-1,3-dioxane may be also explained in
the terms of a back-biting reaction. In this case, two different routes
may be proposed. As is shown ineqgs. (1), a earbonium ion (I) formed as an
intermediate is, besides the propagation reaction, stabilized by

©
®0H— O— CH — CH2— CH— O— CH;
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a sclf-cyclization in which the end of the ion | attacks an oxygen atom in its
own chain with the formation of an oxonium ion (lia) (back-biting reac-
tion). Then the depolymerization of 4-phenyl-1,3-dioxane takes place.
The formation of the ion (I) is possible according to eqgs. (2) and (3).

®
-OCH—CH,—CH—O0 0

6 HI -OCR,— CH,— Cljeg OCR— (OCH,),— OCR @)
v
J3K— O
i+ 0\ ch, i+ (11,0
CH—O0
)
-OCR—CH—CH + CHO0 ——- | ®3)

\%

An active end composed of styrene and tetraoxane (I11),, which is inferred
to exist on the basis of the formation of the copolymer, is transformed
through aring-opening to a carbonium ion (1V), from which the depolymeri-
zation of trioxane or formaldehyde takes place, leading to the formation of
the ion (1), or a probable active end composed of a styrene unit (V) reacts
directly with formaldehyde liberated in the system.

Another possible scheme is shown in eq. (4); the carbonium ion (VI)
as an intermediate is, besides the propagation reaction, stabilized by self-
cyclization and the oxonium ion formed (lib) depolymerizes to 4-phenyl-
1,3-dioxane.

©
-0 —CH—0—CH—0—CH—CH—CH -

VI
CH,— 0. A CH—O0
-0—CH,;—0_ CH,—v \ -O-CH, + Cf CR-

crch/ CH-CHA

Ib

In the copolymerization of tetraoxane with styrene, the formation of
ion V1 is much easier than that of ion I, because the latter is accompanied
by the side reaction as is shown in eqgs. (2) and (3). Therefore the forma-
tion of 4-phenvl-1,3-dioxane is deduced to be ascribed mainly to the
mechanism shown in eq. (4). The same mechanism for the 4-phenyl-I ,3-

@
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dioxane formation may he applied to the trioxane---styrene copolymeriza-
tion system.

According to the above-mentioned back-biting mechanism, the formation
of cyclic compounds larger than six-membered rings, or macrocyclic species
is also possible. Therefore, as mentioned earlier, they may partly com-
pose the methanol-soluble product. But the detection of such macrocyclic
species has not been attempted.

The reaction in which the active chain end (a carbonium or oxonium
ion) attacks an oxygen atom in its own chain (back-biting reaction)
possibly occurs during the homopolymerization or copolymerization of
other cyclic ethers or formais. In fact, the formation of 1,4-dioxane in the
homopolymerization of ethylene oxidell and the formation of 1,3-dioxolane,
1,3,5-trioxepane, and 1,4-dioxane in the copolymerization of trioxane with
ethylene oxidel2 have been reported. We have also observed the occur-
rence of such a reaction in the polymerization of oxetane, propylene oxide,
dioxolane, etc.13 Therefore the formation of cyclic compounds must be
generally taken into account during the polymerization and copolvmeriza-
tion of cyclic monomers.

Especially in the copolymerization of these monomers, it is very danger-
ous to discuss the reactivity of monomers only on the basis of polymer
analyses obtained without checking the formation of any substances
other than the polymer, and careful attention should be paid to results
discussed in previously published papers.

The authors thank Dr. Y. Miyake in the Research Laboratory of the Toyo Ko-aksu
Co. Ltd. for the generous gift of tetraoxane.
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Résumé

La copolymérisation du tetraoxane avec, le styrene catalysée avec BfYOtCbHa). a
été étudiée a 30° en vue de prouver si un monomere cyclique peut ropolymériser avec un
monomere vinylique. La formation du copolymere a été confirmée par analyse élémen-
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taire a la fois des fractions solubles dans le benzéne du polymeére obtenu et. insolubles
dans ce solvant. On a trouvé par chromatographie gazeuse que une quantité appréci-
able de 4-phényle-I,3-dioxane et une petite quantité de trioxane étaient formé a coté du
polymére dans ce systeme. Approximativement un tiers de la quantité totale des
monomeres qui ont réagi sont consommés et donnent lieu & la formation d’un polymere
insoluble dans le méthanol, un tiers a la formation de 4-phényl-1,3-dioxane et un autre
tiers a la formation de trioxane et de produits inconnus qui n’ont pas pu étre identifiés
jusqu’ici. La formation de ce composé cyclique en cours de copolymérisation peut étre
expliquée sur la base d’une réaction en retour (intramoléculaire de transacétylation).
La réactivité cationique du tétraoxane a été trouvée semblable a celle du styréne sur la
base a la fois de la vitesse de consommation de chaque monomére dans le systéme co-
polymérisant et de la composition du polymere obtenu insoluble dans le méthanol.

Zusammenfassung

Oie Copolymerisation von Tetraoxan mit Styrol wurde mit BhYOfCsILh als Kataly-
sator bei 30°C untersucht um zu sehen, ob ein cyclisches Monomeres zur Copolymerisa-
tion mit einem Vinylmonomeren fahig ist. Die Bildung des Copolymeren wurde durch
Klementaranalyse der benzol-loslichen und -unléslichen Fraktionen des erhaltenen Poly-
meren bestatigt. Gaschromatographisch wurde festgestellt, dass im vorliegenden Sys-
tem neben den Polymeren eine ziemlich grosse Menge 4-Phenyl-1,3-dioxan und eine
kleine Menge Trioxan gebildet wurden. Etwa ein drittel der gesamt umgesetzten Mono-
mermenge wurde zur Bildung des methanol-unléslichen Polymeren verbraucht, ein
drittel fur 4-Phenyl-1,3-dioxan und das letzte drittel fiir Trioxan und unbekannte, bis
jetzt noch nicht identifizierte Produkte. Die Bildung dieser cyclischen Produkte
wahrend der Copolymerisation kann durch eine “Back-biting”-reaction (oder intra-
molekulare Transacetalisierung) erklart werden. Wie die Umsatzgeschwindigkeit jedes
Monomeren im Copolymerisationssystem sowie die Zusammensetzung des erhaltenen
methanol-unléslichen Polymeren zeigt, ist die kationische Reaktivitdt von Trioxan
&hnlich derjenigen von Styrol.
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Cyclopolymerization of Diallylamine Derivatives in

Dimethyl Sulfoxide

YOUJI NECIil,* SUSUMU HARADA, and OSAMU ISHIZUKA,
Research Laboratory for Chemical Fibers, Nillo Boseki Co., Ltd., Koriyama,
Japan

Synopsis

Diallyl quaternary ammonium chlorides, bromides and A-alkyldiallylamine hydro-
chlorides were polymerized with ammonium persulfate (APS) in dimethyl sulfoxide
(DMSO). The dependences of yield and molecular weight of polymers on polymeriza-
tion conditions were examined and quaternary ammonium chlorides were found to have
better polymerizability than bromides. The poly(diallyl quaternary ammonium chlo-
rides) obtained with APS-DMSO system are expected to have quite high molecular
weights, as determined from the measurement of limiting viscosity numbers of the
polymers in NaCl aqueous solution.

INTRODUCTION

In ;i series of studies of the radical-initiat-ed polymerization of uusatunited
quaternary ammonium salts,1-9 Butler and his co-workers reported that
diallyl quaternary ammonium salts polymerized in the presence of catalytic
quantities of ferf-butyl hydroperoxide (f-BHP) to form water-soluble, non-
crosslinked polymers, and proposed intra-intermolecular polymerization
mechanism for the polymerization of those containing two allyl groups, e.g.,
diallyldiethylammonium bromide:

CH, OIL " OIL
I
(!n (I)-h — Qil OIL -OH,
("I, OIL OIL CH,
\:iJ/ \.D_/
X Hr0 X...Br0
I\ o\
oZil 02ih 0,11, CTT,

lialkvldiallvlammonium bromides and (
chloride as diallylamine derivatives were used, and polymerizations were
carried out in aqueous phase by adding small amounts of water to those
monomers and using f-BHP as catalyst. Attempts of polymerization in
aqueous solutions with hydrogen peroxide, ammonium or potassium per-
sulfate, benzoyl peroxide and di-teri-butyl peroxide as catalyst were reported
to be unsuccessful.l

* Present, address: Ubc Nitto Kasei Co., Ltd., Ube, Japan.
195L
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In this paper, the ammonium persulfate (APS)-indueed cyclopolymer-
ization of some diallylamine derivatives in dimethyl sulfoxide (DMSQ) is
described and compared with the polymerization by the /-BHP-TEO sys-
tem. As monomers, not only quaternary ammonium bromides but also
quaternary ammonium chlorides and A-alkyldiallylamine hydrochlorides
were used. The dependence of degree of conversion and molecular weight
of the polymers on polymerization condition is examined. Quaternary
ammonium chlorides were found to polymerize more easily to give polymers
having higher molecular weight than in the case of quaternary ammonium
bromides.

As is well known, allyl compounds do not yield polymers of high molecular
weight because of degradative chain transfer, and Butler et al. in their work
estimated the degree of polymerization of poly(diallyldiethylammonium
bromide) to be low (15-50),8but no physical determination such as limiting-
viscosity number measurement was made. In this paper, we carried out
viscosity measurements on the polymers in IN XaCl aqueous solution.
From the limiting viscosity numbers thus determined, it is expected that
some of the poly(diallyl quaternary ammonium chlorides) obtained in this
work are polymers of quite high molecular weight. Molecular weight meas-
urements on these polymers by the osmotic pressure method in methanol
solution of LiCl was unsuccessful because of poor reproducibility.

EXPERIMENTAL

Materials

Preparation of Allyl Tertiary Amine. The preparation of dimethyl-
allvlamine described in the following will illustrate the general procedure.
A portion of 40% aqueous solution of dimethylamine (90 g., 0.S mole) was
placed in a 500 ml. four-necked flask. Then 01.2 g. of allyl chloride (0.S
mole) and SO g. of 50% aqueous sodium hydroxide (1.0 mole) were added
dropwise separately from two dropping funnels with stirring in about ¥z hr.
After the addition was completed, the mixture was heated ford hr. at 00°C.
with stirring. After cooling, the oily layer was separated, dried overnight
over sodium hydroxide pellets and fractionally distilled; yield 50.8 g.; b.p.
02-63°C.

Diethylallylamine (b.p. 109-111°C.), allylpiperidine (b.p. S4.5-S5°C./90
mm.) and allylmorpholine (b.p. 90-90.5°C. ‘80 mm.) were prepared from
allyl chloride and diethylamine, piperidine, and morpholine, respectively.

Preparation of A -Alkyldiallylamine. The preparation of methyldiallyl-
amine described below will illustrate the general procedure: 460 g. of
ullylchloridc (6 mole) and 600 g. of 50% aqueous sodium hydroxide (7.5
mole) were added from two dropping funnels to 300 g. of 30% aqueous solu-
tion of methylamine (2.9 mole) with stirring in about an hour and heated
lor another 5 hr. at 70°C. After cooling, the oily layer was separated,
dried over sodium hydroxide pellets and fractionally distilled; yield 150 g.;
b.p. 109°C.
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Ethyldiallylamine (b.p. 128-130°C.), isopropyldiallylamine (b.p. 140-
148°C.), and n-bufgddiallylamine (b,p. (>3-64°C./22 mm.) were prepared
from allyl chloride or allyl bromide and ethylamine, isopropylamine, and n-
butylamine, respectively, by a method similar to that above.

Preparation of Diallyl Quaternary Ammonium Chloride. Diallyldi-
methylammonium chloride (DADMAC1), diallyldiethylammonium chloride
(DADEACL1), diallylpiperidinium chloride (DAPipCl), and diallylmorpho-
linium chloride (DAAIlorCIl) were prepared from allyl chloride and dimethyl-
allvlamine, diethylallylamine, allylpiperidine, and allylmorpholine with the
following method, respectively. Analytical data are given in Table 1

TABLI |
Found Calculated
Compound Formula C,D HD N % c,ij H % N, %
DADMACI CTIWNCI 59,20 1049 8.01 59.43 9.98 8.60
DADEAC1 CKILiNCI 0290 104! 757 03.30 10.03 7.38
DAPipCI C,H,,,NC1 65. 27 9.98 6.89 05.49 9.99 6.94
DAAlorCl C.ThsONCI 58.71 8.88 0.85 58.96 8.90 0.88

Allyl tertiaryamine, which was dried over sodium hydroxide pellets and
distilled prior to use, was mixed with equivalent amount of freshly dis-
tilled allyl chloride (b.p. 44.0-45°C.) in dry acetone. The white crystal-
line solid of quaternary ammonium salt was gradually precipitated from the
mixture at room temperature. The mixture was left for 2 days or more,
and then the precipitated hygroscopic salt was collected quickly by filtration,
washed several times with cold acetone, and dried in vacuum. The
quaternization proceeds mildly except the case of the formation of
DA DM ACIl. These quaternary ammonium salts were recrystallized from
hot acetone-absolute ethanol (10:1 by volume).

Preparation of Diallyl Quaternary Ammonium Bromide. Diallyldi-
methylammonium bromide (DADM ABT), diallyldiethylammoniumbromide
(DADEABTY), diallylpiperidinium bromide (DAI'ipBr), and diallylmorpho-
linium bromide (DAAlorBr) were prepared from allylboromide (b.p. 69.5-
70°C.) and corresponding allyl tertiary amine by a method similar to that
for the preparation of quaternary ammonium chloride. Analytical data
are given in Table II.

TABLE I
Found Calculated
Compound Formula c,% H % N % C% Mm% N %
DADMABr C8llieNBr 46.27 7.09 6.77 4661 7.82 6.80
IIADEABTr C.olhoNBr 51.14 8.82 5.45 51.29 861 5.98
DAPIpBr C,,H,(NBr 5345 8.23 5.48 53.66 8.19 5.69

DAAIlorBr CjidhsCNBr 48.22 756 5.37 4840 731 565
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TABLE III
Found Calculated
Compound Formula c, % H, % N, % C% Hw N, %
DAAHCI CHiNC1 50 »19 1022 5393 905 1048
DAMAHC1 C,HINC1 5669 948 904 5 94 95 949
DAEAHC1 CgHieNCl 50 16 1003 8 59 5943 998 866
DAPrAHCI CdlL.ATI 6144 1034 772 61 52 1032 7 97
DABUAHCI CoHaNCl 6332 104 703 6330 1063 7 38

Generally, quaternizatious by allyl bromide proceed more rapidly than
with allyl chloride, and sometimes the reaction vessel must be cooled because
of the heat of reaction. These quaternary ammonium bromides were also
recrystallized from hot acetone-absolute ethanol (10:1 by volume).

Preparation of .y -Alky dia ny: mine Hydrochloride. Diallylamine hydro-
chloride (DAAHC1), diallylmethylamine hydrochloride (DAMAHC1),
diallylethylamine hydrochloride (DAEACHC1), diallylisopropylamine
hydrochloride (DAPrAHCI), and diallyl-n-butylamine hydrochloride
(DABUAHCI) were prepared from diallylamine or corresponding AT-alkyl-
diallylamines and hydrogen chloride gas by the following method. Ana-
lytical data are given in Table I11.

Dry hydrogen chloride gas (about mole equivalent to amine) was intro-
duced into the ethereal solution of amine cooled in Dry Ice-acetone. The
hygroscopic crystalline salt formed was collected by filtration, washed with
ether and dried in vacuum. These salts were recrystallized from hot
acetone or an ether-acetone mixture.

Solvent. Crown Zellerbach dimethyl sulfoxide (Di\ISO) was dried over
sodium hydroxide pellets, then fractionally distilled under reduced pressure
and the middle fraction was used.

Catalyst. Ammonium persulfate(APS) and ¢erf-butyl hydroperoxide(f-
BHP), the highest grade of commercial samples, were used without further
purification.

Polymerization

The procedure was as iollows. The solid monomer was weighed and
dissolved in solvent. The solution was diluted with solvent in a volumetric
flask. Then a definite amount was pipetted out from the solution, and
transferred into a Pyrcx test tube containing a definite amount of catalyst
and frozen in a Dry Ice -acetone bath. After air in the test tube was re-
placed with nitrogen by repeated evacuation and introduction of N2 the
tube was sealed and put in the bath regulated at the desired temperature.
After the frozen mass in the tube was melted and the catalyst was dissolved
in the solution, the tube was left immersed in the bath at a constant tem-
perature. After an appropriate time of polymerization the tube was opened,
and the polymer was precipitated by pouring the solution into a large
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amount of acetone. When the polymer was not soluble in DMSO and the
polymerizing solution had become hard mass, it was dissolved in a small
amount of methanol, and the viscous solution obtained was poured into
acetone. The precipitated polymer was collected by filtration washed re-
peatedly with acetone, and dried in vacuum at 50°C.

Viscosity Determination

The limiting viscosity numbers of all samples were determined in aqueous
IN NaCl solution at 30°C. by using an Ubbelohde type viscometer.

Infrared Spectra

The infrared spectra of the polymers were measured with a Shimadzu AR
275 1ls double-beam spectrometer (Shimadzu Manufacturing Co., Kyoto).

RESULTS AND DISCUSSION
Polymerization Induced with APS in DMSO

The results of the polymerization of diallyl quaternary ammonium
chlorides are summarized in Table IV. Polymerizing solutions became
turbid after about 1% hr. polymerization and were not fluid after 1 hr.
After about 50 hr., at the time of recovery of polymers, the polymerizing
solutions have been converted entirely to hard masses. Generally, poly-
merization rates are fast, and polymers are obtained in high yields. The
limiting viscosity numbers measured in liV NaCl solution are high, and so
the degree of polymerization is expected to be high compared with the re-
ported value of poly(n-butylpyridinium bromide) in solution of added elec-
trolytes in polar solvent.1011 The conversion and the limiting viscosity
numbers of poly-DAMorCl were low, probably because the polymerizations
were carried out at low monomer concentration due to the poor solubility
in DMSO.

The polymerization data of diallyl quaternary ammonium bromides are
shown in Table V. The polymerizing solutions became opaque and were
not fluid at the end. Polvmerizabilities of quaternary ammonium bromides
are obviously inferior to those of quaternary ammonium chlorides of same
class.

The polymerization data of N-alkyldiallylamine hydrochloride are shown
in Table VI. The polymers of DAAHC1 and DABUAHCI were soluble in
DMSO, and polymerizations proceeded homogeneously until the end.
The polymerizing solutions of DAMAHC1, DAEAHCL1, or DAPrAHCI be-
came opaque as polymerizations proceeded. All polymerizing solutions of
this class were brown whereas those of quaternary ammonium salts were
almost colorless or light yellow. Generally, the degree of conversion was
low and limiting viscosity numbers were small.
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TABLE IV
Polymerization of Quaternary Ammonium Chloride with APS in DMSO
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Dependence of Degree of Conversion and Limiting Viscosity Number on
Polymerization Conditions

Monomer Concentration. It is obvious that both the yields and the
limiting viscosity numbers of polymers polymerized in higher monomer
concentrations are higher, comparing MC1-15 and MC1-16 with MC1-5 and
MC1-6, respectively, in Table IV or EBr-11with EBr-3 in Table V. Mono-
mer concentrations of 48% for DADMACL1 and 46% for DADEABT are
saturated values of the monomers in DMSO at 30°C.

Catalyst Concentration Relative to Monomer. It is evident in the series
of experiments from MC1-3 to MC1-6 or from EC1-5 to EC1-8 in Table IV,
or also in the experiments of other compounds in Tables IV-VI that as
catalyst concentration increases, degree of conversion increases and limit-
ing viscosity number decreases. This is the general characteristics of
radical-initiated polymerization. In the cases of DADMABr and
DADEABTr, however, anomalous behavior was observed; in both cases
the conversions in the polymerization with 1% catalyst (based on monomer)
were larger than those in the polymerization with 2% catalyst (compare
MBr-1 with MBr-2, EBr-3 with EBr-4, and EBr-7 with EBr-8 in Table V).

Polymerization Time and Temperature. The polymerization rate of
DADEAC1 is shown in Figure 1. Polymerization was carried out at a
catalyst/monomer ratio of 1% at 30 and f>0°C., and conversion was plotted
against polymerization time. The conversion is almost 100% in about 20
hr. of polymerization at bO°C. The limiting viscosity numbers of the
resulting polymers are independent of polymerization time and those of the
polymers polymerized at 00°C. are all nearly equal to 0.4 and at 30°C. are
0.7.

From the results described above, it is concluded that higher yields
are obtained at higher polymerization temperatures, but the degree of
polymerization of the polymers islow. The conclusion is supported by this

Fig. 1 Time-conversion curves of diallyldiethylammonium chloride (DADEAC1) at
(¢) 30°C. and (O) 50°C. Monomer concentration in DMSO, 35%; catalyst concen-
tration, 1.0% based on monomer.
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result of polymerization of DAMorBr in Table \ (compare MorBr-I and
MorBr-2 with MorBr-3 and MorBr-4). In the ease of DADEABYT, how-
ever, the result was contrary to this conclusion, and higher yield was ob-
tained by the polymerization at lower temperature (compare EBr-3 and
EBr-4 with EBr-7 and EBr-X).

Difference of Polymerizability Between Quaternary Ammonium Chloride
and Bromide

Both the degree of conversion and the limiting viscosity numbers of
)>oly(quaternary ammonium chlorides) in Table IV are obviously greater
than those of poly(quaternary ammonium bromides) of same classes in
Table V.

Rabinowitz and Marcus in their polymerization of vinyl phosphonium
compounds observed the inferior polymerizability of tributylvinylphos-
phonium bromide in comparison with phosphonium chloride, and they
attributed the cause to the ease of oxidation of bromide ion.12

The difference between polymerizabilities of quaternary ammonium
chloride and bromide could also be explained by the same mechanism.
Since the ease of oxidation of halide ions decreases in the order 1- > Br* >
Cl~, bromide ion is probably oxidized more easily by catalytic persulfate
to generate bromine, which can then act as an inhibitor.

R- + Br- — R- + BIl-

Br- + Br- —» Br;

R- + CH2CMCHoX — RCIIj—CHCHjX
RCHj—CHCH»X + Bio — Br- + RCHOCHBrCIbX

Thus bromide ion inhibits the polymerization both by the consumption
of starting radical and by the termination of growing chain.

Polymerization in HD

The results of the polymerization with /-BHP in water are shown in Table
VIT. Dependences of conversions and limiting viscosity numbers on poly-
merization conditions (catalyst concentration and temperature) are the
same as observed with the APS-J)MSO polymerization system. High
conversions obtained in this case are probably due to the fact that the
polymerization can be carried out at vein- high monomer concentration be-
cause of good solubility of monomers in 1120. The difference between
polymerizabilities of chloride and bromide is the same as observed with the
APS-DMSO polymerization system. The molecular weights of the result-
ing polymers are lower than those with the APS-DM SO system (compare
MC1-14 and EBr-9 in Table VII with MC1-1 in Table IV and EBr-11 in
Table V).

Polymerization is found to be induced also with APS in HD, but poly-
merizability is not as great as with the APS-DM SO system (see EBr-10 in
Table VII and EBr-11in Table V).
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Properties of Polymers

The nitrogen analyses of the polymers are shown in Table VI111. The
polymers of diallyl quaternary ammonium chlorides are obtained as white
hygroscopic powders, which are soluble in water and methanol but insoluble
in other organic solvents.

TABLE VIII
Nitrogen Analysis of the Polymers of Some Diallylamine Derivatives

Nitrogen, %

Polymer Found Calculated
PDADMAC1 8.82 8.66
PDADEAC1 7.80 7.84
PDAPipCI 6.41 6.94
PDAMorClI 6.59 6.88
PDADMABT 6.24 6.80
PDADEABT 5.47 5.98
PDAPIipBr 5.34 5.69
PDAMorBr 5.36 5.65
PDAAHC1 9.72 10.48
PDAMAHC1 8.99 9.49
PDAEAHC1 8.42 8.66
PDAPrAHCI 7.51 7.97
PDABUAHCI 7.32 7.38

Fig. 2. Viscosity behavior of poly(diallyldimethylammomum chloride) (obtained by
expt. MCI-15) in aqueous NaCl solutions at 30°C.: (1) pure water; (#) O.OLYNaCl:
(3) 0.1N NacCl; (4) IN NaCl; (5) 2N NacCl.
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Kig. 0. See caption, p. 1064.

Polymers of the diallyl quaternary ammonium bromides are white pow-
dery solids, and soluble in water. PDADEABr and PDAPipBr are soluble
in methanol but insoluble in other organic solvents. PDADMABTr and
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CM“1

Fig. .. Infrared spectra of the polymers of some diallylamine derivatives: (.1) poly-
(diallyldimethylammonium bromide) (KBr disk); (B) polyfdiallyldiethylammonium
chloride) (film obtained from methanol solution); (C) polytdiallylpiperidinium chloride)
(film); (D) poly(diallylmorpholinium bromide) (KBr disk); (E) polyfdiallylmethyl-
amine hydrochloride) (film); (F) polydiallylmethylamine (KBr disk).

PDAMorBr are soluble neither in methanol nor other organic solvents.
These are not as hygroscopic as polymers of quaternary ammonium chlo-
rides.

Polymers of V-alkyldiallylamine hydrochlorides jire obtained as powdery
or waxy masses, colored brown or yellow, soluble in water and methanol but
insoluble in other organic solvents. PDAAHCL1 is very hygroscopic;
however, the hygroscopic nature of its AT-alkyl derivatives decreases as the
number of carbon atoms of the Aralkyl substituent increase.

The viscosity curves (»j,p/c versus ¢c) of PDADMAC'I in pure water and in
XaCl aqueous solutions are shown in Figure 2. They exhibit the same
characteristics as those observed very often with p<ilyelectrolyt.es. Limit-
ing viscosity numbers decrease with increasing added salt concentration and
converge to a minimum at 2N. The limiting viscosity numbers of all
samples in Table IV-VII were determined in 1V NaCl aqueous solutions.

The infrared spectra of poly(diallyldimethylammonium bromide),
poly(diallyldiethylammonium chloride), poly(diallylpiperidinium chloride),
poly(diallylmorpholinium bromide), poly(diallylmethyl;imine hydrochlo-
ride), and polydiallylmethylamine are shown in Figure 3. The polydiallyl-
methylamine was obtained as water-insoluble precipitate by neutralization
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of pol.y(diallylmethyhimiue hydrochloride) by adding au agueous solution
of the latter to aqueous ammonia. These polymers, except the poly-
diallylmethylamine, are strongly hygroscopic and so the absorption bands
of PRO at 3.0, 4.7, and Cil a could not be eliminated in these spectra. In
the spectrum of polydiallvimethylamine, the absorption bands of PRO are
weak, and an absorption band for C=C stretching at 0.5 n is not observed.
The result that C=C double bond absorption bands are relatively weak in
the spectra of these polymers, in conjunction with their solubility, supports
the intramolecular-intermolecular cyclic polymerization mechanism.
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Résumé

Les chlorures d’ammonium diallyles quaternaires de bromure et de chlorhydrate de
.Y -alcoyldiallylamine ont été polymérisés avec un persulfate d’ammonium (-APS) dans
le diméthylsulfoxyde (DM SO). Les dépendances du rendement et du poids moléculaire
ties polymeéres en fonction des conditions de polymérisation ont été étudiées et les
chlorures d’ammonium quaternaires ont été trouvés polymériser plus facilement que les
bromures correspondants. Les chlorures de polydiallylammonium quaternaire obtenus
avec; le systtme APS-DM SO ont des poids moléculaires élevés ainsi qu’il résulte de la
mesure de leur viscosité intrinseque en solution aqueuse de chlorure de sodium.

Zusammenfassung

Quaternédre Diallylammoniumchloride und -bromide sowie A-Alkyldiallylaminhydro-
chloride wurden mit Ammoniumpersulfat (APS) in Dimethylsulfoxyd (I)MSO) poly-
merisiert. Die Abhangigkeit von Polymerausbeute und -molekulargewicht von tien
Polymerisationsbedingungen wurde untersucht und es wurde festgestellt, dass quater-
ndare Ammoniumchloride besser polymerisierbar sind als Bromide. Die Messung der
Grenzviskositatszahl der Polymeren in wassirger NaCl-Losung lasst erwarten, dass die
mit dem APS-DMSO-Syslem erhaltenen quaterndren Poly-diallylammoniumchloride
Molekulargewichte von betrachtlicher Hohe besitzen.

Received July 12, 196(»
Revised November 17, 190(1
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Effect of Reaction Medium on Copolymerization of
Acrylonitrile and Methyl Acrylate

ZENZI 1ZL'MI| and HIDEJ1 KITAGAWA, Khime Research Laboratory,
Toyo Rayon Company, Khime, Japan

Synopsis

The copolymerization of acrylonitrile (AN) with methyl acrylate (M EA) has been in-
vestigated in three types of polymerization, i.e., emulsion polymerization in water with a
water-soluble initiator, suspension polymerization in water with an oil-soluble and
water-insoluble initiator, and solution polymerization in dimethyl sulfoxide (DM 80).
Monomer reactivity ratios at 5(J°C. for AN and MEA are found to be i\ = 0.78 = 0.02,
r~ = 1.04 £+ 0.02 in emulsion polymerization; n = 1.02 + 0.02, == 0.70 £ 0.02 in

DM SO solution polymerization; r, = 0.75 * 0.05, r2 = 1.54 * 0.05 in suspension
polymerization. The large differences found in the reactivity ratios may be attributed
to the different ratio of concentration of two monomers in the loci of polymerization.
Chemically, AN is somewhat more reactive than M EA as shown by the reactivity ratios
in DMSO. In the case of the suspension polymerization, the MEA/AN ratio in the
polymer particles in which polymerization occurs may be higher than that in the total
phase. Experimental results of the emulsion polymerization show that the emulsion
polymerization of AN occurs both in the particles and in water. In addition, rates of the
copolymerization of AN with MEA have also been investigated.

INTRODUCTION

Only a few investigations have been conducted on the influence of the
heterogeneity on the copolymer composition. Brandrupl examined the
copolymerization of acrylonitrile (AN) with the short-chain acrylates and
found a difference in the apparent reactivity ratios between solution poly-
merization and emulsion polymerization with a water-soluble initiator. He
ascribed the difference to the adsorption of the monomers onto the precipi-
tating particles. The major purpose of this work is to study the quantita-
tive relationship between the copolymer composition and types of polymer-
ization, and to obtain experimental evidence for the loci of emulsion poly-
merization of AN. In the present investigation, the reactivity ratios of
copolymerization of AN and methyl acrylate (MEA) w"ere studied in three
types of polymerization: emulsion polymerization in water with a water-
soluble initiator, suspension polymerization in water with an oil-soluble
and water-insoluble initiator, and solution polymerization in dimethyl
sulfoxide (DMSO).

1967
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EXPERIMENTAL

M aterials

AN (supplied by Nitto Chemical Co.) was dried with calcium chloride
and then twice distilled under nitrogen. A middle fraction having a re-
fractive index 1.3914 at 20°C. was used; the absolute purity was ascertained
by gas chromatography. MEA (supplied by Toa Chemical Co.) was puri-
fied by a similar method. A middle fraction having a refractive index
1.4040 at 20°C. was used; the absolute purity was ascertained by gas
chromatography. Ammonium persulfate (APS) (supplied by Wako
Chemical Co.) was purified by recrystallization from water, and then the
solution, of which the concentration was determined iodometrically, was
stored in a refrigerator to minimize thermal decomposition. terf-Butyl
peroxypivalate (i-BPP)(supplied by Nihon Fats and Oils Co.) was used
without further treatment. Azobisisobutyronitrile (AIBN)(supplied by
Otsuka Chemical Co.) was recrystallized from anhydrous methanol.
DMSO (supplied by Crown Zellerbach Co.) was dried by shaking with
calcium oxide for at least 24 hr. The dried DMSO was twice distilled in a
closed system under 3 mm. Hg pressure. The fraction boiling in the range
49.7 £ 0.2°C. was collected. This procedure gives a product whose refrac-
tive index was 1.4783 at 20°C. The absolute purity was ascertained by
gas chromatography.

Copolymerization Technique

Copolymers for the determination of the monomer reactivity ratios were
prepared in a sealed tube in vacuo. The polymerization was carried out in
the dark under 10~4 mm. Hg pressure. Rates of copolymerization were
obtained from the observed rates of volume contraction in the dilatometer
which was used previously,2and the total mole fraction a consumed in the
reaction is obtained from eq. (1) as expressed previously:3

« = (1000/F) (Ah/[Mi] + [M,DI(R + D/faR + A2] 1)

where h is the observed change in the height of the liquid in the dilatometer
capillary at time t, A is the cross-sectional area of the capillary, V is the
volume of the dilatometer bulb, [Mi] and [M2] are the initial concentra-
tion of AN and MEA monomer, respectively, in the feed expressed in
moles/liter. Ai and A2 are the changes in volume caused by complete
polymerization of 1 mole of the respective monomer. R is the molar ratio
of AN/MEA in the initial copolymer. The numerical values used here at
50°C. are: V = 9.28 cm.3; [Mi] + [M2] = 0.50 mole/l. in aqueous solu-
tion and 2.0 mole/l. in DMSO; Ai = 14.21 cm.*/mole in aqueous solution
and 20.52 cm.¥mole in DMSO; A2 = 9.78 cm./mole in aqueous
solution and 19.05 cm.¥mole in DMSO, A = 3.967 X 10~3cm.2 By
inserting these values into eq. (1), egs. (2) and (3) are obtained for DM SO
solution and aqueous solution, respectively;
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a = [0.2137 (it + 1)/(20.52# + 19.05)}h L
a = [0.8550 (R + 1)7(14.21/7 + 9.78)IA ©

Initial rates of the copolymerization were obtained from tangents to the
curve of a against tat low conversion.

The copolymer was recovered by precipitation twice in methanol from
DMSO solution. The copolymer was filtered in a glass crucible and dried
to constant weight in a vacuum oven kept at 50°C. under 1 mm. Hg for
about 50 hr.

Several analytical methods were applied for the determination of the
compositions of the copolymers. The compositions of AX-MEA copoly-
mers containing over 10 mole-% MEA were determined from nitrogen con-
tents obtained by the Kjeldahl method. Digestion was catalyzed by mix-
ture of copper sulfate and anhydrous potassium sulfate, and 0.1% methyl
red in 95% alcohol was used as an indicator. Analysis was conducted
three times and its reproducibility was ascertained for the pure polyacrylo-
nitrile. The copolymers with MEA contents less than 10 mole-% were
analyzed by the infrared absorption method by using a mixture of AX-
MEA (MEA 12.3 mole-%) copolymer and polyacrylonitrile as standards;
here it was ascertained that the absorbance index of the copolymer follows
Beer’s law. The spectra were recorded with a Perkin-Elmer Model 125
double-beam spectrophotometer with a grating. As characteristic absorp-
tions, the one at 2237 cm.-1 for AX' and another at 1730 cm r1for MEA
were chosen.

