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Aminobutadienes. X. Polymerization and
Copolymerization of 2-Phlhalimidometliyl-
1,3-butadiene

KENICHI AH'HATA and AKIRA TERADA*
Government Industrial Research Institute,
Osaka, Midorigaoka, Ikeda., Osaka, Japan

Synopsis

The polymerization and copolymerizatiou of 2-phthalimidomethyl-1,3-butadiene were
investigated. This monomer was easily polymerized by benzoyl peroxide catalyst in
bulk or in solvent, and by y-radiation in the solid state to give polymers having a soft-
ening point of 135-145°C. Although these resulting polymers did not give x-ray dif-
fraction patterns, they showed crystalline patterns by electron diffraction. On the
other hand, cationic polymerization with the use of boron trifluoride diethyl etherate in
chloroform was attempted, but no formation of the polymer was observed. Also, this
monomer was easily copolymerized with styrene in Ar,iV-dimethylformamide. The
monomer reactivity ratios and Alfrey-Price Q and e values calculated from the copoly-
merization data of this monomer (Mi) with styrene (Mi) were )i = 2.0 £+ 0.13, )s =
0.15 + 0.02, and Qi = 2.7S, e, = 0.30.

INTRODUCTION

In previous papersI3 of this series, the polymerizations and copoly-
merizations of 1-phthalimido-l,3-butadiene (1-PB), 2-phthalimido-1,3-
butadiene (2-PB), and 1-succinimido-l,3-butadiene (1-SB) have been
discussed. These results may be summarized as follows: (1) These
monomers were easily polymerized by radical catalysts, and their poly-
merizability was in the order of 2-PB > 1-SB > 1-PB. (2) The monomer
reactivity ratios and Alfrey-Price Q and e values calculated from the co-
polymerization data of these monomers with styrene were shown.

Some of the polymers thus obtained were converted into a new type of
effective anion exchange resins after hydrolysis of the imido group.4 The
higher reactivity of these imidobutadiene monomers toward either homo-
polymerization or copolymerization was also applied to prepare graft co-
polymers with polyethylene5 and polypropylene6 for the purpose of im-
proving the dyeability of the latter polymers.

We also reported the synthesis of a new butadiene monomer, 2-phthalimi-
domethy1-1,3-butadiene (2-PA1B), in which the imido group was separated
from the butadiene chain by a methylene group.7

* Present address: Department of Industrial Chemistry, Kyushu Institute of Tech-
nology, Tobata-ku, Kita-kyushu, Japan.
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The present paper deals with the polymerization and copolymerization
of 2-PMB, of its polymerizability compared to that for the previously
reported imidobutadienes, and also the solid-state polymerization of
2-PMB by y-radiation.

EXPERIMENTAL

Materials

2-Phthalimidomethyl-1,3-butadiene (2-PMB) was synthesized from
isoprene according to the method reported previously, yielding colorless
erystals melting at 114.5-116°C.”  Styrene (St) was purified by the usual
method.* The catalysts, benzoyl peroxide (BPO) and boron trifluoride
diethyl etherate, and the solvents, N,N-dimethylformamide (DMI),
acctylene tetrachloride (ATC), and chloroform were carefully purified by
the methods previously reported.?

Radiation Source

The radiation was y-radiation from a “Co source, and the dose rate was
measured by the usc of a Toshiba dosimeter, Model RCD-43101.

Polymerization Procedure

Polymerization and copolymerization with benzoyl peroxide or boron
trifluoride diethyl etherate were carried out as previously reported.” The
reduced viscosity of the resulting polymer as a 0.50%, solution in acetylene
tetrachloride was determined at 30 £ 0.01°C by using an Ostwald vis-
cometer.

Solid-state polymerization by +y-radiation was carried out according to
the following method. The required amount of monomer was irradiated
under atmospheric pressure. The irradiated monomer was immersed in
a large amount of methanol for one week at room temperature to extract
the remaining monomer. The resulting polymer was collected on a filter,
washed with methanol, and then dried under vacuum.

Infrared Spectra

Infrared spectra were measured with a Hitachi infrared spectrophotom-
eter, Model EPI-S, in potassium bromide disk or in Nujol paste.

X-Ray and Electron Diffraction Patterns

The monomer, irradiated monomer, and two kinds of polymer were
studied by both x-ray and electron diffraction methods. For the x-ray
diffraction study, the samples were finely powdered, packed into glass
capillaries, and exposed to x-rays (Culke, 1.542 f&) in a Debye-Scherrer
camera using a nickel filter for approximately 5 hr. Electron diffraction
patterns from the samples were taken at 100 KeV and measured against
B-tin as a reference.
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Nitrogen Analysis

The copolymers were purified by repeated precipitations, and the co-
polymer composition was determined by Micro-Dumas method.

RESULTS AND DISCUSSION
Bulk Polymerization of 2-Phthalimidomethyl-I,3-butadiene

The results of the bulk polymerization of 2-PMB by the use of benzoyl
peroxide or . -radiation are shown in Table I, together with those of some
other imidobutadienes for comparison. Polymerization with benzoyl
peroxide was attempted at the melting point of each of these monomers.
The 2-PMB polymer obtained was a transparent resin having a softening-
point of 135-140°C and soluble in several solvents, such as chloroform,
ethylene dichloride, acetylene tetrachloride, and W,N-dimethylformamide.
While 2-phthalimido-l,3-butadiene (2-PB) had a much greater tendency
to crosslink on bulk polymerization. 2-PMB, like 1-phthalimido-1,3-
butadiene (1-PB) and 1-succinimido-l,3-butadiene (1-SB), did not show
any gelation phenomenon.

TABLE |
Bulk Polymerization of 2-Phthalimidomethyl-I,3-butadiene
and Some Imidobutadienes

Temper-
ature, Time, Yield,
Monomer Catalyst °C hr %
2-PMB BPO, 0.5 mole-% 116 1.0 88.6»
2-PB BPO, 0.1 mole-% 85 2.5 gelled
1-PB BPO, 0.5 mole-% 116 1.0 80.51
1-sB BPO, 0.5 mole-% 76 1.0 59.9'
2-PMB T-ray, 5-10 99 42.2
11 X 105R/hr
1-PB T-ray, 5-10 554 8.2
11 X 105R/hr
1-SB 7-ray, 5-10 144 7.2

11 X 105R hr

“ Reduced viscosity, 0.57 dl/g.
4 Reduced viscosity, 3.00 dl/g.
*Reduced viscosity, 0.24 dl/g.

Radical polymerization in the solid state was also carried out under
atmospheric pressure by the use of ;- -radiation. The 2-PMB polymer ob-
tained from this process looked like the original monomer crystals and was
colorless. This polymer was also soluble in the solvents mentioned above.
The rate of polymerization of . -PMB by - -rays was much faster than those
of . -phthalimido- and . -succinimido-l,3-butadienes :
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Solution Polymerization of 2-Phthalimidomethyl-I,3-butadiene

The polymerization of 2-PMB in acetylene tetrachloride was carried out
with the use of benzoyl peroxide as in the cases of the other imidobuta-
dienes.l'2 The results are summarized in Figure 1, in which the poly-
merization rate of 2-PMB is faster than those of 1-imidobutadienes, but

Fig. 1 Solution polymerization of 2-phthalimidomethyl-l,3-butadiene and some
imidobutadienes: (H)2-PMB; (m)2-PB; (a) 1-PB; (C) 1-SB; (A) reduced viscosity
of poly-2-PMB. Monomer, 300 mg; BPO, 1.0 mole-%; ATC, 1.00 ml; temperature,
60°C.

far slower than that of 2-phthalimido-l,3-butadienet This fact agrees
with the conclusion of Carothers obtained in a discussion of the influence of
structural variations on the relative rates of various diene polymerizations.9
Since the phthalimidomethyl group of this monomer is located on the
2 position on the internal side of the butadiene chain, it must have less
steric hindrance to the reactive centers of the butadiene chain on poly-
merization than in 1l-imidobutadienes.

TABLE 11
Cationic Polymerization of 2-Phthalimidomethyl-1,3-butadiene and
Some Imidobutadienes in Solution State

Mono- mer wt, BFaEtsO, Vol, at.ure, Time, Yield,
mer mg mole-% Type ml °C hr cr

2-PMB 300 10 CHCla 2.00 20 210 0

2-PB 271 10 ATC 1.1S 20 212 Trace

1-PB 300 10 CHCb 2.00 20 210 51.5
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The reduced viscosity of 2-PMB polymer slightly increased with in-
creasing polymerization time (Fig. 1).

The cationic polymerization of this monomer in the presence of boron
trifluoride diethyl etherate was attempted in chloroform at 20°C but,
as in the case of 2-phthalimido-l,3-butadiene polymer,2 no formation of
2-PMB polymer was observed, although 1-phthalimido-I,3-butadiene could
easily polymerize under the same conditionsX (Table I1).

Wave number (cm )

Fig. 2. Infrared spectra of (— ) 2-phthalimidomethyl-I ,3-butadiene monomer and (--—--)
polymer; KBr disk.

Structure of 2-Phthalimidomethyl-1,3-butadiene Polymer

The infrared spectra of 2-PMB monomer and polymer are illustrated in
Figure 2. In the polymer spectrum, no absorption at 1600 cm-1 due to
conjugated diene nor at 912 and 958 cm-1 due to the vinyl group
in the monomer spectrum can be found. Moreover, the absorption
intensity at 895 cnrldue to the vinylidene group in the polymer spectrum
is far weaker than in the monomer spectrum. The infrared spectra of the
polymer and the copolymer (Fig. 5) have absorption at 840 c n r 1assignable
to the trisubstituted ethylenic linkage in the main chain.

From these facts above mentioned, it is reasonable to consider that the
possibility of 1,2 (or 2,1) addition is eliminated, and that 4,1 (or 1,4)
addition substantially exceeds 4,3 (or 3,4) addition, as has already been
discussed in the case of 2-phthalimido-l,3-butadiene.2 Although the
infrared data could not be used to decide between 4,1 and 1,4 additions,
the steric arguments lead us to the conclusion that 4,1 addition was pre-
ferred.

The infrared spectrum of the polymer obtained by y-radiation was es-
sentially identical with that of the polymer obtained with benzoyl per-

oxide.
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On the other hand, since these polymers obtained with benzoyl peroxide
and 7-radiation were both anisotropic from the polarization microscope
studies, an x-ray diffraction study was made of the original monomer, the
irradiated monomer, and both the polymers in order to confirm the possi-
bility of their crystallinity. The results are shown in Table Ill. Al-
though the original monomer shows many sharp Debye-Scherrer rings,
the irradiated monomer shows only relatively strong ones having almost
the same spaeings as the original one has.

TABLE Il
X-Ray Diffraction Patterns from Monomer, Irradiated Monomer, and Polymers of
2-Phthalimidomethyl-1,3-butadiene

Monomer Irradiated monomer" Polymers1
Lattice Lattice Lattice
spacing, spacing, spacing,
a Intensity A Intensity A Intensity

217 w

2.66 w

2.79 w

291 w

3.12 S 3. 12 A%

3.28 w

341 S 3.38 w

3.55 'S 3.58 m

8 m 3.5 w 3.5 s

4.32 w

4.70 VS 4.75 m

5.11 S 5.13 in

5.73 in 5.83 w

6.51 S 6.48 w

Monomer \wa1 irradiaied in air for 99 hr at 5-10°C by y-radiation of 11 X 10’

Polymers were prepared both by benzoyl peroxide and by y-radiation.

The polymer obtained by extracting the unpolymerized monomer after
irradiation and the polymer obtained by using benzoyl peroxide have only
one halo near 3.5 A. Table IV shows the electron diffraction maxima from
the monomer and the two polymers mentioned above. The lattice spaeings
calculated from the net patterns of single crystal of this monomer are, as a
matter of course, very close to those from x-ray diffraction. The lattice
spaeings of the two polymers are, however, quite different from those of the
original monomer.

Since evidence for crystallinity of the polymer could be found only by
electron diffraction and not by x-ray diffraction, it may be inferred that (he
2-PMB polymers contain very fine microcrystalline parts in the amorphous

region which occupies most volume, though the reason is not presently
understood.
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TABLE IV
Electron linfraction Patterns of Monomer and Polymers of 2-Phl hallimido-
methyl-1,3-butadiene

Monomer Polymer (y-ray) Polymer (BPO)
Lattice Lattice Lattice
Spacing, Inten- Spacing, Inten- Spacing, Inten-
A sitv A sitv A sity
2.146 1.159 w
2.229 1.266 w
2.281 1.405 w
2.376 1.627 w 1.622 w
2.410 1.759 w
2.529 1.882 w
2.636 2.007 m 2.072 m
2.831 2.226 m 2.231 m
2.865 2.360 w
3.178 2.486 m
3.219 2.820 w
3.412 2.043 w 2.987 w
3.538 S 3.746 S
3.615 s 4.135 in 4.145 s
3.951
4.718
5.058
6.438
7.077
7.230
14.153

Copolymerization of 2-Phthalimidomethyl-l,3-butadiene

The copolymerization of 2-PMB with styrene was carried out with the
use of benzoyl peroxide in 'V, IV-dimethylformanride at 60°C, in order to
determine the monomer reactivity ratios. The results are shown in Table
V, where M1and M 2represent the monomer feeds of 2-PMB and styrene,

TABLE V
Copolymerization of 2-Phthalimidomethyl-1,3-butadiene
(Mi) with Styrene (M»)a

Monomer feed Nlt.rogen Copolymer composition
Polymer in
x M, X yield, polymer, W\ ra2,
- 10”4 mole % mole-% mole-%
5.0 45.0 10.9 3.50 35.7 64.3
10.0 40 0 8.0 4.13 48.1 51.9
4.48
15.0 35.0 7.2 4.81 57. 1 42.9
20.0 30.0 10.5 5.40 05.4 34.6
5.03

aSolvent, DMF; BPO, 1.0 mole-%; temperature, 60°C.
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respectively, and mi and m2indicate the molar fractions of the monomer
units in resulting copolymer calculated from the nitrogen analysis. Figure
3 shows the plots for determining the monomer reactivity ratios by the
Fineman-Ross method.ll Thus, we obtained ti (2-PA1B) = 2.C + 0.13.
r, (St) = 0.15 + 0.02.

Fig. 3. Fineman-Ross plots for determining the monomer reactivity ratios.

Fig. 4. Composition curve for the eopolymerization of 2-phthalimidomelhyl-l,3-buta-
diene (Mi) with styrene.
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Wave number (cm )

Fig. 5. Infrared spectrum of 2-phthalimidomethyl-1,3-butadiene-styrene copolymer;
Nujol muill.

The composition curve for Hie copolymerization of 2-PA 1B with styrene
calculated from the above + and r2values is shown in Figure 4.

The infrared spectrum of the copolymer is shown in Figure 5. From
these results, it is understood that this monomer is able to copolymerize
easily with styrene. The infrared spectrum clearly shows also that the
copolymer contains a few pendant vinylidene groups, as found in the homo-
polymer of 2-PMB.

The Q and e values for this monomer were calculated according to the
Alfrey-Price scheme, 2

» = (QUVQD exp {—Ci(e!—€2 }

r2= (QQl) exp { —eXAe2—ei)}
by using the values, Q, = 1.0 and €2 = —0.S, for styrene, and rj (2-PAIB)
and r2(St). Thus, we obtain Qi = 2.78, ei = 0.30.

Table VI summarizes the monomer reactivity ratios for our imidobuta-
dienes and styrene, and Alfrey-Price Q and e values.

TABLE M
Monomer Reactivity Ratios and Alfrey-Price Q-e Values

I mido- Co-

Ir_uta— mono- Monomer reactivity ratios

diene mer

Mi M* r2 Qi A
2-PMB St 2.0 £ 0.13 0.15 + 0.02 2.78 + 0.30
2-PB St 5.2 £ 0.5 0.11 +0.02 5.0 -0.05
1-PB St 1.48 + 0.08 0.32 £0.06 1.57 +0.06
1-SB 8t 1.62 + 0.04 0.28 +0.03 1.76 +0.09
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Novel Bridged Anthracene Derivatives and
Polyesters and Copolyesters Therefrom

B. IL KLANDERMAX and J. W. H. BABER, Research Laboratories,
Eastman Kodak Company, Rochester, New York, 1/t650

Synopsis
9,10-Bis(hydroxymefchyl)triptycene, 9,10-dihydro-9,10-bis(hydroxymethyl)-9,10-eth-
anoanthracene, 9,10-dihydro-9,10-bis(hydroxymethyl)-9,10-(2,3-bicyclo[2.2.1] heptano)-
anthracene, 9,10-dihydro-9,10-bis(hydroxymethyl)-iV- phenyl - 9,10 - ethanoanthracene-
11,12-dicarboximide, and 9,10-bis(cai'bethoxy)triptycene have been prepared and em-
ployed as modifying agents to improve the physical properties of polyesters such as

polyethylene terephthalate). Especially noteworthy are the high glass transition tem-
peratures (T a) which can be obtained.

INTRODUCTION

Polymers containing three-dimensional units, such as 9,10-bridged an-
thracene systems, may exhibit unusual physical properties because of the
interference of segmental rotation of the polymer chains by the three-
dimensional units. To examine this possibility, properly substituted 9,10-
bridged anthracene systems were prepared and used as modifiers for
polyesters.

To date, only a limited number of 9,10-disubstituted triptycenes (9,10-
dihydro-9,10-0-benzenoanthracenes) have been synthesized and these in
low yield.1

More recently, an improved procedure for the preparation of triptycenes
by the reaction of benzyne with anthracene derivatives has been reported.2
Benzyue is thermally generated in situ in aprotic solvents from diazotized
anthranilic acid, and thus the highly reactive benzyne intermediate can be
effectively trapped by anthracenes, so that good yields of adducts can be
obtained. Applying this procedure to difunctional anthracenes, one can
then prepare difunctional triptycenes which may be used for polymerization

purposes. Polymers containing the triptycene system have not previously
been described.

RESULTS AND DISCUSSION

Monomers

9,10-Bis(hydroxymethyltriptycene (I) and 9,l0-bis(carbethoxy)tripty-

cene (I1) represent ideal triptycene derivatives to be used as modifying-
agents for poly (ethylene terephthalate).
2955
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Compound | can readily be prepared by the following sequence of reac-
tions: Anthracene (111) is converted to 9,10-bis(chloromethyl)anthracene

(IV) by chloromethylation with paraformaldehyde and hydrogen chlo-
ride.34 Compound 1V is easily transformed to 9,10-bis(acetoxymethyl)-
anthracene (V) by treatment with potassium acetate and acetic acid.4
The key step is represented by the transformation of compound V to
9,10-bis-(acetoxymethyl)triptyeene (V1) by reaction with the benzyne
intermediate. On using the in situ procedure for the generation of ben-
zyne, a 72% yield of compound VI was obtained. Hydrolysis of com-
pound V1 readily produces compound | in good yield.

The good vyield for the benzyne reaction is significant because it repre-
sents a useful entry into 9,10-disubstituted triptycene systems. Not only
is compound V a good diene, but it is reasonably soluble in methylene
chloride, the aprotic solvent used in the benzyne reaction. It is important
that the diene be in solution for an efficient reaction to occur with the short-
lived benzyne intermediate. For this reason, 9,10-bis(hydroxymethyl)-
anthracene (V1) is unsuitable for the benzyne reaction because it is a rela-
tively insoluble compound.
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Compound 11 is obtained from compound I in the following manner.
Compound | is oxidized with chromic acid to 9,10-triptycenedicarboxylic
acid (VII1) which is converted by means of thionyl chloride to the acid
chloride (1X) which gives the desired diester (I11) upon treatment with
ethanol.

9,10 - Dihydro - 9,10 - bis(hydroxymethyl) - 9,10 - ethanoanthracene (X),
9.10- dihydro - 9,10 - bis(hydroxymethyl) - 9,10-(2,.3-bicyelo [2.2.1 [heptano)-
anthracene (XI1), and 9,10-dihydro-9,10-bis(hydroxymethyl)-iV-phenyl-
9.10- ethanoanthraeene-Il,12-dicarboximide (XI1) are readily prepared by
hydrolysis of the appropriate 9,10-bridged anthracene derivatives (XIII,
X1V, XV) obtained from the Diels-Alder reaction of 9,10-bis(acetoxy-
methyl)anthracene (V) with ethylene, bicyclo [2.2.1] heptene, or N-
phenylmaleimide, respectively.

\Y%

The configuration of the 9,10-dihydro-9,10-(2,3-bicyclo-[2.2.1 Jheptano)-
anthracene system deserves some comment. Two possible configurations
(XVI1 and XV11) can be formed, depending upon the course of the Diels-
Alder reaction. Molecular models indicate
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Fig. 1. NMR spectra: (a) XIV, in CDCl;; (b) XI, in CDCl-DMSO-ds.
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that XV 1 would be preferred over XV 11 but that the preference would not
be overwhelming. Nuclear magnetic resonance provides an excellent
method for determining the configuration of this adduct. Figure 1 shows
the NMR spectra of X1 and XI1V. The large upheld shift for one proton
(Hb) shows that the methano bridge is toward the aromatic ring whose
ring current produces this pronounced upheld shift. The bridgehead pro-
tons (Hd) can be assigned to the broad peak at r 7.9 because of the spin
coupling of Hd with HA Hb, He, and HE protons. The narrowness of the
He band implies little or no spin coupling to the bridgehead protons (HD)
and therefore that the HE protons are endo hydrogens with respect to the
bicyclo[2.2.1]heptano part of the system; this fact further supports the
methano bridge being directly over the aromatic ring. Consequently,
configuration XV 1 is the structure for the isolated adducts X1 and XIV.
Because the total yield for the two-step preparation of X1 is greater than
50%, the predominant configuration formed in the Diels-Alder reaction is
configuration XVI1. Furthermore, reacetylation of diol X1 produced
material identical to diacetate X1V, thus ruling out structural changes
during the formation of XI.