Furthermore, the nuclear magnetic resonance spectra (XM U) was used
for the analysis of 10, 50, and 80 mole-% MEA in the monomer mixture in
each solvent. The copolymers were all examined in dimethyl sulfoxide-rAs
(DMSO-d*) in the temperature range 150-160°C. and at a concentration
of 10% (w/v) copolymer. A fully equipped Varian A-G0 spectrometer was
employed. One typical spectrum is shown in Figure 1. The DM SO shown
is present as an isotropic impurity of DMSO-r/6. DMSO-</6is very hygro-
scopic, and, hence, a resonance line due to H2 is also observed. Other
pertinent line assignments are given. The content of MEA in the copoly-
mer is calculated from the ratio of a third of the area of the OCHtgroup to
a half of the area of the CH2group.

6 65 its 75 85
T (ppm)

Fig. 1. XM U spectra for AN-MEA copolymers (feed MEA 10 mole-%) prepared from
emulsion polymerization.
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RESULTS AND DISCUSSION

Monomer Reactivity Ratios

In Table | are shown the copolymer compositions determined by the

infrared absorption method in three types of polymerization: (1) emulsion

TABLE |
Acrylonitrile-M ethyl Acrylate Feed and Copolymer Composition
Determined Inmthe Infrared Absorption Method

MEA in the

monomer Monomer MEA in the

Polymerization feed Ms, reacted, copolymer m.
system mole-% wt.-'/ mole-'/
Emulsion” i 5.60 1.215
“ 2 5.93 2.50
¢} 4.15 6.10
Solution in DM SO i 5.00 0.96
2 5.90 1.90
5 4.11 4.0
Suspension” 1 3.5 1.40
2 ). 3 2.92
“ 5 5.2 6.90

“ Copolymerization conditions; 0.50 mole/l. monomer, 0.005 mole/l. APS as initiator,
1g9g./l. sodium lauryl sulfate as emulsifier at 50°C.

b Copolymerization conditions; 2.0 mole/l. monomer, 0.02 mole/l. A1BN as initiator
at 50°C.

c Copolymeri/.ation conditions; 0.50 mole/l. monomer, 0.005 mole/l. i-BPP as initia-
tor at 50°C.

TABLE Il
Acrylonitrile-M ethyl Acrylate Feed and Copolymer Composition
Determined by the Kjeldahl Method

MEA in (he
monomer Monomer MEA in the
Polymerization feed Ms, reacted, Nitrogen, copolymer m>,
system mole-'/ wl.-Tc r mole-'/
IOmulsion 10 4.66 21 .49 12.3
20 4.56 17.54 23.7
50 4.62 S .57 56.2
SO :s.69 3.34 80.9
u 90 3.64 1.54 90.9
Solution in 1)MS() 10 4.01 22.33 10.1
20 4.04 19.42 18.2
« 50 4.04 11.47 43.3
n S0 3.97 4.52 75. 1
91 111 2.44 S5.S
Suspension 1 3.5 21.4 12.0
20 1.1 17.9 24.6
50 3.9 S.08 5S5.3
SO 4.7 2.77 84.0
1 90 9.0 1.15 93. 1
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TABLE Ill
Acrylonilrile-Alethyl Acrylate Feed and Copolymer Composition
Derived from the NM R Spectral Measurements

MEA in the
monomer Monomer MEA in the
Polymerization feed M,>, reacted, copolymer no,
system mole-', wt.-M mole-%
Emulsion 10 4.06 12.0
50 4.16 53.8
SO 4.76 SO. 6
Solution iu 1).MS() 10 3.00 0.44
50 4.S5 3S.S
< o] 6.02 75.1
Suspension 10 3.40 13.5
it 50 3.21 60.2
SO 4.56 85.8

polymerization in aqueous solution with APS as initiator; (£) solution poly-
merization in DA1S0 solution with AIBX as initiator; (3) suspension poly-
merization in aqueous solution with Z-BPP as initiator. In Tables Il and
Il are shown the copolymer compositions determined by the lvjeldahl
method and XAIR spectral measurements, respectively. All polymeriza-
tions were carried out at 00°C. The concentration of MEA in the copoly-
mer is plotted in Figure 2 against the mole per cent AIEA in the monomer
feed. There can be seen large differences between reactivity ratios in each
type of the polymerization. All the data are plotted according to the
method of Alayo and Lewis, as shown in Figure 3. The precision of the
three analytical methods is obviously quite acceptable. The apparent
reactivity ratios are listed in Table IV. This investigation may be the
first one which treats the copolymerization reaction from the viewpoint of

Fig. 2. Plul uf MEA contents in the copolymei' (m-) vs. MEA in Ilie monomer feed

(Al>): (O) experimental points in lhe emulsion polymerization and (----) calculated
forn = (1.7S and r<= 1.04: (+) experimental points in D.MSO and (- -) calculated for
jr = 1.02 and M» = 0.7(1; (A) experimental points in suspension polymerization and

(- «-) calculated forr, = 0.75 and r2-- 1.54.
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Fig. > Intersects for the copolymerization of AN and MEA for 1.1) emulsion poly-
merization in aqueous solution, (B) solution polymerization in DM SO solution, and ((")
suspension polymerization in aqueous solution: (/) determined by the infrared absorp-
tion method; (A ) determined by the Kjeldahl method; (It) derived from the NMIi

spectral measurements. The numerical values shown are MEA mole-') in the monomer
feed.

the loci of polymerization. In the case of the solution polymerization,
the polymerization occurs in a homogeneous system, and the difference of
reactivity may be attributed to solely a chemical effect. In this case, AN
is a little more reactive than MEA. From these reactivity ratios and the Q
and e values for AN (Qi — 0.60, ei = 1.2), Price Q and e for MEA are
calculated = 0.29, e2 = 0.62. In the case of the suspension poly-
merization, the loci of the polymerization are restricted to the polymer
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TABLE IV
Copolymerizalion Parameters for AN and MEA in the Three Types
of Polymerization at. 50°0.

Polymerization

type Fi(AN) t's(MEA) (/.(MEA) o0.(MEA)
Emulsion
polymerization (1.78 + 0.(12 1.04+ 0.02
Solution polymeriza-
tion in D.MSO 1.02 £+ 0.02 070+ 0.02 0.20 0,02
Suspension polymeri-
zation 0.75 £ 0.05 154+ 0.05

particles since the initiator does not dissolve in water. It is reasonable to
consider that the apparent increased reactivity of .MEA compared with the
case of the solution polymerization is attributed to the fact that MEA is
more dissolved in the particles due to its smaller solubility in water. The
MEA/AN ratio in the loci of polymerization to that in the total phase is
calculated from Figure 2 and is shown in Figure 4. In the case of the
emulsion polymerization, the apparent reactivity ratio of AN and MEA
is found between that in the solution polymerization and the suspension
polymerization. This may be caused by the fact that the loci of the emul-
sion polymerization exist both in the particles and in water. In other

Fig. 4. MKA/AN ratio in the loci of polymerization vs. that in the total phase in suspen-
sion oopolymerization.

words, the experimental results obtained above may support that the emul-
sion polymerization occurs both in polymer particles and in water, which
is in accord with other experimental results obtained previously.4

Copolymerization Rate

The initial rates of copolymerization Rr jit 50°C. for the three types ot
polymerization described above are shown in Figure d. There can be seen
a minimum at 1 mole-% MEA in the monomer feed in the emulsion poly-
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Fig. 5. Plot of initial rale of copolymerization Hp against M FA content in the mono-
mer feed: (.1) emulsion polymerization; (il) solution polymerization in DMSO; (C)
suspension polymerization.

merization and at 1-2 mole-% MEA in the monomer feed in the solution
polymerization. This difference may be attributed to the different appar-
ent reactivity in the two cases. In the case of the suspension polymeriza-
tion, there can be seen a large irregularity in the rate of copolymerization.
The copolymers of 10 mole-% MEA and 50 mole-% MEA seem bulky,
whereas that of 20 mole-% MEA is a finely dispersed particulate. The
rate coincides with changes in appearance of the reaction mixture, but the
reason can not be elucidated.

The authors wish to express their sincere gratitude to Dr. K. Nukada for NM It
spectral measurements and to Dr. Il. Kobaynshi, the Director of our lieseareh Depart-
ment, for his help and permission to publish the results.
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Résumé

La copolymérisation de I’acrylonitrile (AN) avec l’acrylate de méthyle (MEA) a été
étudiée dans trois types de polymérisation a savoir, la polymérisation en émulsion dans
I'eau utilisant un initiateur soluble dans I’eau, la polymérisation en suspension dans |’eau
utilisant un initiateur soluble dans la phase huileuse et insoluble dans l'eau, et la poly-
mérisation en solution dans la diméthylsulfoxyde (D.MKO). Les rapports de réactivité
des monomeéres & 50°C pour AN et MEA ont été trouvés étre r, = 0.7S + 0.02, r2 =
1.04 + 0.02 pour la polymérisation en émulsion; r, = 1.02 + 0.02, n = 0.70 + 0.02
dans DM SO et > = 0.75 + 0.05, r~ = 1.54 + 0.05 pour la polymérisation en suspension.
Les grandes différences trouvées dans lesrapports de réactivité peuvent étre attribuées a
des rapports différents de concentration des deux monomeéres dans les lieux de polyméri-
sation mémes. Chimiquement, lacrylonitrile est quelque peu plus réactif que MEA
ainsi qu’il résulte du rapport de réactivité dans le DMSO. Dans le cas de la polymérisa-
tion en suspension, le rapport MEA/AN dans les particules polymériques au sein des-
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quelles la polymérisation se passe peut étre plus élevé que dans la phase totale. Des
résultats expérimentaux de la polymérisation en émulsion montraient que la poly-
mérisation en émulsion de AN se. passe a la fois dans les particules (1 dans I’eau, lin
outre, des vitesses de copolymérisal ion de AN avec M MA ont également, été étudiées.

Zusammenfassung

Die Copolymerisation von Acrylnifril (AN) mit Methylacrylat (AIEA) wurde in drei
Polymerisationstypen wuntersucht, nadmlich Emulsionspolymerisation in W asser mit
einem wasserldslichen Starter, Suspensionspolymerisation in W asser mit einem 6ll6s-
lichen und wasser-unléslichen Starter und Ldsungspolymerisation in Dimethylsulfoxyd
(DMSO). Die Alonomereaktivitiitsverhdltnisse bei 50°C ergeben sich fir AN und
AIEA zun = 0,78 + 0,02, r2= 1,04 + 0.02, bei der Emulsionspolymerisation, zu =
1,02 + 0,02, r2 = 0,70 = 0,02 in DMSO und zur, = 0,75 = 0,05, i = 1,54 + 0,05
bei der Suspensionspolymerisation. Die bei den Reaktivitdtsverhéaltnissen gefundenen
grossen Unterschiede kénnen auf das verschiedene Konzentrationsverhdaltnis der beiden
Monomeren am Polymerisationsort zurtickgefihrt werden. Chemisch ist AN etwas
reaktiver als MEA, wie das Reaktivitdtsverhaltnis in DM SO zeigt. Im Falle der Sus-
pensionspolymerisation kann das Verhédltnis MEA/AN in den Polymerteilchen, in
welchen die Polymerisation .stattfindet, hoher als in der Gesamtphase sein. Die Yer-
suchsergebnis.se bei der Emulsionspolymerisation zeigen, dass die Emulsionspolymerisa-
tion von Acrylnitril sowohl in den Teilchen als auch in Wasser abldauft. Schliesslich
wurde auch die Geschwindigkeit der Copolymerisation von AN mit MEA untersucht.
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Reactivity of Ester Groups on Insoluble
Polymer Supports

R. L. LETSINGER and 1). M. JERINA, Department of Chemistry,
Northwestern University, Evanston, Illinois (j020!

Synopsis

A study was made of the comparative rates of reaction of active ester functional
groups (p-nitrophenyl and 2,4-dinitrophenyl esters) situated on three types of insoluble
support polymers and on small, soluble analogs of the polymer molecules. The supports
consisted of a styrene-divinylbenzene bead-type polymer (2% DVB), a styrene-
divinylbenzene popcorn polymer (0.2% RYB), and a popcorn polymer with 2,7J-di-
methylbutadiene and substituted styrene units in the chain. p-Nitrophenyl benzoate
and 2,4-dinitrophenyl p-isopropylbenzoate were used as soluble analogs. Hates of
aminolysis by small molecules (2-aminoethanol and ra-tetradecylamine) in pyridine and
of solvolysis in alcohols catalyzed by both small (.Y-methylimidazole) and large (poly-
vinylimidazole) molecules were determined. W ith the small amines, finely divided
particles of popcorn and bead type styrene polymers reacted at about the same rate,
which was approximately »/, the rate of reaction of the homogeneous analogs. W ith a
high molecular weight reagent, polvvinylimidazole, the heterogeneous reactions were
much slower and the popcorn polymer reacted faster than the bead polymer. |In cata-
lyzed solvolyses, the styrene popcorn derivative reacted faster in benzyl alcohol and
slower in 1-hexanol than the dimethylbutadiene popcorn polymer derivatives.

INTRODUCTION

Two types of insoluble polymers have been used as supports in repetitive
step synthetic work. One, a styrene bead polymer containing 2% divinyl-
benzene, has been used extensively in synthesizing polypeptides.* The
active functional groups were introduced by substitution reactions on the
preformed polymer. The other, a styrene based popcorn polymer contain-
ing 0.02-0.2% divinylbenzene, has been utilized in synthesizing oligonu-
cleotide derivatives.2 Active functional groups were introduced in this
case by incorporating a substituted vinylbenzene in the copolymerization
mixture with styrene and p-divinylbenzene.34 These support polymers
differ considerably in physical form as well as in the per cent divinylbenzene
present. In addition, differences in the distribution of reactive functional
groups through the polymers might be expected in view of the different
methods employed to introduce these groups.

Since the rate of reaction of functional groups joined to the support is an
important factor in determining the success of a synthesis on an insoluble

* A review of this field, which has been developed by Merrvfield and co-workers, is

given in ref. 1.
1977
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polymer, we have prepared representative specimens of bend and popcorn
polymers bearing tho same active functional groups and have investigated
the reactivity of the functional groups under identical conditions. It was
of interest to see how the rate in the heterogeneous systems were related to
the nature of the support polymer and how they compared to rates for
soluble model compounds.

The reactions selected for study were aminolysis of a p-nitrophenvl ester
by 2-aminoethanol or n-tetradecylamine in pyridine and solvolysis of a
2,4-dinitrophenyl ester in benzyl alcohol or 1-hexanol catalyzed by N-
methylimidazole or poly-Y-vinylimidazole. These reactions could be
followed conveniently by the absorbance increase associated with libera-
tion of p-nitrophenol or 2,4-dinitrophenol into solution. The bead polymer
derivative was obtained by acetylating a commercially available styrene-
divinylbenzene bead copolymer (200-400 mesh, 2% DYB, Dow Chemical
Co.), oxidizing the acetyl derivative with hypobromite, and esterifying
the resulting acid groups with p-nitrophenol or 2,4-dinitrophenol. The
popcorn polymer was prepared by copolymerizing styrene (0.25 mole), p-
vinvlbenzoic acid (0.04 mole), and divinylbenzene (4.0 X 10-4 mole) as
previously described3and then esterifying (via the acid chloride) the acid
groups with the appropriate phenol. As soluble models for the ester por-
tion of the polymer chains, 2,4-dinitrophenyl p-isopropyl benzoate and p-
nitrophenyl benzoate were employed. For comparative purposes, an
ester derivative of an insoluble support polymer with a structural back-
bone largely aliphatic in nature was also prepared and examined.

EXPERIMENTAL
Reagents

Liquid reagents and solvents were purified by distillation. The boiling
points of the fractions collected were: 1-hexanol, 15(>°C., benzyl alcohol,
08°C./0.4 mm.; N-methylimidazole 69°C./3 mm.; 2-aminoethanol,
52.5-53°C./0.2-0.5 mm. Reagent-grade pyridine was distilled succes-
sively from p-toluenesulfonyl chloride and calcium hydride and stored over
Linde molecular sieves. n-Tetradecylamino was recrvstallized from ace-
tonitrile; m.p. 37-3<8°C. Poly-N-vinylimidazole was washed thoroughly
with ether and then dissolved in water, sealed in a cellulose dialysis bag,
and dialyzed for 3 days in water; the polymer solution was then lyophilized
and the resulting cake dried over phosphorus pentoxide at GO°C. for several
hours. p-Vinylbenzoic acid5 (m.p. 140-142°C.), p-nitrophenvl benzoate6
(m.p. 143-144°C.), 2,4-dinitrophenyl p-isopropylbenzoate7 (m.p. 116-
117°C.), and 2,4-dinitrophenyl acetate8 (m.p. 71-72°C.) were prepared by
procedures described in the literature.

Carboxylated Styrene Bead Polymer

To a solution of 7.0 g. of aluminum chloride in 100 ml. of nitrobenzene
was added 25.0 g. of styrene-divinylbenzene copolymer beads (200-400



REACTIVITY OF IXI 111 GROUPS 979

mesh, 2% divinylbenzene, Lot 6075-42, Dow Chemical Company: purified
as described by Morrifield9. The mixture was allowed 1o stand 10 min.;
then 1.00 g. of acetyl chloride was addl'd rapidly with stirring. Waithin
seconds the reaction mixture thickened, a,ml the temperature rose 10-15°C.
Additional nitrobenzene was added (50 ml.) and the mixture was stirred
30 min. at room temperature, 90 min. at 70°C., and overnight at room
temperature. The acetyl polymer (X = 5.96 ) was filtered from the solu-
tion, washed successively with nitrobenzene, dioxane, 1.1/ hydrochloric
acid, methanol, and ether, and then oxidized by addition, with stirring at
7°C., to a hypobromite solution (prepared by adding 50 g. of bromine slowly
to 60 g. of potassium hydroxide in 90 ml. of water and 450 ml. of dioxane
below 15°C.). After 5 hr. of stirring at 5°C. and standing overnight at
room temperature, the polymer was filtered off and washed with dioxane,
14/ sodium hydroxide, dioxane, methanol, and ether An infrared spectrum
showed strong absorption attributable to the earboxylate anion (6.44 n
and 7.1S n) and an absence of bands in the carbonyl range (5.6-6.0 fi). On
the basis of the sodium chloride recovered from this reaction, 1.5 mmole
of carboxyl groups was present per gram of polymer.

Dimethylbutadiene-Vinylbenzoic Acid Popcorn Copolymer

A mixture of 3.30 g. (22.3 mmole) of p-vinylbenzoic acid, 24.0 g. (292
mmole) of 2,3-dimethy 1-1,3-butadiene, 0.07 g. (0.54 mmole) of p-divinyl-
benzene, and a few small pieces of growing 2,3-dimethyl-1,3-butadiene
popcorn polymerlOwas warmed at 55°C. in a flask which had been purged
with nitrogen and then evacuated. Within a few hours the presence of
fresh popcorn polymer was apparent, and after 2 days the process was
complete. The polymer was ground in a Waring Blendor with benzene
and collected by filtration. The yield based on monomer weight was almost
quantitative; therefore the polymer contained ~0.<S1 mmole of carboxyl
groups per gram. The infrared spectrum showed a single band in the
carbonyl region at 5.95 *.

This polymer was insoluble, though it swelled somewhat, in pyridine,
dimethylformamide, benzene, benzyl alcohol, and hexanol. On standing in
air it slowly oxidized. After several days’ exposure to air the polymer
became tacky, and a band appeared in the infrared spectrum at 5.83 n.
Eventually the polymer degraded sufficiently to become soluble in common
organic solvents. The polymer was stable, however, when stored under
vacuum or as a suspension in benzene. It reacted readily with bromine in
carbon tetrachloride, liberating hydrogen bromide, and it dissolved in
concentrated sulfuric acid, giving a red-brown solution. On reaction with
diazomethane in ether the carboxyl groups were converted quantitatively
to carbomet boxy! groups.

Nitrophenyl and Dinitrophenyl Esters of the Insoluble Polymers

The carboxylated styrene polymers were converted to acid chlorides by
heating in benzene with excess thionyl chloride for 5 hr. The polymers
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were collected by filtration, washed well with dry benzene, and stored in a
vacuum desiccator over phosphorus pentoxide.

The dinitrophenyl ester of styrene-vinylbenzoic acid popcorn polymer
was prepared by stirring 1.5 g. of the acid chloride polymer with 1.5 g. of
2,4-dinitrophenol in 25 ml. of dry pyridine for 3 hr. An infrared spectrum
of the washed and dried polymer showed complete conversion to the ester
(A = 5.72 p). A similar reaction with p-nitrophenol (12 hr.) afforded the
p-nitrophenyl ester quantitatively (X = 5.75 p).

The dinitrophenyl ester of the carboxylated styrene bead polymer was
prepared in the same way from 0.43 g. of the acid chloride polymer and 0.4
g. of 2,4-dinitrophenol in pyridine. The reaction in this case was es-
sentially complete, though very weak absorption at 5.90-5.95 p indicated
~3-5% of the carboxyl groups remained. For preparation of the p-
nitrophenyl ester, 1.00 g. of the bead polymer in the carboxyl form was
stirred with 1.00 g. of p-nitrophenyl trifluoroacetate and 0.50 g. of p-
nitrophenol in 25 ml. of pyridine for 4.5 hr. At this stage a small portion
of the polymer was removed and examined by infrared. The spectrum
showed no acid (no bands at 5.79 or 5.90 p for acid or at 6.44 and 7.1S p
for carboxylate anion); however, half of the carbonyl absorbance appeared
at 5.75 p, as expected for the desired ester, and the other half was split
between 5.60 and 5.81 p, indicative of a carboxylic acid anhydride. Ac-
cordingly, 2.0 ml. of triethylamine was added to the reaction mixture and
the suspension was stirred for an additional 12 hr. An infrared spectrum
of the resulting polymer showed complete conversion to the p-nitrophenyl
ester (X = 5.75 p).

Since the dimethylbutadiene-vinylbenzoic acid popcorn polymer dis-
colored in hot solutions of thionyl chloride, a very mild procedure was
used for preparation of the ester of this polymer. Polymer in the acid
from (1.5 g.) was stirred with 1.5 g. of 2,4-dinitrophenol and 1.5 g. of di-
cyclohexylcarbodiimide in 35 ml. of pyridine for 2 days; then the polymer
was filtered off, washed, and dried. In addition to the usual washing-
solvents, acetic acid and ethanol were employed to remove precipitated
dicyclohexylurea. An infrared spectrum showed complete conversion to
the 2,4-dinitrophenyl ester (X = 5.72 p). That all dicyclohexylurea had
been removed was shown by absence of absorption in the 5.95 -6.05 p
region.

Kinetics

For rate measurements on polymer substrates, a suspension of 0.15-
0.20 mg. of polymer particles in 1.00 ml. of solvent was prepared directly
in a standard silica ultraviolet cell and stored for sufficient time in the
thermostatted compartment of a Beckman Model DU spectrophotometer
to allow the polymer to swell fully and thermal equilibrium to be established.
The temperature was 25 + 0.2°C. unless otherwise indicated. At zero
time, 2.00 ml. of the amine solution, which had been brought to the same
temperature as the polymer suspension, was added. The cell was agitated
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quickly and placed in the spectrophotometer. Appearance of p-nitro-
phenol was followed by the absorbance increase at 432 npn Formation of
2,4-dinitrophenol was similarly monitored at 410 m/x. Directly before
an absorbance was read, the cell was agitated for 10 sec. and the polymer
then allowed to settle for 10 sec. Infinity values, unless otherwise noted,
were obtained by carrying the reactions to completion under the same
reaction conditions. Visible spectra taken at the end of the reactions
confirmed the fact that p-nitrophenol (or 2,4-dinitrophenol) was the absorb-
ing species measured. Pseudo first-order rate constants (kohs) were ob-
tained from plots of Aa — A versus time on semilogarithmic graph paper.

Infinity values for reactions of poly-V-vinylimidazo ke with the insoluble
polymer substrates were not obtained directly since the reactions were
quite slow. After the desired measurements had been made, iV-methyl-
imidazole was added to drive the reaction to completion. The infinity
value was obtained from the absorbance of the resulting solution, corrected
for the change in extinction coefficient of 2,4-dinitrophenol produced by
JV-methylimidazole in benzyl alcohol and the volume change accompanying
addition of the methylimidazole solution. Reactions in 1l-hexanol were
driven to completion by warming the mixtures after the measurements at
25°C. had been made.

For reactions with p-nitrophenyl benzoate and 2,4-dinitrophenyl p-iso-
propyl benzoate, 3.00 ml. of a solution of the amine was added to an ultra-
violet cell and brought to the desired temperature in the sample compart-
ment of a Cary 14 spectrophotometer. At zero time, 0.025 ml. of stock
solution of the ester (2.58 X 10-3A/ p-nitrophenyl benzoate in dioxanc or
0.77 X 10-3A/ 2,4-dinitrophenyl p-isopropylbcnzoate in benzyl alcohol)
was added, and the absorbance change was followed automatically at 410 m/x
or 432 m/x. Reactions with 2,4-dinitrophenyl acetate were carried out in
the same way, except that 0.1 ml. of 3.07 X 10-3Af 2,4-dinitrophenyl ace-
tate in benzyl alcohol was added to 2.9 ml. of a solution of the imidazole in
benzyl alcohol. Rates of noncatalyzed solvolytic reactions in benzyl
alcohol and 1-hexanol were negligibly small in all cases.

RESULTS AND DISCUSSION

Pyridine has been found to be a good solvent for synthetic work with
styrene-based supports.2-4 In Table | are collected pseudo first-order
rate constants for reaction of the nitrophenyl esters derivatives of the
popcorn and the bead polymers with solutions of 2-aminoethauol and n-
tetradecylamine in pyridine. Data for p-nitrophenyl benzoate, a soluble
model for the region of the polymers near the ester function, are also in-
cluded. Three points of interest may be noted. (I) The appearance of p-
nitrophenol follows first-order kinetics for the individual runs through
more than 75% conversion for 2-aminoethanol and through (10-70% con-
version for tetradecylamine. At higher conversions in the tetradecyl-
amine reaction, the rate decreases below that predicted by the first-order
rate equation. Accordingly, the bulk of the functional groups in the in-
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soluble polymer appear to be equally accessible to these small molecules,
though there may be some discrimination of sites by the larger of the
amines, tetradecylamine. (2) The rates for the bead polymer and the
popcorn polymer are about the same. This fact shows that the differences in
physical form and divinylbenzene content for these polymers have very
little effect on the rate of reaction of the adjoined functional groups with
small molecules. (3) The rates of the heterogeneous reactions are about
Vs the rate of the homogeneous reaction of p-nitrophenyl benzoate. This
result indicates that the polymer matrix has an influence on the effective
rate of reaction of the ester groups joined to it.

TABLE |
Amiuolvsis of p-Nitrophenyl Esters in Pyridine*

mobs« min. 1
2-Amino- n-Tetra-
p-Nitrophenyl ester of: ethanol decylamine
Carboxystyrene popcorn polymer 0.11 0.18
Carboxystyrene bead polymer 0.12 0.15
Benzoic acidb 0.60 0.92
“ Reaction conditions: ~0.15 nig. of polymer particles (~30 pieces) in 3 ml. of pyri-

dine 0.0223 M in amine at 25 + 0.2°C.
b 2.07 X 10~6M.

Additional experiments were carried out with ~-substituted imidazoles
in benzyl alcohol. Benzyl alcohol proved to be especially suitable for
these reactions since it possesses both an OH group, which functions in a
solvolytic reaction catalyzed by a tetriary amine, and an aromatic ring,
which favors penetration and expansion of the support particles. Further-
more, it is a good solvent for poly-1V-vinylimidazole, a high molecular weight
amine useful for investigating reactivity of support derivatives with a high
polymeric reagent. 2,4-Dinitrophenyl esters rather than p-nitrophenyl
esters were used in these reactions since the rates of the catalyzed sol-
volysis of p-nitrophenyl esters in benzyl alcohol are inconveniently low.
The soluble model ester employed in these studies was 2,4-dinitrophenyl p-
isopropylbenzoate.

Ilate data for reactions of JV-methylimidazole are summarized in Table
Il. The results confirm the conclusions drawn from the aminolyses
conducted in pyridine; namely, that the heterogeneous reactions are
slower than the homogeneous reaction of a small model ester and that the
bead polymer and the popcorn polymer derivatives react at about the same
rate. In addition, the rate ol reaction ol the popcorn polymer was found
to depend upon the state of subdivision. A single piece of polymer (0.2
mg.) suspended in 3 ml. of solution reacted at about the rate of the same
amount of polymer which was divided into 30 pieces and at approximately
Vio the rate of an equal amount of ester in the soluble analog, 2,4-dinitro-
phenyl p-isopropylbenzoate.
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TABLE 11
Sulvolysis of 2,4-Dinitrophenyl Esters in Benzyl
Alcohol Catalyzed by 0.0265/1/ A-Methylimidazole

10« X A,bs, min. 1

2,4-Dinitrophenyl ester of: 9500 45°C.
Carboxystyrene bead polymer'l 3.8 7.8
Carboxystyrene popcorn polymer? 2.3 8.6
Carboxystyrene popcorn polymer® — 3.5
p-lsopropylbenzoic aeidd (1. 15 33.6

“0.15-0.2 mg. of 200400 mesh particles; ~30 piece®.
10.15-0.2 mg. of N100 mesh particle»; ~3() pieces.
“One particle, 0.2 mg.

d56 X 10-0/.

In syntheses with insoluble supports, cases may arise where it is desirable
to carry out reactions between substituents on the support and high molecu-
lar weight reagents in solution.  Certainly, if large polypeptides and poly-
nucleotides are synthesized on insoluble supports, the problem of removing
the polymeric products from the support particles will be encountered.
As a test of the feasibility of utilizing supports in work with high polymeric,
soluble materials, we investigated the rate of reaction of poly-A-vinyl-
imidazole with suspensions of dinitrophenyl ester derivatives of the bead
and popcorn polymers in benzyl alcohol. The poly-/V-vinylimidazole had
been dialyzed in water to insure absence of low molecular weight fragments.
This system represents a stringent test, since the poly-fV-vinylimidazole
may bind to the surface of the partially hydrolyzed polymer particles
thereby rendering diffusion through the particles difficult. In addition,
the intrinsic reactivity of poly-1V-vinylimidazole with a dinitrophenyl ester
in solution in benzyl alcohol is considerably less than that of A-methyl-

05 1.0 15 20 2.5
1U* x Molar Concentration of Imidazole Units

Fig. 1. Solvolysis of 2,4-dinitrophenyl acetate in benzyl alcohol catalyzed by (q) -V-
methylimidazole and (O) poly-.V-vinylimidazole.
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Tirre,hours

Fig. 2. Solvolysis of 2,4-dinitmphenyl esteis of (O) carboxystyiene popcorn polymer
and (A) carboxystyrene bead polymer in benzyl alcohol catalyzed by poly-.V-vinyl-
imidazole (0.026™M1/ in imidazole units).

imidazole (wee Fig. 1). As shown in Figure 2, poly-Af-vinylimidazole does
in fact react with the insoluble polymers. However, the reaction is not
first-order with respect to the ester groups and the rate is much less than
for IV-methylimidazole. Indeed, the reactions do not go to completion
within a reasonable time period. As measured with this polyamine, the
functional groups on the popcorn polymer (0.2% DYB) are somewhat more
accessible than those on the bead polymer (2% DYB). Accordingly, a
popcorn type support may be preferable to a bead type support for syn-
thetic work involving high molecular weight compounds. Difficulties
may be expected with either type of support, however, when very large re-
agent molecules are used.

To see what effect a change in composition of the backbone of the sup-
port polymer might have on reactivity of pendant functional groups, we
prepared a popcorn copolymer of 2,3-dimethyl-1,4-butadiene, p-vinyl-
benzoic acid, and p-divinylbenzene. Data for Y-methylimidazole-cata-
lyzed solvolysis of the 2,4-dinitrophenyl ester derivative of this polymer
and the corresponding derivative of the styrene popcorn polymer are pre-
sented in Figure 3. Three differences in the reactions of the styrene and the
dimethylbutadiene based polymers were found. (1) The dimethylbuta-
diene polymer reacts more slowly than the styrene polymer in benzyl alco-
hol. (£) In contrast to the case for the styrene polymer, plots of the log
of the absorbance increase at 410 mg versus time for reaction of the di-
methylbutadiene polymer deviate markedly from a straight line above 30%
conversion, suggesting that the ester groups in the polymer are not equally
disposed for reaction with A-methylimidazole. (J) The two polymers
respond differently to a change in solvent from benzyl alcohol to 1-hexanol.
As shown in Figure 3, the rates of reaction of the ester groups in the di-
methylbutadiene polymer are about the same in the two solvents whereas
the ester groups on the styrene polymer react considerably more rapidly
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Time .hours

Fig. 3. Solvolysis of 2,4-dinitrophenyl esters catalyzed by 0.0265M A’-methylimid-
azole: (A) styrene popcorn polymer derivative, in benzyl alcohol; (O) dimethylbuta-
diene popcorn derivative, in benzyl alcohol; (A) styrene popcorn derivative, in 1-hex-
anol; (¢) dimethylbutadiene popcorn derivative, in 1-hexanol.

in benzyl alcohol than in 1-hexanol. For comparison, kobs for solvolysis of
2,4-dinitrophenyl jt-isopropy]benzoate in the presence of 0.02654/ N-
methylimidazole in benzyl alcohol and in 1-hexanol at 25°C. is 0.009 and
0.016 min.-1, respectively. The results with the polymer substrates ac-
cord with the concept that the styrene polymer, which is preponderantly
aromatic in character, is penetrated more effectively by the aromatic solvent
(benzyl alcohol) than by the aliphatic solvent (1-hexanol). The differen-
tial in penetration of the copolymer derivative of dimethylbutadiene and p-
vinylbenzoic acid by the two solvents seems to be much less.
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tional Institutes of Health, Grant G10265 and by a Predoctoral Public Health Science
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Résumé

Une étude a été effectuée concernant les vitesses de réaction comparatives des groupes
fonctionnels esters (p-nitrophényle et 2.4-dinitrophényle) situés sur trois types de poly-
meéres supports insolubles et sur des petites molécules solubles analogues des polymeres.
Les supports étaient des perles polymériques de styréne divinylbenzéne a 25f de DVB,
des perles gonflées de styrene-divinylbenzene a 0.2'/ de DYB et un polymeére gonflé de
2,3-dimét-hylbutadiene et d'unités styréniques substituées dans la chaine. Les benzoales
de para-nitrophényle et I’'isopropylbenzoaté de 2.4-dinitrophényle ont été utilisées comme
analogues solubles. Les vitesses d’aminolyse par les petites molécules (les 2-amino-
éthanol et n-tétradécylamine) dans la pyridine et la vitesse de solvolyse dans les alcools
catalysée a la fois par le m-méthylimidazole et le polyvinylimidazole ont été déterminées.
Avec les petites amines, les particules finement divisées des perles de polymeres .styrén-
iques réagissaient environ a la méme vitesse, c’est-a-dire environ t.0 de la vitesse des
réactions des analogues homogenes. Avec un réactif de poids moléculaire élevé le poly-
vinylimidazole, les réactions hétérogénes étaient beaucoup plus lentes et le polymeére
gonflé réagissait plus rapidement que le polymeére en perle. Pour lessolvolyses catalysées,
les dérivés styréniques gonflés réagissaient plus rapidement dans I’alcool benzylique et
plus lentement dans I’hexanol-1 que le polymeére gonflé de diméthyl butadiéne.

Zusammenfassung

Eine vergleichende Untersuchung der Reaktionsgeschwindigkeit funktioneller Grup
pen aktiver Ester (p-Nitrophenyl- und 24-1finitrophenvlester) an drei Typen unlés-
licher Tragerpolymerer und an einem kleinen, l6slichen Analogon der Polymermolekiile
wurde durchgefiuhrt. 1)ie Tragermaterialien bestanden aus einem Styml-Divinylbenzol-
polymeren vom Perltyp (2% 1)YB), einem Styrol-Uivinylbenzolpopeompolymeren
(0,2% DVB) und einem Popcornpolymeren mit 2,3-l)imethylbutadien- und substituier-
ten Styrolbausteinen in der Kette. Als lIésliche Analoga wurden p-Nitrophenylbenzoat
und 2,4-Dinitrophenyl-p-isopropylbenzoat verwendet. 1)ie Geschwindigkeit der Anrino-
lyse durch kleine Molekile (2-Aminodthanol und n-Tetradecylamin) in Pyridin und der
Solvolyse in Alkoholen bei Katalyse mit kleinen (.Y-Methylintidazol) und grossen (Poly-
vinylimidazol) Molekilen wurde bestimmt. Mit den kleinen Aminen reagierten fein
verteilte Popcornteilchen und Styrolpolymere vom Perltyp mit etwa, der gleichen
Geschwindigkeit und zwar etwa mit >/5der Geschwindigkeit der Reaktion der homo-
genen Analoga. Mit einem hochmolekularen Reagens, Polyvinylimidazol, waren die
heterogenen Reaktionen viel langsamer und das Popcornpolyniere reagierte rascher als
das Peripolymere. Bei der katalysierten Solvolyse reagierte das Popeornstyrolderivat
in Benzylalkohol rascher und in I-lle.xannl langsamer als die I|’ope.orndimethylbuta-
dienpolynrerderivalc.

Roceived September 21, I)(i(i
I’rod. No. 5338A
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Synthesis of 5(6)-Vinylbeiizimitlazolc
and of 2-Vinylbenzimidazole

C. G. OVERBERGER,* B. ROSTERS, andT. ST. PIERRE, Department
of Chemistry, Institute of Polymer Research, Polytechnic Institute of Brooklyn,
Brooklyn, New York 11201

Synopsis

The syntheses of 2- and 5(6)-vinylbenzimidazole are described. These compounds
were characterized by appropriate chemical reactions and physical properties. Inci-
dental to this work, 3,4-diaminostyrene was also prepared.

Introduction

Of the four possible isomers of vinylbenzimidazole only A’-vinylbenz-
imidazole has been well characterized.1 2-Vinylbenzimidazole has been
reported in the patent literature but was not well characterized.23 The
4(7)- and 5((3)-vinylbenzimidazoles have not been reported.

2-Vinylbenzimidazole has been prepared by the spontaneous dehydro-
halogenation of 2-d-chloroet.hylbenzimidazole in a moist atmosphere and
characterized by its melting point.2 In another report,3 the same com-
pound was prepared by the pyrolysis of a- or /3-acetoxyethylbenzimidazole;
the product is described as an oil which did not crystallize. Bachman et
al.4 reported attempts to prepare 2-vinylbenzimida.zole by conventional
dehydrohalogenat ion, dehydration, and pyrolysis of the appropriate deriva-
tives of 2-ethylbcnzimidazole. These procedures at best led to poly-2-
vinylbenzimidazole without isolation of the monomer.

The synthesis described here entails the oxidative condensation of acrolein
and o-phenylenediamine catalyzed by cupric acetate according to the gen-
eral procedure described by Weidenlmgen.5 The monomer, while produced
in low yields, is stable and may be purified by sublimation or recrystalliza-
tion from benzene. It is characterized by its physical properties.

In the preparation of o(())-vinylbenzimidazole, two routes were investi-
gated (Fig. 1). The six-step sequence ending in the dehydrochlorination of
f>(<))-/3-ehloroethyl))enzimidazole gave the desired vinylbenzimidazole and
its polymer. Nit.ration of (p-formamidophenvl)olhvl formate was accom-
plished at —d()°C. At higher temperatures the dinitro derivative was the
predominant product. The protective formyl group was not removed in

* Present address: Department, of Chemistry, University of Michigan, Ann Arbor,
Michigan 48104.
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NHCHO

O HCO, H

ch2ch2ocho ch2ch2oh
Hno3

&

Fig. 1. Synthesis of o (or 6)-vinylbenzimidazole.

the next reaction because it serves to stabilize the sensitive diamine and is
essential to the condensation which forms the heterocyclic ring. The
last step in this sequence of reactions, dehydrochlorination, is not reproduc-
ible and gives yields of 0-67% . The alternative sequence ending in the
condensation of 3,4-diaminostyrene with formic acid gave only polymer
under the conditions investigated.

As proof of structure, the vinyl compound was oxidized to the known
5(6)-carboxylic acid derivative. Ozonolysis of the olefin gave formalde-
hyde, which was identified as the dimedone derivative. 5(6)-Vinylbenz-
imidazole was further characterized by its infrared spectrum, elemental
analysis, and melting point.

The properties of poly-5(6)-vinylbenzimidazole and its catalytic effect
on the hydrolyses of active esters is reported elsewhere.67

Melting points are uncorrected. Analyses were performed by Schwarz-
kopf Microanalvtical Lab., Woodside. N. J., and Alfred A. Bernhardt,
Mulheim (Ruhr) Germany.

Experimental

2-Vinylbenzimidazole. o-Phenylencdiamine dihydrochloride (18.3 g.,
0.1 mole) and cupric acetate (40 g., 0.2 mole) were dissolved in 500 ml. of
water. Acrolein (5 g., 0.1 mole) in 50 ml. of methanol was added slowly to
this solution with stirring. A brown precipitate was formed immediately.
After 2 hr. of mixing, the precipitate was collected and suspended in hot
water. The slurry was saturated with hydrogen sulfide and allowed to
stand overnight. The cuprous sulfide was filtered and the filtrate, after
neutralization, was extracted three times with equal volumes of ether. After
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drying, the ether was removed and the solid was recrystallized from benzene,
0.2 g. (2%), m.p. 1S7-1S9°C. 2-Vinylbenzimidazole sublimes at 120 ('./
0.1 mm. The infrared spectrum (KBr) showed vinyl absorptions at 930
and 980 cm.-1. The proton XMR spectrum in dimethyl sulfoxide showed
bands at 3.1 ¢ (quartet), 4.3 r (doublet), and 3.7 r (doublet).

Anat. Calcd. for CTTNS: C, 75.07 ; H, 56% ; N, 19.4%. Found: C, 75.2%,;
It, 5.7%; N, 19.4%.

/?-(4-Foramidophenyl)ethyl Formate. Recrystallized (ethanol) p-amino-
Dhenethanol (13.8 g., 0.1 mole) was dissolved in 250 ml. of 80% formic acid
and the solution was refluxed for 30 min. The water and formic acid were
then removed under reduced pressure. The viscous residue crystallized
after several hours. The product was recrystallized from a chloroform-
carbon tetrachloride solution, giving 13.7 g. (70%), m.p. 78.5-79°C.

Anat. Calcd. for CioHuNO*: C, 62.15(7-; Ib 5.73%; N, 7.24(7. Found: C,
61.94%; |It, 5.74%; N, 7.50%.

d-(3-Nitro-4-formamidophenyl)ethyl Formate. The above compound
(11.9 g., 0.001 mole) was nitrated in 100 ml. of fuming nitric acid (d = 1.5
g./cc.) by adding small portions of the solid to the acid over a period of 00
min., at a temperature maintained between —30 and —20°C. by partial
immersion in a Dry Ice-acetone bath. The solution was kept at this tem-
perature for an additional 30 min., and then poured onto ten times its vol-
ume of ice. The precipitate was filtered and washed with water until acid-
free. The product was recrystallized from ethanol, giving 7.7 g. (56%) of
long, yellow needles, m.p. 118-119°C.

Anal. Calcd. for C,¢H,ND;;: C, 50.40%; 11,4.22%; N, 11.7%. Found: C,
50.36%; II, 4.20% N, 11.71%.

8  -(3-Amino-4-formamMdaphenyliethyl Formate. The above compound
(12 g., 0.05 mole) was partially dissolved in 200 ml. of dioxane-ethanol
(50:50) and 0.5 g. of 10% palladium on charcoal was cautiously added to
the mixture in a Farr hydrogenator. The slurry was degassed and placed
under 41 psi of hydrogen. After shaking overnight the pressure was con-
stant at 27 psi (calc. AP = 0.05 X 3 X 85 = 13 psi). The catalyst was
removed by filtration and the solvent was removed in a flash evaporator.
The product may be recrystallized from methanol, m.p. 127 128°C., but
was usually reacted further without additional purification.

Anal. Calcd. for GIHIN-23 C, 57.7% : Il, 5.79%,; X, 13.46%; Found: C,
57.78%.; Il, 5.78%; N, 13.49%.

5(6)-(/J-Hydroxyethyl)benzimidazole. This compound was prepared
by the intramolecular condensation of tire aminoformate. The crude prod-
uct from this reaction was dissolved in 100 ml. of water and refluxed with
stirring for 1.5 hr., then treated with charcoal. After filtration the solution
was neutralized with sodium bicarbonate. The product precipitated and
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was recrystallized from water to yield 5.0 g. of the desired eompound (615%
based on /3-(0-nitro-t-forinanii(lophenyl)ethy] formate), m.p. 110 142°C.

Anal. (‘alcd. for (<41lmN~(): (', 66.65'- ; I, 6.21"(; N, 17.27'.. Found: (’,
156.47~ ; 11, 6.1Xr, ; N, 17.:J9',.

5(6)-(d-Chloroethyl)benzimidazole. The above compound (16.2 g., 0.1
mole) was added in small portions to 100 ml. of thionyl chloride at 0°C.
After the solid had completely dissolved, the mixture was heated for 30 min.
on a water bath which resulted in the formation of a white precipitate.
The thionyl chloride was removed in vacuo, and ice water was carefully
added. The product, after removal by filtration, recrystallization from
water, and decolonisation with charcoal, was obtained in 51%, yield, m.p.
126 128°(\

Anat. (’aled. for (’.jllyNdCIl: (', 59.09'%: If, 5.02%; N, 15.52r,; CI, 19.0)->r,".
Found: C€,00.01' : 11,5.27',; N, 15.36%; CI, 19.51',.

5(6)-Vinylbenzimidazole. Potassium (2.6 g., 0.065 g.-atom) was dis-
solved in 100 ml. of ¢erf-butanol. After cooling to 30°C., the above com-
pound (3.6 g., 0.02 mole) was added with stirring. The solution gradually
became turbid during the reaction time of 15 hr. The precipitated potas-
sium chloride was removed by centrifugation, the solution was neutralized
with acetic acid, and the potassium acetate which formed was removed by
centrifugation. The ¢erf-butanol was removed in vacuo at 30 35°C. The
residue was extracted with boiling, anhydrous ether, leaving behind in-
soluble poly-5(6)-vinylbenzimidazole. The solution was filtered and the
ether was allowed to evaporate. The remaining oil crystallized after sev-
eral days at room temperature, 1.9 g. (67%) m.p. 115-110°C.

Anal. Calcd. forCslIMN.: C,7491%; H,55)%: N, 19.43%. Found: C,74.91%;
IT, 5.76%; N, 1».57%.

The infrared spectrum (Xujol) showed vinyl absorptions at 910 and 990
cm.-1. Bromine and potassium permanganate solutions were decolorized
by 5(0)-viiiylbenzim idazole.

3-Nitro-4-aminophenethanol. The reaction product from 50 g., from
/3-(4-formamidophenyl)-ethyl formate and 300 ml. of red, fuming nitric acid
was washed with water until neutral and then was added with stirring to a
10% aqueous sodium hydroxide solution. After standing for 15 hr. at room
temperature the orange precipitate was collected and dried. The product
was recrystallized from toluene to yield 20 g., 42.5% overall yield, of the
desired product, m.p. S6-NS°C. (lit.8m.p.. S5-S7°C.).

3,4-Diaminophenethanol. The above compound (16 g\, 0.088 mole) was
dissolved in 200 ml. of absolute ethanol to which was added 200-300 mg. of
Pd/C. The solution was placed under 36 psi of hydrogen in a Parr hydro-
genator. After 16 hr. at room temperature the pressure had dropped to 14
psi (calc. AP = 0.088 X 3 X 85 = 22 psi). The catalyst was filtered from
(he solution and the ethanol was evaporated in vacuo. The crude product,
which discolors rapidly on standing, was recrystallized from benzene to
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yield 0.) g. (4")%J of the desired product us a pale yellow solid, m.p. 93-
94.5°C.

Anal. Calcd. for CosHi-iNd): (', Go.lIr,; ILS.()rr; N, I<S4rf. Found: C, 6".1%;
H, H3% ; N, IS.3%.

3,4-Diaminostyrene. In an apparatus suitable for the distillation of sol-
ids, the above compound (3 g., 0.02 mole) was mixed with 2 g. of potassium
hydroxide pellets. The system was evacuated and heated slowly in an air
bath. Product distilled at 180-200°C. 0.4 mm. Hgand crystallized in the
receiver. After several recrystallizations from hexane, 0.74 g. (28%) of
white plates were obtained, m.p. 63-54°C. The same reaction on a larger
scale gave a lower yield.

Anat. Calcd. for CjHwNa: C, 71.6%; Il, 7.5%.. Found: C, 71.6%,; 11, 7.6%.

The infrared spectrum (KBr) contained vinyl absorptions at 905 and
990 cm.-1 and the absorption characteristic of 1,2,4-phenyl substitution at
828 and <80cm.“1

Attempted Ring Closure of Diaminostyrene. The above compound (1.3
mg., 10“3mole) was combined with 88% formic acid (0.1 nil., about 1.5 X
10“3mole) and one drop of concentrated hydrochloric acid. This mixture
was refluxed in 20 ml. of water for 30 min. The solution, after cooling, was
neutralized with ammonium hydroxide. The precipitate which formed
was collected and dried and proved to be poly-5(6)-vinylbenzimidazole
from which no monomer could be isolated by chloroform or ether extrac-
tion.

Ozonolysis and Oxidation of 5(6)-Vinylbenzimidazole. The monomer
(0.43 g., 0.003 mole) was dissolved in 30 ml. of ethyl acetate and an oxygen
stream containing 3% ozone was bubbled through the solution. After 30
min. the ozonide precipitated. The ethyl acetate was evaporated in vacuo,
and 10 ml. of water was slowly added to the residue. The formaldehyde
was steam-distilled and isolated as the dimedone derivative. The product
had the same melting point, 191°C., and identical infrared spectrum as an
authentic sample of formaldehyde dimedone. The melting point of a mix-
ture of prepared and authentic samples was 191°C. To the undistilled
aqueous solution was added 10 ml. of acetic acid to dissolve the product.
The solvent was removed and the residue recrystallized from water, m.p.
333-330°C'. (dec.). The infrared spectrum of the product was identical to
5(6)-carboxybenzimidazole prepared by the condensation of 3,4-diamino-
benzoic acid and formic acid9or by the oxidation of 5(6)-vinylbenzimidazole
with KMnOj.
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Résumé

Les synthéses de 2- et 5(6)-vinylbenzimidazole sont décrites. Ces composés ont été
caractérisés par des réactions chimiques appropriées et par leurs propriétés physiques.
A I’occasion de ce travail, le 3,4-diaminostyréne a également été préparé.

Zusammenfassung

Die Synthese von 2- und 5(6)-\ inylbenzimidazol wird beschrieben. Diese Verbin-
dungen Wurden durch geeignete chemische Reaktionen und physikalische Eigenschaften
charakterisiert. Im Zuge dieser Arbeit wurde auch 3,4-Diaminostyrol dargestellt.
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Analysis of Polyethylenimine by Spectrophotometry
of Its Copper Chelate

T. I). PERRIXE und W. R. LAXDIS, National Institute of Arthritis and
Metabolie Diseases, National Institutes of Health, Department of Health,
Education and Welfare, Bethesda, Maryland 2001f

Synopsis

Polyethylenimine (PEI) forms n copper chelate with a N/Cu ratio of about 5 and
with extinction coefficients of about 17> at 6350 A. and 4250 at 261)4 A. Solutions of
PEl-copper chelate obey Lambert’s and Beer's laws and show increased optical density
in the presence of chloride ion. Above pH 4.25, hydrogen ion has little effect. A
comparison with the copper chelate of polyvinylamine suggests that PEI has a highly,
branched structure. Analysis of PEI via its copper chelate is described.

RESULTS AND DISCUSSION

Polyethylenimine (PEI) is a water-soluble material prepared by polymer-
izing aziridine with an acid catalyst. It has the empirical composition
C>HyN and is comprised of primary, secondary, and tertiary amino groups.
Various investigations12 of its structure indicate a high degree of branch-
ing.

Although the polymer is strongly basic (pH = 11 in 5% aqueous solu-
tion), it cannot be determined by titration because of the progressive
increase in charge on the polymer chain as the nitrogens are protonated.34
This effect is diminished but by no means eliminated by increasing the
ionic strength of the solvent or by chelation of the nitrogen. Figures 1 and
2 show titration curves of PEI which illustrate these effects.

We have found that PEI forms a copper chelate which has a X/C ratio
of approximately 5, and at this ratio in 0.R1/ (in terms of X) solution,
about 96% of the reactants are in the form of the chelate (data determined
graphically from Fig. 3). The chelate has the dark blue cuprammonium
color and the large equilibrium constant to make it suitable for colorimetric
analysis of PEIl (and probably of copper as well). The visible and ultra-
violet spectrum of the complex is shown in Figure 4. The maxima occur
at 2940 and 6350 A. The latter is a very broad peak and is suitable for
approximate analytical determinations of PEI, because the accuracy of
the wavelength setting is not critical and because the absorption of Cu-
(OACc)s in this region is very low, so that errors in correcting for excess
copper are less important than they would be in the ultraviolet region.

1993
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ml. HNO, 5N

Fig. 1 Titration of 23.3 mmoles PEI with 5V HNOs in the presence of various
amounts of copper: (1) no Cu++; (2) 1.165 mmoles Cu++; (S) 2.67 mmoles Cu ++;
(4) 4.66 mmoles Cu++; (5) 11.6ammoles Cu++. The curves reunite at 18.50 mmoles of
UNO:,.

Fig. 2. Titration of 23.3 mmoles PEI in 20 ml. 1LO with 0.267.1/ OuINOffi. The
inflection points correspond to N/Cu ratios of 6.66 and 4.72, and roughly would he
consistent, with 6: 1and 4: 1chelates with 15', of uncombined N.

Table I gives the molar extinction coefficients (K) which have been ob-
tained over a period of lime with various PEI samples, and Figure 3 shows a
typical curve obtained at 6350 A. for the formation of the complex from
various amounts of PEI and il standard amount of copper. In the region
of excess copper, the curve is a straight line (i.e., quantitative formation
of the chelate) with a slope which is determined by the concentration of the
PEI added. In the region of PEI excess, the curve is a line of constant
optical density, since PEI has negligible absorption in this region. The
intersection of these two lines defines the N/Cu ratio in the chelate, and
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Fig. 3. Curve for the formation of PEI-copper chelate by adding 0.0954 merlar Chem-
irad PEI to 4.00 ml. of 0.020741 copper acetate. Volume of each sample, 10.0 ml. The
equivalence point is at 4.17 ml. of PEI and OD = 1.47.

Fig. 4. Spectrum of PEIl-copper chelate 0.5 merlarin PEIl and 0.1M in Cu(OAc)2 B$m
= 174, Enm = 4242; cell thickness: visible, 1.04 mm., ultraviolet, 0.0295 mm.

the actual optical density at this ratio is a close approximation of the
amount of chelate formed (9.5%), needing only to be corrected for the
small amount of free Cu++. Since the extinction coefficient of the latter
is about 9% of that of the complex, neglecting the free copper causes an
error of 0.5%.

Examination of the results reported in Table | shows that neither the
X/Cti ratio nor the extinction coefficient is constant for all PEI samples
examined. These variations may be due to differences in the branching
of the polymer, and consequent differences in the steric availability of
nitrogen for chelate formation. This speculation obtains some support
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TABLE |
Extinction ( <nmliieients of ( mupper Chelates of Various PKI Samples at 6."5( A.
Source Molarity" L — HuUn\ " N/Ou 01/N
ow 0.00X2(1 IXI lot) 4.46 0
Ohemirad 0.110X20 16X 176 474 0
Chemirad 0.0072X 1X0 104 4.01 0.407
Ohemirad 0.0042S IXX — 5.15 0 :ixo
PEI WTC1 0.00752 107 205 5.5i1 1.38
PEI «HOI (1.00762 106 205 5.25 1.M8
Ohemirad 0.00776 166 175 4.M6 0
Ohemirad 0.100 174 — 5.00 0
Acetyl PEI 0.00526 1X7 198 7.60 0
Average 183 102 4.9d

“ Based on Cu+™

b Measured at the equivalence point.

' Measured in region of complete conversion.
" Excluding value for acetyl PEI.

from the data in Table Il. If one plots the increase in extinction coef-
ficient against the decrease in X/Ou, an approximate straight line is ob-
tained. It is reasonable that increased ionic strength would open up the
polymer chain and increase the ease of chelation. However, nitrate and
acetate ions do not seem to exhibit this effect. We intend to study the
matter further. For the purpose of the present communication it is suf-
ficient to note that these effects occur, and that if an accuracy of greater
than about *.>% is required, they must be corrected for. In this case,
in using the chelate as an analytical tool, a reference curve should be pre-
pared from the same batch of polymer whose portions are to be analyzed.
It is of course also necessary to control the presence of other amines or
materials which form colored chelates. We have not found interfering

substances in PEI.

TABLE |l
Numerical Values Derived from Figure 5

At equivalence

Molarity point .
— ---  Maximum 01)
Curve no. Cu++ ci- N/Cu Ol )e350 () Dexsc Heopper ratio”
i 0.00776 O 4.01 1.20 1.M6 175 1.05
2 0.00776  0.004 4.01 1.20 1.M6 175 1.05
> 0.00776  0.02 4.X 1.M1 1.40 1X0 1.05
4 0.00776  0.04 4.75 1. M6 1,41 X2 1.04
5 0.00776  0.0S 4.75 1.40 1.47 1X0 1.05
6 0.00776  0.20 4.6!) 1.45 151 105 1.04
7 0.00776  0.40 4.67 1.40 1.55 200 1.04

" Ratio of true optical density of the chelate to the apparent optical density. Sub-
tracting 1.00 from this ratio gives a close approximation to the degree of dissociation of
the chelate.
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The use of a high ionic strength solvent is desirable in many studies
with charged polymers because it minimizes the charge effect. We have
used 5% KOAC exclusively as a solvent system in this work so that we
could relate PEI analytical determinations directly to other studies (i.e.,
viscosity determinations) in which this ionic strength was required. Xo
effort has been made to determine the effect of ionic strength on the prop-
erties of the chelate other than to show that the extinction coefficient is not
altered by moderate changes in acetate concentration.

Interference by Other lons

Xitrate ion shows strong absorption in the ultraviolet. Chloride ion
has a complicated effect, and in higher concentrations, may enhance the
extinction coefficient at 635 mg as much as 15%, as shown in Table III.
Figure 5 illustrates the effect of various amounts of chloride ion on the
optical density of PEI-copper mixtures, and Table Il lists the critical
numerical values. The effect of chloride ion is strongly concentration
dependent.

TABLE Ill
Effect of Chloride lon on the Extinction Coefficient of 0.01 Merlar PEI-Copper
Complex
5:1 6:1
N/Cu N/'Cu
A A
Cl/iCn 01) OB X 103 Increase, 'f 01) Ol) X 10s Increase,
0 1.202 - - 1.350 - -
0.5 1.202 0 0 1.350 0 0
2.5X 1.348 56 4.33 1.390 40 2.06
5.15 1.372 80 6.10 1.410 60 4.44
10.31 1.431 139 10.76 1.450 100 7.41
2".77 1.475 183 14.16 1.502 152 11.26
51.55 1.530 238 18.42 1.545 195 14.44
TABLE IV
Effect of pH on the Extinction Coefficient of 0.01.17 PEL Copper (‘omplex at N/Cu-5

p H Cl Cu (1350 m;\corrected**

5.30 0 169 160

5.02 6 170 166

4.82 12 184 166

4.58 24 188 165

4.41 30 100 165

4.30 36 191 165

4. 10 42 102 164

3.01 48 102 163

1.4 60 9 7.6

a Corrected foi*chloride ion effected by using dat;a from Table I11.
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The effect of hydrogen ion is roughly depicted in Figure (. Since the
changes in pH were induced by adding concentrated hydrochloric acid
to the complex, the chloride ion effect was corrected for Table IV gives
uncorrected and corrected values. It is apparent that hydrogen ion per s
has little effect above pH 4.2.

Fig. 5. Curves for the formation of PEI-copper chelate in the presence of chloride
ion. (1) Cl/ICu = 0; {t) Cl/Cu = 0.52; (S) Cl/ICu = 258; ({) Cl/ICu = 5.15; (5)
Cl/Cu = 10.81; (6) Cl/ICu = 25.77; (7) Cl/ICu = 51.55. All solutions are 0.00776.1/
in Cu++.

Fig. &= Apparent effect of pH on the copper chelate of PEI. The pH change is
induced by HC1, and the effect above pH 4.25 is due essentially to added chloride ion.
Below this value, dissociation of the chelate becomes increasingly important.
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Effect of Source and Treatment of PEI

Two samples of PEI were at our disposal. One was made by BASE,
West Germany, and supplied as a 50% aqueous solution by the Chemirad
Corporation. The molecular weight of this material is stated to be 30,000-
40,000, determined by light scattering.s The other sample was supplied
by the Dow Chemical Co., as a solution with 33% solids. The molecular
weight is not stated, but appears to be higher than the BASF material as
judged by its viscosity.

The concentration of both samples was confirmed by nitrogen analyses
in our microanalytical department. The maximum error of these deter-
minations is probably * 1%.

In addition, in order to get a standard PEI material which was free of
carbonate, the Chemirad material was converted to the hydrochloride as
described in the experimental section. A strongly basic polymer, 50% PEI
does slowly absorb CCL, but our analytical data suggests that the carbonate
is eventually converted to urea crosslinks or large rings, since it appears
that in the material we used there is about 1 extra carbon atom for every
20 nitrogens, and that one out of every 10 nitrogens is nonbasic.

The extinction coefficients and N/Cu ratios obtained with these mate-
rials are listed in Table I.

Fig. 7. Lambert's law plots of I'l | -copper chelate, measured at 0350 A.  The maximum
deviation from Beers’ law is less llian == L.

Effect of Dilution on the Chelate

In Figure 7 we show Lambert’s law plots of the optical density of the
chelate at three dilutions. These determinations were made with a cali-
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bmted variable path-length cell. Since the ratio of slope to concentration
for these three curves is essentially constant, there is no appreciable devia-
tion from Beer’s law.

In some of the earlier work we did on this system, copper chloride was
used as the source of copper ion. The chloride ion introduced in these
cases causes only a moderate error in our results. It can be seen from
Table 111 that chloride ion has less than 3% effect at a CI/Cu molar ratio of
2:1.

In addition to PEI itself, the acetyl derivative (X:acetyl = 2:1) was
also converted to the chelate. The N:Cu ratio found was 7.6, and the
ideal and actual extinction coefficients 20.1 and 182, respectively.

Polyvinylamine

Asample of this material, made by the method of Reynolds and Kenyons
gave an entirely different sort- of copper-binding curve (Fig. 8). This chelate
has been described in detail by Tcyssie et al.7

Fig. 8. Curves for the formation of polyvinylumine-eopper chelate obtained under
the same conditions as those used for Fig. 3: (X) 0.00364 mAl Cu++; 0, 0.00182 mM
Cu++. Abscissa: miners of polyvinylamine added.

EXPERIMENTAL

All solutions used in this work were 5% in potassium acetate and had
pH 5.5 unless otherwise stated. Reagent grade chemicals of reputable
manufacture were used thruout. Copper solutions were analyzed by thio-
sulfate titration, and PEI concentrations were obtained by Dumas nitrogen
analyses on the working solutions used. The error on these determina-
tions probably does not exceed 1%. Spectra were determined on a Carey
model 15 spectrophotometer.
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Preparation of PEI HC1

A 50% solution of PEI was analyzed (Found: C, 29.23%; X. 16.13%;
C/X ratio, 2.12/1). Based on N, the solution is 49.6 £ 0.9%.

This solution (9 g.) was strongly acidified with 25 ml. concentrated HC1
and evaporated to dryness on the steam bath (Found: C, 26.23%; X,
14.70%; C/X ratio 2.11/1). The acid treatment was repeated, and the
sample kept under high vacuum (0.5 g) for 10 hr. (Found: C/X ratio
2.12/ 1; C/CI ratio 1.975/1). The vacuum drying was continued 4 days
at 0.1 n (Found: C, 30.64%; H, 7.89%; X, 17.48%; ClI, 41.26, 41.25%
(by precipitation), 41.49% (by combustion); C/X ratio 2.05; C/CI ratio
2.19). C*H.XClrequires: C, 30.20%; H, 7.61%; X, 17.61%; Cl, 44.58%.
If one carbonic acid is condensed with a 20-nitrogen unit of the polymer to
form a carbamide linkage, the empirical formula, C4HueX2OCliSrequires:
C,31.90%: H, 7.57%; X, 18.14%; Cl, 41.34%. The analysis is in reason-
able agreement with this formulation. The slight reduction in C/X ratio
upon prolonged acid treatment may signify a liberation of basic nitrogen.
This hypothesis is consistent with the increased X/Cu ratio in the chelate of
the acid-treated polymer (see Table I).

Determination of PEI as the Copper Complex

To 4.00 ml. of 0.02M copper acetate we added various amounts of 0.1
merlar PEI solution, diluted each mixture to 10.0 ml. (always using 5%
KOAc at pH 5.5 as the solvent), and constructed a standard optical density-
PEI content curve similar to that shown in Figure 9. Unknown samples,

Fig. 9. Curve for the formation of PEIl-copper chelate from 0.400 mmer PEI-HC1
and CuCk in a volume of 10.0 ml. The slopes are 20.5 and 3.4 OD units per mmole of
Cu++.



2002 T. D. PERRINE AND W. R. LANDIS

made in the same way, may then be read directly, as long as the optical
density values are below 1.2 (linear slope).

Polyvinylamine

This was prepared by the method of Reynolds and Kenyon.o After
hydrolysis with hydrazine hydrate, in which .3 g. of the dry polymer was
added portionwise to a hot (100°C.), stirred mixture of 30 ml. of <95%
hydrazine hydrate and 70 ml. of water, the mixture was acidified with
acetic acid, clarified by centrifugation, and the supernate purified by
dialysis against distilled water. Analysis of the dialyzate for C and N indi-
cated that the concentration of the polymer solution was 0.042 merlar.

The dialyzate shows a very strong peak at 310 m/r, presumably due to
residual phthalimido residues, but this peak is not diminished by repeat-
ing the hydrazinolysis. This final dialyzate gave the analysis: C, 5.94
mg./ml.; H, 116 mg./ml.; N, 189 mg./ml.; acetic acid, 5.02 mg./ml.
Thus, the G/iN ratio is 3.67 and the N/acetic acid ratio is 1.61. From
these data, it can be calculated that there is a residual phthalimidyl residue
for each 18V 2 monomer units, corresponding to 94.6% hydrolysis. Ken-
yonégives the value 95.8%.

The copper-binding curve was run on this material under the same con-
ditions as that described for PEI. The binding is very weak compared to
that of PEI.

Effect of Acetylation

The Chemirad Corporation was kind enough to supply us with a sample
of acetyl,-tied PEI (made with acetyl chloride). Analysis indicated a 3:1
C/N ratio (50% acetylation). This material was dialyzed against KOAc
solutions to remove chloride, then against distilled water, lyophillized, and
made up to 0.85 merlar in 5% KOAc (concentration determined by N
analysis). This was then diluted with 5% KOAc to 0.1 merlar and con-
verted to the chelate. The N:Cu ratio is 7.60, and Eqppaient = 182, Ejod
= 205, as determined from the graph of the optical density versus compo-
sition.

We wish to thank the Chemirad Corp. for their generosity in supplying us with some
of the materials used in this work.

Microanalvses were made by R. Raer, P. M. Parisius, E. Peake, and A. L. Wong in
OUr microanalytical laboratory under the direction of Dr. W. C. Alford.
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Résumé

La polyéthviénimine (PEI) forme un chélate cuivrigue avec un rapport N/Cu d’en-
viron 5 et avec des doefficients d’extinction d’environ 175 a 6350 A et 4250 a 2694 A.
des solutions du chélate cuivrique PE| obéissent & la loi de Lambert et Beer et montrent
une densité optique croissante en présence d'ions chlorures. Au-dessus du pH 4.25, la
concentration en ions hydrogénes a peu d’effet. Une comparaison avec des chélates
cuivriques de la polyvinylamine suggeren que PEI a une structure fortement ramifiée.
L’analyse de PE| au moyen d’un chélate cuivrique est décrite.

Zusammenfassung

Polyathylenimin (PEI) bildet ein Kupferehelat mit einem Verhé&ltnis N/Cu von etwa 5
und mit Extinktionskoeffizienten von etwa 175 bei 6350 A und 4250 bei 2694 A. LO&s-
ungen von PEI-Kupferehelat gehorchen dem Lambert-Beer’schen Gesetz und zeigen in
Gegenwart von Chloridion erhdhte optische Dichte. Oberhalb pH 4,25 besitzt Wasser-
stoffion wanig Einfluss. Ein Vergleich mit dem Kupferehelat von Polyvinylamin lasst
erkennen, dass PE| eine stark verzweigte Struktur besitzt. Die Analyse von PEI uber
sein Kupferehelat wird beschrieben.