Polymers
Compounds I, Il, X, XI, and X1l were used to prepare the modified
poly(ethylene terephthalates) shown in Tables | and Il. The modified

polyesters were prepared by replacing various percentages of the usual
glycol (ethylene glycol) with I, X, X1, or X1, or the usual diester (dimethyl
terephthalate) with Il. The polyesters with modified glycol components

TABLE |
Modified Polyethylene Terephthalates)

Glycol composition, mole-% for the feed

Ethylene

glycol | X X1 X1l M* T, °C
100 79
95 5 Insol 89
90 10 0.37 99
80 20 0.26 139
75 25 0.20 140
65 35 0.26 170
83 17 0.60 115
66 34 0.27 135
31 69 0.16 143
83 17 0.49 122
66 34 0.23 153
31 69 0.20 203
83 17 0.23 102
66 34 0.12 108
31 69 0.08 98-102

» Determined in phenol-chlorobenzene.

ne itujiii  NijIQyiLifi'iflPij
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TABLE 11
Modified Poly (ethylene Terephlhalates)

Diester Composition, Mole-
% for the feed

Dimethyl
terephtfiatate 1 [1772 T, °C
100 79
95 5 0.48 70
90 10 0.48 70
0 20 Insoluble b

aDetermined in phenol—€hlorobenzene.
bWould not quench.

showed the most interesting properties: high heat-distortion temperatures
and high glass transition temperatures, T,, along with decreased crystalliz-
ability. These are unique characteristics to be had simultaneously.

Figure 2 shows a plot of the T, versus the percentages of the various
glycols used as glycol components in the modified polyesters. For small
amounts of all of the modifying glycols, relatively large increases in the Tg
of the modified polymers resulted. However, at higher concentrations for
the modifying glycols, various effects were obtained. Glycol | shows a
straight line relationship for Tg versus mole per cent modifying glycol,
which fact indicates the stability and integrity of the triptycene system.
The effects of the other glycols on the T,, fall off with high concentrations of
the modifying glycol, indicating that relatively less modifying glycol was
incorporated and/or that these glycols were thermally cracking at the
reaction temperature to lose ethylene, bicyclo[2.2.1]heptene, or iV-phenyl-
maleimide, respectively. These proposals were substantiated by the fact
that the modified polyesters with higher percentages of modifier were more
highly colored, and yellow solid (probably disubstituted anthracene)
appeared on the side arm of the polymerization flask in the later stages of
some of the reactions. Other types of 9,10-difunctional-9,10-dihydro-
9,10-ethanoanthracenes and polymers therefrom have been reported to
thermally change with formation of ethylene and the anthracene moiety at
250-275°C, accompanied by discoloration characteristic of the substituted
anthracene system.5

Semiquantitative NMR evidence showed that for the case where a high
percentage of modifying glycol X was employed, approximately 75% of the
modifier was incorporated into the polymer; whereas for the case where a
high percentage of glycol | was employed, essentially all of the modifier was
incorporated into the polymer. These data further support the relation-
ships observed in Figure 2.

The polyesters with a modified diester component (I11) did not show any
significant change in thermal properties. The finding that the incorpora-
tion of the bridged anthracene system in the diester portion of the polymer
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Mole percent glycol (os glycol component in the feed)

Fig. 2. Glass transition temperatures of modified polyethylene terephthalates).

did not increase the T, may be attributed to the fact that in this case the
bridged anthracene system is not adjacent to a terephthalyl group as in the
cases for modifying glycols. Moreover, in the modifying diester case, the
modifier is replacing a more bulky group (terephthalyl) than in the replace-
ment of ethylene groups; and thus less effect on the thermal properties
might well be expected.

EXPERIMENTAL*
9,10-Bis(acetoxymethyl)triptycene (VI)

To a refluxing solution of 115 g (0.36 mole) of 9,10-bis(acetoxymethyl)-
anthracene (V)4in 3 1of methylene chloride were added, slowly and simul-
taneously, 65 ml (0.4S mole) of isopentyl nitrite and a solution of 58 g
(0.42 mole) of anthranilic acid in 600 ml of acetone. The reaction mixture
was refluxed for a total of 6 hr, allowed to stand overnight, washed twice
with 12% aqueous potassium hydroxide, dried with anhydrous sodium
sulfate, and evaporated to dryness. The crystalline residue was treated
with 500 ml of xylene and 50 g (0.51 mole) of maleic anhydride and refluxed
for 10 min. The solution was then cooled, diluted with methylene chloride,
washed twice with 12% aqueous potassium hydroxide, dried over anhydrous
sodium sulfate, and concentrated until crystallization was heavy. The
off-white 9,10-bis(acetoxymethyl)triptycene obtained, mp 281-283°C,

*The infrared and NMR spectra of all compounds were consistent with the structure.
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weighed 85 g. Concentration of the mother liquor afforded an additional
16.5 g of 9,10-bis(acetoxymethyl)triptycene, mp 270-280°C. The total
yield obtained represented 72% of the theoretical amount.

Anal. Calcd for CmH2D4 C, 78.4%; H, 5.5%. Found: C, 78.7%; H, 5.9%.
9.10- Bis(hydroxymethyl) Triptycene (1)

To a boiling solution of 85 g (0.21 mole) of 9,10-bis(acetoxymethyl)-
triptycene (V1) in 2 1 of dioxane was added slowly a solution of 85 g
(1.5 moles) of potassium hydroxide in 500 ml of water. The reaction mix-
ture was boiled for 2 hr until 1 liter of solvents had distilled. Approximate-
ly 3 1of water was then added to precipitate crude 9,10-bis(hydroxy-
methyl)-triptycene as a white solid, and the mixture was allowed to cool.
The product, 66 g, mp 305-308°C, was collected and recrystallized from
2-butanone (Nuchar) to obtain 58 g (87%) of pure 9,10-bis(hydroxymethyl)
triptycene, mp 308-309°C.

Anar. Cakd for CZH,82 0,84.0%; 11,5.8%. Found: C, 83.8%; IT, 5.5%.
9.10- Triptycenedicarboxylic Acid (VIII)

To a solution of 19 g (0.060 mole) of 9,10-bis(hydroxymethyl)triptycene
(1) in 1liter of acetone was added a solution of 19 g (0.19 mole) of chromium
trioxide and 20 ml of concentrated sulfuric acid in 175 ml of water. The
resulting solution was boiled under reflux for 30 min and then poured into
about 3 1of ice water to obtain a white precipitate of 9,10-triptycenedi-
carboxylic acid, 19 g (92%), mp >475°C.

Anal. Calcd for CZH¥ 4 C, 77.3%; H, 4.1%. Found: C, 77.4%; H, 4.5%.
9,10-Bis(carbethoxy)triptycene (I1)

To arefluxing mixture of 65.5 g (0.19 mole) of 9,10-triptvcenedicarboxylie
acid V111 in 800 ml of chloroform was added 80 ml (1.11 mole) of thionvl
chloride and 5 ml of dimethylformamide. The mixture was refluxed for
3.5 hr, during which time a 30-ml portion of thionyl chloride was added
(after 2 hr). The solvents were removed under vacuum and then 250 ml of
absolute ethanol was added. This mixture was boiled for 15 min until
all the methylene chloride was removed. After cooling, the product was
removed and recrystallized twice from benzene-cyclohexane to give 42.8 g
(56%) of 9,10-bis(carbethoxy)triptycene, mp 237-238°C.

Anal. Caled for CEHZOj: C, 78.4%; H, 5.5%. Found: C, 78.2%; H, 5.8%.
9,10-Bis(hydroxymethyl)anthracene (VII)

A mixture of 100 g (0.43 mole) of anthracene-9,10-dicarboxaldehyde,
250 g (1.23 mole) of aluminum isopropoxide, and 4 1 of isopropyl alcohol
was refluxed, with slow distillation, for 15 hr. The cooled reaction mixture
was filtered and the pasty product was treated with methylene chloride and
dilute hydrochloric acid (2N). This mixture was filtered and the yellow
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precipitate was dried and treated with boiling anisole and allowed to cool.
The yellow product was washed with methylene chloride and weighed
72.3 g (72%), mp 248-250°C.

Anal. Calcd for CieHis<02: C, 80.7 ; H, 5.9%. Found: C, 80.9%; H, 6.1%.
9,10-Dihydro-9,10-bis(acetoxymethyl)-9,10-ethanoanthracene (XIII)

Ethylene (maximum cylinder pressure) and 50 g (0.155 mole) of 9,10-
bis(acetoxymethyl)anthracene were heated at 200°C for 48 hr in a sealed
bomb. The reaction product was recrystallized twice from benzene to give
two crops of white product for a total 73% yield: first crop: 36.5 g, mp
177-179°C; second crop: 2.9¢g, mp 175-178°C.

Anal. Calcd for C2l1204: 0,75.4%; 11,6.3%. Found (first crop): O, 75.2%; II,
0.4%.

9,10-Dihydro-9,10-bis(hydroxymethyl)-9,10-ethanoaiithracene (X)

To a refluxing mixture of 15.2 g (0.043 mole) of 9,10-dihydro-9,10-bis-
(acetoxymethyl)-9,10-ethanoanthracene in 100 ml of ethanol was added a
solution of 10 g of potassium hydroxide in 10 ml of water. The mixture
was refluxed for 16 hr. The solvents were removed and the residue was
treated with methylene chloride and dilute hydrochloric acid. The methy-
lene chloride layer was concentrated to dryness, and the residue was
recrystallized from acetonitrile to give two crops of white product for a
total 77% vyield: first crop: 7.7 g, mp 205-206°C; second crop: 1.2 g,
mp 204-206°C.

Anal. Calcd for CigHig02 C, 81.2%; H, e.8%. Found (first crop): C, 81.0%;
11, 7.1%.

9,10-Dihydro-9,10-bis(acetoxymethyl)-9,10-(2,3-bicyclo[2.2.1]-
heptano)anthracene (XIV)

An excess of bicyclo [2.2.1 Jheptene and 100 g (0.031 mole) of 9,10-bis-
(acetoxymethyl)anthracene were heated at 200°C for 48 hr in a sealed
bomb. The gummy reaction product was concentrated until most of the
solvents were removed. About 200 ml of ethanol was added, along with
seed crystals, and the solution was refrigerated overnight. The crude
product was removed by filtration. All analytical sample was prepared
from a similar smaller run by recrystallization of the crude product from
benzene-heptane and 2-butanone. The white product melted at 172
175°C.