Received January 18, 1967
Prod. No. 5345A



JOURNAL OF POLYMER SCIENCE: PART A-l VOL. 5, 2005-2012 (1967)

Studies on the Polymerization of Ethyl Acrylate.
I. Kinetic Studies

P. V. T. RAGHURAM and U. S. NANDI, Indian Association for the
Cultivation of Science, Calcutta, India

Synopsis

Kinetic studies on the polymerization of ethyl acrylate have been carried out and the
various rate constants and their corresponding activation energies determined.

Although the polymerization kinetics of methacrylic esters have been
studied quite extensively,1-6 there are less data available on similar
studies on the acrylate series.6-10 This prompted the present study with
ethyl acrylate, as the available literature are very meager. This paper
reports kinetic studies with this monomer to evaluate the different kinetic
constants.

EXPERIMENTAL

Materials

Ethyl acrylate supplied by Eastman Kodak was freed from inhibitor by
repeated washing with 5% aqueous caustic soda followed by washing with
distilled water to remove any trace of alkali. After drying over calcium
chloride it was distilled twice, the fraction boiling in the range 99-99.5°C.
being collected.

Benzene was purified according to the standard method.1l

2,2'-Azobisisobutyronitrile was recrystallized twice from absolute ethyl
alcohol; m.p. 103-104°C.

Polymerization

The polymerization experiments were carried out in Pyrex glass ampules
which were first thoroughly cleaned with hot chromic acid, washed with
water, then with sulfurous acid solution, and finally washed with distilled
water and dried. The required volumes of the monomer and solvent mix-
tures were placed in these ampules, frozen in liquid oxygen, degassed, and
the ampules sealed. The tubes were then suspended in oil thermostats
maintained at the required temperatures within an accuracy of £0.01°C.
After a specific time, when the conversion was less than 10%, the tubes were
taken out, chilled, and broken open. The polymer was precipitated with

2005
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Fig. 1 Dependence of the rate of polymerization on the initiator (AIBN) concen-
tration: (A) 50°C.; () 60°C.; (O) 7()°C.

petroleum ether (boiling range 40-GO°C.), reprecipitated from benzene
solution, and finally dried at 50°C. to constant weight.

Degree of Polymerization

The degree of polymerization P was determined from viscosity measure-
ments at 30 + 0.05°C. in benzene solution from the relation P = K[NT",
where [17] is the intrinsic viscosity of the solution and k and a are constants
for each polymer system in benzene. The values used in the calculation of
the present work were k = 2.03 X 10if, a = 1.492.6
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T XIO

Fig. 2. Temperature effect of Cm and 5 ill the polymerization of ethyl acrylate: (O)
log5 (9)log Cm+ X (X = 5).

RESULTS AND DISCUSSION
Rate of Polymerization (R,,)

Rv in the case of ethyl acrylate is found to be quite fast in comparison
to the rate for methacrylates under similar conditions. The kinetics were
studied at 50, 05, and 70°C. in bulk and in solution. It is found that Rpis
proportional to [I]v" in agreement with the usual relationship.

Rv = A[I],/'[M]"
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Fig. 3. Temperature effect of /?,/[l] in the polymerization of ethyl acrylate; log ft, -f-
X (X = 7).

where [I] and [M] are the initiator and monomer concentrations, respec-
tively, and K is a constant. The straight lines do not pass through the
origin, showing the presence of an induction period, and termination is
probably by a bimolecular free-radical interaction.

Value of s (k~'/kp)

The general equation for the degree of polymerization is

1P = £OXX]/[M] = Cm+ n ([I}/[M]) + <7s([S)[M]) + 72,(8*M]*)
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where cm, ci, and cs are chain transfer constants for monomer, initiator,
and solvent, respectively. With AIBX, Ci is consistently near zero, and

1P = Cm+ Cs([SY[L\M]) + Rv («VI-MH

Hence a plot of /P against U,,should be straight line from whose slope 8
can be evaluated.

In the present work 8 has been evaluated at three temperatures: 50, 65,
and 70°C. Experiments at higher temperatures could not be carried out
due to the explosive nature of the reaction. As observed in Table I, ex-
periments were conducted in solutions of benzene. This is partly to con-
trol the rate of the reaction and partly to avoid high viscosity of the medium
with progress of polymerization. We tried to determine the kinetic con-
stant from results of bulk polymerization of ethyl acrylate. It was ob-
served that in bulk the molecular weight of the polymer formed was very
high, and the system becomes highly viscous even with very low percentage
of conversion. This obviously resulted in diffusion-controlled reaction,
and the value of 5at a particular temperature was found to vary with the
monomer concentration. In order to avoid this, work was carried out in
solution of benzene (benzene: monomer = 2:1 by volume; at this con-
centration the reaction was not diffusion-controlled), and the results have
been reported in Table I. As is mentioned earlier, quite little literature
exists on this, and whatever data are available give a value of 8 from bulk
experiments which is very low in comparison to our value. We think
this to be due to the high viscosity in bulk experiments which causes a re-
duction in the termination rate and thus affects the value of 8

The effect of temperature on 8and hence the energy of activation Ep —
E,/2 has been evaluated; the value of energy of activation found was
6.8 kcal./mole; this may be compared with the value of 8.42 kcal./mole
obtained for methyl acrylate.7

TABLE I
Hate Constants for the Polymerization of Methaerylie and Acrylic Esters
Sat 50°C,
molelV gp - vA), EnJ/[H Cm X 10s

Monomer 1 '-sec. '- kcal./mole kcal./mole at 50°C. kcal./mole
Methyl acrylate 2.41)» 8.42» 1.30» 0.03»
Ethyl acrylate 2.13 (181 35.2 1.93 7.09
Butyl acrylate — 2. 111
Methyl methacrylate 11.62« 4.40" 30.7d 0.80« 7 .00«
Ethyl methacrylate 9.43» 4,22« 32.7« 4.12«
Butyl methacrylate 5.9% 4.00« 33.4& 1.79 3. 54«
Nonyl methacrylate 2.48« 2.09« 34.0« - -

«Data of Sen et al.9

bData of Melville and Biekel.D
«Data of Nandi.12

dData of Matyka et al.8

e Data of Kluuina et ill.3
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Rate of Initiation
At a steady state during polymerization,

Rt = 2k, [M*]2= (2k./k/) R//[.Mp
Ri/[l] = (262[M]3 Rw\I]

Since Rp2 [I] is a constant, ff,/[I] should be a constant at a particular
monomer concentration.

The value of bobtained was utilized and R{[1] determined at three tem-
peratures. The results are reported in Table I and the energy of activa-
tion has been found to be 35.2 kcal./mole. This can be compared with a
value of 30.7 kcal./mole for AIBX-initiated polymerization of methy[
methacrylate (Table I1) and other methacrylic esters.

Transfer to Monomer (Cm)

Cmhas been evaluated from the plot of I/P against Rp, where the inter-
cept gives the value of CM+ Cs [S]/[Al]. From a knowledge of the values
of Cg and [S])/[M], Cm can be evaluated easily. The results for Cm and
the corresponding energy of activation are tabulated in Table I.

It might be observed from Table Il that although the energies of ac-
tivation for Cm are almost identical for methyl methacrylate and ethyl
acrylate, the values of Cmat a certain temperature are quite different. Cm
for methyl methacrylate is quite low in comparison to that for methyl or
ethyl acrylate. This might be due to the fact that the presence of an a
methylenic group would favor propagation rather than transfer, which is
much easier in the case of the acrylates.

The authors are grateful to Professor Santi R. Palit for constant encouragement and
helpful discussion during the course of the work.
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Résumé

Des études cinétiques de la polymerisation de |'acrylate d’éthyle out été effectives et
les différentes constantes de vitesse et leurs energies d’activation correspondantes déter-
minées.
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Zusammenfassung

Eine kinetische Studie der Polymerisation von Athylacrylat wurde ausgefiihrt und die
verschiedenen Gesehwindigkeitskonstanten sowie die entsprechenden Aktivierungsener-
gien bestimmt.
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Determination of Tacticity in Poly (vinyl Chloride)
by Infrared Spectroscopy

J. STOKR, B. SCHNEIDER, M. KOLINSKY, Al. RYSKA, and
D. LIAI, Institute of Macromolecular Chemistry, Czechoslovak
Academy of Sciences, Prague, Czechoslovakia

Synopsis

From the temperature dependence of infrared spectra of poly (vinyl chloride) samples
prepared by different methods, the intensity of the band at 690 cm.1(proportional to the
number of isotactic diads in the sample), as well as that of the tacticity-independent
C—H stretching band, was found to be independent of the crystallinity of the sample.
These lines were therefore applied for the tacticity determination in poly(vinyl chloride),
measured in the form of KBr pellets. The numerical tacticity value was obtained from
the known values of absorbance coefficients of scn and Shh type C—CI stretching bands
in solution, and from the shape of the spectrum.

lii the region of 600-700 cm.-1, the infrared spectrum of poly(vinyl
chloride) shows bands assigned to C—ClI stretching vibrations. The in-
tensities of these bands depend on the conformational and configurational
structure and on the crystallinity of the sample, and they have been used
in the past for tacticity determination.1-6

In our previous communication,7the absorption around 690 cm.-1 was
shown to be proportional to the number of isotactic diads, and in the
region of 600-640 cm.-1 to syndiotactic diads. Based on this finding we
proposed a method for determining the tacticity of amorphous samples of
PVC.7 As some samples cannot be easily transformed into an amorphous
state, an infrared method of tacticityldetermination which is independent
of the crystallinity of the samples was sought.

Experimental

The preparation of model polymers has been described in detail in previ-
ous communications.89 Polymerizations were carried out in dilatometers
up to 5% conversion. Polymerization conditions of the polymers investi-
gated are summarized in Table I.

Samples 1, 2, and 3 were fractionated into 12-14 fractions. Samples
4 and 5 were polymerized at low temperature in heptane by block photo-
polymerization with methyl azobisisobutyrate as initiator. Polymer 6
was prepared by a copolymerization of vinyl chloride with a small amount
of vinyl acetate, the latter monomer being used for a reduction of the

2013
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regularity of the structure. Sample 7 is a typical commercial suspension
polymer, prepared under standard conditions at 55°C.; by extraction
with benzene it was separated into two parts, a benzene-soluble part, 7a,
and a benzene-insoluble part, 7b. Both parts were subjected to further
fractionation. The series of samples 8, 9, 10 were prepared according to
GermarDat 0. —25, and —35°C.,, respectively, but to low conversion.

The infrared spectra were measured on a Perkin-Elmer 421 spectro-
photometer. For temperature-dependence measurements of infrared
spectra, the samples were heated and cooled in IvBr pellets containing 5
mg. of powdered polymer. The absorbance of the bands at the maximum
was determined by the base-line method.

Results and Discussion

In order to determine the effect of crystallinity upon the intensities of
various bands in the infrared spectra of the PVC samples, the spectra of
polymers prepared by various procedures were measured over a broad
temperature range. It was found that the intensities of all lines change
with temperature. The intensities of the lines at (115, 690, 900, 1105, and
1438 cm.-1 exhibit smooth temperature changes under all circumstances.
On the other hand, the temperature changes of the lines at 635, 1258,
1338, and 1428 cm.-1 indicate that these lines are influenced by the crystal-
linity of the sample (Figs. 1 and 2).

The reversible temperature changes of intensities (Fig. 2) in crystal-
linity-independent bands may be caused either by changes of conforma-
tional equilibrium or by changes of absorbance coefficients. In order to de-
termine which of these factors is dominant, we analyzed the region of C—Cl
stretching vibrations with respect to the findings of our previous com-
munications.711'2 By studies of model compounds, the syndiotactic
parts of the chain were shown to contain TT and GG conformations, the
relative amounts of these two forms depending on temperature. The TT

Fig. 1 Temperature dependence of the absorbances of various lines in the infrared
spectrum of PVC sample 7b: (1) 1258 cm.-1; (3) 1428 cm.-1; (3) 635 cm.-1; (4) 1438
cm.-1; (6) 1338 cm.-1; (6) 615 cm.-1; (7) 960 cm.-1; (8) 2910 cm.-1; (9) 1105 cm.-1;
(10) 690 cm.-1; (11) 2970 cm.-1.
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conformations are known to absorb in the region 600-640 cm.-1. The
GG form in a syndiotactic diad contains two <&h chlorine atoms lying in
the plane of the polymer chain.  According to Colthup,B3strong interaction
between chlorine atoms can take place in this case. The infrared spectrum
of d,/-2,4-dichloropentane, which from NMR spectra is known to contain
GG forms, does not exhibit any bands in the region of Nch type C—ClI
stretching vibrations.  For this reason, the Nch band of GG forms expected
to lie at 090 cm.-1 was assumed to be split into two components, as a con-
sequence of an interaction between the two Cl atoms.22 We expected one
of the components to lie above 700 cm.-1 and the other between 000 and
640 cm.-1. This assumption was confirmed by a normal vibration cal-
culation of the GG form of rf,/-2,4-dichloropentane by KrimmXand by our
own measurements.b

Fig. 2. Absorbance changes of various lines in the infrared spectrum of PVC sample 7b
during repeated heating. Identification of curves as for Fig. 1

In rapidly cooled samples of pure syndiotactic PVG which had previously
been heated up to 200°C. under high pressure, Krimm®bfound a band in
the region of 690 cm.-1, assigned to TG conformations of syndiotactic
diads. This band does not occur in syndiotactic samples of PYC subjected
to simple heating only. As in model compounds of syndiotactic PVC, an
appreciable band of the TG forms has not been observed; the 690 cm.-1
band in the PVVC samples presently investigated is assumed to correspond
only to »Sn vibrations of isotactic diads and to be independent of the con-
formational structure of PVC. As this line is independent of crystallinity,
the temperature changes of its intensity must be caused by a temperature
dependence of absorbance coefficients, as in the 2,4-dichlorpentanes.’
This conclusion is further supported by the fact that the intensity of the
band at 690 cm.-1 changes even at very low temperatures, where changes
of conformational structure are highly improbable (Fig. 3).
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Fig. 3. Temperature dependence of the absorbance of various lines of PYC sample 7b
crystallized at 150°C. Identification of curves as for Fig. 1

The band at 690 cm.“ 1consists of two components, assigned by TasumiB
to the symmetrical and degenerate C—Cl stretching vibration of isotactic
sequences. In our spectra these two components were not resolved. In
measuring the absorbance of this band, both the integral and the peak ab-
sorbances were determined. Overlapping of the 690 cm.“1band with the
(Sh (600-650 cm.“1) C—CI stretching band makes the measurement of
integral absorbance less accurate. In spite of this, the ratio of the two
absorbance values remained approximately constant in all the samples
measured at all temperatures investigated. In all cases the observed dif-
ferences remained within the limits of accuracy given by the measurement
of integral absorbance. Tor this reason, even this composite baud was
further evaluated by means of peak absorbance.

In the region of 600-640 cm.* 1a number of bands overlap; the frequencies
and intensities of these bands depend on the length of syndiotactic se-
quences in TTTT conformations7 and on crystallinity of the sample.
Moreover, this region also contains bands of GG forms of syndiotactic
sequences, and these may have absorbance coefficients differing from those
of TT forms. Temperature changes in this region were also observed in
model compounds.1216 No single band from this region is therefore suit-
able for tacticity determination.

From the bauds in the region 600-700 cm.*1 only the baud at 690 cm.“1
can therefore be used for determining tacticity. The bands of CH stretch-
ing vibrations are most suitable to be used as internal standard lines, as
they are independent both of tacticity and of crystallinity of the sample
(Fig. 1, curve 6). Besides that, their intensity is comparable to that of the
band at 690 cm.“1 so that the influence of the mosaic effect is expected to
be small.
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abecde

Fig. 4. Absorbance of various lines in the infrared spectra of PYC samples polymer-
ized at different temperatures: (o) sample 7b; (b) sample 8; (c) sample !); (d) sample 10;
(e) sample 5. Identification at curves as for Fig. 1

Fig. 5. Absorbance of various lines in the infrared spectra of PYC samples obtained
by different polymerization procedures: (a) sample 7a; (6) sample 2; (c) sample 7b;
(rf) sample 6; (e) sample 3; (/) sample 7; (g) sample 1; (h) most insoluble fraction of
sample 7b; (j) most insoluble fraction of sample 1; (k) mostinsoluble fraction of sample
1, (?) most insoluble fraction of sample 3; (m) most insoluble fraction of sample 4.
Identification of curves as for Fig. 1

For the determination of absolute tacticity (Table I), the ratio of ab-
sorbance coefficients 480 riZomust be known. This was determined in
easily soluble samples of I’YC of known tacticilv7and found to be equal to
{2

We have also measured the ratio of integrated absorbances of the band
al )0 cm."land of the sum of integrated absorbances of all the bands
between 000 and (»0 cm .1 recommended for tacticity determination by
Shimanouehi.5 We have found that this ratio depends on the crystallinity
of PVC. For sample 7, the following values of Aeoo-w/Aeto were found:



TACTICITY IN POLY(VINYL CHLORIDE) 2019

25 for a film, 2.2 for a powder obtained by precipitation from solution,
and 1.96 for PVC in solution.

Tacticity values given b}y Shimanouchi® are further based on the as-
sumption of equal absorbance coefficients for both €hand SHh CCl stretch-
ing vibrations. In model compounds,2 the ratio of these absorbance
coefficients Ashh/A sch was found to be 1.5.

Germar6D determines tacticity from temperature changes of infrared
spectra of PVC in solution. He assumes temperature-independent ab-
sorbance coefficients and therefore ascribes all temperature variations of
line intensities to changes of chain conformation equilibria. The actual
temperature dependence of absorbance coefficients renders Germar’s pro-
cedure unsuitable and explains the highly improbable values of AE be-
tween GG and TT forms in syndiotactic sequences following from his
measurements.

The tacticity of PVC samples polymerized in the temperature range
+50 to —50°C. was evaluated by means of infrared spectra by using
the intensity of the 690 cm."1band referred to the CH stretching band
(Fig. 4). Absorbances of all lines in the infrared spectra of PVC samples
prepared under widely varying polymerization conditions are shown in Fig-
ure 5. In the temperature range investigated, tacticity varies by about 4%
(Table 1). This result indicates a small difference between the activation
energies of formation of the two configurations, and the ratio of syndiotac-
tic and isotactic diads must consequently be near to 50%. This is in agree-
ment with the tacticity values of PVC found experimentally from in-
frared spectra.

For samples 1, 2, 3, and 7, the tacticity of fractions of different solubility
was investigated. Tacticity is practically equal (Fig. 6) in all fractions,

Fig. 6. Absorbance of various lines in the infrared spectra of fractions of sample
PVC-3 annealed for 1 hr. at 150°C. Solubility of fractions increases from a to h.
Identification of curves as for Fig. 1
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except for the first least soluble portion which is about 2% more syndio-
tactic. By fractionation of sample 7, extreme fractions differing by 4%
in tacticity may be obtained, with the most soluble fraction enriched up to
2% by isotactic sequences. This result confirms the assumption that in
the given polymer with sufficiently high molecular weight, the chains con-
tain an approximately equal proportion of syndiotactic or isotactic diads.

The small difference in tacticity of samples prepared at widely differing
temperatures, together with the large differences in physical properties,
e.g., in solubility, indicate that tacticity is not the only factor determining-
physical properties. Solubility is known to depend on the contents of
anomalous structures originating, e.g., in copolymerizations for example, in
investigations of physical properties, the influence of anomalous structures
originating by more complicated reactions during the polymerization of
PVC must be considered. In these anomalous structures, a higher tem-
perature factor may be expected compared to the stereoregular placements,
and their contents should therefore be more sensitive to variations in
polymerization conditions.
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Résumé

Au départ de la dépendance thermique des spectres infrarouges des échantillons de
chlorure de polyvinyle préparés par différences méthodes, I'intensité de la band a 690
cm-1 (proportionnelle au nombre de diades isotactiques de I’échantillon) aussi bien que
celle de la bande d’étirement C-H indépendante de la tacticités, ne sont pas fonction de
la cristallinité de I’échantillon. Ces bandes sont des lors appliquées a la détermination
de la tacticité dans le chlorure de polyvinyle mesurée dans des pastilles de KBr. La val-
eur numérigue de la tacticité a été obtenue au départ de valeurs connues des coefficients
d'absorption des bandes d’étirement C-Cl du type Schet Shheen solution et au départ de
la forme du spectre.

Zusammenfassung

Aus der Temperaturabhangigkeit der Infrarotspektren von nach verschiedenen Meth-
oden dargestellten Polyvinylchlorid-proben ergab sich die Intensitat der Bande bei 690
cm” 1(proportional der Anzahl der isotaktischen Diaden in der Probe) sowie diejenige
der taktizitats-unabhéangigen C-H-Yalenzbande als unabhéngig von der Kristallinitat
der Probe. Diese Linien wurden daher zur Taktizitdtsbestimmung an Polyvinylchlorid,
gemessen in Form von KBr-Pillen, verwendet. Der numerische Taktizitatswert wurde
aus den bekannten Werten der Absorptionskoeffizienten von C-Cl-Valenzbanden vom
Sch- und SHH-Typ in Lésung sowie aus der Gestalt des Spektrums erhalten.
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Quantitative Determination of Short Branches in
High-Pressure Polyethylene by Gamma Radiolysis

PANDURANG M. RAMATE* and ANTHONY BARLOW,
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Synopsis

A careful study of the radiolvsis products of a series of ethylene a-olefin copolymers and
ethylene homopolymers has shown that if a correction is applied, to take into account the
fragments arising from scission at chain ends, the remaining products can be quantita-
tively accounted for as entirely due to scission of side branches introduced onto the back-
bone chain by the a-olefin comonomer. The cleavage of branches takes place, for all
practical purposes, exclusively at the branch points at which the branches are attached to
the backbone chain. The same data together with similar radiolysis data of poly(3-
methyl pentene-1) and polv(4-methyl pentene-1) have further shown that all branches
cleave with equal efficiency, regardless of their length. Radiolysis does, therefore, pro-
vide a reliable and convenient tool for the quantitative characterization of high-pressure
polyethylene with regard to the unique short-chain branching distribution that is charac-
teristic of each.

A very intriguing structural feature of so-called high-pressure polyethyl-
ene is the complex nature of its short-chain branches. There are reasons
for believing that a polyethylene resin prepared under a specific set of
synthesis conditions is characterized by a unique short-chain branching
distribution, and the latter in turn exerts a definite influence on the final
resin properties. As such, there has been considerable practical interest,
among research workers concerned with polyethylene, in investigating
whether one can determine quantitatively the type and number of different
branches in high-pressure polyethylene so that one may subsequently cor-
relate this information with the synthesis conditions on the one hand and
the resin properties on the other.

The total number of branches present in a polyethylene is generally
determined by an infrared method via analysis of the number of methyl
groups.1 Experts in this technique have spent much effort in extending
the use of the technique to the analysis of the number of different branch
types, but with limited success.2

A literature survey has indicated that this problem might be solved
satisfactorily by employing high-energy radiation34 for cleaving the
branches from the backbone chain, since the weakest bonds, involving
tertiary carbon atoms,5should be broken preferentially under these condi-

* Present address: American Optical Company, Southbridge, Massachusetts.
2023
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tions. The rationale here is that, should the branches break, as postulated,
the, alkyl radicals so formed would immediately react with any of the nu-
merous, readily available hydrogen atoms (the most profuse product of
radiolysis of polyethylene) and yield the corresponding alkane molecules,
which may subsequently be analyzed in a quantitative fashion. However,
the literature survey has also shown that, although the rationale of the
method is quite straightforward, the investigators have not so far seemed to
arrive at a definitive conclusion about the real practical merit of this method
as an analytical tool for determining the various branch types in a quantita-
tive fashion. This paper reports the results of some of our work on this
point.

EXPERIMENTAL
Polymer Samples

The ethylene a-olefin copolymers employed in these studies were pie-
pared with Phillips’ catalyst. Poly(3-methyl pentene-1) and poly (4-
metliyl pentene-1) were obtained through the courtesy of California Chemi-
cal Co. The low-density polyethylene« were obtained from commengai
Sources.

Irradiation Procedure

The polymer was first converted into a finely divided form either by being
ground in a mill or being dissolved and reprecipitated as a fibrous material
which was then dried under vacuum. Approximately 1-g. quantities of
the finely divided polymers were accurately weighed into break-seal tubes,
which were subsequently evacuated to a pressure of ICC5mm. Hg. The
tubes containing the polymer were then flushed three times with dry nitro-
gen, to insure the complete removal of oxygen, thereafter kept under high
vacuum for 15 hr., and finally sealed off.

The irradiations were carried out at ambient temperature with a spent-
fuel element, consisting of Z8J as the radiation source. The dose received
by each sample was about 100 Atrad.

Gas Chromatographic Analysis

After irradiation the break-seal tubes were joined to a gas-sampling sys-
tem, which was then evacuated, and the seal was broken and the pressure
in the system measured. The gases were then quantitatively analyzed on
a Barber Coleman Model 20 instrument with a 12-ft. packed column con-
taining 9% glutaronitrile and 21% propylene carbonate deposited on
Chromosorb, 100-200 mesh, and maintained at 35°C. The column was
calibrated immediately before and after each analysis by using known
standard mixtures.
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G Values

The Gvalue is defined as the number of molecules of the particular prod-
uct produced per gram of sample per 100 e.v. of incident radiation dose.
This calculated, with 10% accuracy, from the gas chromatographic analysis
data of the products, weight of the polymer sample irradiated, and radiation
dose to which the sample had been subjected.

RESULTS AND DISCUSSION

The first question that arises in one’s mind is: To what extent does the
Ihesis postulated—that the alkyl branches on the polyethylene backbone
chain will undergo preferential scission at the branch points on radiolysis—
actually hold in practice? To answer this question a series of ethylene <«
olefin copolymers were prepared by a low-pressure process (Phillips’ cata-
lyst system), in which the combined comonomer was in more or less the
same mole amounts (approx. 4 mole-%). They were irradiated by the pro-
cedure described under “Experimental,” and their volatile radiolysis prod-
ucts were analyzed for various hydrocarbons by means of a standard gas
chromatographic method. The results are summarized as G values in
Table 1. The most profuse hydrocarbon detected in each case is unmis-
takably the paraffin corresponding to the branch introduced on the back-
bone chain by the particular comonomer.  Thus, it ismethane in the case of
propylene copolymer, ethane in the case of butene copolymer, and so on.
However, a rather disconcerting feature of these data is that in every in-
stance there are also detected in the radiolysis products small but significant
amounts of many other hydrocarbons that cannot be accounted for as
readily.

In an attempt to trace the probable cause of these extraneous hydrocar-
bons a sample of pure homopolymer of ethylene, made by the same low-
pressure method as that used in the synthesis of the copolymers, was ir-
radiated under identical conditions and its volatile radiolysis products were
analyzed in exactly the same manner as before. The results are presented
also in Table | and are indeed very interesting, especially because this par-
ticular homopolymer of ethylene is well known to be, for all practical pur-

TABLE |
tiadiolysis Products of Ethylene a-Olefin Copolymers
Ovalue X 102
Copolymers CilL C,Hg C3Hs (CHD H-CHD ra-CsTIB /o-Cell Y
Ethylene-propylene 1.7 0.1 0.l — 0.03 — —
Ethylene-butene-1 0.2 1.5 0.1 0.1 0.2 0.03 —
Ethylene-pentene-1 02 o023 2.1 002 o.05 — —
Ethylene-hexene-1 0.4 0.3 0.2 0.03 1.2 0.02 —
Ethylene-octene-1 0.2 0.3 0.1 — 0.1 0.1 1.2

Linear polyethylene 0.2 0.3 0.2 0.03 0.06 0.05 —
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TABLE 11
EEfficiency of lindiiatrion Scission of Short Branches
<L velile X 102 Average
a X 102
(1.
per OIL per
1000 1000
Copolymers ch2 CTL C2H6 C3HS8 ii-C.H,,n-CHY ClIlI,
Ethylene-propylene: 41.9 3.4 0.074
2(5.4 1.7
Edivlene-butene-1 2N.7 2.0
21.0) 15 0 072
0.3
Elhylene-penlenc-1 25. ¢ 2.1 0.072
171 11
Ethylene-hexene-1 235 1.2 0.073
7.S 0.7
Ethylene-octene-1 19.1 1.3
15.1 1.2 0.074
11.6 0.9

poses, a strictly linear polymer characterized by only two chain ends per
chain molecule. Not only do we observe every one of the extraneous hv-
drocarbons in the case of this homopolymer, but, surprisingly enough, their
G values are also of the same magnitude as that observed with the copoly-
mers, indicating that the source of the extraneous hydrocarbons appearing-
in the radiolysis products of the homopolymer and in the copolymers must
be one and the same.

We conclude, therefore, that during radiolysis of polyethylene there also
takes place a certain amount of random scission at chain ends in addition
to the cleavage of branches, and that the observed extraneous hydrocarbons
are simply the products derived from this fragmentation at the chain
ends. It is quite probable that a portion of the extraneous hydrocarbons
is derived from scission of stray branches that might have been introduced
on the chains by stray impurities during polymerization, but the fact that
one also observes a consistent decrease in the total amount of these ex-
traneous hydrocarbons derived from the homopolymer with an increase
in its molecular weight leads us to conclude that the random scission at
chain ends is their main cause. Obviously, then, if one makes an appropri-
ate allowance for these radiolysis fragments derived from chain ends,
then the only significant paraffin left in the radiolysis products of each
copolymer is that corresponding to the branch introduced on the poly-
ethylene backbone by the comonomer.

Since it is generally agreed that high-pressure polyethylene actually
contains a variety of short branches and not just one type of branch, it is
obvious that, if one wants to translate the hydrocarbon analysis of its
radiolysis products into quantitative branch-type analysis, one will also
need accurate information on the relative efficiency of the scission of dif-
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ferent branch types. To obtain this information some additional ethylene
«-olefin copolymers, differing significantly in their comonomer content,
were irradiated, and the hydrocarbons in their radiolysis products were
analyzed as before. Table 11 lists these results. The efficiency of scission
is calculated from the known comonomer content (methyl group analysis)
and the observed G values of the principal hydrocarbon after application of
the appropriate correction against the small chain-end fragmentation.
It is clear from the data that all branches of up to e carbon atoms or more
break off with equal efficiency and that the branch length per se exerts
little or no effect on the ease of scission.

An observation that is extremely interesting in connection with the
conclusion given above is one that pertains to the radiolysis of polyol-

methyl pentene-1) and poly(4-methyl pentene-1); see Table IIl. The
TABLE Il
Radiolysis Products of Poly(3-methyl Pentene-1) and Poly(4-methyl Pentene-I)
Gvalue X 102

Polymer ch4 Chile C3Hs i-CJlio n-Cllo Cab
Poly(3-methyl

pentene-1) 145 14.0 0.6 2.5 16.0 1.1
Poly(4-methyl

pentene-1) 24.7 1.0 9.9 11.2 0.7 1.1

repeat units in these two isomeric polymers are shown below; the tertiary
carbon atoms are marked with asterisks.

c*—c e C*—C-.......
|
Cc* C
*
\ /\
c C C
Poly (3-methyl pentene-1) Poly(4-niethyl pentene-1)

One would predict that, if the efficiency of scission is the same for all
branch types, poly(3-methvl pentene-1) would yield approximately equal
amounts of methane, ethane, and «-butane, whereas poly (4-methyl pen-
tene-1) would yield in like manner equal amounts of propane and ¢-butane
but twice this amount of methane. The data in Table 111 are indeed in
line with the prediction.

RADIOLYSIS OF HIGH-PRESSURE POLYETHYLENE

From the evidence thus far it is clear that radiolysis should provide a
practical and direct answer to the long-sought question of the quantitative
determination of branching in polyethylene. It was therefore thought
most appropriate to irradiate some typical high-pressure polyethylene
samples and find out what information of general interest the radiolysis
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method would actually reveal about the short-chain branching distribution
of high-pressure polyethylene as a group. The results observed with three
arbitrarily selected resins are shown in Table Iv. Since these resins were
of commercial origin prior to radiation, each one was cleaned by being
dissolved in hot xylene and precipitated with an ethanol-acetone mixture,
to remove any impurities or additives that might interfere with the radi-
olysis mechanism. The number of various branches was calculated from
the observed G value of the corresponding hydrocarbons isolated in the
radiolysis products and by assuming the same scission efficiency of 0.073 X
10-2 G per branch per 1000 carbon atoms for each type of branch. Further,
in view of the fact that in all these resins the short-chain branches out-
numbered the chain ends by more than 30 to 1, it was deemed superfluous to
try to apply any correction for the fragmentation products at chain ends,
a correction which, on the other hand, was so very necessary in the case of
a-olefin copolymers.

The most important observation revealed by Table 1V is probably the
disparity, which is greater than the limits of experimental error, between
the total number of all branches, as determined from the radiolysis data,
and the methyl group content, as derived by the infrared method. This
may be attributed to the fact that the usual infrared method of determining
the methyl group content, based on the absorbance at 7.25 y, does not
necessarily count all methyl groups. For example, if two methyl groups
are attached to one carbon atom, as in polyisobutylene, the characteristic
methyl absorption at 7.25 y splits, giving two bands at 7.20 y and 7.40 y
respectively,2 which consequently are lost in the methyl group determina-
tion procedure.

In line with the observations reported by earlier workers, the two most
populous branches, according to the radiolysis method, are ethyl and n
butyl, which occur in the ratio 2 :1, as observed by others.3
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Résumé

Une étude soignée des produits de radiolyse d’une série de copolymeres d’éthyléne et
a-oléfine et d’homopolymeres d’éthylene a montré que si une correction est appliquée
pour tenir compte des fragments se produisant lors de la scission aux extrémités de
chaine, les produits résiduels peuvent étre quantitativement évalués comme étant
complétement dds a la scission de branches latérales introduites sur la chaine principale
par le comonomere a-oléfinique. La rupture des branches a lieu, pour tous les buts
pratiques, exclusivement au point de jonction auquel les branches sont attachées a la
chafine principale. Les mémes résultats en méme temps que les résultats de radiolyse
similaires sur le poly-3-méthyle penténe et poly-4-méthyle penténe-1 ont montré en
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outre (lue toutes les branches cassent avec une égale efficacité indépendamment de leur
longueur. La radiolyse constitute dés lors un outil reproductible et adapté pour carac-
tériser quantitativement le polyéthyléne de haute pression considérant la distribution a
courte chaine qui est caractéristique de chacun d’eux.