Anal. Calcd for CzH204: C, 77.9%; 11, 6.8%. Found: C, 78.0%; Il, 7.0%.

9,10-Dihydro-9,10-bis(hydroxymethyl)-9,10-(2,3-bicyclo [2.2.1 ]-heptano)-
anthracene (XI)

The crude acetoxymethyl derivative just obtained was dissolved in 2.1
liters of hot ethanol and a warm solution of 100 g of potassium hydroxide
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in 100 ml of water was added. The mixture was refluxed for 4 hr and the
solvent was removed. The residue was treated with methylene chloride
and water. The organic solution was treated with dilute hydrochloric
acid before it was dried with sodium sulfate and concentrated to dryness.
The residue was recrystallized from acetonitrile (Nuchar) to give 58 g, mp
259-261°C, of tan product which was recrystallized twice from 2-butanone
to give three crops of white product for a 53% vyield for two steps: first
crop: 30.0 g, mp 260-261°C; second crop: 124 g, mp 259-261°C;
third crop: 12.0 g, mp 257-259°C.

Anal. Calcd for CzIT«402: C, 83.0%; H, 7.3%. Found (first, crop): C, 82.8%; H,
7.6%.

Reconversion of XI to XIV

To a solution of 2.0 g of X1 in 10 ml of pyridine was added dropwise 20
ml of acetic anhydride. The mixture was heated at 105°C for 16 hr before
it was poured into cold dilute hydrochloric acid. The precipitate which
formed was removed by filtration, washed with water, and recrystallized
from 2-butanone (Darco). The product weighed 1.3 g, mp 173-175°C,
mixed mp 173-175°C (with authentic X1V).

9.10- Dihydro-9,10-bis(acetoxymethyl)-iV-phenyl-9,10-ethano-
anthracene-11-12-dicarboximide (XV)

To a warm solution of 65 g (0.20 mole) of 9,10-bis(acetoxymethyl)-
anthracene in 2.5 liters of toluene was added a solution of 36 g (0.21 mole)
of IV-phenyl-maleimide in 300 ml of toluene. The reaction solution was
refluxed for 4 hr and was then concentrated to about one liter to give 80
g (80%) of product, mp 207-209°C.

Anal. Calcd for CIN.i-NO8 C, 72.6%; H, 6.1%; N, 2.8%. Found (first crop):
C, 72.6%; H,5.4%; N, 2.9%.

9.10- Dihydro-9,10-bis(hydroxymethyl)-iV-phenyl-9,10-ethano-
anthracene-11,12-dicarboximide (XII)

To asuspension of 73.5 g (0.15 mole) of XV in 3.5 liters of refluxing etha-
nol was added a solution of 73.5 g of potassium hydroxide in 184 ml of water.
The reaction mixture first became clear, and then a heavy precipitate
formed during a reflux period of 1 hr. The precipitate was removed from
the cooled solution and was then suspended in 1 liter of boiling water. The
solid was removed and recrystallized from acetonitrile to give two crops of
white product for a total 88% vyield: first crop: 50.0 g, mp 302-303°C;
second crop: 3.4 g, mp 294-297°C.

Anal. Calcd for CHIL>INO4 C, 76.0%,; IT, 6.1%; N, 3.4%. Found (first crop):
C, 76.7%; 11,6.1%; N, 3.6%.
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Preparation of Polyethylene Terephthalate) modified with 9,10-Bridged
Anthracene Derivatives

A copolyester was derived from 1.0 part ethylene glycol, 0.9 part dimethyl
terephthalate, and 0.1 part 9,10-bis(carbethoxy)-triptycene (I1). A 50-ml
polymerization flask equipped with a stillhead, fractionating column, and a
gas insert tube was charged with 17.64 g (0.09 mole) of dimethyl tereph-
thalate, 3.92 g (0.01 mole) of 9,10-bis(carbethoxy)triptycene, 6.6 g (0.106
mole) of ethylene glycol, and one drop of triisopropyl titanate, and heated
for 3 hr at 250°C, while a gentle stream of nitrogen was bubbled through
the solution. Transesterification began at once. After distillation of
methanol had ceased, the stillhead and fractionating column were removed,
a stainless-steel stirrer was inserted into the mixture, high vacuum was
applied, and the mixture was stirred at 275°C for 1 hr to obtain a highly
viscous polymer.

Other modified polyethylene terephthalates), the composition and
properties of which are shown in Tables | and Il, were obtained in the same
manner by the two-stage melt process at 225-250°C, except that dibutyltin
oxide was used as the catalyst instead of triisopropyl titanate.

CONCLUSION

A number of 9,10-bridged anthracene glycols can be prepared by con-
venient syntheses. Pronounced effects upon the thermal properties,
especially the Tg, of polyesters prepared with the incorporation of these
modifying glycols have been observed. Thus, the “ paddle-wheel” effect of
9,10-bridged anthracene systems is a significant factor in determining the
thermal properties of polyesters containing these moieties. It is reasonable
to assume that these rigid bulky systems interfere with the segmental
rotation of the polymer chain.

The authors wish to thank Mr. W. C. Perkins and Mr. L. C. Trent, for technical
assistance; and Dr. T. Il. Regan, for NMIt spectra.
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Syntheses and Properties of Photochromie Polymers
of the Azobenzene and Thiazine Series*

HIROYOSHI KAMOGAWA, MASAO KATO,
and HIROKO SUGIYAMA, Textile Research Institute, Kanagawa,
Yokohama, Japan

Synopsis

Photochromie polymers of the azobenzene and thiazine series were synthesized via two
routes: (1) synthesis of vinyl photochromie monomers and subsequent polymerization
and [2) chemical reactions of the substrate polymers with photochromie components.
Polyvinylaminoazobenzenes, polyvinylhydroxyazobenzenes, polyacrylamidomethylami-
noazobenzenes, and polyacrylamidomethylthionine were thus prepared and their photo-
chromic behavior investigated. In the case of azobenzene polymers, irradiations from
a 100-W projection lamp are enough to induce reversible changes in absorption spectra
both in benzene solutions and film states, their absorption maxima being located around
400 niMin the dark. Better results are obtained for some polymers as compared with
the corresponding low molecular weight compounds; in the case of the thionine polymer
(absorption maximum, ca. 600 m/i), the presence of ferrous ion remarkably enhances the
photosensitivity in aqueous solutions, but incorporation of some polymers containing
hydroxyl groups, such as poly (vinyl alcohol), are preferable for film states.

There have been found numerous photochromie substances, both organic
and inorganic, since the first discovery of this phototropy or photochromism
phenomenon by Marckwald in 1899.1 A review by Exelby and Grinter2
covers the literature to June 1964, and gives an organized list of photo-
chromic compounds together with the properties, conditions, and theories
involved. In 1963, in the course of synthetic studies on oxidation-reduction
polymers, lvamogawa suggested the possibility that thionine, when intro-
duced into polymer chains and combined with suitable reductants such as
ferrous ion, might show excellent photochromie properties.3 Later,
Lourien and Waddington4 reported that copolymers of 4-acrylamidoazo-
benzene derivatives with acrylic and methacrylic acid in solutions showed
photochromis; polystyrene partially substituted in the para position by
bis(4-dimethylaminophenyl)methanol, sandwiched between two glass
plates, was also found to be photochromie.5

In this report will be described the results of the synthetic studies on the
photochromie polymers of the amino-, dimethylamino-, and hydroxyazo-
benzene and thiazine series and their photochromie properties in film states
as well as in solutions.

*Presented at the 16th Annual Meeting of the Society of Polymer Science, Japan,
Tokyo, May 28, 1967.
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The synthesis of photochromie polymers were carried out via the follow-
ing route: (1) synthesis of photochromie monomers from original vinyl
monomers, followed by polymerizations; (2) chemical reactions of the sub-
strate polymers with photochromie components.

Four kinds of photochromie vinyl monomers were synthesized. Thus,
to prepare 4-vinyl-4'-aminoazobenzene derivatives, the reaction sequence
(1) was employed, starting with p-aminophenethyl alcohol.

IVa 1Vb

To prepare 2-vinyl-4-dimethylaminoazobenzene derivatives, the reaction
sequence (2) was employed, starting with acetophenone.

Xl

where R is H, CH3 p-CEHANH2 or N02
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3-Yinyl-4-hydroxyazobcnzene derivatives were prepared according as fol-
lows, starting with coumarin.

XV

where R is H, CH3 or CI.

iV'-Acrylamidomethylaminoazobenzene and TV-acrylamidomethylthionine
were prepared by using the condensation reactions of 1V-hydroxymethyl-
acrylamide, starting with 4-aminoazobenzene and thionine.

The same principles as for the monomer syntheses were applied for
chemical modifications of the substrate vinyl polymers. Thus, poly-3-
viny1-4-hydroxyazobenzene derivatives were prepared by the reactions of
poly-o-hydroxystyrene with the diazonium salts of aniline derivatives;
A-acrylamidomethylaminoazobenzene and A”-acrylamidomethylthionine
polymers were prepared by the reactions of fV-hydroxymethylacrylamide
copolymers with the corresponding 4-aminoazobenzene derivatives and
thionine.

EXPERIMENTAL

Materials

p-Aminostyrene (1).6 A 10-g portion of 4-aminophenethyl alcohol and 30
g of potassium hydroxide pellets were heated to 220-240°C under 10 mm
Hg to distil out 9 g of crude p-aminostyrene. A colorless liquid was ob-
tained in approximately 70% yield by redistillation (81°C/25 mm Hg),
which solidified upon standing in a refrigerator (absorption maximum in
ethanol, 2S0 mg).
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m-Nitroacetophenone (VI). Corson and Hazen's procedure7 was modi-
fied as follows.

In a one-liter, three-necked flask, immersed in a Dry Ice-methanol bath,
was placed 150 ml of concentrated sulfuric acid. The flask was equipped
with an efficient mechanical stirrer, a small dropping funnel, and a ther-
mometer reaching the liquid. The stirrer was started at once, and, when
the sulfuric acid was cooled to 0°C or below, 59 ml (0.5 mole) of pure
acetophenone was added dropwise from the dropping funnel at such a rate
(ca. 5 min for the addition) that the temperature did not rise above 0°C.
After the reaction mixture was cooled, this time to about —10°C, the
nitrating mixture, consisting of 40 ml (0.65 mole) of nitric acid (specific
gravity, 1.38) and 60 ml of concentrated sulfuric acid, was added through
the dropping funnel at such a rate that the temperature of the reaction
mixture remained below 0°C. (usually —2 to —10°C). It takes about
30 min. After the nitrating acid was added, stirring was continued for
several minutes until the temperature went up to 0°C, without the bath.
The contents of the flask were then poured with vigorous manual stirring
into a mixture of 750 g of cracked ice and 1500 ml of water.

The separated product was washed with water, then with a small
amount of ice-cold ethanol, and recrystallized from ethanol. A slightly
colored crystal of mp 76-78°C was obtained in 50 g yield (61%). The in-
frared spectrum indicates new absorption bands at 1540 and 1360 cm-1
(nitro group).

m-Aminoacetophenone (VII). A conventional procedure for the reduc-
tion of the nitrogroup8was employed. Thus from 16.5 g (0.1 mole) of VI,
102.4 g (0.5 mole) of stannous chloride, and 95 ml (ca. 1 mole) of concen-
trated hydrochloric acid in 180 ml ethanol there was obtained a light yellow
crystal (plate) of mp 98-99°C (lit.8 mp, 99.5°C) in 78% yield. The ab-
sorption at 1540 cm-1 for m-nitroacetophenone disappears in the infrared
spectrum, whereas a doublet for the amino group appears at 3500 cm-1.

wt-Dimethylaminoacetophenone (VIII). In a 500-ml three-necked flask
equipped with a reflux condenser, a dropping funnel, and a thermometer,
were placed 6.8 g (0.05 mole) of m-aminoacetophenone, 100 ml (0.1 mole)
of a strong anion exchange resin (Diaion-SA, #100, Mitsubishi Chem. Prod.
Co., Ltd.), and 100 ml of water. A magnetic stirrer was fitted, 16 ml
(0.16 mole) of dimethyl sulfate added through the dropping funnel, and,
after 1 hr stirring at ambient temperature, the mixture was warmed up to
60°C, followed by further one hour stirring. After decomposing unreacted
dimethyl sulfate with sodium hydroxide, ether extraction was carried out,
followed by dehydration with anhydrous sodium sulfate. Ether was then
removed by evaporation, and the resulting red-brown liquid was purified
by fractional distillation under reduced pressure to yield a yellow liquid
of bp 98°C/4 mm; vyield, 61.3%. A new absorption band in the infrared
spectrum is recognized at 3000 cm-1 (methyl group).

Since this liquid was known to contain some monomethyl compound
from infrared evidences and the properties of the polydimethylamino-
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styrene and the azomonomer derived from it, the removal of the mono-
methyl compound by acetylation was carried out. Thus, the product was
refluxed for 2 hr with a threefold volume of acetic anhydride. Upon cool-
ing, the reaction mixture was dissolved in ether and dimethylaminoaceto-
phenone was extracted with dilute hydrochloric acid. The extract was
neutralized with sodium hydroxide, then extracted with ether, followed by
purification by fractional distillation.

a-(»n-Dimethylaminophenyl)ethanol (1X). In a 500-ml three-necked
flask, equipped with a reflux condenser, a magnetic stirrer, and a dropping
funnel, were placed 200 ml of anhydrous tetrahydrofuran and 7.4 g (0.2
mole) of lithium aluminum hydride. To this was added through the
dropping funnel 10 g (0.00 mole) of m-dimethylaminoacetophenone in 150
ml tetrahydrofuran, followed by 1 hr refluxing. After decomposing the
unreacted lithium aluminum hydride with water and removing tetrahydro-
furan by evaporation, ether extraction was carried out, followed by de-
hydration with anhydrous sodium sulfate and subsequent fractionation.
The yield was 47.5%; bp, 126-128°C/2 mm (lit.9 bp. 130°C/3 mm).

The carbonyl absorption at 1700 cm-1 is no longer discernible in the in-
frared spectrum.

m-Dimethylaminostyrene (X). A procedure analogous to that adopted
by Manecke and Kossmethl9was employed. Thus, from 4.7 g (0.03 mole)
of a-(m-dimethylaminophenyl)ethanol and 16 g of activated alumina there
was obtained a colorless oil of bp 105°C/2 mm (lit.9bp, 120°C/10 mm) in
76% yield.

o-Coumaric Acid (XII1). The method of Ebertl0dwas employed. From
100 g (0.68 mole) of coumarin and 32 g (1.4 mole) of sodium dissolved in
500 ml of absolute ethanol, there was obtained 84 g (75%) of almost color-
less product after recrystallization from water; mp, 207- 208°C (lit.10 mp,
208°C).

o-Hydroxystyrene (XIV). o-Coumaric acid was decarboxylated ac-
cording to the procedure of Fries and Fickwirthll under reduced pressure
(ca. 5mm). From 70 g (0.43 mole) of o-coumaric acid, there was obtained
30 g (58%) of colorless oil after redistillation (bp, 58-59°C, 1 mm), which
solidified upon standing to a white crystalline mass of mp 28°C.

4-Vinyl-4'-dimethylaminoazobenzene(lVa). A 1.19-g portion (0.01
mole) of p-aminostyrene was dissolved in water containing ca. 2 ml (0.02
mole) of concentrated hydrochloric acid with cooling. To the resulting
solution under cooling was added 0.69 g (0.0l mole) of sodium nitrite in
agueous solution to provide a yellowish turbid solution, followed by the
immediate addition of 1.2 g (0.01 mole) of dimethylaniline in glacial acetic
acid to yield an orange-red colored turbid solution. The reaction mixture
was then made basic with aqueous ammonia to precipitate an orange-brown
colored coupling product, which was (illcrodand rinsed with water several
times.

Recrystallization from ethanol-water afforded fine orange crystals of mp
132-134°C in 70% yield; absorption maximum in benzene, 428 mg.
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4-Vinyl diazoaminobenzene (IVb). This monomer was prepared from
p-aminostyrene and aniline via the diazotization of the former and the sub-
sequent coupling in acetic acid with the addition of equivalent sodium
acetate to remove hydrochloric acid; mp, 75-77°C; absorption maximum
in benzene, 373 mu. This monomer was subjected to rearrangement pro-
cedure with aniline hydrochloride using aniline as diluent. In spite of the
readiness observed in the corresponding model compound 4-methyl-
diazoaminobenzene, however, this diazoamino monomer could not be re-
arranged to the expected azo monomer, presumably due to the presence of
the vinyl double bond conjugate to the diazo group.

2-Vinyl-4-dimethylaminoazobenzene (XI). Aniline (0.093 g., 0.001
mole) was dissolved in water containing 0.2 ml (ca. 0.002 mole) of con-
centrated hydrocehlorie acid with cooling. To the resulting solution under
cooling was added 0.069 g (0.001 mole) of sodium nitrite in aqueous solu-
tion, followed by the immediate addition of 0.143 g (0.001 mole) of m-di-
methylaminostyrene in glacial acetic acid to yield an orange-red turbid
solution. The reaction mixture was then made basic with aqueous sodium
hydroxide to precipitate an orange-red coupling product, which was filtered
and rinsed with water several times. The orange-colored mass thus ob-
tained was extracted with benzene. The orange-red extract was then
treated with dilute hydrochloric acid to remove unreacted aniline deriva-
tives, followed by neutralization with ammonia water. A bright red mass
was obtained by freeze-drying from benzene solution. The mass was re-
crystallized from ethanol-water to provide orange-red crystals; absorption
maximum in benzene, 420 my.

2-Vinyl-4-dimethylamino-4’-methylazobenzene, 2-vinyl-4-dimethylami-
no-4'-(p-amino)phenylazobenzene, and 2-vinyl-4-dimethylamino-4’-nitro-
azobenzene were synthesized according to the same procedure, their proper-
ties being listed in Table I.

3-Vinyl-4-hydroxyazobenzene (XV). A diazonium salt solution, pre-
pared by mixing 5.18 g (0.04 mole) of aniline hydrochloride in 50 ml of 19,
hydrochloric acid with 2.67 g (0.04 mole) of sodium nitrite in 30 ml water,
was added dropwise under cooling to a solution of 4.81 g (0.04 mole) of
o-hydroxystyrene in 2.59, aqueous sodium hydroxide. After 1 hr stirring
and subsequent filtration, Dry Ice was added to the filtrate to produce a
deep-orange precipitate in 579, yield, which was then recrystallized from a

benzene-ligroin (1:1) mixture to provide lustrouso range—yellow crystals of
mp 105-106°C.

ANnaL. Caled: N, 12.489. Found: N, 12.419.

3-Vinyl-4-hydroxy-4’-methylazobenzene and 3-vinyl-4-hydroxy-4’-chlo-
roazobenzene, as listed in Table I, were synthesized in a similar manner.

4-(N-Acrylamidomethyl)aminoazobenzene (XVI). A 1.5-g portion of
N-hydroxymethylacrylamide (0.015 mole) and 1.97 g (0.01 mole) of 4-
aminoazobenzene were dissolved in 30 ml acetonitrile, a small amount of
hydroquinone being added. The solution was refluxed for 1.5 hr. Upon
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cooling, it was poured into a large quantity of water to precipitate a
brownish yellow mass, which was recrystallized from ethanol-water.
Repetition of recrystallization provided a brownish-yellow crystalline sub-
stance of mp 115-117°C in 869, yield; absorption maximum in benzene,
380 my.

ANan.  Caled: N, 20.02%. Found: N, 20.809%,.

The infrared spectrum indicates the carbonyl absorption attributable to
the acrylamidomethyl group at 1650 em—!.

N-Acrylamidomethylthionine (XVII). Thionine (2.6 g, 0.010 mole) and
1.5 g (0.015 mole) of N-hydroxymethylacrylamide were dissolved in 50 ml
water, a small amount of hydroquinone being added. The resulting solu-
tion was kept at 80°C for 1 hr, followed by precipitation into a large quan-
tity of ethanol. Recrystallization from water provided a deep-violet
crystalline mass in 549, yield; absorption maximum in water, 603 mu.

ANnar. Caled: §,9.289,. TFound: S, 8.999.

the infrared spectrum also indicates the carbonyl absorption at 1650 em !

The model azo compounds employed were prepared according to con-
ventional procedures, except 4-aminoazobenzene, which was commercially
obtained.

Polymerization

The azo monomers were polymerized in sealed ampules under vacuum
or in an inert atmosphere with tetrahydrofuran as solvent and azobisisobu-
tyronitrile as initiator. For N-acrylamidomethylthionine, water was used
as solvent and potassium persulfate as initiator. From practical stand-
points, copolymers were prepared exclusively. As regards N -acrylamido-
methylthionine, the copolymerization with 10-fold acrylamide afforded
only a trace of polymer. Styrene, methyl methacrylate, and acrylic esters
were employed as comonomers in the azo copolymerizations. A typical
example is as follows.