Zusammenfassung

Eine sorgfaltige Untersuchung der Radiolyseprodukte einer Reihe von Athyleu-a-
Olefincopolymeien und Athylenhomopolymeren zeigte, dass bei Anwendung einer
Korrektur zur Berlcksichtigung der durch Abspaltung an den Kettenenden entstehen-
den Produkte, die Gibrigen Produkte quantitativ, als ganzlich durch Spaltung der durch
das a-Olefincomonomere an der Hauptkette eingefiihrten Verzweigungen gebildet,
erklart, werden kénnen. Praktisch findet die Verzweigungsspaltung ausschliesslich an den
Yerzweigungspunkten statt,, an welchen die Verzweigungen an der Hauptkette sitzen.
Die gleichen Daten zeigten, gemeinsam mit ahnlichen Daten fiir die Radiolyse von Poly-
3-methylpenten-1 und Poly-4-methylpenten-l, ausserdem, dass alle Verzweigungen
unabhangig von ihrer Lange mit gleicher Haufigkeit abgespalten werden. Die Radiolyse
liefert daher ein verlassliches und bequemes Mittel zur quantitativen Charakterisierung
von Hochdruck-Polyéthylen, unabhangig von der fiir jede Probe charakteristischen,
besonderen Verteilung der Kurzkettenverzweigung.
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Radical-Initiated Copolymerization of Carbon
M onoxide and Ethylenimine in the

Presence of Ethylene™

TSUTOUT KAGIYA, TA1ZO ICH1DA, SH1ZUO NARISAWA, ami
KENICHI FUKUJ, Faculty of Engineering, Kyoto University, Kyoto,
Japan

Synopsis

The radical-initiated «jpolymerization of carbon monoxide and ethylenimine in the
presence of ethylene was studied quantitatively. Carbon monoxide copolymerized with
difficulty with ethylenimine with a,a’-azobisisobutyronitrile as radical initiator. In
(he presence of a small amount of ethylene, however, a remarkable amount of crystalline
powdery poly-0-alanine (nylon 3) was obtained. The crystalline copolymer, which
mainly consists of nylon 3 and contains a small amount of nylon 5 and other substances
of higher homologous nylon structure, was obtained in the presence of a large amount
of ethylene. This copolymer scarcely contained any ketone structure. Increasing the
total feed of the equimolar mixture of the monomers increased the conversion of total
monomer and nylon 3 content in the copolymer formed. The effect of increasing carbon
monoxide content in this system was to increase both the conversion and the nylon 3
content in the copolymer. In both cases the copolymers were almost identical with
nylon 3. Increased ethylene content in the monomer feed, however, increased the con-
version and the content of higher homologous nylon structures, such as nylon 5 and 7.
From the results it was concluded that ethylene was involved not only in the propaga-
tion reaction but also particularly in the initiation reaction.

INTRODUCTION

Recently some results on the gamma-ray-induced copolymerization of
carbon monoxide and aziridines were reported by the present writers.12
These results indicated that carbon monoxide copolymerized alternately
with ethylenimine and gave a crystalline, powdery poly-jS-alanine: and that
it could copolymerize with ethylenimine and ethylene to yield a copolymer
composed of /3-alanine, 5-valeramides, and ketone structures.2 The co-
polymerization of carbon monoxide and ethylenimine in the presence of
various olefins by means of a radical initiator or gamma-ray irradiation was
also reported by the writers.s In the study it was concluded that the
crystalline powdery polyamides consist mainly of /3-alanme units (nylon =
structure) and also of higher homologous nylon structures, such as deriva-
tives of nylon £and 7, which were formed in this radical-initiated system.

*Presented at the 19th Annual Meeting of the Chemical Society of Japan, Tokyo,
April 1966.
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To understand the relationship between copolymer structure and re-
action conditions in this radical-initiated system, the radical-initiated co-
polymerization of carbon monoxide and ethylenimine in the presence of
ethylene was studied quantitatively. In the present paper the results
obtained in the copolymerization are described, and a possible mechanism
of the copolymerization is proposed.

EXPERIMENTAL
Materials and Copolymerization

Ethylene (99.9% pure, and oxygen less than 5 ppm) and carbon mon-
oxide (99.2% pure) were obtained commercially. Ethylenimine (EI),
obtained commercially, was dried over potassium hydroxide and sodium
hydride and then fractionated at 55.5 to 5(>.0°C. prior to use. a,a'-
Azobisisobutyronitrile (AIBN) was obtained commercially.

The copolymerizations were carried out as follows. Measured amounts
of EI and AIBN were placed in a stainless-steel high-pressure reaction
vessel of 30 ml. capacity. The vessel was degassed twice in vacuo under
cooling with liquid nitrogen. Then the measured amounts of ethylene
and carbon monoxide were fed into the vessel from the reservoirs. All the
copolymerizations were carried out in an oil bath at definite temperature
without agitation. The copolymer formed was washed with ethyl ether,
dried in vacuo, and weighed.

Chemical Analysis of the Copolymer

The composition of the copolymer was determined from the contents
of carbon, hydrogen, and nitrogen by elementary analysis. To determine
the structure of the copolymer the hydrolysis products of the copolymers
obtained in experiments 19 and 15 were analyzed by paper chromatog-
raphy.r2 The hydrolysis products were compared with a mixture of com-
mercial /3-alanine, 5-aminovaleric acid, and f-aminoenanthic acid by the
usual one-way ascending chromatography for amino acids.4 Both samples
were developed on Toyo Roshi No. 50 paper for chromatography with n-
butanol-glacial acetic acid-water (4:1:5) as solvent. The spots of the
hydrolysis products and the standard sample were detected by using an 71-
butanol solution of ninhydrin. The lir values of the hydrolysis products
were assigned to the following amino acids:

¢-Aminovaleric f-Aminoenauthic

Expt. no. jS-Alauine acid acid
1) 0.33 - —
In (1.32 (140 0.6n

Physical Analysis of the Copolymer

The melting point of the copolymer was measured in a nitrogen at-
mosphere on a Yanagimoto melting point measuring apparatus, Model
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MP-S2. The infrared spectrum was obtained by using the potassium
bromide pellet technique with a Shimadzu infrared spectrophotometer,
Model IR-27, with a sodium chloride prism.  The x-ray diffraction diagram
was recorded with a powder camera on a Shimadzu x-ray diffractometer,
Model GX-3B, and nickel-filtered CuKa radiation by standard techniques.

RESULTS AND DISCUSSION

As shown in Table I, the polymer was hardly obtained in the case of
ethylene (expt. 2), ethylenimine (expt. 1), and ethylene-ethylenimine mix-
ture (expt. 3). A very small amount of the copolymer was obtained in the
case of CO-ethylene (expt. 4) and the CO-El (expt. 5). When a small
amount of ethylene was added to the CO-EI system, a large amount of
white, powdery copolymer was obtained (expt. ). This copolymer was
confirmed a polyamide containing a small amount of ethylene by the results
of elementary analysis and the 111 spectrum of the copolymer. A white,
powdery copolymer with no ethylene units was obtained by increasing the
total feed monomers having the same composition as that in expt. s (expt.
19). The hydrolysis product of this copolymer was confirmed /3-alanine by
means of paper chromatography. From the results of the paper-chro-
matographic analysis, the elementary analysis, and the 1R spectrum the
copolymer obtained in expt. 19 was concluded to be poly-js-alanine, i.e.
nylon 3.

Further, the hydrolysis product of the copolymer (expt. 15) containing a
large amount of ethylene was compared with commercial /3-alanine, 5
aminovaleric acid, and f-aminoenanthic acid by means of paper chro-
matography. Thus, the definite spots corresponding to /3-alanine and to
5-aminovaleric acid and the faint spot corresponding to f-aminoenanthic

CARBON M 1J0X DE IN MONOMER
(9)

4 3 4 5

ETHYLENE IN MONOMER  (g)

Tig. 1. Conversion versus amount of added monomer: AIBN, 0.000 g.; temp., 00°C.;
time, 5 hr.
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acid were detected. Accordingly, it was concluded that the copolymer is
mainly composed of nylon 3 units and, moreover, contains nylon 5 and 7
structures. As was described above, the copolymer composition depends
on the reaction conditions. Therefore a quantitative study was carried
out over a wide range of reaction conditions, as shown in Table I.

As shown in Figure 1, the conversion increased with the increase of CO
or ethylene content in a given monomer mixture and also in the case of
total feed of equimolar monomer mixture.

Effect of Total Feed of Monomer on the Copolyinerization

Figure 2 shows the relationship between the total feed of an equimolar
monomer mixture and both the composition and the melting point of the
copolymer.  With increasing total feed of equimolar monomer mixture
the ethylene content in the copolymer approached zero, the molar ratio of
El to CO approached unity, and the melting point of the copolymer in-
creased and approached that of nylon 3.

From these results it is concluded that the structure of the copolymer
approaches that of nylon 3 with an increase of total feed. The results
also indicate that the dependence of copolymer composition on the initial
pressure of the monomers is larger than that on the initial monomer com-
position. On the other hand, Brubaker and his co-workerss found the
same result in their study of the radical-initiated copolymerization of CO
and ethylene; that is, the CO content in the copolymer increased with

TOTAL FEED MONOMER
(nole xi0)

Fig. 2. Total feed monomer versus composition and melting point of copolymer:
autoclave capacity, 30 ml.; molar ratio of monomers, CO/EI/CZ14 1:1:1; AIBN,
0.090g.; temperature, 60°C.; time, 5 hr.
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increasing feed pressure of monomer mixture with a definite composition.
These results can be explained on the basis of the fact that the ratio of the
fugacity coefficient of ethylene to that of CO for the constant gas mixture
(el co) decreases with increasing total pressure.

WAVE NUMBER (ott')

Fig. 3. Infrared spectra of copolymers obtained in (1) expt. 10, {2) expt. 12, and (0)
expt. 7.

Fig. 4. X-ray diffraction diagrams of copolymers obtained in (1) expt. 10, {2) expt. 12,
and (3) expt. 7.
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The IR spectra and x-ray diffraction diagrams of the copolymers are
shown in Figures 3 and 4, respectively.

All the copolymers displayed major absorption peaks assigned to sec-
ondary amide near 3300, 3080, 1640, and 1540 cm.-1 but they did not give
a ketonic band at about 1700 cm.-1. The fact that no ketonic band ap-
peared in the copolymer contradicts the result obtained by gamma-ray ir-
radiation.2 The IR spectral data in the experiment with constant mono-
mer composition shows that decreasing the total feed of the equimolar mix-
ture results in increasing the absorption ratio of the methylene band at
2940 cm.-1 to NH the band of amide at 3080 cm.-1 (vwm/vmo)- These
results suggest that the copolymer obtained with low monomer feed (expt.
10) contains nylon 5 or higher homologous nylon units.

As shown in Figure 4, the effect of increasing the total feed of monomer
was to increase both the crystallinity of the copolymer and the intensity of
the peak at about 23.75° (26), corresponding to the main peak of nylon 3.1
Thus, the x-ray diffraction diagram of the copolymer becomes similar to
that of nylon 3 with an increase of total feed of monomer. This fact is
consistent with the melting point, elementary analysis, and the IR spec-
trum results for the copolymer.

Effect of Ethylene on the Copolymerization

The relationship between the ethylene content in the monomer mixture
and the composition and melting point of the copolymer is shown in Figure
5.

310

0 EL EL EL 3
o] I 2 3 4 5

C2H4/CO IN MONOMER
(molar ratio )

Fig. 5. Ethylene content in monomers versus composition and melting point of co-
polymer: (o) El, 1.84 g., CO, 1.2 g.; (*) El, 4.6 g., CO, 3.0 g.; molar ratio of mono-
mers, EI/CO, is unity.
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WAVE NUMBER (cm"l)

Fig. 6. The Il spectra of copolymers obtained (1) expt. 10, (g) expt. 13, (S) expt. 14,
(4) expt. 15, and (5) expt. 16.

Fig. 7. X-ray diffraction diagrams of copolymers obtained in (1) expt. 10, (2) expt. 13,
(3) expt. 14, (/,) expt. 15, and (.5) expt. 16.
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The figure shows that increasing the amount of added ethylene in the
equimolar CO EI system resulted in a decrease of melting point and a
decrease of the ratio EI/CO in the copolymer, approaching unity. The
deviation of the molar ratio EI/CO from unity is not clear hut may be
ascribed to the addition of E| to the chain end of an ethyl group, yielding
a small amount of polyamine. The molar ratio C2H4CO in the copolymer
increases rapidly from 0.57 to 0.93, as it increases from 3 to 4 in the mono-
mer. The fact that C2H4CO in the copolymer is almost constant when
C2H4/CO in the monomer is varied from 3 to unity may be ascribed to the
compensation effected by increasing the partial pressure of the ethylene
and decreasing the fugacity coefficient of the ethylene with an increase of
the partial pressure.

It was observed that in the IE, spectra of the copolymers containing a
large amount of ethylene (Eig. (i) no ketonic band at about 1700 cmr:
appeared, but there was an increase in the value of reo/frsoso with an in-
crease of ethylene content in the monomer. These results indicate that
ethylene did not attack the carbonyl end but the El end, yielding the
higher nylon structures, such as nylon 5 and 7. This consideration is con-
sistent with the paper chromatographic analysis of the copolymer obtained
in expt. 15 (CoH4CO in monomers, 3.8). The difference between the
white and black circles in Figure 5 is due to the difference in the total feed
of monomer.

As shown in Figure 7, x-ray diffraction diagrams of the copolymer indi-
cate that the effect of increasing the ethylene content in the monomer is to
decrease both the crystallinity of the produced copolymer and the inten-
sity of the peak near 23.75° of nylon 3. Furthermore, the melting point
of the copolymer decreased with increasing ethylene content in the mono-
mer (Fig. 5). From these results it is concluded that the higher nylon unit
was contained in the main chain of nylon 3, not as a mixture but as the co-
polymer.

Effect of Carbon Monoxide on the Copolymerization

Figure s indicates that the composition and the melting point of the
copolymer approach those of nylon 3 with an increase of the CO content
in the monomer as well as in the case of an increase of the total feed of the
monomer. As described previously, the amount of nylon 3 in the system
CO-EI-C2Ha4 (expt. 19) was much larger than that in the system CO-EI
(expt. 5); See Table I. This fact suggests that ethylene is not only the
propagating monomer but also particularly a cocatalyst for the initiation
reaction.

Figures 9 and 10 are the IE spectra and x-ray diffraction diagrams of the
copolymers, respectively. As shown in these figures, the effect of increas-
ing the CO content in the monomer was to decrease the intensity of the
absorption peak of the methylene group at 2940 cm.-1, increase the crystal-
linity of the copolymer, and increase the intensity of the peak (23.75°)
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of nylon 3. The results are consistent with the composition and the
melting point of the copolymer.

Mechanism of Radical-Initiated Copolymerization of Carbon Monoxide
and Ethylenimine in the Presence of Ethylene

On the basis of these results a reaction mechanism for the copolymeriza-

tion of carbon monoxide-ethylenimine-ethylene with AIBX was proposed
as follows.

C0/C2H4 in monomer
( molar ratio )

Fig. 8. CO content in monomers versus composition and melting point of copolymer:

(O) El, 184 g, CAT4 1.2 g.; (*) EIl, 46 g, CH4 3.0 g.; molar ratio of monomers,
EI/CH4 is unity.

Initiation. Only the ethylene in the three monomers can homopoly-
merize and also copolymerize with CO to yield polyketone by radical initia-
tion. In addition, as was described above, the radical-initiated copoly-
merization of CO and EI was initiated only in the presence of ethylene.

From these results a two-step initiation mechanism, which has already been
reported,3was proposed as follows;

I — 2R
R- + CHZCH2 — RCH,Cli2- A
0
RCIFCH,- + CO — RCTITHZ- (B) @
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Reaction (A) is the reaction of ethylene and free radical (R-) formed by the
decomposition of AIBX. Reaction (B) is the formation of the initiating
radical through the reaction of CO and RCH2CHj-.

WAVE NUMBER (cm-')

Fig. 1. IR spectra of copolymers obtained in (1) expt. 10, (2) expt. 17, (3) expt. 18, and
(4) of nylon 3 in expt. 10.

Propagation. In view of the fact that the carbonyl radical produced by
reaction (A) lias a high electrophilicity the carbonyl radical was considered
to react exclusively with nucleophilic cthylenimine as follows:

O Cu-
RCILCHoC » + JIN RCI[jCIbC'ON IICICCI I. » )
Ccu.

That no polyketone structure is in the copolymer may indicate that the re-
action of the carbonyl radical with ethylene does not take place. The fol-
lowing three modes of propagation reaction are proposed:

(0]

RCHaCHjCONIICHICHss + CO — RCIZXHZTONHCHXHX » ®3)
RC1T,CH,CONHCHXH2- + ClI=C112 — RCHXHXONHCHXILCHXH,- (4)
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The fact that the main structure of the copolymer is nylon 3 indicates
that reactions (2) and (3) take place infrequently.

The fact that the content of nylon 5 or other higher homologous nylons
in the copolymer depended on the ethylene content in the monomer mix-
ture indicates that the rate of reaction (4) increased with the ethylene
content. The fact that the content of higher homologous nylons is much

smaller than that of nylon 3 in the copolymer leads to the conclusion that
reaction (4) is much slower than reaction (3).

15 20 25 30
20 ()

Rig. 10. X-ray diffraction diagrams of copolymer obtained in (1) expt. 10, (2) expl. 17,
(if) expt. 18, and (4) of nylon 3 in expt. 19.

The decrease of the CO content or the total feed monomer in this sys-
tem brought about a rise in the EI/CO ratio in the copolymer from unity,
as shown in Figures 2 and s. This also indicates that reaction (5) gives a
polyamine unit as a side reaction, which takes place at a slow rate.
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Résumé

La copolymérisation radicalaire du monoxyde de carbone et de I’éthylenimine en
présence d’éthylene a été étudiée quantitativement. L’oxyde de carbone copolymérise
difficilement avec I’éthylénimine en présence d’cqa'’-asobisisobutyronitrile comme initia-
teur radicalaire. En présence de petites quantités d’éthyléne toutefois, une quantité
remarquable de poly-/3-alanine poudreuse et cristalline (nylon 3) a été obtenue. Le
copolymere cristallin, qui est constituté principalement de nylon 3 et qui contient une
faible quantité de nylon 5 et d’autres structures de nylons homologues supérieurs, a été
obtenu en présence de grandes quantités d’éthylene. Ce copolymére contient quelques
rares structures cétoniques. En augmentant la quantité totale du mélange équi-
moléculaire des monomeéres on augmente la conversion des monomeres totaux et la ten-
eur en nylon 3 au sein du copolymere formé. L ’effet et I’Taugmentation de la teneur en
monoxyde de carbone dans le systéme accroft a la fois la conversion et la teneur en nylon
3 des copolymeres. Dans les deux cas décrits ci-dessus, les copolymeéres formés sont
trés similaires au nylon 3. Toutefois une augmentation de la teneur en éthyléne dans
le mélange de départ donnait une conversion accrue et des teneurs plus élevées en nylon
supérieur tel que le nylon 5 et le nylon 7. Au départ de ces résultats, on peut conclure
que I’éthyléne est indu non suelement dans la réaction de propagation mais également
particulierement dans la réaction d’initiation.

Zusammenfassung

Die radikalisch gestartete Copolymerisation von Kohlenmonoxyd und Athylenimin in
Gegenwart von Athylen wurde quantitativ untersucht. Mit a,a’-Azobisisobutyronitril
als radikalischem Starter trat kaum eine Copolymerisation zwischen Kohlenmonoxyd
und Athylenimin auf. In Gegenwart einer kleinen Menge Athylen dagegen wurde eine
bemerkenswerte Menge von kristallinem, pulvrigem Poly-j3-alanm (Nylon-3) erhalten.
Das kristalline Copolymere, das hauptsachlich aus Nylon-3 besteht und eine kleine
Menge von Nylon-5 und anderen héher homologen Nylonstrukturen enthalt, wurde in
Gegenwart einer grossen Athylenmenge erhalten. Dieses Copolymere enthielt kaum
Ketonstrukturen. Eine Vergrosserung des Gesamtansatzes der dquimolaren Mischung
der Monomeren fiihrte zu einer Erhéhung des Umsatzes an Gesamtmonomeren und des
Nylon-3-Gehaltes im gebildeten Copolymeren. Der Einfluss der Erhéhung des Kohlen-
monoxydgehaltes in diesem System bestand in einer Erhdhung sowohl des Umsatzes als
auch des Nylon-3-Gehaltes des Copolymeren. In beiden oben beschriebenen Fallen
waren die gebildeten Copolymeren weitgehend mit Nylon-3 identisch. Eine Erhéhung
des Athylengehaltes im Monomeransatz jedoch lieferte erhéhten Umsatz und einen
Gehalt an hoher homologen Nylonstrukturen, wie Nylon-5 und 7. Aus den Ergebnissen
wurde der Schluss gezogen, dass Athylen nicht nur an der Wachstumsreaktion sondern
besonders auch an des Startreaktion beteiligt ist.

Received November 9, 19G6
Revised January 13, 1967
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A Study of the Molecular W eights of
Tetrahydrofuran-Propylene Oxide Copolymers by

Gel Permeation Chromatography and Other Methods*

L. \\ BLANCHARD and M. I). BAIL.IAL,t Département de Génie
Chimique, Université Lavai, Québec, Canada

Synopsis

The cationic copolymerization of tetrahydrofuran and propylene oxide was studied in a
hatch system. Boron fluoride ethyl ether and 1,2-propanediol were used as catalyst-co-
catalyst system. Number-average molecular weights Mn of various copolymers were
determined by vapor-pressure osmometry (YfPO) and hydroxyl endgroup analysis (OH).
The VPO and Oil molecular weights differed considerably. To explain the differences,
several copolymers were analyzed by gel permeation chromatography (GPC). The
chromatograms obtained showed for each copolymer analyzed two peaks, one located in
the high molecular weight region, the other in the low molecular weight region. An at-
tempt is made to correlate the results and to show' the usefulness of GPC in the charac-
terization of THF-PO copolymers.

INTRODUCTION

The preparation of copolyether diols, as intermediates in the formation
of polyurethane elastomers has been under investigation for some time
now in this department. The work was initiated when a need arose for
binder materials having reduced cold-hardening and improved molding
properties. It is believed that such properties could be obtained by pre-
paring the polyurethanes from diisocyanates and from low molecular
weight copolyether diols made from straight-chain and branched-chain
monomers.:  Since little information is available in the literature on the
preparation of such diols, it was decided to study the cationic copoly-
merization of alkylene oxides. The tetrahydrofuran-propylene oxide sys-
tem was therefore investigated, with boron fluoride ethyl ether as catalyst
and propanediol as the source of hydroxyl groups, to meet cocatalyst
requirements.

Emphasis has been placed on the kinetics of this copolymerization reac-
tion and on the characterization of the copolyether diols obtained. Kinetic
results are reported elsewhere,2 3 and results on the molecular weights are
presented here.

*Presented at the | >2nd Meeting of the American Chemical Society, New' York,
September 11-16, 1966; ACS Polymer Preprints, 7 [2], 944 (1966).
t Postdoctorate Fellow, National Research Council of Canada.
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EXPERIMENTAL

Materials

The following chemicals were used for this study after appropriate puri-
fication.s (0) Comonomers: propylene oxide (Anachemia, polymerization
grade, water content 30 ppm); tetrahydrofuran (Anachemia, b.p. 64 to
66°C., water content 300 ppm). (s) Solvent : ethylene chloride (Fisher
certified reagent, water content 11 ppm), (c) Catalyst: boron fluoride
ethyl ether (Eastman, purified), (d) Cocatalyst: 1,2-propanediol (Fisher,
U.S.P., water content 3S7 ppm).

Methods and Equipment

In most of the experiments the solvent and comonomers were blended in
equal molar ratios; that is, 0.4 mole of ethylene chloride (EC) was mixed
with 0.4 mole of various tetrahydrofuran-propylene oxide (THF-PO) mix-
tures. To these mixtures catalyst and cocatalyst were added. The amount
of catalyst added was 7 X 10~4 mole (except when the effect of catalyst
concentration was being studied), and that of cocatalyst varied between o
and 12 mole-% of the comonomers charged.

The glassware used for this study was thoroughly washed, dried, and
finally purged with dry nitrogen gas before use. The reactions were car-
ried out in an atmosphere of dry nitrogen gas, in a 150 ml. round-bottom
Pyrex flask, as shown in Figure 1. Reactants were introduced, and samples
were withdrawn for analysis through the lateral port on the right, which was
covered with a rubber septum.

The disappearance of reactants was followed by vapor-phase chromatog-
raphy with a Perkin-Elmer vapor fractometer (model 154-C) equipped with

Fig. 1 Schematic diagram of reactor used for copolymerization reactions.



TETRAHYDROFURAN-PROPYLENE OXIDE 2017

thermistor detectors and a type R column. The chromatograms were re-
corded on a Westronics two-pen recorder (model DU/11A), while areas
under the peaks were evaluated with a Self-Organizing-Systems electronic
integrator (model RI 220).

When no changes in the monomer concentrations were detected by gas
chromatography, the reaction was presumed to be terminated. Residual
reaction charge was then removed from the copolymer by evaporation under
reduced pressure at 50°C. at first with a water aspirator and later with a
high-vacuum mechanical pump.

The number-average molecular weights Mn of the copolymers were
determined by vapor-pressure osmometry (VPO) and hydroxyl endgroup
analysis (OH).

The Mechrolab vapor-pressure osmometer Model 301A was operated at
37°C., methyl ethyl ketone used as solvent. The calibration constant of
the instrument (440 ohms/mole/liter) was obtained by using standard
substances of known molecular weights, such as poly (propylene glycols)
(PPG-425 and PPG-2025), polyethylene glycols) (PEG-200, PEG-600,
PEG-1000), and benzil (210).

Hydroxyl endgroup analysis was carried out in a phthalation procedure.
Experimentation showed that 40 mole-% excess phthalic anhydride in the
phthalic anhydride-pyridine reagent is necessary to give complete esteri-
fication of the copolyether diols being analyzed.s

The distributions of molecular weight of the copolymers were deter-
mined by gel permeation chromatography (GPC) with the Waters Asso-
ciates GPC instrument Model 100 at McMaster University. The condi-
tions of analysis were temperature 25°C., solvent THF, sample concentra-
tion 0.5 wt -9, sample size 1 ml. in solvent, flow rate 1 ml./min., columns
3 X 104 1 X 103 1 X 400 A., plate count 843. The calibration curve of
angstroms versus counts was used as supplied by the McMaster University
laboratory.

The procedure outlined by Waters Associates was followed in interpret-
ing the GPC distribution curves.s Number-average molecular lengths
Anhave been calculated for the total distribution curve, An (T) and for the
distribution curves of each peak, An (A) and An (B), where (T), (A), and
(B) refer to the total distribution curve, peak A, and peak B, respectively.
(GPC technique has been described in a number of papers and reviews pub-
lished in the past.7-18)

Calculation of Comonomer Conversions, Copolymer Yields,
and Determination of Reaction Times

The conversion was calculated by dividing the difference between the
initial and the final concentrations of a monomer (as determined by vapor-
phase chromatography) by its initial concentration. The yield of co-
polyether did was calculated by dividing the weight of nonvolatile prod-
ucts obtained at the end of the reaction by the total weight of comonomers
and diol charged to the reactor. The reaction time in a given experiment
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was the overall time required to obtain 100% consumption of propylene
oxide. In a few instances the reaction was stopped before this point was
reached.

RESULTS

A typical GPC chromatogram of THF-PO copolymer prepared in (his
laboratory is presented in Figure 2. Two peaks can be seen, one (A)
located in the high molecular weight region and the other (B) in the low
molecular weight region.

The number-average molecular lengths Anwere calculated for the total
distribution curve A,,(T) and for the distribution curves of each peak,
A,,(A) and A,,(B).

The low molecular weight peak B always appeared in the same region,
(16 A. < i4,,(B) < 18 A)) for all of the copolymers analyzed.

These results and others obtained from various experiments carried out
under different operating conditions are reported in Table | and Figures 3,
4, and 5.

Fig. 2. Typical CPC chromatogram of a T1IF-PO copolymer.

Fig. 3. Number-average molecular weight versus concentration of (A) THF and (B) P():
(*) K,(OH), (m) 4In(VPO), (O) T,(A), (O) ,1,(T).
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Fig. 4. Number-average molecular weight versus concentration of (A) catalyst and (B)
cocatalyst: () ¢/»(Qil), (m) ¢/»(YPO), (O) A»(A), (O) -4.(T).

240 260 280 300
TEMPERATURE, °K
Fig. 5. Effect of copolymerization reaction temperature on number-average molecular
weight:  (A) 0% diol, (B) 2% diol, (C) 6% did.

TABLE 1
Molecular Weights and Experimental GPC Number-Average Molecular
Lengths for Propylene oxide, 1,2-Propanediol, Dioxane, Ethylene Chloride,
and the Secondary Product (Peak B, GPC Chromatogram)

Number-average

No. of molecular length

Compound Mol. wt. 5 ml. count An, A
Propylene oxide 58.5 47.5 4.5
1,2-Propanediol 76.1 445 12.0
Dioxane 88.1 46.9 5.6
Ethylene chloride 97.0 46.5 7.5
Secondary product

(peak B, GPC

116.0 48-44 10.0-18.0

chromatogram)
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DISCUSSION

The discrepancy between T/,,(VPO) and .I/,,(OH) may be understood in
the limitations of the two techniques employed. The vapor-pressure
osmometry technique is sensitive to the total number of particles in solu-
tion, whereas the endgroup technique sees only those particles having
hydroxyl endgroups. Should there be in the sample low molecular weight
substance" without hydroxyl endgroups, such as cyclic ethers, the hydroxyl
endgroup analysis will yield molecular weights higher than those obtained
by vapor-pressure osmometry.

In Figure 2 one sees that the copolymer samples contain two products.
One of these is a long-chain high molecular weight material, indicated by
peak A; the other is a short-chain low molecular weight material, indi-
cated by peak B. In all the copolymers analyzed peak B was found in the
Ib to IS A region, and peak A was found to be between 27.8 and 277.0 A.,
depending on the reaction conditions.

Figure 46 shows that with decreasing OH concentration in the co-
polymerization reaction mixture the d/,,(OH) increases, following an in-
verse-function law. Under the same conditions Tf,,(YPO), however,
undergoes little change. If only hydroxylated products were formed in this
system, the number of particles would be proportional to the OH concen-
tration, and J/,,(YPO) would vary in a manner similar to The
4/,,(VPO) results indicate, however, that the total number of particles in
the system remains essentially constant. This is evidence that the sub-
stance responsible for peak B has no OH endgroups. Therefore, this sub-
stance is not a copolvether diol but some other low molecular weight
product.

In attempts to identify the product responsible for peak B the sub-
stances PO. EC, 1,2-propanediol, and dioxane were analyzed separately by
GPC. The resulting chromatograms contained one peak each, appearing
at chain-length values smaller than those obtained for peak B (Table I).
As far as THF and any of its impurities are concerned, they were not re-
sponsible for peak B, because of the following considerations: THF was
used as the GPC solvent, and the intensity of peak B varied with the
operating reaction conditions, such as OH concentration. It is quite clear,
therefore, that these materials as such were not responsible for peak B.
Instead it is speculated that a cyclic dimer of propylene oxide was formed
during the copolymerization reaction. Such dimers have been found in the
products of the homopolymerization of ethylene oxideis-21 and styrene
oxide.22

To confirm this point of view, when a GPC instrument is available in this
laboratory, the following experiments are planned: (a) fractionation of
polymer, to separate the products of peak A and peak B, and their analy-
sis by physical and chemical methods and (s). synthesis of dimethyl di-
oxane (because this product is not readily available commercially) and its
GPC analysis.
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These experiments will not only help identify the products present in
the polymers but will also throw light on their composition and struc-
ture.

The influence of the initial concentration of THF on j?n(OH), Mn
(VPO), An(A) and An(T) is shown in Figure 3a. The Mn(VPO) and An(T)
are influenced in the same way, both increasing to the same extent with in-
creasing concentration of THF. The Tf,,(OH), however, goes through a
maximum, and A,,(A) rises toward an asymptotic value.

Limited data were available for Figure 36. One can see, nevertheless,
that the initial concentration of PO has the following effects: (a) when
solvent was used in the reaction charge, all the four parameters M n(OH),
Mn(VPO), A,,(A), and .4,,(T) increased proportionately with the concentra-
tion of PO, and (s) in the absence of solvent a similar effect was observed
but to a lesser extent.

The initial concentration of the catalyst has no effect on the number-
average molecular weights and number-average molecular chain lengths of
the copolymers; see Figure 4a. The cocatalyst, on the contrary, has a
marked influence on these values; see Figure 46. Copolymers prepared
with higher hydroxyl concentrations in the copolymerization reaction mix-
tures have lower number-average molecular weights and number-average
molecular chain lengths.

The temperature of the copolymerization reaction has only a slight ef-
fect on ilf,,(VPO) and H,,(T) values, but both Mn(OH) and A,,(A) show
slight variations, particularly at lower OH concentrations; see Figures 5a,
56, and 5c.

In conclusion, (a) a correlation exists between ikfn(VPO) and A,,(T)
but none between )11) and .-(,,(A) and, furthermore, iF,,(Oll) is the
upper limit of the true molecular weight of the copolyether diols obtained,
whereas the difference between .Y, (<HI) and Af,,(VPO) is a result of the
dilution effects of the low molecular weight product found in GPC analy-
sis; (s) the polymers prepared are mixtures.

Confirmation of these findings should come from molecular weights M n
calculated for each peak (or for each product) appearing in the GPC chroma-
tograms. Attempts are presently being made to calculate Q, the molecular
weight per chain length (since Mn= Q X -4j.

Progress in this direction is hampered because of the non-availability
of a GPC instrument in this laboratory, because of the unverified composi-
tion and quantity of the low molecular weight product, and because of the
complicated geometry of the THF-PO copolymer molecule.

Financial support received from the Defense Research Board (Grant No. DRB
9530-32) is gratefully acknowledged. One of the authors (M. D. B) thanks the National
Research Council for a Postdoctorate Fellowship. The authors also acknowledge the
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Résumé

La copolymérisation cationique du tétrahydrofurane avec |’oxyde de propyléne a été
étudiée en bloc. Le fluorure de bore complexé a I’éther éthylique et le 1,2-propane-diol
ont été utilisés comme systémes catalyseurs, co-catalyseurs. Les poids moléculaires
moyens en nombre Mn, des différents copolyméres ont été déterminés par osmomeétrie
de pression de vapeur (VPO) et par analyse des groupes terminaux (OH). Les poids
moléculaires obtenus par VPO et OH difféerent considérablement. Pour expliquer ces
différences, de nombreux copolymeres ont été analysés par chromatographie par per-
méation sur gel (G.P.C.Ju Les chromatogrammes obtenus ont pour chaque copoly-
mere analysé, deux pics: un localisé dans la région de haut poids moléculaire, 1’autre
dans la région de bas poids moléculaire. Un essai est fait pour relier ces résultats et pour
montrer |’utilité de la GPC pour la caractérisation des copolymeres TUF-PO.