A solution of 0.05 g of 4-vinyl-4’-dimethylaminoazobenzene, 0.45 g of
styrene, 0.5 g of tetrahydrofuran, and 0.002 g of azobisisobutyronitrile was
put into a Pyrex glass ampule, which was then evaluated and sealed off.
Upon standing 48 hr at 80°C, a viscous red solution resulted. It was pre-
cipitated into petroleum ether, followed by redissolution in benzene and
successive reprecipitation into petroleum ether. This reprecipitation pro-
cedure was reiterated at least twice. The purified polymer was freeze-
dried from benzene to provide an orange powder in 969, conversion; in-
trinsic viscosity [5] in benzene at 20°C, 0.13.

Preparation of Photochromic Polymer by Chemical Reaction of Polymer
Via Diazocoupling Reactions of Poly-o-hydroxystyrene. A typical ex-
ample is as follows.

An aqueous solution containing 0.083 mole of p-chlorobenzenediazonium
chloride was added dropwise, with stirring at 5°C, to an aqueous solution
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containing 10.0 g (0.083 mole) of poly-o-hydroxystyrene([n] = 0.11) and
25 g of sodium hydroxide.

Stirring was continued for 1 hr longer, followed by neutralization with
hydrochloric acid to yield a brown precipitate. It was purified by dissolv-
ing in tetrahydrofuran and subsequent precipitation into water. The ex-
tent of reaction was 869,.

Via Reactions of NV-Hydroxymethylacrylamide Polymers with Aminoazo-
benzene Derivatives. N-Hydroxymethylacrylamide copolymers with
inert vinyl monomers such as acrylic and methacrylic esters and styrene
were combined with aminoazobenzene derivatives via the condensation
reactions of N-methylol with amino groups. Thus, in a typical example, 2.5
g of N-hydroxymethylacrylamide, 5 g each of butyl acrylate and methyl
methacrylate, 0.15 g of benzoyl peroxide, and 0.1 ml of dodecyl mercaptan
were dissolved in 30 ml tetrahydrofuran, and polymerization was carried
out at 70°C for 5 hr. The resulting polymer solution was diluted with
tetrahydrofuran so as to afford 109, concentration, excess 4-aminoazoben-
zene being added, followed by 15 hr refluxing. The resulting deep orange-
colored solution was poured into water. The precipitate thus produced
was dissolved in tetrahydrofuran and reprecipitated into water. This
operation was reiterated several times. The extent of reaction as calcu-
lated from the result of elementary analysis was 61.49, of the N-hydroxy-
methyl group. [n] = 0.33 (acetone, 20°C); absorption maximum in ben-
zene, 381 mu (sample 11).

Via reaction of N-Hydroxymethylacrylamide Polymer with Thionine.
Almost the same procedure was employed as for aminoazobenzene deriva-
tives, except that water was used as solvent. In a typical procedure, to
10 ml of 59, aqueous solution of the N-hydroxymethylacrylamide—acryl-
amide copolymer (1:5 by weight; [n] in water at 30°C, 1.2) were added
0.4 g of thionine in 5 ml of water, the mixture being heated 5 hr at 90°C.
The resulting solution was precipitated into ethanol, followed by several
repetitions of dissolution in water and subsequent precipitation into
ethanol. The purified solution was then freeze-dried to give a fluffy
violet polymer. Redox titration of this polymer in aqueous solution with
titanous chloride indicates that the reaction was almost quantitative.

Measuring Instrument

An irradiation (ca. 80000 lux) at a distance of 30 em from a 500-W
tungsten lamp spotlight was employed for the acrylamidomethylthionine
polymer films. However, since the spectral changes with light irradiations
are usually too fast to permit taking of exact spectra, an instrument with a
rotating shutter working upon a principle similar to that proposed by
Gould and Brode!'? was devised in order to effect the measurements under
irradiation (Fig. 1). The instrument was attached to the cell compart-
ment of a Hitachi recording spectrophotometer (Model EPS-3T). Thus, a
polymer solution in an optical cell, which is transparent on all sides, was
placed in the sample compartment, which was then exposed to intermittent
irradiation from a 100-W projection lamp with the rotating shutter, the
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spectrophoto-
meter
sample com-
partment
100W-projection rotating
lamp shutter

cell or film
exciting intermittent

beam monochromet-
er beam

Fig. 1. Schematic representation of the measuring instrument with rotating shutter
device.

light being directed at right angles to the monochrometer beam and the
shutter being so adjusted as to admit the exciting and monochrometer
beams alternately. In the case of films, polymer solutions were evaporated
to films 0.01-0.1 mm in thickness on thin glass plates which are almost
transparent over a range of 350-500 mg. The glass plates were then in-
serted diagonally into the sample cell holder to effect irradiation.

Photochromic Behavior

Aminoazobenzene Polymers. TFigures 2 and 3 indicate typical spectral
changes in vinylaminoazobenzene polymers with 10 min irradiation with

Amax. 415mp

ABSORBANCE

g0 . .
00 55 500
WATE  LENGTR i
Fig. 2.  Absorption spectra of (——) 4-vinyl-4’-dimethylaminoazobenzene (copolymer

with styrene (1:9 by weight) and (---) 4-methyl-4’-dimethylaminoazobenzene in ben-
zene solutions, exposed to: (I, 1), darkness (I’, II') the exciting beam (no filter). Con-
centration of the polymer, 3 X 1072 g/L.
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WAVE LENCTT H ,n-

Fig. 3. Absorption spectra of 4-vinyl-4'-dimethylaminoazobenzene polymer and 4-
niethyl-4'-dimethylaminoazobenzene embedded in polystyrene: (7, 77) exposed to
darkness; (1, 111 exposed to the exciting beam in film states (ca. 0.01 mm thickness).
Notations are the same as for Fig. 2.

the use of the rotating shutter. As seen from these curves, absorption
peaks for both 4-vinyl-4'-dimethylaminoazobenzene polymer (sample 1)
and its model compound, 4-methyl-4,-dimethylaminoazobenzene, when
irradiated, shift towards shorter wavelengths, absorbances at the original
wavelengths being decreased simultaneously. Isosbestic points are also
found in each case, denoting that new absorption peaks appear with
irradiation. In Figure 4 are shown, for this polymer, the changes of
transmittance at the original peak sites with irradiation and its recovery in
dark. As far as this polymer and its model compound are concerned,
the rate of recovery after exposure for the polymer is greater than that for
the corresponding model compound.

Table Il summarizes numerical data for this system, other related poly-
mers, and their model compounds.

In Table Il, i?"max//ESax denotes the ratio of absorbances (light/dark)
at the peak wave length in dark. The results obtained on another series
of aminoazobenzene polymers, prepared by the condensation reactions of a
terpolymer of iV-hydroxymethylacrylamide(MAM)- butyl acrylate(BA)-
methyl methacrylate(MMA) (1:2:2 by weight) with aminoazobenzene
derivatives are given in Fig. 5 and Table Ill. To this table were also
added the data for a 4-(TV-acrylamidomethyl) aminoazobenzene copolymer
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TRANSMTIANE
chanre yC

Fig. 4. Rates of the changes of transmittances at absorption maxima (dark); (9) ex-
posed to the exciting beam for 4-vinyl-4'-dimethylaminoazobenzene-styrene (1:9)
copolymer in benzene solution; (O, =) exposed to darkness after 20 min irradiation for

the polymer and 4-methyl-4'-dimethylaminoazobenzene, respectively.

Fig. 5. Absorption spectra of a 4-acrylamidomethylaminoazobenzene -MMA-BA

(1:2:2) ferpolymer, exposed to: (1, 11) darkness; and (/', 1f", 111’, 1v, v) the ex-
citing beam; (------ ) benzene solution (polymer concentration, 0.IMO g/1); (— 0.1 film,
without filter, (-------- ) film with blue filter (max. transmittance 400 n/x); (-----— ) film

with green filter (530 m/t); (mee) film with red filter (700 nvx).
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Fig. G Absorption spectra of (------ ) 3-vinyl-4-hydroxy-4'-chloroazobenzene-methyl
methacrylate-ethyl acrylate (1:5:5) by weight terpolymer and (--) 3-methyl-4-hv-
dro.xy-4'-chloroazobenzene, exposed to: (/, 11) darkness; (/', 11") the exciting beam.

Fig. 7. Absorption spectra of (------ ) A-aerylamidomethylthionine-acrylamide (1:7
mole/mole) copolymer and (--) thionine in aqueous solutions exposed to: {1, 11) dark-
ness; (/', 11) the exciting beam. Aqueous solutions contain 0.1 mole/1 phosphoric acid
and 0.001 mole/1 ferrous ammonium sulfate; polymer concentration. 10 mg/1.
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Fig. 8 Change of the absorption spectrum of a M-acrylamido-methylthionine-iV-
hydroxymethylacrylamide-acrylamide (0.02/1/7 mole/mole/mole) terpolymer with
irradiation. Figures in the diagram denote the irradiation time in minutes from a 500-W
spot reflector lamp at a distance of 30 cm. Film was prepared with the addition of
equal amount of poly(vinyl alcohol) (DP, 500) in ca. 0.01 mm thickness.

with styrene (2:15 by weight), prepared by the copolymerization of the
azomonomer (sample 20).

It is to be noted that blue light is most effective for the photochromie
excitation, that compounds without polar substituents in the 4' positions
(samples 11 and 13) are superior to the corresponding model compounds
(samples 12 and 14), and that marked effects of comonomers and matrix
polymers are observed.

Hydroxyazobenzene Polymers. Figure 6 and Table IV indicate the re-
sults obtained for 3-vinyl-4-hydroxyazobenzene polymers and their model
compounds. In this series, it can be generally said that absorption peaks
are located at lower wavelengths, as compared with the aminoazobenzene
series, and that it takes more times in reaching equilibrium under irradiation
as well as for recovery.

Thionine Polymers. In Figures 7 and 8 and in Table V are indicated the
reversible color fadings of fV-acrylamidomethylthionine polymers by redox
mechanisms.

The presence of some additives, including reductants and active surfaces,
is required to enhance the sensitivity of the photo-induced reduction of the
blue thionine component in polymer. Ferrous ion in aqueous solutions and
poly(vinyl alcohol) in the film states were found to be the most useful for
this, sensitivities being strongly dependent upon the amounts of the addi-
tives employed. Thus, in dilute acid solutions, the thionine polymer-
ferrous ion system induces rapid and strong color fading even with the
irradiation from the 100-W tungsten lamp (Fig. 7). In film states, how-
ever, the incorporation of low molecular compound is unfavorable from a
practical standpoint, so that polyvalent alcohols in the form of polymer,



29«» 11. KAMOGAWA, M. KATO, li. SUGIYAMA

TABLE V
Photochromie Properties of ArAcrylamidomethylthionine Polymers
Ab- Irradia-
sorbance tion 50%
maximum, time, Recovery,
Sample Composition State m'r min ~max/Nmax mill.
27 A-Acrylamido- Aqueous* 603 10 0.162 5
methylthionine-
AM(/7) copoly-
merl
2S A'-Acrylamido- Film 012 301 0.083 too
methylthionine-
MAM-AM (0.02/
1/7)b terpolymer
+ PVA(DP, 500)
(1:1)«
29 Ar-Acrylamido- Film 012 5d Colorless 60

methylthionine-
AM (1/7)b copoly-
mer + PVA(DP,
500)

(1:10)«

»0.1 mole/l HP04 1.8 X 10~3 mole/1 ferrous ammonium sulfate; polymer con-
centration, 10 ing/1.

b Molar ratio.

¢ Weight ratio.

d500-W spot reflector lamp.

such as poly(vinyl alcohol), were employed. In order to induce the re-
versible photobleaching on this case, higher light intensities necessitating
the use of the 500-W lamp, were required.

DISCUSSION

As is well known for low molecular weight azobenzene derivatives,1314
the azobenzene groups in the polymer molecule are considered to contain
the cis and trans isomers in equilibrium with each other, and irradiation
causes partial isomerization to unstable cis isomer and subsequent standing
in the dark results in reversal to the stable form, trans isomer. This
cis-trans isomerization affects the coplanarity of the azobenzene molecule,
thereby causing changes in absorption spectrum. This change of co-
planarity is, of course, subject to steric conditions, making solutions of poly-
mer more advantageous than films. Moreover, in film states, flexible inert
components such as acrylates are preferred to rigid ones such as styrene.
This relationship can be recognized from the comparison between the data
for 4-amino-4'-methylazobenzene embedded in polystyrene and that for the
same compound in a butyl acrvlate-methyl methacrylate copolymer film
(sample 14). It was also seen in the copolymers of p-(Al-acrylamido-
methyl)aminoazobenzene (samples 11 and 20). As regards the effects of
polar groups in the matrix, the hydroxyl group is found to hamper the
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Fig. 9. Polarographie reduction wave for the thionine polymer (sample 27) with the

dropping mercury electrode in an aqueous buffer (pll 5; 0.1.17 sodium acetate with the
addition of acetic acid).

cis-trans isomerization, probably due tit the formation of hydrogen bond,
as clearly known from the data for 4-amino-4'-methylazobenzene em-
bedded in a iV-hydroxymethylacrylamide-butyl acrylate-methyl methac-
rylamide terpolymcr (sample 14).

The fact that more favorable results were obtained for some polymers,
as compared with the corresponding model compounds, might relate to the
problem of the aggregations of azobenzene molecules in film or solution
states. Thus, while the fixation of an azobenzene component to a co-
polymer chain causes sterie hindrance for the cis-trans isomerization, the
isolation of each component from others by inert comonomer components,
thus attained, might prevent their aggregations through hydrogen bondings.
The former effect is contrary to the latter and practical data are considered
to indicate the balances of the two. The best results in this connection are
hence observed for the polymers the azobenzene components of which
contain no hydrogen-bond-forming substituents other than those for the
connections with the polymer substrates (e.g., samples 1 and 11).

It is well known that thiazine derivatives in the oxidized forms, such as
thionine, methylene blue, and azure A, B, and C, indicate reversible photo-
bleachings for themselves or in the presence of a sensitizer or a reductant.
Thus, Parkerb indicated that, when oxygen-free solutions of methylene
blue or thionine in dilute sulfuric acid are subjected to flash photolysis, re-
versible bleaching of the dyestuffs occurs, both the long-lived species likely
to be semiquinone and produced by wavelengths shorter than 250 m/r and
the short-lived species at longer wavelengths, which appear to be triplet
levels, being observed.
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Sensitizers such as silica gel and zinc oxide have also been reported.®
Ferrous and stannous ions, ascorbic acid, phenylhydrazine, etc.1718 have
been known to be effective reductants for reversible photobleachings of
methylene blue or thionine.

The absorption changes observed with ferrous ion as reductant in the
polymer can be interpreted in terms of the reaction scheme (5).

—ch2—ch—
=0 + 2Fe
NH
CH,NH- light [dark
Thionine polymer
— CH,— CH-
0=0
Dismutation |
NH N,
CH.NH—
NH, cr
Semiquinone polymer
lightj | dark Dismutation
+ 2Fet+++
cr
Leucothionine polymer (5)

Thus, the thionine polymer excited by irradiation, probably to triplet
levels, is reduced by ferrous ion to “half-reduced” semiquinone free radical,
which rapidly induces dismutation to provide the leuco- and thionine com-
ponents or which is further reduced to the leucothionine level. The poly-
meric character of the thionine polymer might exert some influences upon
the extent of the dismutation reaction. However, as well recognized from
the polarograms in Figure 9, there are observed no appreciable steps for the
semiquinone levels in both the thionine polymer and thionine itself, so that
the semiquinones are considered to be very unstable, and their formations
transient.

As regards Figure 8 and Table V, whether the hydroxyl groups of polv-
(vinyl alcohol) added participate themselves in the reduction of the
thionine components, or merely play arole of carriers of the activated water
molecules adsorbed on them (the water molecules participating in reduction)
has not as yet been ascertained. However, excellent reversibility en-
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countered in this system and relatively slow recovery might induce us to
adopt the latter mechanism for photobleaching and air oxygenoxidation
for recovery of color as principal causes.
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Polymerization of Allyl(vinyl Phenyl) Ethers and
Reactions of the Resulting Polymers
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Synopsis

Solution polymerizations of allyl(o-vinyl phenyl)ether and allyl(p-vinyl phenyl)ether
with cationic and radical initiators were investigated. Soluble polymers were formed
in polymerizations with boron trifluoride etherate and with benzoyl peroxide. In
polymerization with azobisisobutyronitrile the polymerization in dilute solution gave a
soluble polymer, whereas that in concentrated solution gave a crosslinked, insoluble one.
For information on the polymerization behavior some infrared and ultraviolet spectro-
scopic investigations of the soluble polymers were made. From these results it appears
that polymers with pendant allyl groups are formed in polymerization with boron tri-
fluoride etherate at low temperature, and polymers containing pendant vinyl groups
and allyl groups are obtained with the two types of radical initiator. Copolymerizations
of these monomers with ethyl vinyl ether and styrene with the use of boron trifluoride
etherate were successfully effected. Such reactions as Claisen rearrangement, cross-
linking induced with radical initiators, and epoxidation with perbenzoic acid were ex-
amined for the polymers prepared in the polymerization with boron trifluoride etherate.
Good results were obtained for the former two reactions. However, the latter was
unsuccessful.

INTRODUCTION

We have undertaken the preparation of polymers containing hydroxy-
styrene so as to obtain chemically reactive and photoresponsive polymers.
Up to this time hydroxymethylation,! epoxidation,? and allylation? of
hydroxystyrene polymers have been studied for the purpose of preparing
three-dimensional resins. Polymers from o-hydroxystyrene containing azo
dve groups have been investigated as photochromic polymers.® The
polymerization behavior of o-hydroxystyrene also has been investigated
in detail.4

In the work reported in this paper the allyl ethers of o- and p-hydroxy-
styrene were homopolymerized with cationic and radical initiators and were
copolymerized with ethyl vinyl ether and styrene with cationic initiators
for the purpose of preparing linear polymers. Such reactions as Claisen
rearrangement, crosslinking induced with radical initiators, and epoxidation
with perbenzoic acid were investigated in the polymers thus obtained.

While this work was being carried out the polymerization behavior of
allyl(p-vinyl phenyl)ether with anionic catalysts was reported by D’Alelio
and Hoffend.®

2993
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EXPERIMENTAL

Materials

o-Hydroxystyrene was prepared from coumarin, according to the method
reported in the previous paper,4 and distilled before use; b.p. 5S-59°C at
1 mm.

p-Hydroxystyrene was synthesized by the procedure of Coroson and
others.7 In this work p-hydroxyacetophenone was used as starting mate-
rial. From 15.5 g of p-acetoxystyrene there was obtained 9.9 g (86%) of
pale-brown crystalline mass (without recrystallization); m.p. 64-66°C
(it.871 72°C).

Allyl phenyl ether was synthesized from phenol and allyl bromide ac-
cording to the method described in the literature;9 b.p. 82 83°C at 18mm
(1it.885°C at 19 mm).

Allyl(o-vinyl phenyl)ether (1) was prepared by the following procedure.
A mixture of 12.0 g (0.100 mol) of o-hydroxystyrene, 13.3 g (0.110 mol) of
allyl bromide, 20 g of anhydrous potassium carbonate, and 25 ml of absolute
ethanol were heated at reflux temperature for 4 hr. At the completion of
the reaction 100 ml of water and 100 ml of petroleum ether were added.
The organic layer was separated and washed twice with 5% sodium hydrox-
ide solution. The petroleum ether solution was dried over anhydrous
sodium sulfate, the solvent was removed by distillation, and the residue was
distilled under reduced pressure to give 12.2 g (76%) of colorless oil;
b.p. 63-66°C at 0.7 mm.

Anal. Calod. for ChHID: C 82.47%, H 7.55%. Found: C 82.30%, H 7.28%.
The molecular weight determination by means of vapor-pressure osmometry (Mechro-
lab) gave the value of 168; the theoretical value is 160.2.

Allyl(p-vinyl phenyl)ether (I1) was obtained by the same procedure as in
the preparation of (1). From 8.2 g of p-hydroxystyrene there was ob-
tained 7.4 g (68%) of colorless oil; b.p. 74-77°C at 0.7 mm.

Anal. Found: C 82.16%, H 7.90%. The molecular weight determination gave
the value of 157.

Perbenzoic acid was prepared by hydrolysis of benzoyl peroxide according
to the method recorded in the literature.

Styrene, «-methylstyrene, and ethyl vinyl ether, used as comonomers,
were all commercial products and were purified by distillation just before
use. Maleic anhydride was recrystallized from chloroform.

Azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO), used as
radical initiators, were purified in the usual manner. Boron trifluoride
etherate (BTE) and stannic chloride, used as cationic initiators, were of the
highest purity commercially available. The latter was purified by distilla-
tion after refluxing with phosphorus pentoxide for several hours.

Methylene chloride as solvent for cationic polymerizations was distilled
over phosphorus pentoxide. Tetrahydrofuran for radical polymerizations
was refluxed over sodium for several hours and then distilled.
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Polymerizations

Cationic Polymerizations. A solution of (I) or (Il) in methylene chlo-
ride was transferred to a flask, which was then sealed with a serum stopper.
The flask was cooled to —78°C in a bath of methanol and solid carbon di-
oxide, and the content was stirred by means of a magnetic stirrer. BTE
or stannic chloride was injected through the stopper into the flask, and
stirring was continued at this temperature. After polymerization a small
amount of methanolic ammonia was added with stirring to the polymer
solution, to neutralize the initiator (some solutions were diluted with
methylene chloride). The solution was then coagulated by being poured
into an excess of vigorously stirred methanol containing a small amount of
ammonia. The polymer thus isolated was filtered, rinsed with methanol,
and then dried to constant weight in a vacuum oven at 30°C. Polymers
obtained from (I1) were freeze-dried from benzene.