Zusammenfassung

Die kationische Copolymérisation von Tetrahydrofuran mit Propylenoxyd wurde in
einem diskoni inuierlichem System untersucht, Als Katalysator-Cokataiysator-System
wurden Borfluorid-Athylitber und 1,2-Propandiol verwendet, Zahlenmittel-Alole-
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kulargewichte, Mn, verschiedener Copolymerer wurden durch Dampfdruck-Osinometrie
(YPO) und Hydroxylendgruppen-Analyse (OH) bestimmt. Die YPO- und OH-Mole-
kulargewichte differierten betrachtlich. Zur Aufklarung der Differenzen wurden einige
Copolymere mittels Gelpermeationschromatographie (GPC) analysiert. Die erhaltenen
Chromatogramme zeigten bei jedem analysierten Copolymeren zwei Maxima, eines im
Bereich hoher und das andere im Bereich niedriger Molekulargewichte. Es wird ver-
sucht, eine Korrelation zwischen den Ergebnissen herzustellen und die Brauchbarkeit
der GPC zur Charakterisierung von THF-PO-Copolymeren nachzuweisen.
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The Polymerization of Styrene O xide by the

Triisobutylaluminum —W ater System

J. K STILIJ;and .1 J. IIILIAIAX, Department- of Cheiiridru, Unirerxi/l/ of
lowa, lowa (‘ihj, lowa, 622f0

Synopsis

Styrene oxide has been polymerized by the triisobutylaluminum-water catalyst sys-
tem. Kinetic studies of the effects of varying the monomer, triisobutylaluminum, and
water concentrations in benzene solutions have been made. Styrene oxide was con-
sumed in two reactions: an initial fast one producing trimer and a slower reaction form-
ing higher molecular weight polymer.

INTRODUCTION

The polymerization of epoxides by organometallic systems can be ex-
plained in terms of either a coordinate anionic mechanism or a cationic
mechanism. One of the first catalysts studied for the polymerization of
epoxides with respect to mechanism was the ferric chloride complex cata-
lyst. The coordinate anionic mechanism was proposed for the polymeriza-
tion of propylene oxide by ferric chloride and water.1 A detailed and ex-
acting mechanistic study of the trimethylaluminum and water system
formulated a cationic mechanism rather than the coordinate anionic mecha-
nism for the polymerization of propylene oxide.2 The cationic mechanism
has been applied to the polymerization of various ethylene oxides by the
closely related diethylzinc and water system.s

Although fundamental differences obviously exist between the partly
hydrolyzed iron catalyst and the aluminum and zinc catalysts, they have
two things in common. First, the polymerization proceeds in two stages,
a primary (fast) reaction producing low molecular weight polymer and a
secondary (slow) reaction producing high molecular weight, solid polymer.
Second, the main effect of water was to increase the proportion of high
molecular weight polymer formed. Without water no polymerization was
observed in the diethylzinc system, and only the primary (fast) stage pro-
ducing low molecular weight polymer occurred in the trimethylaluminum
system.

In both the ferric chloride-water and diethylzinc-water systems it was
established that the polymerization of styrene oxide shows characteristics
other than those generally exhibited by epoxides. The anomalous bo-
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liavior of styrene oxide luis not been explained in either system. It was of
value, therefore, to determine whether styrene oxide exhibited polymeriza-
tion characteristics different from alkyl-substituted ethylene oxides in the
trialkylaluminum system. Very little has been published on the poly-
merization of styrene oxide by partial hydrolysis of aluminum alkyls; the
investigations were exploratory in nature, encompassing a range of cata-
lysts, cocatalysts, and solvents.4 s

EXPERIMENTAL
Materials

Solvent. Purified benzene was refluxed over sodium, distilled, and
stored over sodium ribbon.

Monomer. The styrene oxide (obtained from Eastman Organic Chemi-
cals) was dried over anhydrous sodium sulfate and fractionally distilled
at atmospheric pressure. The middle fraction, boiling at 188°C., was
collected for use in the polymerization studies.

Catalysts. The catalyst triisobutylaluminum (purchased from the
Hercules Powder Company) was used as received. The catalyst solution
was prepared in a nitrogen-filled dry box by prereacting the triisobutyl-
aluminum, in a specified molar ratio, with water in benzene in a volumetric
flask.

Procedure

In the rate studies the monomer and catalyst solutions were transferred
to a 0.5-cm. silica cell fitted with a ground-glass stopper with calibrated
hypodermic syringes in a nitrogen-filled dry box. The polymerization
reaction was followed by near-infrared analysise of the change of absorb-
ance at 2.223 n with a Beckman DK2A spectrophotometer equipped with a
thermostated carriage cell. The monomer absorbance followed Beer’s
law over the entire concentration range studied.

For the purpose of polymer characterization sufficient quantities of
polymer were prepared by using suitable amounts of reactants under
conditions similar to those in the kinetic studies. Polymer recovery was
accomplished by decomposition of the catalyst with methanol and removal
of the solvent and unpolymerized monomer under reduced pressure. The
polymeric residue was washed with dilute acid and water and dried under
reduced pressure. The low and higher molecular weight polymers were
separated by precipitation from methanol.

Physical Properties

The number-average molecular weights were obtained on a Mechrolab
301A vapor-pressure osmometer. All intrinsic viscosities were calculated
by means of a concentration scale in grams of solute per 100 ml. of toluene at
25°C.
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RESULTS AND DISCUSSION

Kinetic Data

Kinetic Data, [W]o/[Cio = 0.50. The notation [Al], fC], and [W]
will be used for the styrene oxide monomer, the triisobutylaluminum
catalyst, and the water «»catalyst concentrations, respectively; subscri[)t
o refers to the initial concentration.

This catalyst system at 26°C. was chosen for a more detailed study early
in the investigation because this ratio of water to aluminum alkyl has been
studied previously2 and gave the most active catalyst.

A typical first-order plot for the polymerization at 26°C. with [W]0
[Clo = 0.50 is shown in Figure 1. After an initial rapid rate in the first
hour the polymerization follows a first-order rate law for the disappearance
of monomer. After 24 hi', the rate begins to decrease, possibly owing to
catalyst decomposition. The first-order dependence of the rate of the sec-
ondary (slow) reaction on monomer concentration was confirmed by a se-
ries of experiments in which [Aijo was varied (Table ). The rate of the

Fig. L Log 1M]Q[M1 versus time for the polymerization of styrene oxide at 26°C. with
[M]o = 151/, [C],, = 0.075,1/, and [W]Q[C]0 = 0.5.

secondary reaction is also dependent on the catalyst concentration, as is
shown by the results of a series of experiments in which the catalyst con-
centration was varied (Table I11). No well-defined initial rate of the
secondary reaction wasTbserved because of overlap with the end of the
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primary (fast) reaction. The values of the second-order rate constant
and the amount of monomer per mole of catalyst consumed in the fast re-
action were determined over a twofold range of monomer (1.125 1.S75
moles/1.) and catalyst concentration (0.075-0.210 moles 1.), as indicated
in Tables I and 1. They were found to be constant within experimental
error; /A was found to have an average value of 0.0157 l.-mole/hr.
Three moles of monomer per mole of catalyst, d/j were consumed in
the fast reaction.

TABLE |
Effect, of Varying Monomer Concentration: [C]» = 0.0751W,
[W]o/[C]0 = 0.50, T = 26°C.

[Mlo, 10°fe, Molar ratio,a
moles/1. 1/mole/hr. Mi
1.875 1.87 0.27
1.500 151 8.28
1.125 151 8.0!)

aMi is the amount of monomer per mole of catalyst consumed during the primary
(fast) reaction, estimated by extrapolating the linear portion of the first-order plot,
corresponding to the secondary (slow) reaction, back to zero time.

TABLE I
Effect of Varying Catalyst Concentration: (M]n = 1.50M,
[WIn/[Clo m 0.50, T = 26°C.

[Clo, moles/1. 10°fo, I./mole/hr. 5bilar ratio Mi
0.075 151 3.23
0.120 1.48 3.29
0.165 1.68 2.92
0.210 1.94 3.05

The rate of the primary (fast) reaction was not studied in detail, but the
amount of monomer per mole of catalyst, Ali consumed during the pri-
mary (fast) reaction was estimated by extrapolating the linear portion of
the first-order plot, corresponding to the secondary (slow) reaction, to
zero time. The estimates of the amount of monomer consumed during the
period of fast rate indicates that this quantity is dependent on the catalyst
concentration but not on the monomer concentration. The consumption
of 3 moles of monomer per 1 mole catalyst in the fast reaction was con-
firmed by the number-average molecular weight of 311 (c.a. t,rimer) for the
low molecular -weight polymer produced after Os2 hr.

Effect of Water Concentration. The effect of the value of [W]do/[Cio
upon the overall rate of reaction has been investigated for the propylene
oxide and trimethylaluminum system.2 The kinetic data were interpreted
as indicating that the catalyst formed from 2 moles of trimethylaluminum
per 1 mole of water was more active than either trimethylaluminum alone
or a species with a higher degree of oxygen substitution, that is [W]o/
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[(1« > 0.50. It was observed that in the presence of water the poly-
merization proceeded with a primary (fast) reaction, yielding low molecular
weight oligomers, and a secondary (slow) reaction, yielding higher molecu-
lar weight polymer. In the absence of water only the fast reaction oc-
curred to give low molecular weight oligomers.

Our experimental results confirmed that the molar ratio of water to tri-
alkylaluminum is an important variable in the polymerization reaction.
However, the value of [W]O[C]0does not change the kinetic features of the
reaction. The polymerization reaction proceeded in two rates over a
range of [W]O[C]o equal to 0-0.50. The secondary (slow) reaction dif-
fers only in the value of the rate constant. In the first hour there is a rapid
rate of monomer consumption, after which the polymerization follows a
first-order rate law for the disappearance of monomer. The kinetic data
shown in Table 111 indicate that the catalyst involving 4 moles of triiso-
butylaluminum per mole of water is more active than triisobutylalumi-
num alone or a species with a greater degree of oxvgen substitution, that is,
[W]O[C]o > 0.25.

TABLE 111
Effect of Varying Water Concentration: [M]o = 0.75HA,
" [C]0 = 0.0375M, T = 26°C.

[W]o/[C]o mole ratio 102%21./mole/hr.
0.50 2.07
0.25 3.18
0 1.01

Nature of the Polymer

Primary and Secondary Reaction Products, [W]0 [C]0 = 0.50. The
characteristics of the polymers are given in Table IVV. The polymerization
reactions afforded a homogeneous mixture of low and higher molecular
weight fractions. The addition of methanol gives a white solid and a solu-
tion of oligomers. The M suggests that the oligomers produced in the fast
reaction consist of trimer. The infrared spectra of the polymer fractions
from both fast and slow reactions were almost indistinguishable except for
a slight increase of a very small carbonyl absorbance in the trimer as the

TABLE IV
Conversion and Molecular Weights of Polystyrene OX|de)
Mb = i:mr, [C]0 = o.00gm, [W]O[C]O = 05 r = 25°C.

Low molecular

Ti weight fraction Higher molecular weight fraction
ime,
hr. % Mn % Mn M. dl./g.
1.5 15.2 311 0.5 1450 0.20

240 30.0 395 5.2 850 0.14



2060 1 K. STILLK AND J. 1 HILLMAN

polymerization progressed. Infrared spectra of the low molecular weight
fractions show no absorption due to unsaturation but strong absorption
due to hydroxyl. The higher molecular weight fractions show decreased
absorption due to hydroxyl and no absorption due to unsaturation.

Fig. 2. Molecular weight distribution of polystyrene oxide) after 1.5 hr. with [M]o =
1.33af, [Go = 006U, [WIM[C]i, = 0.5: () higher molecular weight; (-—---) trimer

Fig. 3. Molecular weight distribution of poly (styrene oxide) after 240 hr. with [M]0 =
133w, [Clo= o.006.1t; [W]o/[Clo = 0.5: (---) higher molecular weight; (---- ) trimer.
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Fig. 4. Correlation of mean v with Mn for the polymer samples illustrated in Figs.
2 and 3.

Although the trimer is formed rapidly until the consumption of 3 moles
of monomer per mole of aluminum and is not produced rapidly during the
next 24 hr. of the polymerization, a small amount of higher molecular
weight solid polymer is produced early in the reaction, and the amount
increases throughout the polymerization.

The molecular weight distributions of the low and higher molecular
weight fractions were obtained by gel permeation chromatography (the
GPC was carried out by R. L. Erickson, Lycra Technical Section, E. I. du
Pont de Nemours and Co., Wayneshoro, Va.); see Figures 2 and 3. Both
of the higher molecular weight fractions have a broad distribution. The
low molecular weight fraction obtained from a polymerization time of 240
hr. and both of the higher molecular weight fractions deviate significantly
from a normal distribution. Figure 4 gives the correlation of the mean v
[volume of dimethylacetamide needed to purge the columns of polymer;
related to elution count by the formula v = 5 (40-count)] with Mn for
these polymer samples.
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TABLE V
Effect of Water Concentration on Primary and Secondary
Reaction Products: [M]o = 1.02A7, [Clo = 0.05LI/, T = 25°C.

Conversion 1.5 hr., % Conversion 240 hr., c,

[W]o/[C]la — s — 240 hr.,
mole ratio Oil Solid Oil Solid hi, dl./g.
0.50 10.1 0.5 22.7 5.2 0. 14
0.25 12.0 0.0 27. t 4.0 0.5
@ ‘1o 0.0:> 6.5 6.7 0. till

Effect of Water Concentration. The various effects of increasing |W]{
fClo on polymer characteristics were studied and arc given in Table V.
The main effect of water on the polymerization was to increase the pro-
duction of low molecular weight polymer and to lower the molecular weight
of the polymer produced in the secondary reaction.

Role of Triisobutylaluminum in Polymerization System, [W]O[C]0 = 0.5

The role of the alkyl group attached to aluminum has been investigated
in several polymerization systems. In the polymerization of acetaldehyde,
a nonradioactive polymer was produced with labeled triethylaluminum.78
Triphenylaluminum did not react with cyclohexene oxide to yield a polymer
containing a phenyl unit.9 In addition, it has been established that in the
polymerization of propylene oxide with both the trimethylaluminum and
the trimethylaluminum plus water (0.5 ratio) catalysts all the methyl
groups originally attached to aluminum were evolved as methane after
final hydrolysis of the polymerization products.2

Hydrolysis of triisobutylaluminum results in the liberation of 2 moles of
isobutane per mole of water.5 The trialkylaluminum is converted to the
corresponding hydroxides, which are further converted to the oxides:

RgAl + HoO RsAIOH + RII

slow
RjAIOH + R3AL —» RAIOAIR4+ RH

When [W]o/[C]0 = 0.50, the composition of the catalyst system used
in the polymerization of styrene oxide is near (¢-Bu)2A10A1(f-Bu)2 At the
end of the two polymerization reactions the quantity of gas evolved on
hydrolysis was found by vapor-phase chromatography to correspond to
two isobutyl groups per aluminum atom. Thus, all the isobutyl groups
originally attached to the metal atom in the catalyst were evolved as iso-
butane, and none are transferred to the polymer chain.

Mechanism

Only the polymerization carried out with a mole ratio of water to tri-
isobutylaluminum of 0.50 can be discussed in detail. The polymerization
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of styrene oxide over the range of [W]J[C]Oratios involves essentially the
same type of active centers. The water concentration does not affect the
nature of the relatively simple kinetics, which differs only in the values of
the rate constant.

The polymerization system was homogeneous throughout the reaction
over the range of [W]O[C]Oratios studied. A yellow color developed in-
stantaneously, when the catalyst, solution was added to the monomer solu-
tion, and faded quickly. As the polymerization progressed, the color
developed more deeply.  Similar behavior in the polymerization of styrene
oxide with diethylzinc and water3was attributed to optical properties of
an intermediate or of a monomer- catalyst complex. In this study the
formation of small amounts of colored materials might be accounted for
by rearrangement of some of the monomer to a carbonyl compound, fol-
lowed by aldol or related condensations. This explanation is favored
because of the following observations: (1) the color is not completely
destroyed when the polymerization is terminated with methanol and (2)
the small carbonyl absorbance of the low molecular weight fraction in the
infrared increases slightly as the polymerization progresses.

It is evident from the results that the polymerization of styrene oxide by
triisobutylaluminum and water is a complicated process. Since our re-
sults and the results reported for the polymerization of propylene oxide by
trimethylaluminum and water are very similar, the kinetic results may be
discussed in terms of the cationic active-center mechanism outlined for this
system. The composition (f-Bu)2A10Al(i-Bu)2 is analogous to the species
chosen as the catalyst for the initial reaction in the polymerization of
propylene oxide by trimethylaluminum.

Initiation probably involves coordination of (i-Bu)iA10Al(f-Bu)2 by
monomer, followed by ring opening to an oxonium ion.

chZhchib
+
CITCHCelk CITCHCeHs
\
0
(i*-liu) iAI—O—A_Iljt-Bu)-Z (¢-Bu)>Al—O—AL(i-Bu)2
0 0
(/ué)ciicah OIbOIKKII:,
(I) ol
/\
(*HsCHOMHs
til)

The addition of more monomer molecules to (11) would yield (111), con-
taining one trinier molecule per aluminum atom.
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CILCHCr.il;,
\

(cir,cno)>—CHArGaL
0
(t-Bu)sAl—O—AKi-Bu)»
@)
( 1L(11CH2—(<K'lICIL),

/\
CH;('HCélls
()

Our data for the primary (fast) reaction can be explained by the for-
mation of an intramolecular complex such as (IV). It is not unreason-
able to suggest that the trimers formed in the primary reaction can act as
tridentate ligands to form an octahedral complex.

CH;

(V)

A complex such as (IV) could be destroyed either by rearrangement of an
isobutyl group attached to aluminum, giving an addition reaction product,
or by ring closure, giving a cyclic product. However, it has been estab-
lished by others--9and by our own data that the reaction with the aluminum
alkyl catalyst does not give the addition reaction product. It has been
proposed that the addition reaction between diethyl ketone and monomeric
triethylaluminum does not occur, because of its steric hindrance in the
complex.0 Since steric hindrance would be greater in the reaction com-
plex between (f-Bu)2A10Al(f-Bu)2 and styrene oxide, the stability of the
complex to a similar addition reaction is understandable. The destruc-
tion of complex (IV) by a cyclization reaction of the trimer would be
sterieally unfavorable, because a nine-membered ring would be formed.

Therefore, complex (1V), in which the carbonium ion is stabilized by the
overall negative charge on the remainder of the complex or by combina-
tion with another base, is relatively inactive toward polymerization. Once
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it is formed, further addition is stopped, and aluminum sites are no longer
available for the polymerization. This complex accounts for the trimer.

Although we have not been able to identify the catalyst for the secondary
reaction, which produces higher molecular weight polymer, it is probably a
catalyst of low oxygen content or triisobutylaluminum itself.

The authors are indebted to R. L. Erickson, of the Lycra Technical Section, E. I. du
Pont de Nemours & Co., Inc., Waynesboro, Virginia, forthe determination of the computer
analysis of the polymers by gel permeation chromatography.
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Résumé

L’oxyde de styréne a été polymérisé au moyen d’un systeme catalyseur a base de
triisobutyle-aluminium et d’eau. L’étude cinétique des effets de la variation des con-
centrations en monomere, en triisobutyle-aluminum et en eau dans des solutions ben-
zéniques a été effectuée. L’oxyde de styréne est consommés par deux réactions: une
réaction initiale rapide produisant le trimere, et une réaction plus lente formant un
polymére de poids moléculaire plus élevé.

Zusammenfassung

Styroloxyd wurde mit dem Triisobutylaluminum-Wasser-Katalysatorsystem poly-
merisiert. Eine Kinetische Untersuchung des Einflusses einer Variation der Monomer-,
Triisobutyl-aluminum- und Wasserkonzentration in Benzolldsung wurde durchgefihrt.
Styroloxyd wurde nach zwei Reaktionen umgesetzt: eine rasche, zu Trimerem fihrende
Anfangsreaktion und eine langsamere, hohermolekulares Polymeres bildende Reaktion.
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Cyclopolymerization of Diastereomeric Diepoxides

J. K STILLE and J. J. HILL.MAX, Department of Chemistry, University
of Imra, lowa City, lowa 522/i0

Synopsis

The menu- and d,/-diastereomers of o-bis(epoxyethyl)benzeiie have been .synthesized
and identified. The diastereomers were polymerized by a variety of catalysts to give a
polymer which has mainly isochroinan recurring units as a result of a cyclopolymeriza-
tion mechanism. Some features of the polymerization with the triisobutylaluminum
catalyst system have been studied. The rates of polymerization of the monomers and
the transition temperatures of the resulting polymers have been determined. The re-
sults are explained on the basis of a controlled intramolecular propagation and a stereo-
specific polymerization.

INTRODUCTION

Alt hough the cyclopolymerization of diepoxides is known,12 no attention
lias been given to the stereochemical configuration of the monomer and
the consequences on the intramolecular propagation. Diepoxides of the
general formula given in the accompanying diagram should exist as mesr
(1) andd,f-(I1) diastereomers.

The cyclopolymcrization of diastereomers is of interest, because the
w.eso-isomer would necessitate an intramolecular propagation involving
the addition of S to the R or of R to the S carbon associated with the
epoxide moiety, but the d,/-isomeric mixture would always involve an
intramolecular R-to-R or S-to-S propagation, depending on the enantiomer
involved. In both cases the intermolecular propagation could be random,
unless some selectivity was shown by the asymmetric growing chain
end.

Biallyl diepoxide, previously cyclopolymerized,1is a liquid monomer,
and the isolation of the diastereomers was not possible. However, a
crystalline solid monomer should lend itself to separation of the diastereo-
mers. Such a monomer suitable for study is o-bis(epoxyethyl)benzene.
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During the initial stages of investigation of this system the polymeriza-
tion of o-bis(epoxyethyl)benzene was reported to proceed by intramolec-
ular-intermolecular propagation to give the isochroman recurring unit.2
However, only one of the isomers was reported and polymerized. We
therefore pursued this study in an effort to demonstrate diffei'ences in the
intramolecular propagation of the diastereomers as evidenced by the
rates of polymerization and the properties of the polymers.

EXPERIMENTAL

Materials

Monomer. A mixture of the diastereomeric diepoxides was prepared
in a 75% vyield by epoxidizing o-divinylbenzene3 in the following man-
ner. A solution of 21.5 g. (0.165 mole) of o-divinylbenzene in 150 ml.
of benzene was added to 1200 ml. of a benzene solution containing 85.5 g.
(0.42 mole) of m-chloroperbenzoic acid.4 The reaction mixture was kept
in the dark at room temperature. The progress of the reaction was fol-
lowed iodometrically. After the epoxidation reaction was complete
(18 hr.), the solution was washed with 10% sodium sulfite solution, 10%
sodium bicarbonate solution, and water and dried over anhydrous sodium
sulfate. After flash evaporation of the solvent under reduced pressure
at room temperature the residual oil was fractionally crystallized from
redistilled pentane at —20°C. to yield 20.1 g. (75%) of the diepoxide
mixture. Further recrystallization of the diepoxide afforded two frac-
tions melting at 31-32°C. (85-90%) and56°C. (10-15%).

The two fractions had identical infrared spectra, nearly identical ul-
traviolet spectra, and nuclear magnetic resonance solution spectra. The
infrared spectra showed bands at 880 and 835 cm.“1, which are attributed
to the epoxy group. The nuclear magnetic resonance spectra show four
principal regions of absorption with centers at 2.63, 3.08, 4.08, and 7.30
ppm with integration ratios of 2:2:2:4, respectively. The ultraviolet
spectra showed absorption maxima at 215 and 264 mxin both diastereomers.

Anal. Caled. for CiJImO.: C, 74.05%; 11,6.21%. Found (56°C., m.p. isomer): C,
73.60%; H, 6.56%. Found (31 to 32°C., m.p. isomer): C,73.86%; H, 6.58%.

The melting points of mixtures of the diastereomers in various propor-
tions were determined. In every case the mixture melted over a range
intermediate between the melting points of the separate diastereomers.

The establishment of the configuration of the diastereomers was based
on the partial resolution of one isomer by means of d-amphetamine. In
two simultaneous reactions samples of each isomer were added to a benzene
solution containing enough d-amphetamine to destroy 20% of the monomer.
After the reaction was allowed to continue for 2 weeks, the benzene
solvent was removed, and the residual oil was extracted with pentane, to
remove the monomer from the very slightly pentane-soluble reaction
product. The recovered isomers were not washed with dilute acid, be-
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cause of their high reactivity to acids and acid-catalyzed hydrolysis. How-
ever, d-amphetamine was removed from the monomer by recrystallizing
the monomer six times from pentane. The purity of the recovered isomers
was determined from their melting points and infrared spectra.

The recovered low melting monomer had a specific rotation of [a]*0=
—3.50°, and the recovered high-melting isomer was inactive. A duplicate
reaction of the low-melting monomer with (/-amphetamine afforded re-
covered monomer with a specific rotation of [ajro = —3.40°. It was
also established that the observed rotation was not due to traces of d-
amphetamine, since (/-amphetamine, in the same solvent and at the same
wavelength as utilized for the isomers, is dextrorotatory.

Solvents. Chloroform was purified just before the polymerization
runs by removing the ethanol stabilizer, drying over calcium chloride,
and distilling.  Purified benzene was refluxed over sodium, distilled, and
stored over sodium ribbon. Methylene dichloride was stored over phos-
phorus pentoxide and distilled therefrom just before use.

Catalysts. Phosphorus pentafluoride was obtained from the thermal
decomposition (150-160°C.) of recrystallized benzenediazonium hexa-
fluorophosphate (Ozark-Mahoning Company) and swept with dry, puri-
fied nitrogen into the reaction systems.

The catalyst triisobutylaluminum (purchased from the Hercules
Powder Company) was used as received. The catalyst solution was pre-
pared in a nitrogen-filled dry box by prereacting the triisobutylaluminum
and the specified molar ratio of water in benzene in a volumetric flask.

Polymerizations

Phosphorus Pentafluoride. The polymerizations with phosphorus
pentafluoride were run under nitrogen in side-armed flasks previously
flamed out and fitted with ebullator tubes. The catalyst was swept with
dry, purified nitrogen into the reaction systems. Solvent was added to
the systems with standard calibrated hypodermic syringes. The solvent
and monomer were added before the catalyst was bubbled in below the
surface of the solutions. The catalyst was fed into the system, until
foam appeared on the surface or a yellow color was detected in the solu-
tion. Polymerization was achieved in thermostated baths without agi-
tation.

The polymerization reactions were terminated by the addition of
methanol, to decompose the catalyst. After the solvent was evaporated
under reduced pressure, the polymeric residue was washed with pentane,
to remove unreacted monomer. The remaining polymeric residues were
dissolved in chloroform and filtered. The volumes of the solutions were
reduced and the solutions poured into stirred pentane, to precipitate the
polymers.  The resulting polymers were dried under reduced pressure.

Triisobutylaluminum. In the rate studies the monomer and catalyst
solutions were transferred to a 0.5-cm. silica cell fitted with a ground-glass
stopper with calibrated hypodermic syringes in a nitrogen-filled dry box.
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The polymerizelion reaction was followed by near-infrared analysis5
of tlie change of absorbance at 2221 n with a Beckman DK2A Spectro-
photometer equipped with a thermostated carriage cell. The monomer
absorbance followed Beer’s law over the entire concentration range studied.
For purposes of polymer characterization sufficient quantities of polymer
were prepared by using suitable amounts of reactants under conditions
similar to those in the kinetic studies. Polymer recovery was accomplished
by decomposition of the catalyst with methanol and removal of the solvent
under reduced pressure.  Unpolymerized monomer was removed by ext ruc-
tion with pentane. The solid polymeric residues were washed with dilute
hydrochloric acid and water and dried under reduced pressure.

Physical Properties

The infrared spectra of the polymers prepared with phosphorus penta-
fluoride and the triisobutylaluminum catalyst systems were obtained as
films and as chloroform solutions. The spectra showed an absorption
maximum at 1100 cm.-1 (unstrained ether). In a few polymer samples
weak maxima were observed at 3500 (hydroxyl), 1715 (carbonyl), and 880
cm.-1 (oxirane). The model compounds isochroman,6poly (styrene oxide),
and tetrahydrofuran showed the ether absorption maxima at 1098, 1105,
and 1075 cm.-1, respectively.

The nuclear magnetic resonance spectra of the polymers prepared with
phosphorus pentafluoride exhibited very broad principal absorption-band
signals centers at 3.70, 4.40, and 7.17 ppm. The catalyst system triiso-
butylaluminum and water in 0.5 ratio yielded polymer which also con-
tained broad regions of absorption in the NMR, particularly in the 3.9
and 4.2 ppm region.

Transition temperatures were measured with a Du Pont 900 differen-
tial thermal analyzer. Finely ground polymer samples were packed into
the thermocouple well, and the analyses were run under dry nitrogen at a
heating rate of 20°C./min. with alumina as reference material.

The number-average molecular weights were obtained on a .Uechrolah
301A vapor-pressure osmometer. The inherent viscosities were calcu-
lated by means of a concentration scale in grams of solute per 10 ml. of
solvent at 25°C.

DISCUSSION AND RESULTS

Configuration of the Diastereomers

The configuration of o-bis(epoxyethyl)benzene could be established by
either determining the number of isomers formed after a chemical trans-
formation of the diastereomers or resolving one of the diastereomers.
Utilization of the former method is complicated by the orientation of ring
opening, which may proceed in either one or both of two directions. It was
previously established that the addition reaction of styrene oxide and
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benzyl amine yielded the secondary amino secondary alcohol in a 94%
yield.7 Therefore, the problem of ring-opening orientation would be
eliminated by using a similar amine. The reaction of the diastereomers
with excess (—) or (+) a-phenylethyl amine was studied. The d,¢-isomer
would be expected to form two diastereomeric hydroxy amines and the
meso isomer only one hydroxy amine (Fig. 1). However, this method was
found impracticable, because uncrystallizable products were formed.

It was also not possible to resolve readily the d,¢-isomers of the diepoxides
by conventional means. Resolution by elution chromatography, utilizing
a lactose column, was unsuccessful. Although optically active styrene
oxide has been prepared from optically active precursorsg9 obtained by
either kinetic or biochemicalDasymmetric transformations, these methods
did not yield the diepoxide under analogous reaction conditions.

The establishment of the configuration of the diastereomeric o-bis(epoxy-
ethyl)benzenes having resolvable (<//) and nonresolvable (meso) forms was
based on the partial resolution of the d,/-isomer by means of d-amphetamine
(Fig. 1). Since the low-melting isomer (31-32°C.) became partly active
after reacting with an insufficient amount of d-amphetamine, this material
must be the d,/-pair.  Similarly, asymmetric destruction of d,¢-propylene
oxide occurred in its polymerization with the diethylzinc-d-borneol catalyst
system.1l

The same assignment of configuration would be obtained on the basis of
physical evidence. In most instances the symmetry of the meso form
results in the higher-melting crystals. Thus, the meso form is higher
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melting than the d,l in all known cases of compounds containing a dibenzyl-
like structure.2

Polymerization

The phosphorus pentafluoride catalyst was effective for the conversion of
both diastereomers to polymers in high yield. The results are given in
Table I.

TABLE |
Polymerization of the Diastereomers with Phosphorus Pentafluoride*

Inherent Number-

Monomer Temp., Conversion, Solubility,bviscosity’ av. mol.
form °C. Solvent % % vinh WEAMn
meso -30 CHCb 46 66 0.12 -
cll -30 CHCI3 59 78 0.13 —
meso -78 CHZI, 100 40 G 16 3,300
d,l -78 CHZC12 100 70 0.22 5,510

“At —30 and —78°C. the monomers at concentrations of 0.8 g. (0.005 mole) and
0.5 g. (0.003 mole) per 10 ml. of solvent, respectively, were allowed to react for 24 hr.

b Solubilities were determined in the same solvent as used for measuring %j,,h.

Olnherent viscosities on the soluble portion were determined in chloroform at con-
centrations of 0.10-0.40 g./IOO ml.

<Soluble portion.

The polymer obtained from the meso isomer at —7S°C. exhibited a sharp
endotherm at 120°C. in the differential thermal analysis. The polymer
produced from the d,1-isomer at —78°C. exhibited a broad endotherm at
120°C. and a sharp one at 176°C.

TABLE 11
Polymerization of the Diastereomers with Triisobutylaluminum*
[W]o/[Clo Monomer/ Inherent
Monomer mole solvent, Conversion, viscosity0
form ratiob g./ml. Time Z0 Vinh
meso 0.5 0.243 2.5 hr. 12 —
meso 0.5 0.204 30 days 26 0.15
d,i 0.5 0.243 2.5 hr. 8 -
d|l 0.5 0.322 10 days 28 0.11
d|l 0.5 0.210 30 - 46 0.15
meso 0 0.203 30 - 26 0.22
d,l 0 0.206 30 -« 50 0.24

* The polymerizations were run at 25°C. in benzene. The ratio of monomer to
catalyst was 20:1 in all trials, based on the moles of monomer and triisobutylaluminum.

b [Clo and [W]o are the initial triisobutylaluminum catalyst and water cocatalyst
concentrations, respectively.

Olnherent viscosities were determined inamixture of phenol and Si/ra-tetraehlorethane
(100:66 by weight) at a concentration of 0.15-0.25 g./IOOml. These polymers were com-
pletely soluble in this solvent.
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Pig. 3. Log [YI]o/[MI versus time for the polymerization of the <i,Z-isomer at 27°C. with
[MJo = 0.75 molar, [C]0 = 0.0375 molar, and [W]o/[C]lo = 0.50.

Triisobutylaluminum, with and without a water cocatalyst, was also
effective for the conversion of the diastereomers to polymers. However,
the aluminum system is not as active a catalyst as phosphorus pentafluoride.
As indicated in Table I, a long reaction time is required to convert mono-
mer to polymer in quantity.

Differential thermal analyses were obtained for polymer samples from the
catalyst systems triisobutylaluminum and triisobutylaluminum plus
water in 0.5 ratio, after a reaction time of 30 days. The polymers pre-
pared with the triisobutylaluminum catalyst from the meso- and d,Z-isomer
exhibited a broad endotherm at 125 and 85°C., respectively. The melting
points of the polymers from both isomers were slightly lower when water
was present as cocatalyst. These differences in melting points between the
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(L1- and the «teso-polymers originate in the stcric effects of the recurring
unit, since melting point relates directly to the symmetry and interaction
forces of the repeating unit.4

The polymerization of the diastereomers could yield recurring unit struc-
tures (V), (VI), or (VII) from either the phosphorus pentafluoride or the
triisobutylaluminum catalyst systems; see Figure 2. However, struc-
ture (VII), containing the isochroman unit resulting from a cyclopoly-
merization, is assigned to the polymers from both diastereomers and from
both catalyst systems on the basis of the following observations: (1) soluble
polymers were obtained from the aluminum systems; partially soluble
polymers were obtained from the FF; systems; (2) the polymers contained
no or few residual epoxide moieties; (3) the infrared spectra of the polymer
samples showed maxima (C-O-C stretching) characteristic of the strainless
model compounds isochroman and polystyrene oxide); and (4) the nuclear
magnetic resonance studies of the polymer from the triisobutylaluminum
and 0.5 water catalyst system gave evidence of five different protons, as
would be expected in structure (VII). All polymer samples exhibited
broad maxima in the region of absorption of protons of the type a and b.
Unit (V1) should probably show a doublet for proton a and a triplet for b.

Kinetic studies of the effects of diastereomer and water concentration
were made in the triisobutylaluminum catalyst system, which was homo-
geneous throughout the reaction. After an initial rapid reaction in the
first hour monomer was consumed in a slow reaction. A typical first-
order plot for the polymerization of the d,/-isomer with W<>/[Clo = 0.50 is
shown in Figure 3. Since the nature of the kinetics was complex, it was
necessary to determine the relative rates of the initial and slow reactions
(Table I1).

TABLE 111
Effect- of Diastereomer and Water Concentration:
[Mio = 0.754/, [C]0 = 0.03754/, and T = 27°C.

lielative ratel lielative rate*
Monomer [W]../[C]o initial slow
form mole ratio reaction reaction
d,l 0.50 1.00 1.00
d,l 0.25 1.70 1.04
d,l 0 2.58 0.88
meso 0.50 3.21 0.80

*The relative rates were estimated by dividing the slope obtained from the linear
portion of the first-order plot by the slope obtained in the first reaction listed.

The rates of polymerization of the monomer and the melting points of
the resulting polymers produced by the triisobutylaluminum catalyst
system furnish some information on the nature of the intramolecular propa-
gation. The intramolecular propagation of meso- and d,(-diepoxides must
proceed with predominant retention or inversion of configuration (Fig. 4);
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Figure 4.

otherwise, the same polymer would be obtained from either isomer. Pre-
vious studies established that the polymerization of d,/-2,3-epoxybutane with
the catalyst system triisobutylaluminum plus water, 0.5 ratio, proceeded
with inversion of configuration, involving nucleophilic attack of monomer
at the carbon bearing the epoxide moiety.¥4 Since other workers estab-
lished that the polymerization of alicyclic epoxides with triethylaluminum
follows known stereochemical principles for these compounds,b the intra-
molecular-intermolecular propagation of the diastereomers probably
proceeds with double head-to-tail inversion through a cationic mechanism.
The direction of ring opening (Fig. 4) has been depicted as such, since the
cationic ring opening of styrene oxide affords products resulting predomi-
nantly from this direction of opening.5

A study of the rates show that the meso-isomer reacted much faster
during the initial stages of the polymerization than the d/-isomer but re-
acted slightly slower during the slow polymerization. These differences in
rates must originate in steric effects, since the same groups are attached to
the asymmetric atoms in the two starting materials. Hence, the different
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kinetic IxImvior of the diastoreomers can he explaiiuxi in terms of the
different complexing abilities of the monomers and resulting polymers with
the catalyst and growing chain.

It was proposed that in the polymerization of epoxides with the trialkyl-
aluminum catalyst, with and without water, the initial reaction is pre-
ceded by coordination of the epoxide units to the metal and followed by
formation of a complex capable of initiating polymerization in the subse-
quent slow reaction.Z Hence, the complexing abilities of the monomer
would be of primary importance. It is possible that the aleso-isomer can
coordinate with the aluminum atom better than the d/-isomer, and a faster
initial rate is observed. During the slow reaction the meso-isomer is
consumed at a slightly slower rate than the cl,l-isomer.

The Du Pont 900 DTA, on which the differential thermal analyses were carried out,
was obtained in part through a gift of the Dunlop Research Centre, Sheridan Park,
Ontario, Canada.
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Résumé

Les diastereomeres méso- et d,| du o-bis(époxyéthyle)benzeéne ont été synthétisés et
identifiés. Les diastéréomeéres ont été polymérisés par une variété de catalyseurs en vue
de former un polymeére qui a en mo}renne des unités isochromes qui se répétent suite a
un mécanisme de cyclopolymérisation. Certaines caractéristiques de cette polymérisa-
tion par un systéme catalyseur & base de triisobutylaluminum ont été étudiées. Les
vitesses de polymérisation de ces monoméres et les températures de transition des
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polymeres résultants ont été déterminées. Les résultats sont expliqués sur la buse
d’une propagation iut-ramoléculaire contr6lée et d’une polymérisation stéréospécifique.

Zusammenfassung

Die meso- und d,Z-Diastereomeren von o-Bis(epoxyathyl)benzol wurden synthetisiert
und identifiziert. Die Diastereomeren wurden mit einer Vielfalt von Katalysatoren
unter Bildung eines Polymeren polymerisiert, welches hauptsachlich Isochromanbaus-
teine als Ergebnis eines Oyclopolymerisationsmechanismus enthalt. 1)ie Polymerisation
mit dem Triisobutyl-aluminum-Katalysatorsystem wurde untersucht. Die Polymeri-
sationsgeschwindigkeit der Monomeren und die Umwandlungstemperaturen der
gebildeten Polymeren wurden bestimmt. Die Ergebnisse werden auf Grundlage eines
kontrollierten intramolekularen Wachstums und einer stereospezifischen Polymerisation
erkléart.
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Polymerization of Styrene with VOCL-
Aluminum Alkyls*

L C. ANAND, A B. DIOSHI'AN’'DK, and S. I,. KAI'l R, National Chemical
lAibomlory, I'oona-S, 1ndia

Synopsis

The polymerization of styrene with YOCL in combination with AIEt» and with
Al(j-Bu)j in »-hexane at 40°C. has been investigated. The rate of polymerization was
found to be second order with respect to monomer in both systems. With respect to
catalyst, the rate of polymerization was first order for VOCh-AIEtj and second order for
YOCI*-Al(*-Bu)j systems. The activation energies for YOCI»-AlKta and VOGI»-
Al(j-Bu)» systems were 7.117 and 11.28 kcal./mole, respectively. The molecular weight
of polystyrene in the AIEt» system was considerably higher than that in the Al(/-Bu)»
system. The valence of vanadium obtained by a potentiomelrie method showed
that the catalyst sites in the Al it system are different in nature from those in the
Al(i-Bn)» system. The effect of diethylzinc as a chain-transfer agent in the AlEt»
system was also studied.

Stereospecific polymers of «-olefins are obtained with the use of catalysts
prepared in reactions of metal alkyls with titanium halides. Similar
studies with other transition metal halides such as vanadium halides, have
also been carried out. The VOCI3AIEt3 system1 has been used for the
polymerization of ethylene as well as for the copolymerization of ethylene
with propylene and propylene with acrylonitrile,1,2 but no detailed kinetic
study with this catalyst has been so far reported. In this communication
the results of our work on the polymerization of styrene with VOCi3
aluminum alkyls in »-hexane at 40°C. are reported.

It has been observed that whereas the behavior of the MOC'ly AlKti
system is similar to that of the TiCh-AlEt3system, the VOCI3AI(t-Bu)3
system is very much different from the TiCltAl(f-Bu)3system.

Experimental

VVOCI3was prepared3by reacting | mole of V2Oswith 2 moles of anhydrous
AlCl3at about 400°C. and distilling out the brown liquid. ~ Qilredistillation
under anhydrous condition a lemon-yellow liquid was obtained. Its stock
solution (0.5M) was prepared in »-hexane.

AlEtg and Al(f-Bu)3 were supplied by .M/s. Ethyl Corporation, U. S. A,
and were redistilled under reduced pressure and nitrogen atmosphere before

* National Chemical Laboratory Communication No. 984.
2079
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use. A 2M solution of AlEt3and a IM solution of Al(i-Bu)3in n-hexanc
were prepared prior to use.

Styrene (Dow Chemical Co.) was first washed with 0% alkali, to remove
inhibitor, then with water, and stored over anhydrous Xa»C03 Prior to
use it was distilled under reduced pressure (b.p. 56°C.) and nitrogen atmos-
phere in a flask containing activated silica gel.

n-Hexane was purified by shaking with concentrated HZS04several times
and then washed with Xa2ZC03solution and distilled water and left over-
night over anhydrous CaCb. It was distilled and stored over sodium wire.
It was refluxed under dry nitrogen on sodium for 12 hi'., distilled, and kept
in a brown, glass bottle over activated silica gel.

Polymerization

All the experiments were carried out inside a dry glove box, which was
maintained anhydrous under oxygen-free nitrogen atmosphere. All the
reagents were added with all-glass hypodermic syringes fitted wth stainless-
steel needles.

In an Erlenmeyer flask (50 ml.) fitted with P12 cone joint the reagents
were added in the following order: solvent, VOCI3solution, and aluminum
alkyl solution. The catalyst complex formed was aged for a specific
time, and then the monomer was introduced into the system. The flask
was stoppered tightly with well-greased P i9socket joint and held in thermo-
stat maintained at constant temperature. The reaction mixture was
stirred vigorously with a specially fabricated magnetic stirrer.4 After a
specific time of reaction the polymer was precipitated with a large amount
of methanol containing 5% HC1 and left overnight to settle down well.
It was washed thoroughly with methanol inside a weighed crucible pro-
vided with cintered disk and dried to constant weight.

The polymer obtained was refluxed with toluene for b hr., and the soluble
portion was reprecipitated and dissolved in benzene for viscometric deter-
mination of the molecular weights with the following relationship:5

I\ = P770 X [J><

Potentiometric Titration for Determination of
Vanadium Valence

For further insight into the nature of the catalytic species responsible for
the polymerization the valence distribution of vanadium in the catalytic
complexes at various ratios of AL to V was studied potentiometrically.
Redox titrations of acid solution of complex were carried out with saturated-
calomel and Pt-indicator electrodes and O.LVV KMn04solution as oxidant
at S0°C.6

Results and Discussion

Both the catalyst systems instantaneously developed a dark brown
color and a fine precipitate was formed on mixing of the two components,
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TABLE |
Effect of Aging Time on Polymerization of Styrene
with \ OCI3AIEt3System*

Aging time, Intrinsic viscosity,
min. Conversion, % dl./g. Mol. wt.
10 2.13 0.5100 71,980
2) 2.7 0.5628 81,350
> 2. IN 0.0655 104,105
(in 2.7)7 0.5335 75,355
1,440 2.20 0.0825 105,455

*[VOCIj] = 0.02AY, [Allits] = 0.04A/, Al/Y molar ratio = 2, styrene = 10 ml., tem-
perature = 4l)°C.

irrespective of the concentration of catalyst. The rate of polymerization
and also the molecular weights of the polymer obtained remained unchanged
with the variation of aging time from 10 min. to 24 hr. (Tables I and II),
showing thereby that catalytic activity remained unchanged for a long
time. All the experiments were therefore carried out after 20 min. of
aging of the catalyst systems.

It is well known78that the nature of catalyst sites changes with the
variation in ratio of the catalyst components. 11 the two systems under
investigation the rate of polymerization was found to decrease with the
increase in Al/V ratios (Fig. 1). In the case of the VOCb-AIEts catalyst
system a sharp decrease in the rate of polymerization was observed when
the Al/V ratio was increased from 1to 2, and a further increase in the ratio
resulted in a gradual decrease in the rate of polymerization. The molecular
weight of the polymer obtained showed a sharp increase as the ratio of Al/\V
was increased from 1to 2, and it was maximum at the Al/V ratio of 2; there-
after it decreased rapidly up to a ratio of 4 and then remained almost steady.
In the case of the VOCIZAI('i-Ru)3system the rate of polymerization de-
creased sharply between the Al/V ratios of 2 and 3, and a further increase
in ratio showed a much slower decrease in the rate of polymerization.
However, the molecular weight of the polymer increased steadily with
increase in the Al/V ratio above 2 and up to the Al/V ratio of 6, the highest

TABLE 11
Effect of Aging Time (1 Polymerization of Styrene with
YOC13-Al(/-Bu)3 System"

Aging lime, Intrinsic viscosity,
min. Conversion, % dl./g. Mol. wt.
10 11.04 0.1631 14,540
20 10.60 0.1226 9,745
30 9.19 0.1236 9,860
60 13.11 0.1343 11,060
1,440 9.34 0.1595 14,100

" [VOCL] = 0.01,11, [Al(i-Bu)s = 0.03Al, Al/V molarratio = il, styrene = 5ml., i
action time = 15 min., temperature = 40°C
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Fig. 1. Molar ratio versus conversion and molecular weight. YOCIj-AIEtj System;
[\ t)CI] = 0.0211/, [styrene] = 3.49AT, reaction time = 3 hr., aging time = 20 min.,
and temperature = 40°C.; ( D) versus conversion, (*) versus molecular weight. YOCls- -
Al(t-Bu)j system: [VOCE] = O.OLIf, [styrene] = 1.74M, reaction time = 15
min., aging time = 20 min., temperature —40°C.; (©) versus conversion, (O) versus
molecular weight.

investigated. The molecular weights of polymer obtained with the system
VOCI3AI(f-Bu)3were considerably lower than those obtained with VOCI3
AIEt3 In the light of these observations a detailed kinetic study of the
VOCI3AIEt3system was carried out at an Al/V ratio of 2, at which the
molecular weight of the polymer was highest and the variation in the rate of
polymerization with the Al/V ratio was least. In the case of VOCI3
AL(?-Bu)3a ratio of 3.0 was arbitrarily chosen from the region where the
rate variation with the Al/V ratio was least.

The rates of polymerization were constant in the early stages (for about
1hr. in the VOCI3AIEt3system and about 30 min. in the V()(']3-AIC-By,’.
system) for both systems (Figs. 2 and 3), and with longer reaction times
Ihe rates of polymerization slowed down, probably owing to covering of
catalyst sites by precipitated polymer in «-hexane. A similar covering of
catalyst sites has been established in the polymerization of ethylene9with
TICI3AIEtZl. Because of the faster reaction the precipitation in the
case of VOCI3AI(f-Bu)3is earlier than that in the case of VOCIZAIEt3
A recent study by Bushick and StearnsDhas shown that the ionic charac-
ter of the organometallic compound in the catalyst affects the rate of
polymerization and also that the dissociation constant of AlEt3is about
30 times that of Al(f-Bu)3 The highly ionic nature of Al(i-Bu)3may be
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Fig. 2. Reaction time versus conversion and molecular weight. VOCL-AIEts system:
[VOCla] = 0.02M, [AIEtj] = 0.04/1/, Al/V molar ratio = 2, [styrene] = 3.49,1/, aging
time = 20 min., temperature = 40°C.; (O) versus conversion, (®) versus molecular
weights.

Fig. 3. Reaction lime versus conversion. VOCIr-Al(»-Jiu)» system: [YOCL|
O.0IAf, [Al(/-liu)3 i= ().(KU/, [styrene] = 1.74,1/, aging time = 20 min., tempera lttit!
= 4()°C.

responsible for llie much higher rules of polymerization in the ease ol
Y()GIff Al(i-Jiu)sthan in the case of VOCla Allit*.

Keeping in view the above findings, the variation of rate of polymeriza-
tion with catalyst and monomer concentration was studied at an Al/V
ratio of 2.0 and a reaction time of 60 min. in the case of Y TKAIKh;and
a reaction time of 15 min. in the case of VOCi, Ai;/-Kuj;, at an Al/V
molar ratio of 3.0.

The rate of polymerization was observed to be second-order with respect
to monomer in both the systems: K = 4.831 X I0-"lor VOCb-AIEts and
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Fig. 4. Rule of polymerization versus monomer concentration. VOGIj-AIEU system:
[VOCIsl = 0.021/, [AIKtil = 0.041/, Al/Vr molar ratio = 2, reaction time = 1 hr,,
aging time = 20 min., temperature = 40°C.

Fig. 5. Rate of polymerization versus monomer concentration. VOCIr Al(i-Bu)i
system: [A'OCIl] = 0.011/, [AI(i-Bu),] = 0.0:11/, AI/V molar ratio = 3, reaction
time = IN min., aging time = 20 min., temperature = 40°C.
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K =9.@") X 10*1for VOC]3'A](i-Bu)3, see Figures 4 and 5. The values
of the rate constants represent a high activity of catalyst for both systems,
VOC]3AI('i-Bu)s being, however, much more active than VOCI3AIEt3
A second order with respect to monomer can be rationalized by a Rideal
or Hinshelwood mechanism, as has been done by Gaylord et al.u

Fig. 6. Rate of polymerization and molecular weight versus catalyst concentration.
VOCI3AIEI3system: [styrene] = S.49M, Al/V molar ratio = 2, temperature =
40°C., reaction time = 1hil, aging time = 20 min.; (O) Rpversus [C], (*) mol. wt.
versus [C]

Fig. 7. Rate of polymerization versus catalyst concentration. \MOCI;- Alfi-Hun
System: [styrene] = 1.74M, aging time = 20 min., reaction time = 15 min., temper-
ature = 40°C.
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Fig. s. Distribution of valence of vanadium at Al/V molar ratio 2 in VOCfi AiK:a
and at Al/V molar ratio 3in VOCL- At:/-Bu

The rate of polymerization with respect to catalyst was first order in the
case of VOCIg-AIEt3 and second order in the case of VOCI3AI(f-Bu)3,
see Figures 6 and 7. A second order with respect to catalyst has not been
reported with Ziegler-type catalysts, but its occurrence in the case of
YOCI3AI(f-Bu)3does not necessarily imply a departure from Ziegler-type
behavior. It shows, however, the complexity of catalyst-forming reactions.
It is postulated that the reaction between the catalyst components results
in two types of species, one of which is active in the polymerization of
styrene:

2C~ C*1+ C*2

where CI*2is not active in styrene polymerization. Thus, the reaction
which is first order with respect to C*1will be second order with respect to
(4, the total amount of catalyst present.

The rate constants with respect to catalyst, K = 474(1 X 10~6forVOCh
AlEt3and K = (GG X 101 for VOO13AI(f-Bu)3 are comparable to
those obtained with respect to monomer in both cases.

The molecular weights of the polymer obtained in the case of VOCI3
AlEt3system are much higher than those obtained in the case of the VOCI3-
Al(r-Bu)s system.  This may be attributed to the dissimilar natures of the
catalyst sites formed in the two cases. The average valence of vanadium
in the catalyst complex formed with VOCI3AIEt3 is 3 and, further, all
the vanadium present in the complex is in the trivalent form as shown
in Figures Sand 9.  Only the trivalent form is known to give stereospecific
polypropylene, in the case of VCI*-AlEt3and V(AcAC)3AIELXCI systems.
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Al/V Molar Ratio

Fig. 9. Average valence versus Al/V molar ratio: (¢) YO(I; AL /-Bit);)), (O) VOCI3
AlEts.

On the other hand, the complex in the VOCA3AI(f-Bu)3 system contains
vanadium in bivalent as well as trivalent form, and the average valence of
the vanadium in the complex is 254. Vanadium in the divalent form is
known to be less active for isotactic polymerization.2 The poor isotacticity
obtained with catalysts containing VOCI3 can be explained to a certain
extent by the presence of oxygen in the transition-metal compound. Be-
cause of resonance between the structures,

M O V-1 M «05-Vi) I!

the coordination of monomer to catalyst sites is weak and results in a poorer
orientation of monomer before addition to the growing chain.
These observations indicate that for both the systems investigated, a
coordinated anionic mechanism of polymerization essentially is operating.
Further support of the mechanism of polymerization can be obtained
from the studies of activation energy and the effect of diethylzinc on
polymerization (studied with VOCI3AIEt3only). The activation energy

TABLE 111
Effect of Diethylzinc on Polymerization of Styrene
with VOCI3AIEL System“

ZnE% conon.,

moles/1. Yield, g. Mol. wt.
0.00 0.1327 68,484
0.01 0.1730 12,865
0.02 0.1462 14,166
0.04 0.0942 15,392
0.06 0.0945 31,793
0.10 0.0944 85,724

»Styrene = 10 ml., reaction time = 1 hr., aging time = 20 min., [YOOb] = 0.02.1/;
[AIEt]] = (1.0444, temperature = 40°0., Al/Y molar ratio = 2.
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calculated from the plots o¢ log R,, versus the reciprocal o¢ the absolute
temperat ure was 7.37 kcul./mole for VOCI3AI Et;tand 11.25 kcal./mole for
\'OC1s-Al(?-Bu)3 both of which fall in the range of 5-12 kcal./mole ob-
tained for most Ziegler-type catalysts, such as TiCh-AlEtj and TiCh-
AlEtau'y4 Diethylzinc acted as chain-transfer agent with the VOCI3
AIEt* system (Table 111), its action being similar to that with the classic
Ziegler catalyst TiCl.r-AlElj B where it has been observed that the poly-
merization reaction is terminated by chain transfer with diethylzinc. Be-
cause of the rather low molecular weight of the polymer obtained with
VOCI3AI(f-Bu)3the effect of diethylzinc in this case was not undertaken.

The studies indicate that the formation of catalyst sites is greatly depend-
ent on the organometallic compound used.  Differences in kinetic behavior
show that catalyst sites formed by the addition of AIEtj to VOCI3 are
entirely different from those formed by the addition of Al(f-Bu)3to VVOCL1.|.
This is further manifested by the change in the valence of vanadium in the
complexes of these catalyst systems.
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Résumé

La polymerisation du styrene avec YOCh en combinaison avec AlEt3et Al(/-Bu)3dans
I’hexane-rt a 40°C a été étudiée. La vitesse de polymeérisation a été trouvée étre de sec-
ond ordre par rapport au monomere dans les deux systemes. Par rapport a la concentra-
tion en catalyseur la vitesse de polymérisation est de premier ordre pour le systeme
YOCI3AlEt3et de second ordre dans le cas de YOCL Al(t-Bu)3 L’énergie d’activation
pour YOCIj-AlEta et YOCIs-AKt-Buh était 7.37 Kcal/mole et de 11; 25 Kcal/mole
respectivement. Le poids moléculaire du polystyréne pour le systtme AlEt3était con-
sidérablement plus élevé que pour le systeme AIl(f-Bu)j. La valence du vanadium
obtenue par la méthode potentiométrique a montré que les sites catalytiques dans le
systeme AlEta étaient différents de nature de ceux dans Al(-Bu)3 L’effet du diéthylzinc
comme agent de transfert de chaine dans le systtme AIEt3a été étudié également.
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Zusammenfassung

Die Polymerisation von Styrol mit YOCI3in Kombination mit AIEtj und Al(f-Bu)j
in n-Hexan bei 40°C wurde untersucht. Die Polymerisationsgesehwiudigkeit ist in Bezug
auf das Monomere in beiden Systemen von zweiter Ordnung. In Bezug auf die Katalysa-
torkonzentration war die Polymerisationsgeschwindigkeit fir YOCL-AIEt,? von erster
Ordnung und im Falle des VOChb-Apt-BuJs-Systems von zweiter Ordnung. Die Aktivie-
rungsenergie betrug fir YOCI»-AlEtt 7,07 kcal/Mol und fiir VOCIs-Al(;ii»Bu)3 11,25
kcal/Mol. Das Molekulargewicht des Polystyrols war im AlEtj-System bedeutend
hoher als im Al(t-Bu)s-System. Die nach der potentiometrischen Methode erhaltene
Wertigkeit des Vanadins zeigte, dass sich die Orte katalytischer Wirksamkeit im AIKtr-
System und im Al(;-Bub-System ihrer Natur nach unterscheiden. Schliesslich wurde
auch die Wirkung von Zinkdiathvl als Kettenlibertrager im AlEtj-System untersucht.
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Free-Radical Polymerization of Vinyl Ferrocene

MART G. BALDWIN and KENNETH E. JOHNSON, Redstone Research
Laboratories, Rohm and Haas Company, Huntsville, Alabama 35807

Synopsis

The results of quantitative studies of the rates of free-radical polymerization of vittyl
ferrocene indicate that the latter has polymerization characteristics similar to those of
styrene. The rates of homopolymerization of these two monomers in benzene at 70°C.
were measured with the use of azobisisobutyronitrile as catalyst. The rate constants
A = i?p/[M] [I] M) are Avf = (1.1 —1.8)X 10-4, Asty = 1.65 X 10-4. Small amounts
of vinyl ferrocene and styrene have similar effects on the rates of polymerizations of
methyl methacrylate and ethyl acrylate and on the molecular weights of the resulting
polymer. Polystyrene and poiyfvinyl ferrocene) with similar molecular weights are
isolated from polymerizations carried out under identical conditions. The rates of
copolymerization of vinyl ferrocene-methyl methacrylate, vinyl ferrocene-styrene, and
styrene-methyl methacrylate were determined by following the disappearance of mono-
mers by means of gas chromatographic analyses. The relative reactivity for vinyl ferro-
cene is Slightly lower than that for styrene.

Many polymers that contain the ferrocene group have been studied in
recent years.1-8 These polymers are of interest because of their electrical
and magnetic properties9and their redox, or electron-exchange, properties.
No quantitative descriptions of the free-radical polymerization of vinyl
ferrocene (I) have been reported. Arimoto and Haven2 made homo-
polymers and copolymers of vinyl ferrocene using azobisisobutyronitrile
(AIBN) as initiator. Chen et al.D repeated this work, preparing bulk
polymers of vinyl ferrocene with a number-average molecular weight, M n
of 48,600. Rausch and Coleman6 found that irans-cinnamoylferroccnc
(1) did not homopolvmerize, but it was copolymerized with a variety of

() )

vinyl monomers and dienes by conventional bulk and solution techniques
with AIBN as initiator.
2001
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This paper describes the kinetics of the homopolymerization of vinyl
ferrocene at 70°C., the effect of vinyl ferrocene on the rates of polymeriza-
tion with some common monomers, the molecular weight of poly(vinyl ferro-
cene) and methyl methacrylate-vinyl ferrocene copolymers, and the relative
copolymerization reactivities of vinyl ferrocene, methyl methacrylate, and
styrene. The similarity in the polymerization characteristics of vinyl
ferrocene and of styrene is emphasized.

EXPERIMENTAL

Materials

(@ Vinyl ferrocene was supplied through the courtesy of Thiokol
Chemical Corporation and was purchased from Columbia Chemicals. It
was sublimed in vacuum; m.p. 46.5-47.5°C. Repeated sublimation did
not change the melting point.

(6) Other monomers were fractionally distilled at reduced pressures
just prior to use.

(© Solvents were reagent grade, distilled.

(d) (AIBN) was recrystallized from methanol; m.p. 102 103°C. with
decomposition.

Techniques

(@ Dilatometric polymerization rate determinations have been de-
scribed elsewhere.1l

(b The \AIl! technique for following polymerization has been de-
scribed.2 The peaks that arise from vinyl protons in vinyl ferrocene
were used for following the disappearance of the monomer.

(© Solution viscosities were determined in Ubbelohde-type viscom-
eters at 30°C.  Acetone or toluene was used as solvent, depending on the
polymer solubilities.

(d) The Mechrolab Vapor Pressure Osmometer was used for deter-
mining the Mnof polymers when it is below 15,000. The solvent used was
benzene, and the instrument was calibrated with a standard polymer
(polystyrene, obtained from Arro Laboratories) having an Mnof 10,000.

The Hallikainen Automatic (Membrane Osmometer was used for deter-
mining the Mn of polymers having M,, greater than 15,000. A gel cello-
phane 000 membrane was used with toluene as solvent.

(e) The copolymerizations of vinyl ferrocene with styrene and with
methyl methacrylate were followed by observing the disappearance of the
monomers by gas chromatographic (GC) analyses. The polymers were
analyzed for iron to determine the amount of ferrocene in the copolymer,
confirming the applicability of the GC analyses.

An Aerograph Model A-350-B Dual Column Chromatograph and a
Leeds and Northrup Speedomax H Recorder with disk integrator were used
for the GC Analyses. The column used was stainless steel (6 ft. by i
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in. O.D.) packed with 20% by weight uf General Electric SE-30 (methyl
silicon gum rubber) on Anakrom A Similar columns were found3to be
very efficient for the separation of ferrocene compounds.

The monomers, initiator (AIBN), internal standard («.-butyl benzoate),
and solvent (diethyl phthalate) were degassed by helium purge and weighed
into a one-necked flask fitted with a stopcock with serum cap covering the
section above the stopcock.

The flask was placed in a bath at fl()°C., and samples were withdrawn at
lo-min. intervals with a hypodermic needle. A pressure of 2 Ib. of helium
was kept in the flask and in the section above the stopcock, to permit sam-
ple withdrawals without letting air into the system. The samples were im-
mediately added to a vial containing diphenvlpicrylhydrazyl, to quench the
polymerization. The samples were then put through the GC column,
which was at 140°C. having a helium flow of 100 ml./min.

RESULTS

Homopolymerization

Dilatometric polymerization rate determinations were made with solu-
tions of vinyl ferrocene and of styrene in benzene, with AIBN as the initiator
at 70°C. The concentrations in both experiments were: monomer 1.0
moles/L, AIBN 0.0102 moles/1. After 2 hr. the shrinkage that had
occurred for each monomer was noted, and the polymers were obtained by
precipitation in methanol. The polymer samples were dried and weighed,
and the shrinkage per mole of monomer converted to polymer was calcu-
lated. For vinyl ferrocene, AF/mole = 109 ec., and for styrene AT/
mole = 187 cc. The AF/mole for styrene and other monomers can be
calculated from polymer and monomer densities.4 Several of these are
shown in Table I. The apparent discrepancy in AF/mole for styrene
probably reflects the difference between solution polymerization (18.7
cc./mole) and bulk polymerization (10.6 cc./mole). Atany rate, the data
indicate that AF/mole for vinyl ferrocene is similar to that for other bulky
monomers.

Table Il gives the homopolymerization data obtained at 70°C. The
polymerization rate data were calculated on the assumption that the frac-
tion polymerized is proportional to the shrinkage, with the molar shrinkage
listed above. The quantity /9qAL] [I]"2gives a relative measure of the

TABLE 1
Polymerization Shrinkage per Mole of Monomer (Ref. 14) Calculated from
Densities of Monomer and Bulk Polymer at Ambient Temperature

Monomer AF/mole, cc.
Styrene 100
A-Vinyl carl »azole n:>

Vinyl pyrene .1
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TABLE 11
Illomopolymerization of \ inyl Ferrocene and Styrene at 7U°C.

Rp/
Ro,  [MI[I]'7",

[M], moles moles  Reduced
moles [AIBN], l.*1sec.-1l._1 sec.-11 specific
Monomer i.-i moles/l. (X10») (X 104) viscosity
Styrene 1.0 0.0102 2.64 1.05 0.12 5,400
1.0 0.0051 1.24 1.1 0. 14
Vinyl ferrocene .G 0.0102 1.90 1.2 — —
.G 0.0204 4.01 1.8 0.05 6,000

polymerization rates of monomers for a given initiator and temperature.
It is seen that vinyl ferrocene resembles styrene in this quantity.

In addition to the dilatometric study, which could be carried to only
relatively low conversion because of nitrogen evolution from the AIBX,
the homopolymerization was studied by an NMR technique over a much
longer time period. The purpose of the experiment was to discover the
possible buildup of an inhibitor through a degradative-transfer reaction of
some sort. A 50% solution of vinyl ferrocene in benzene containing 1%
AIBN was heated in a sealed XMR tube at 60°C. for 4 days, anil the
NMR spectrum was obtained at intervals. The monomer had polymerized
approximately 90% in this period, judging by the decrease in the vinyl pro-
ton absorption. The resulting solution was a clear, brown, very viscous
liquid.

Several homopolymerizations were attempted with benzoyl peroxide as
initiator.  Very little polymerization was observed, even over long periods
of time. It appears that the benzoyl peroxide is destroyed by a nonradical
reaction with ferrocene, as was reported by Coleman and Rausch.4

Effect of Vinyl Ferrocene on the Polymerization of Other Monomers

As a means of ranking vinyl ferrocene qualitatively as to reactivity in
free-radical polymerizations a series of experiments was run, in which a
small amount of vinyl ferrocene was added to solutions of common mono-
mers of known properties. The polymerization rates were then deter-
mined at given AIBN and monomer concentrations and compared with the
rates obtained under the same conditions in the absence of vinyl ferrocene.
The monomers used were styrene, methyl methacrylate, ethyl acrylate,
and vinyl acetate. Where applicable the effect of styrene was also deter-
mined.

The data are shown in Table 11, in which are given the rates of poly-
merization of the monomers both alone and in the presence of vinyl ferrocene
and styrene and also the reduced specific viscosities of the polymers formed.
It should be pointed out that no attempt was made in these experiments to
follow the relative disappearance of vinyl ferrocene and the standard mono-
mers but, rather, all polymerization was assumed to be of (he standard
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TABLE 111
Relative Effects of Vinyl Ferrocene and Styrene on Polymerization of
Methyl Methacrylate, Ethyl Acrylate, and Vinyl Acetate at 60°C.a

Inétial Vinyl ferrocene Styrene
p
%/ Initial Initial

Monomer min. Vev/c RP Vsp/C Rp VSVIC
Styrene 0.005 0.23 0.074 0.22 - -
Methyl

methacrylate 0.414 0.49 0.15 0.42 0.22 0.49
Ethyl acrylate 3.89 2.4 0.20 0.64 0.18 0.45
Vinyl acetate 0.17 — 0 — 0 —

*[AIBN] = 0.0203Af; standard monomer concn.,, = 2AM. Solvent, benzene;
Added comonomer concn., 0.30M.

monomer. Since the amount of vinyl ferrocene was small in the experi-
ments, this assumption should not affect the overall conclusions.

It is seen from Table 11l that vinyl ferrocene is very similar to styrene
in its effect on the rates of polymerization of methyl methacrylate and
ethyl acrylate and on the viscosity of the polymers produced. Vinyl
ferrocene had essentially no effect on the rate of polymerization of styrene,
and both vinyl ferrocene and styrene inhibit polymerization of vinyl ace-
tate.

Number-average molecular weights were determined for the I'MMA
and the PMMA-VF copolymer described in Table IlIl. The M,, for
TMMA was 25,300; that for PMMA-VF, 22,000. This supports the
conclusion that chain transfer activity of VF is low.

Copolymerization of Vinyl Ferrocene with Styrene and with
Methyl Methacrylate

Approximately equimolar solutions of vinyl ferrocene-styrene and vinyl
ferrocene-methyl methacrylate were copolymerized at 60°C. Styrene
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Fig. 2. Vinyl ferrocene-ALVA copolymerizat ion.

Fig. 3. AlAIA-styrene copolymerization.

and AIMA are incorporated into the copolymers at a faster rate than is
vinyl ferrocene. The total rate of polymerization is slightly faster in the
VF-styrene copolymerization than with VF-AIAIA, but more vinyl ferro-
cene is incorporated into the VF-AIAIA copolymer during the early part
of the polymerization (Figs. 1 and 2). The data obtained during the first
5-10% conversion were not precise enough for the determination of the
relative reactivity ratios of vinyl ferrocene with AIAIA and styrene.
Approximations of the values for these VF-AIAIA ratios were obtained by
comparing the rates of incorporation of monomers into PAIAIA-STY (Fig.
d) and PAIMA-VF (Fig. 2). The reactivity ratioslsof AIMA-st.yrene are
i\ = 0.46 and r, = 0.52 (Al, = AIAIA, Al, = STY). The data indicate
that ri and r2 (Ah = AIAIA, AF = VF) are both less than 1 and in the
same range as those for AIAIA and styrene, but the values are reversed.

SUMMARY AND CONCLUSION

The free-radical polymerization characteristics of vinyl ferrocene and
styrene in benzene are similar. The rate of Immopolymerization of vinyl
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ferrocene is approximately 25% lower than that of styrene. Small amounts
of vinyl ferrocene and styrene have similar effects on the rates of poly-
merization of methyl methacrylate and ethyl acrylate and on the molecular
weights of the resulting copolymers. Both vinyl ferrocene and styrene
inhibit polymerization of vinyl acetate.

Copolymerization data obtained from equimolar mixtures of vinyl ferro-
cene-methyl methacrylate, vinyl ferrocene-styrene, and methyl meth-
acrylate-styrene indicate that vinyl ferrocene has a somewhat lower rela-
tive reactivity than doers styrene or methyl methacrylate in the respective
copolymerizations.

This work was done under lhe sponsorship of the Il. S. Army .Missile. Command, Red-
stone Arsenal, Alabama, under Contract No. DA-01-021 AMC-1 1530 (2).
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Résumé

Les résultats d'études quantitatives de vitesses de polymérisation radicalaire de vinyl
ferroeéne indiquent que ce dernier a des caractéristiques de polymérisation similaires a
celles du styréne. Les vitesses d’homopolymeérisation de ces deux monomeéres dans le
benzene a 70°C ont été mesurées en utilisant I’azobisisobutyronitrile comme catalyseur.
Les constantes de vitesse (k = RM[M]H)I™) sont kv = (1.1-1.8) X 10 4 ksry — 1.65
X 10~4 De faibles quantités de vinyl ferroeene et de styréne ont des effets semblables
sur les vitesses de polymérisation du méthacrylate de méthyle et I’aerylates d’éthyle, et
sur les poids moléculaires des polymeres résultants. Du polyvinyl ferroeene et poly-
styréne avec des poids moléculaires semblables ont été isolés au départ des polymérisa-
tions effectuées dans des conditions identiques. Les vitesses de copolymérisation de
vinvle ferrocéne-méthacrylate de meéthyle, vinyl ferrocene-styréne et styréne-méth-
acrylate de méthyle ont été déterminées en suivant la disparition des monomeéres au
moyen de I'analyse par chromatographie gazeuse. Le rapport de réactivité relatif au
vinyl ferroeéne est légérement plus bas que celui du styrene.
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Zusammenfassung

Die Ergebnisse der quantitativen Untersuchung der Geschwindigkeit der radikalischen
Polymerisation von Vinylferrocen zeigen, dass dieses ein dhnliches Polymerisations-
verhalten wie Styrol zeigt. Die Geschwindigkeit der Homopolymerisation dieser beiden
Monomeren in Benzol bei 70°C wurde mit Azobisisobutyronitril als Katalysator gemes-
sen. Die Geschwindigkeitskonstanten (k = Ap/[M][I]Z}) betragen kyf = (1,1-1,8)
X 10 4 ksTY = 1,65 X 10“4 Kleine Mengen von Vinylferrocen und Styrol besitzen
einen &hnlichen Einfluss auf die Polymerisationsgeschwindigkeit von Methylmeth-
acrylal und Athylacrylat. und auf das Molekulargewicht der entstehenden Polymeren.
Polystyrol und Polyvinylferrocen mit &hnlichem Molekulargewicht werden bei Ausfiih"
rung der Polymerisation unter identischen Bedingungen isoliert. Die Geschwindig-
keit der Copolymerisation von Yinylferrocen-Methylmethacrylat, Vinylferrocen-Styrol
und Styrol-Methylmethacrylat. wurde durch gaschromatographische Verfolgung des
Verschwindens der Monomeren bestimmt. Das relative Reaktivitatsverhéltnis liegt fur
Vinylferrocen etwas niedriger als fur Styrol.

Received December 27, 1960
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Catalysts for Asymmetric-Induction Polymerization
of Benzofuran. Il. Properties and Catalyses of
Some Binary Systems Containing

the Menlhoxy Group

YOSHIHIRO HAYAKAWA, TAKAYUKI FUENO,* and JUNJJIL
FURUKAWA, Department of Synthetic Chemistry, Kyoto University,
Yoshida, Kyoto, Japan

Synopsis

It lias been found that the equimolar binary system consisting of aluminum trichloride
and (—)-menthoxytriethyltin, -germanium or -silicone is effective for the asymmetric-
induction polymerization of benzofuran in toluene at —78°C. The specific rotation
[a]n of the resultant polybenzofuran ranged from +10° to +40°, depending on the poly-
merization conditions as well as the metal atoms constituting the menlhoxy compounds,
‘the 1:1 ethylaluminum dichloride-menthol system was also effective for the same
polymerization. It was confirmed that these binary systems easily undergo an exchange
reaction, giving a dimeric menthoxyalumiuum dichloride, (MeiAOAIChh, m.p. 72
75°C. A toluene solution of the crystalline dimer polymerized benzofuran into a high
polymer having as large an [a]Dvalue as +79.4°, although polymerization with the di-
mer was much slower than that with the parent binary mixtures. All these results lead
to the conclusion that the true catalytic species of our multicomponent systems is most
probably the dimeric menthoxyalumiuum dichloride.

INTRODUCTION

In a previous paper of this serieslwe reported that the binary homo-
geneous mixture of triethylaluminum and stannic chloride in toluene be-
comes capable of effecting the cationic asymmetric-induction polymerization
of benzofuran when (—)-menthoxytriethyltin, Men*OSnEt3 is added as
a third component. The binary mixture has been known to undergo easily
an exchange reaction, giving aluminum chloride and triethyltin chloride,

All'+j + SnCf, — MCI, + KtjSnCl i)

the products in turn forming multiple ions such as (Et3nK m-AICIi )n, as
has been demonstrated in our still earlier communication.- Thus, the
catalysis of the above-mentioned ternary system appeared to be ascribable
to an optically active counterion, such as Men*OSnEt3- m-AICh”.
Continuation of the work along these lines has recently revealed to us
that the optically active binary system consisting of A1C13and Men*OSnEt3

*Present address: Faculty of Engineering Science, Osaka University, Toyonaka,

Osaka, Japan.
2099
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can also be effective for the asymmetric-induction polymerization, when the
molar ratio of the two components is 1:1. The situation was much the
same for analogous systems containing the germanium and silicone homo-
logs of the menthoxytin compound. Further, the system of ethylaluminum
dichloride plus menthol was also found to be useful for the same purpose.

It then seems that our catalyst systems containing the menthoxy group
may be identical in nature with the binary systems comprising A1C13 or
EtAICU and various optically active substances, which were first adopted
by Natta and his colleagues for the benzofuran polymerization.3-5 How-
ever, no decisive conclusion has yet been reached on the question of what
the true catalytic species is, which no doubt would be very important in
the elucidation of the mechanism of the asymmetric-induction process.

These situations have impelled us to look into the nature of our catalyst
systems in more detal' Thus, in the present paper we have, first, com-
pared the catalytic bShaviors of various binary systems containing an
aluminum component and the menthoxy group. Second, we have ascer-
tained that these binary systems undergo an exchange reaction, to give a
dimeric menthoxyaluminum dichloride, (Men*OAICI22 which can be iso-
lated in crystalline form:

AICfi + Men*OSnEt3 -m U2(Meii*OAICI22 + EtsSnCl )
EtAICIj + Men*OH — 9%(Men*OAICI22 + EtH )

Finally, it has been confirmed that a toluene solution of the crystalline dimer
does effect the asymmetric-induction polymerization of benzofuran. The
dimeric menthoxyaluminum compound has proved to be less effective for
the polymerization in terms of the rate, yet more effective for the asym-
metric induction than are the parent binary mixtures. All these results
lead us to conclude that the true catalytic species of our multicomponent-
systems is (Men*OAICI22 necessitating some amendment of our earlier
view1lof the role of Men*OSnEt? in controlling the asymmetric induction
during the benzofuran polymerization.

EXPERIMENTAL
Materials

Toluene, benzene, isobutyl vinyl ether, triethylaluminum (AlEtg, and
stannic chloride (S1ICI14 were purified in the same manner as before.2

(—)-Menthol (Men*OH), which was used not only as the catalyst com-
ponent but also for the syntheses of various menthoxy derivatives, was frac-
tionally distilled on metallic sodium; the optical purity was 98.5%.

Ethylaluminum dichloride (EtAICfi), a product from the Ethyl Corpora-
tion, was fractionally distilled twice through a 40-cm. Vigreaux column
under reduced pressure. The main fraction, boiling at 97.0-98.0°C. at
32 nun., was collected.

«-Hexane and «-heptane were dried by reflux on calcium hydride and
then fractionally distilled.
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Triothyltin chloride (Et3SnCl), aluminum chloride (AICIj), (-)-men-
thoxytriethyltin (Men*OSnEts), (-)-menthyl ethyl ether (Men*OEt), and
benzofuran were prepared bjrthe methods described previously.1?2

(—)-Alenthoxytriethyl silane (Men*OSiEt3 was synthesized by refluxing
a toluene solution of an equimolar mixture of triethylsilyl chloride (Et3SiCl)
and sodium menthylate (Men*ONa) for 3 hr.; b.p. 138.6-139.6°C. at 72
nun., [a]'o = —¢10.7° (in toluene).

Anat. Calcd. for CmHuSIO: C, 71.04%.; Il, 12.67%. Found: C, 71.05',:. H,
12.66°,.

(—)-i\lenthoxytriethyl germane (Men*OGeEt3 was prepared from
triethylgermanium bromide (Et,3GeBr) and Men*ONa by the same method
as used for Men*OSIiEt3; b.p. 105.0-105.7°G. at 1.0 mm., |aJu = —56.30°
(in toluene).

Anat. Calcd. for CitH%GeO: C, 61.00%; H, 10.88%,. Found: C, 60.90%; H,
11.;«%,.

(—)-Menthoxyaluminum dichloride (Men*OAICI2 was prepared in the
following manner.

To 82.0 mmoles (9.9 g.) of EtAICI2placed in a three-necked flask equipped
with a magnetic stirrer, a dropping funnel, and a filling tube having a
side arm for nitrogen inlet, 82.6 mmoles (12.8 g.) of menthol dissolved in
20 ml. of «-heptane was added gradually through the funnel under dry
nitrogen at —78°C. The temperature of the mixture rose spontaneously
on account of the heat of reaction. After the cessation of ethane gas
evolution at room temperature the resulting white amorphous precipitates
were isolated by decantation followed by evaporation of n-heptane. The
precipitates were then dissolved in a 30-ml. portion of toluene at room
temperature, and the solution was kept at —78°C. for a day. Crystals of
MerCOAICh grew in the toluene solution. The crystalline product was
further purified by repeating the cycles of decantation, redissolution, and
recrystallization; yield 60.8%, m.p. 72-75°C., [a]* = —39.1° (in
loluene).

Anal. Calcd. for CIHI9OALIC12 C, 47.45%; H, 7.57%; Al, 10.66%; Cl, 28.01%.
Found: C, 47.30%; H,7.61%; Al, 10.84%; Cl, 27.76%.

The triethylsilyl chloride (Et®iCl) and triethylgermanium bromide
(Et3GeBr) used for the syntheses of the above-mentioned menthoxy com-
pounds were prepared by the methods of Di Giorgio et al.6and Krausand et
al., 7 respectively. The boiling points of these halides were: EtsSiCl, 145.0-
147.5°C. at 755 mm. (lit.,6 144°C. at 735 mm.); Et3GeBr, 76-77.5°C. at 22
mm. (lit.,7176°C./760 mm.).

Procedures

The procedure for polymerization was the same as had been described
previously,1l except that the catalytic solutions were prepared and aged
for half an hour in a separate flask and that a specified quantity of catalytic
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solution was transferred into a polymerization flask for each run. The
crude polymer formed was washed with methanol, repreeipitated twice
with toluene as solvent and methanol as precipitant, and finally dried in
vacuo at 70°C.

The intrinsic viscosities of the polymers obtained were measured on
toluene solutions at 30°C. with an Ubbelohde viscometer.

The cryoscopic determination of the molecular weights of the catalysts
and the electric conductivity measurement of the catalyst solutions were
performed in the manner described previously.2

The infrared absorption spectra of both polymers and catalysts were
recorded under dry nitrogen on either a Japan Spectroscopic IR-S double-
beam spectrometer or a Japan Spectroscopic 402-G grating-type spec-
trometer. Potassium bromide cells or plates of various thicknesses were
used. All the observed spectra were corrected for wavenumber by means
of a standard polystyrene film and by carbon dioxide.

The optical rotatory powers of the various organometallic compounds and
the resulting polybenzofuran were measured in toluene with a Rex Photo-
electric polarimeter Model XEP-2.

RESULTS AND DISCUSSION

Binary Catalysts Consisting of Aluminum Chloride
and Menthoxytriethylmetals

As has already been reported,2 the binary system prepared from equi-
molar amounts of AlEta and SnCL possibly produces a multi-ionic complex
consisting of the AICb anion and the Et3n cation in a solvent of low dielec-
tric constant. However, it has been a question whether or not such a multi-

TABLE |
Polymerizations of Benzofuran by the Aids——)-Men*OMEt3 Systems
(M = Si, (le, Sn) with Toluene as Solvent at —75°C.

Intrinsic

Polymer- Conver- viscosity

Cfiialytic system, ization sion, Mn’in hi.«'
molar ratio time, hr. % toluene, deg. dl./g.
AICb-Men*OEt, |:1b 0 16.4 0 0.38
AICI3Men*QSiEts, 1: 11> (03 10.0 + 104 1.22
AICI3Men*OGeEt3 1. 1b 63 12.0 + 345 1.93
1:1« 2.5 26.4 +11.3 1.78
AICI,-Men*OSnEt,,, 1:1' 0.25 53.5 +25.1 1.60
1:1« 2.5 121 38.8 1.60
1:15b 102 0 — —
EtRnCIl-Men*OSnEt3 1: Id 168 0 — —

aln toluene at 30°C.

b Conen., mole/1.: benzofuran 750, Al1CI3 37.5.

r Conen., mole/1., benzofuran 620, A1C13 12.4.

*Conen., mole/l.: benzofuran 450, EtjSnCl and MeiCOKIiiEh 22.5. Al room tein-
perature.
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ionic complex would still exist in solutions when Men*OShEt3 an ethereal
compound, is added. In fact, white precipitates were formed in this
ternary system. Moreover, the remarkable decrease in the electric con-
ductivity of the solution observed on addition of the ether implied the
destruction of the multi-ionic complex, perhaps producing non-ionic species
such as AICh and EtSnCIl. Such non-ionic species may well be attacked by
INNlen*OSnEt3 and thereby transformed into a true catalytic species that is
effective for the asymmetric-induction polymerization. The known reac-
tion between A1C13 and ROSIEt3 giving ROA1C12 and Et3nCl, where R
is an alkyl group,8may have some bearing on this possibility.

Wi ith this in mind we have undertaken the polymerization of benzofuran,
using equimolar mixtures of Al1C13and Men*OMEt3 where M signifies the
Sn, Ge, Si, and C atoms. The results are summarized in Table I.

From the data listed in Table I it can be seen that the catalytic solutions
prepared from AlCl3and Men*OMEt3 where M is Sn, Ge, or Si, are effec-
tive for the asymmetric-induction polymerization of benzofuran. On the
other hand, the system of AlCl3and Men*OEt failed to give an optically
active polymer, though it was able to polymerize benzofuran. The binary
mixture of EtsSnCl and Men*OSnEt3was entirely incapable of polymer-
izing the benzofuran monomer even at room temperature.

Table Il shows the results of the electric conductivity measurements of
the various binary mixtures. The most important feature of the results
given in this table is that the combination of aluminum chloride and men-
thoxytriethylmetal leads to a very much smaller conductivity than that
of the AICI3ZE t3nCl system. The conductivity of the AICI3Men*OEt is
in between the two limits. These results suggest that the catalyses of the
AICI3Men*OMEt3 and AICI3ZEtSnCI systems in the polymerization of
benzofuran are quite different in nature.

Measurements of the freezing-point depressions of benzene containing
these binary systems have manifested an interesting correlation. Our
previous result from the 1:1 AICI3E t3nCl mixture showed that the mix-
ture gives a product having an average molecular weight of 1800, which
corresponds to the complex compound (Et3SnCl: A1C13,, with a value of n

TABLE 11
Electric Conductivities of the 1:1 AICh-Meil*OMEts Systems,
Measured in Toluene at 18°C.

Equivalent
Concentration, Specific conductivity,
Catalytic mmole conductivity, 10@hm-1

system each/L. 10sohm-1 cm.-1 cm.2mole-1
AICI3Men*OEt 114.045 2.986 261.8
AICI:-M en*OSiEt3 29.240 0.028 9.6
AICI>Men*OGeEt3 14.620 0.014 9.6
AICI>*Men*OSnEt3 33.086 0.024 7.3

AICL-Et3nCI 376.5 3649 9.69 X 104



2104 Y. HAY AKAWA, T. FilUNO, J. IUIUIKAWA

Fig. 1 Concentration dependence of the freezing point depression of benzene con-
taining 1:1 AICI>Men*OSnEt3 mixture. The slope, 7.53° per mole per 1000 g. of
benzene, of the straight line is exactly 1.5 times as large as the molar depression of
benzene, indicative of the completion of the reaction (2) of the text.

as great as 4.8.2 In the present AICI3Men*OM Et3systems, however, no
such trend was observed, as may be seen in Table Il1.

In tfye case of the 1:1 AICI3IVIen*OSnEt3 system the freezing point
depression was measured with varying concentrations. A plot of the ob-
served depression AT versus concentration gave a straight line in the con-
centration range studied, as is shown in Figure 1. This finding rules out
the possibility that the mixture is in equilibrium with a molecular complex
of the form AICI3:Men*OSnEt3 The slope of the straight line, 7.53° per
mole per 1000 g., gives a value of 1.48 when divided by the molar de-

TABLE 111
Freezing Point Depressions of Benzene Solutions Containing
1:1 AICI3Men*OMEt3 Systems

Concentration,

mmole Freeziiig point depressions, deg.
each per "
Catalytic 1000 g. of Calculated
system benzene Observed | IT 11
AICI3>Men*OEt 0.280 2.526 1.432 2.148 2.864
AICI;,-\len*OHiEta 0.285 2.273 1.458 2.187 2.916
AICI3\len*OKnEt:i 0.309 2.362 1.582 2.372 3.164
0.273 2.03 1.398 2.097 2.796
0.118 0.91 0.604 0.906 1.208
0.116 0.86 0.593 0.890 1.186

*1, calculated by assuming that a complete molecular association takes place between
the two components; 11, calculated by assuming reaction (2); 111, calculated by assum-
ing that there occurs no change in the total number of molecules on mixing of the two
components.
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pression of benzene, i.e. 5.12° per mole per 1000 g. The quotient 1.48 is
very close to the value 1.50, which must be attained when 1 mole each of
two components are totally consumed by a mutual reaction to give 1.5 moles
of product or products. This is consistent with reaction scheme (2). This
argument receives further support from the results of the infrared spec-
troscopies of our catalytic systems, as will be discussed.

From the lines of evidence described above we may conclude that the
exchange reaction (2) easily takes place at room temperature. The situa-
tion is probably the same in Men*OGeEt3and Men*OSiEt3but a bit more
complicated in Men*OEt. The lack of asymmetric-induction ability of the
AlICIs~Men*OEt system may be connected with its difficulty in forming
M('n*OAIClo through an exchange reaction.

The Ethylaluminum Dichloride-Menthol System

As has been described in the preceding section, the results of the cryo-
scopic determination led us to consider the dimeric menthoxyaluminum
dichloride to be the main product of a reaction between aluminum chloride
and menthoxytriethylmetals.

However, it may well be feared that the main product would not neces-
sarily constitute a true catalytic species. Taking this subtle aspect of
catalysis into account, we have chosen the ethylaluminum chloride-menthol
system as an independent source of obtaining menthoxyaluminum di-
chloride [reaction (3)]. The product was then isolated in a crystalline
form from its toluene solution. The results of the elemental analysis and
the molecular weight determination have checked with the formula

(Men*OAICIi)*.

TABLE IV
Polymerization of Benzofuran with Various Catalysts
Containing the Menthoxy Group*

Catalytic P olymerization Coriversion [«]!?,
systemb time % deg.
AICU-Men*OH 4 days 0 —
EtAICL-Men*Oll 2 hr. 35.2 +30.74
Men*OAICI«c 1 day 3.8 +57.53
Men*OAICI2 3 days 0.2 +79.40
Men*OAICI>-Et:ISnCI 2 days 4.1 -{-77.25
Men*0AIClo-EtAICh
0:1d 5 see. 1(H) 0
lho .l 5 sec. 100 0
1d:0.05 5 sec. 100 0
1d:0.025 13 hr. 15.2 +27.46
“In toluene at —75°C.; [catalyst]/ [benzofuran] = 0.05, [benzofuran] = 1.0

mole/l.
bEquimolar amounts unless otherwise indicated.

cRatio [catalyst]/[benzofuran] = 0.037.
dOne part corresponds to the catalyst/monomer ratio of 0.05.
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Table 1V lists the data of the asymmetric-induction polymerization of
benzoinran with the binary EtAICIs>~Men*OH system and the dimeric
.Men*OAICI« as catalysts. It' is seen in this table that the dimeric Men*-
OAICb does polymerize benzofuran into an enantiomorphic high polymer
of sufficiently high optical activity. In general, the dimeric catalyst, once
isolated in pure crystal, largely reduces its catalytic ability in terms of the
polymerization rate but exhibits even greater efficiency for the induction of
asymmetric carbons in polymer chains than do its parent binary mixtures.

Table IV further indicates that the addition of an equimolar amount of
EtaSnCl to Men*OAICI2has no appreciable influence on the polymerization
of benzofuran. On the other hand, the existence of an extremely small
amount of EtAICTi greatly affects the asymmetric-induction polymerization.
Since EtAICfTi is an excellent cationic catalyst, the rate of benzofuran poly-
merization by EtAICfi is far greater than that of the asymmetric-induction
polymerization. This would at least partly explain the cause of the char-
acteristic difference in catalytic ability between the (pure) dimeric Alen*-
OAICfi and its parent binary mixtures; the formation of the dimeric
menthoxyaluminum compound in the latter catalysts may often be incom-
plete under the experimental conditions employed.

Infrared Absorption Studies of the Catalytic Systems

From the foregoing investigations we may conclude with some certainty
that the true catalytic activity of the asymmetric-induction polymerization
derives from (Men*OAICI2?both in the AIEt3SnCI4Alen*OMEt3 and Al-
ClI8Men*OM Et3systems.

To confirm the formation of (Afen*OAI(\)..: in the multicomponent sys-
tems mentioned above, we carried out infrared spectroscopic studies of the
various catalysts. The spectra recorded in the wavenumber range of 400
—1100 cm."1are compared in Figure 2.

First of all, it is noticed that very strong bands appear at 633 and 573
cm."1lin the IvBr region both in the binary system AICIr-Men*OSnEt3and
in the ternary system AIKt* Sn('l \ len*()SnK13. These bands are also
characteristic in the spectrum of (Men*()AI(‘lj,. In the NaCl region,
moreover, the bands that are characteristic of iMon*(iAICbb appear dis-
tinctly at 913 and 946 cm." 1

Next, both in the binary and ternary systems there appear medium to
strong bands at 489, 520, and 673 cm." 1 which are characteristic of Et3nCI.
These bands were assigned by Okawara et al.l to the Sh—CH2 rocking
vibration, the Sn—C symmetric stretching, and the Sn—C degenerate
stretching vibration, respectively.

These results lend confirmatory support to the belief that the A1C13
Men*OSnEt3system easily undergoes an exchange reaction to give (Men*-
0A1C122 and EtSnCl. This confirmation, together with the polymeriza-
tion data, renders it possible to conclude that in the case of our multi-
component catalysts the true active species in the asymmetric-induction
polymerization of benzofuran is the dimeric menthoxyaluminum dichloride.
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Waerunber (cm'™)

Fig. 2. Infrared absorption spectra of various catalytic systems studied: (.1) toluene,
(H) Men*OAICI2 in toluene, (C) AICIs-Men*OSnEtj in toluene, (D) AlEta-SnCb-
Men*OSnEt3 in toluene, iE) Men*OSnEta, (F) litjSnCl.  The spectra of samples .1, /3,
(', and D were measured in a 0.05-mm. KBr cell;those of E and F, on a KBr plate.

Polymerization of Isobutyl Vinyl Ether

Benzofuran may formally be regarded as belonging to a class of vinyl
ethers. It isthen interesting to inquire whether or not our catalysts would
be capable of polymerizing vinyl ether into an isotactic polymer. Thus,
several runs of polymerization of isobutyl vinyl ether were undertaken.
The results are given in Table Y.
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TABLE V
Polymerization of Isobutyl Vinyl Ether*
Précipita-

Polymer- G>nver- tion Intrinsic

ization sion, temp.,1 viscosity

Catalytic system time, sec. % °C. M, dl./g.
AICL-MeiAOEt 260 54.1 -21.5 0.40
AICLi-.Meii*OSiEt;i 220 69.8 -8 0.64
AlCla-Mcu*0(TeEla 140 78.8 —i 0.42
AICfi-.Men*OSnEts 120 79.6 -6 0.64
AELj-SuCU-Men*()SnEts 58 97.8 -6 0.37
MeiCOAICt/ 60 94.3 —5 0.60

aln toluene at —75“C.. [eatalyst,] = 0.01 mole eacli/l, [monomer] = 0.50 mole/l.
" Measured for 0.5 g. of polymer dissolved in 100 ml. of methyl ethyl ketom
«Congu, (mole/1.): catalyst 0.02, monomer 1.0.

As a conventional measure of relative isotacticity of the polymers
formed we may use the precipitation temperature of a methyl ethyl ketone
solution of the polymers.10 Such temperatures are included in TableV. A
comparison of Table V with Table | shows that a catalytic system that is
more effective for the asymmetric-induction polymerization of benzofuran
tends to give a poly(isobutyl vinyl ether) of higher isotacticity. This
parallelism may be taken as an indication that the polymerizations of the
two monomers proceed by essentially the same mechanism. However,
to consolidate this stereochemical aspect of polymerization, we would of
course have to await more detailed and quantitative analyses of the stereo-
specificity of the two polymers.

CONCLUDING REMARKS

All the results presented in the foregoing section converge to the con-
clusion that the catalytic ability of our various binary systems used for
the asymmetric-induction polymerization of benzofuran is ascribable to
the formation of (Men*OAICI22 which is no doubt the very species
responsible for the asymmetric induction. The different catalytic
efficiencies of Men*OMEt3 where M is C, Si, Ge, or Sn, used in conjunction
with AICh, may best be interpreted in terms of the relative easiness with
which they form (Men*OAICI22 The addition of Et3nCl to a toluene
solution of (Meii*OAICI22did not affect its catalytic efficiency at all. In
this and many other ways the binary systems here investigated are different
in nature from the previously studied AICI3ZE t3nCl system, which was
effective for the isotactic polymerization of isobutyl vinyl ether.

The mechanism of benzofuran polymerization with our asymmetric
catalysts is not quite unambiguous yet. Although the polymerization is
definitely of the cationic type, the initiation mechanism is still itself un-
raveled. For the propagation step, however, this much may be said with
confidence: the dimeric Men*OAICI2 somehow carries a negative charge
to form a counterion of the growing chain end and exists in its vicinity
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during the polymerization, playing an important réle in Controlling thc
configurations of the monomer nuits imbedded in the polymer chain end.
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Résumé

On a trouvé qu’un systeme binaire équimoléculaire formé de trichlorure d’aluminium
et de menthoxytriéthyletin, germanium ou silicium est efficace pour la polymérisation par
induction assymétrique du benzofuranne dans le toluene a —78°C. La rotation spéci-
fique, (@)D, du polybensofuranne résultant s’éleve de +10 a + 40°, suivant les condi-
tiones de polymérisation aussi bien que suivant I’atome métallique constituant le dérivé
menthoxy. Le systéme dichlorure d’éthylaluminium-menthol 1:1 est également eficaee
pour la méme polymérisation. On a confirmé que ces systémes binaires subissaient
facilement une réaction d’échange pour former le dichlorure de menlhoxyaluminium
dimérique (Alen*OAICIs)s, m.p. 72-75°C). Une solution toluénique du dimeére cristallin
polymérise le bensofuranne en un haut polymere ayant une (a)D appréciable de +79.4°,
bien que la polymérisation avec le dimere soit beaucoup plus lente que celle avec les
mélanges binaires parents. Tous ces résultats convergent vers une méme conclusion
suivant laquelle I’espéce catalytique vraie de nos sj\sttmes a multjcomposants sont plus
que probablement les dichlorures de menthoxyaluminum dimériques.

Zusammenfassung

Das &quimolare bindre System aus Aluminiumtrichlorid und (—)-Menthoxytri-
athylzinn, -germanium oder -silizium bewirkt die asymmetrisch induzierte Polymerisa-
tion von Benzofuran in Toluol bei —78°C. Die spezifische Drehung [a]n der gebildeten
Polymeren lag in Abhangigkeit von den Polymerisationsbedingungen und vom Aletall-
atom in der Menthoxyverbindung im Bereich von +1(1 bis +40°. Auch das 1:1 Athyl-
aluminiumdichlorid-Menthol-Sj’stem bewirkte die gleiche Polymerisation. Es wurde
bestatigt, dass diese bindren Systeme leicht eine Austauschreaktion unter Bildung eines
dimeren Menthoxyaluminiumdichlorids, (Alen*OAICL)2 ALP. 72-75°C, eingehen.
Eine Toluollosung des kristallinen Dimeren polymerisiert Benzofuran zu einem Hoch-
polymeren mit dem hohen [a]n-Wert von +79,4°; allerdings war die Polymerisation
mit dem Dimeren viel langsamer als mit der urspriinglichen bindren Mischung. Alle
diese Ergebnisse fuhren zu dem Schluss, dass der eigentliche Katalysator in unserem
Vielkomponentensystem wahrscheinlich das dimere Alenthoxyaluminiumdichlorid ist.

Reeeivecl January 24, 1967
Prod. No. 5379A
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Preparation and Polymerization of a Sugar D illiiol

ROY L. WHISTLER and DANIEL J. HOFFMAN, Department of
Biochemistry, Purdue University, Lafayette, Indiana 47907

Synopsis

2,4-0-Benzylidene-1,6-dithiol-D-glucitol is prepared by nucleophilic displacement of
tosyloxy groups from 3,5-di-O-acetyl-2,4-0-benzylidene-1,6-di-0-tosyl-D-glucitol with
thioacetate in ATiY-dimethylformamide and deacetylation of the product. Oxidative
polymerization with oxygen and selenium dioxide produces film-forming disulfide poly-
mers with intrinsic viscosities up to 0.41. Other oxidizing agents produce polymers of
lower viscosity. Condensation of the dithiol with benzaldehyde also gives polymers of
low viscosity.

INTRODUCTION

Allhough (he oxidation of thiols to disulfides is well known, there have
been only a few instances in which the reaction has been used to form di-
sulfide polymers.I2 Marvel and Olson3 found that oxygen was a more
satisfactory reagent for oxidizing dithiols to polymer disulfides than bro-
mine, nitric acid, or ferric chloride. Their unfractionated products had
inherent viscosities up to 0.59.

In the present work a new type of sugar polymer is produced by oxida-
tion of 2,4-0-benzylidene-1,6-dithiol-D-glucitol to the polydisulfide.

Oxygen,3 hydrogen peroxide,4 and ammonium persulfate6 are used as
oxidizing agents.

Condensation polymerization of the sugar dithiol with benzaldehyde
with the use of an anhydrous dioxane-liydrogen fluoride solvent catalyst
system6is also attempted.

EXPERIMENTAL
;5,5-1)i-H-acetyl-2,4-0-benzylidene-1,6-0-/>-(olylsulfonyl-i)-glucilol

2,4-0-Henzvlidene-1,(>-di-0-p-tolylsulfonyl-[>-glucitol, m.p. 117°C., was
prepared according to the method of Stedehouder.7

To46g.of2,4-0-benzylidene-1,6-di-0-p-tolylsulfonyl-n-glucitol in 700 ml.
of dry pyridine at 0°C. was added 70 ml. of acetic anhydride. The reac-
tion proceeded for 20 hr. at 25°C. The solution was poured into 6 liters
of ice and water and extracted with 2 liters of chloroform. The chloro-
form extract was successively washed with dilute sulfuric acid (0.1%) and
with sodium bicarbonate and water and then dried over anhydrous sodium

2111
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sulfate. Crystals formed upon evaporation of the chloroform under re-
duced pressure. Recrystallization from 1.5 liters of ethanol, after treat-
ment with Darco-G-60 charcoal, gave 31 g. (60%) of 3,5-di-0-aeetyl-2,4,0-
benzylidene-1,6-di-0-p-tolylsulfonyl-D-glucitol; m.p. 133-134°C., [a]rS,
34.5° (c = 0.905 in chloroform).

Anal. Calcd. for CIHAOUS2: s, 9.25%. Found: S, 9.29%.
3,5-Di-0-acetyl-1,6-di-(S-acetyl-2,4-0-benzylidene-1,6-dithiol-D-glucitol

A 21.14 g. amount of 3,5-Di-0-acetyl-2,4-0-benzylidene-1,6-di-0-p-
tolylsulfonyl-D-glucitol and 11.2 g. of potassium thioacetate were dis-
solved in 110 ml. of ArA-dimethylformamide. This mixture was heated
at 125°C. in an oil bath for 3.5 hr., after which the iV,iV-dimethylform-
amide was removed under reduced pressure as its benzene azeotrope.
The solid residue was taken up in 500 ml. of chloroform, and the chloro-
form mixture was successively washed with dilute sulfuric acid (0.1%)
and 1% sodium bicarbonate solution and twice with water. After drying-
over anhydrous sodium sulfate, the chloroform was removed under reduced
pressure. Crystallization was induced by the addition of 150 ml. of ethanol.
Recrystallization from 150 ml. of ethanol, after treatment with Darco-G-
60 charcoal, gave 8.5 ¢g. (73.4%) of long white needles, m.p. 122-123°C.,
[ali5, 25.7° (c = 0.646 in chloroform).

Anal. Calcd. for CsiHieOgSs: 8, 13.6%. Found: s, 13.5%.
2,4-0-Benzylidene-l,6-dithiol-D-glucitol

To 65.8 g. of 3,5-di-0-acetyl-I,6-di-iS-acetyl-2,4-0-benzylidene-],6-di-
thiol-D-glucitol dissolved in 1 liter of dry, oxygen-free methanol was added
40 ml. of LOfV sodiu