The general procedure for cationic polymerization described above was
also used for preparation of the copolymers. Equimolar quantities of
(1) or (I1) and a comonomer (ethyl vinyl ether or styrene) were dissolved
in methylene chloride, and the solution was subjected to copolymerization
at —78°C. The polymers were precipitated in nonsolvent. In the case of
copolymers with ethyl vinyl ether a methanol-water (7:1) mixture contain-
ing a small amount of ammonium hydroxide was used as nonsolvent.
Polymerization of «-methylstyrene and its copolymerization with allyl
phenyl ether were also carried out by the same procedure.

Radical Polymerizations. A solution of (I) or (Il) in tetrahydrofuran
and an initiator (AIBN or BPO) were put into a Pyrex glass tube. The
tube was cooled with abath of methanol and solid carbon dioxide, evacuated,
and filled with nitrogen. This operation was repeated twice, after which
the tube was flushed with nitrogen and then sealed. Polymerization was
carried out in a thermostatted bath at 70 + 1°C. After polymerization
the polymer solution was diluted with tetrahydrofuran and poured into an
excess of vigorously stirred methanol, to isolate polymer. The polymer
was filtered, rinsed with methanol, and dried under vacuum in an oven kept
at 30°C. Copolymerization of allyl phenyl ether and styrene were also
done in the same manner as in the radical homopolymerization procedure
described above.

Reaction of Linear Polymers

Claisen Rearrangement of Polymers. Eight tenths of a gram of polymer
dissolved in 10 ml of diethylaniline (b.p. 215°C) was placed in a 50 ml flask
equipped with a reflux condenser, and the solution was refluxed for 3 hr
under nitrogen atmosphere. At the end of the reaction the product (a
small portion of polymer was isolated from the solution in each case) was
diluted with acetone, filtered, and poured into a vigorously stirred 200 ml of
water containing 12 ml of concentrated hydrochloric acid. The polymer
thus isolated was filtered, dissolved in acetone, and reprecipitated into
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water. The polymer thus purified was filtered, rinsed with water, and
dried under vacuum. After drying the rearrangement product of polymer
(I) was soluble in acetone, tetrahydrofran, and pyridine, whereas the re-
arrangement product of polymer (II) was insoluble.

The degree of rearrangement was determined for the rearrangement
product of polymer (I) by the following procedure. The polymer was
acetylated with a pyridine-acetic anhydride mixture according to the
method reported by Burke and others.!' The infrared spectrum of the
acetylated polvmer indicated the absence of the hydroxy! group and showed
strong absorption at 1760 em~! due to the carbonyl group. Determination
of acetyl content of the acetylated polymer thus produced was done by a
method similar to the one given in the literature'? (a method used for cellu-
lose acetate). In this work saponification was carried out for 5 days, and
titration was conducted with a pH meter equipped with glass and calomel
electrodes (the pH value selected as the endpoint was 9.5). Thus, the
acetyl content of the acetylated polymer (I) was found to be 29.09,, which
value corresponds to the 1009, rearranged polymer (29.1%,).

Crosslinking of Polymers. Two tenths of a gram of each polymer was
dissolved in 1 ml. of tetrahydrofuran; this was followed by addition of 0.01
g of AIBN or BPO and subsequent mixing. The mixture was spread onto
a glass plate, the solvent was then allowed to evaporate, and the resulting
films were cured at 100°C for 50 min. After that the solubilities of the
cured films were determined from the weight differences of the dried
samples before and after immersion in tetrahydrofuran for 4 hr at room
temperature. Another experiment was done with maleic anhydride as
comonomer. In this experiment 0.20 g of each polymer and 0.20 g of
maleic anhydride were dissolved in 2 ml of tetrahydrofuran; then 0.02 g of
BPO was added to the solutions and followed by mixing and spreading onto
a glass plate. Subsequent treatments were carried out in the same way as
that described above.

Reaction of Polymers with Perbenzoic Acid. In a 20 ml flask was placed
0.400 g (0.00250 mol) of polymer (I) or (IT) or 0.400 g [0.00172 mol as (I)
or (IT) units] of copolymer obtained from (I) or (II) and ethyl vinyl ether.
Approximately equimolar quantity of perbenzoic acid (a solution of 0.469
mol of perbenzoic acid in 1 liter of chloroform) to (I) or (II) ingredient in
each polymer was added to the flask with stirring, and the resulting solution
was allowed to stand overnight at 20°C. However, no soluble epoxidized
polymers were obtained. The homopolymers in solutions led to complete
gel formations, whereas the copolymers were partially isolated from the
mixtures. When the soluble portions from the latter mixtures were iso-
lated by being poured into a methanol-water (7:1) mixture and dried, they
also changed to erosslinked insoluble materials.

Characteristics of Polymers

Viscosity Measurements. The intrinsic viscosities of polymers were
measured in tetrahydrofuran solution in an Ubbelohde type of viscometer
in a thermostat bath kept at 30 £ 0.05°C.
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Measurements of Infrared and Ultraviolet Spectra. Infrared and ultra-
violet absorption spectra were taken with Hitachi Recording Spectro-
photometers, Models EPI-S, and EPS-3T, respectively.

RESULTS AND DISCUSSION

Polymerizations

Monomer (I) and (IT) have two different olefinic double bonds in their
structures: vinyl and allyl groups. The vinyl group in each monomer
should be much more susceptible to eationic initiators at low temperature
than the allyl. From this viewpoint the polymerizations of (I) and (II)
with some cationic initiators were investigated to obtain linear polymers
with pendant, unsaturated groups. At the same time polymerizations of
these monomers with radical initiators were also examined.

Table I contains the polymerization conditions and the results of poly-
merizations of these two monomers. In the case of polymerization with
BTE at the temperature of solid carbon dioxide the resulting polymers
were soluble in a number of organic solvents, except for a polymer from (I),
which was obtained after a long polymerization time (20 hr) and which
contained some insoluble portions. Such a tendency was seen even in the
case of the cationic polymerization of 2,5-dimethoxystyrene with this same
initiator.® A polymerization of (I) with stannie chloride afforded polymer
containing some insoluble portions. In the polymerization of (II) the use
of lower concentrations was more favorable than in that of (I), since the
polymerization reaction of (II) was found to proceed more violently than
that of (I). The color of the solutions of (IT) during polymerizations was
dark amber, which disappeared on quenching with methanolic ammonia;
the solutions of (I) were colorless during polymerizations.

Unexpected results were obtained in radical polymerizations. When
509, solutions of (I) and (II) in tetrahydrofuran were subjected to radical
polymerization with AIBN and BPO, the AIBN gave crosslinked, insoluble
polymers, as expected, but BPO gave soluble polymers with higher intrinsic
viscosities, although polymer conversions were relatively low. On the
other hand, polymerizations of approximately 209, solutions with AIBN
gave soluble polymers.

For information on polymerization behavior the infrared absorption
spectra of these polymers were investigated. The infrared spectra of (I)
and (II) have three strong absorption bands in the region of 900-1000
em~!: ie., 905, 923, and 995 em~—!. Styrene has two bands at 905 and
995 cm~!, due to the vinyl double bond."* In this region allyl phenyl
ether also shows two bands at 923 and 995 em~! that might be at-
tributable to the double bond in allyl group. As for the polymers pre-
pared by the polymerization with BTL, two absorptions are recognized at
the same positions as for allyl phenyl ether in this region; the absorption at
905 ecm~! recognized in (I) and (II) disappears in the polymerizations.
These two ribsorptions, however, disappeared by bromination. The infrared
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Fig. 1. Infrared spectra (900 to 1000 cm-1): (a) allyl(o-vinyl phenyl) ether and
allyl (j»-vinyl phenyl)ether; (b) poly[allyl(o-vinyl phenyl)ether] and poly[allyl(p-vinyl
phenyl)ether] ; (c) bromination product of (6); (d) allyl phenyl ether; (e) styrene.

pattern of the soluble polymers formed in the radical polymerization corre-
sponds with that of the polymers formed in the polymerization with BTE.
The infrared spectra are compared in Figure 1

These results suggested that the polymerizations of (I) and (Il) proceed
through the vinyl double bond without affecting the allyl one, in both
cationic and radical polymerizations (only in the case in which soluble
polymers are obtained). For the purpose of ascertaining whether this as-
sumption was reasonable or not, a cationic polymerization of a-methyl-
styrene with BTE and radical polymerizations of styrene with AIBN and
BPO in the presence of allyl phenyl ether were examined. If allyl phenyl
ether is copolymerized with these monomers under given conditions, it
might afford indirect evidence that not only the vinyl but also the allyl
double bonds in (I) and (I1) participate in polymerization.

The polymerizations were carried out under the conditions listed in
Table Il. Infrared and ultraviolet spectra were taken for the resulting
polymers in order to detect the presence of allyl phenyl ether units in the
polymers. The results obtained are indicated in Table I1.

The infrared and ultraviolet spectra of the polymers prepared by the
polymerizations of «-methylstyrene and the «-methylstyrene-allyl phenyl
ether system with BTE at a temperature of solid carbon dioxide showed a
perfect correspondence. On the other hand, there are observed some
differences between the spectra of polymer formed from styrene and poly-
mer formed from styrene -allyl phenyl ether, as shown in Figures 2 and 3.
The infrared spectrum of each of the polymers obtained from styrene-allyl
phenyl ether with BPO (“g”) and AIBN (“h”) revealed a weak absorption
band at 1245 cm-1, which is absent in that of polystyrene (“f”). This
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Fig. 2. Infrared spectra: (f) polystyrene; (g, h) polymers prepared in polymerization of
st.yrene-allyl phenyl ether (1:1) with BPO and AIBN, respectively.

absorption should be attributable to the aromatic ether groupX4in the poly-
mers. As for the ultraviolet spectra, there appeared a weak absorption
near 279 mg for each polymer (“g' and “h'”) obtained in the polymeriza-
tions of the styrene-allyl phenyl ether system with BPO and AIBN,
whereas for polystyrene (“f'”) no absorption was recognized in the neigh-
borhood of the region. This absorption possibly is due to the phenolic
ether group,®indicating the presence of an allyl phenyl ether unit in the
polymers.

From the evidence the following conclusions concerning the polymeriza-
tion of (I) and (I1) may be drawn. As regards the solution polymerization
with BTE at sufficiently low temperatures, polymerization takes place
through the vinyl double bond without affecting the allyl double bond. In
the case of polymerization with BPO or AIBN at relatively high tempera-
tures the polymerization proceeds not only through the vinyl double bonds
but also through the allyl double bonds, even when soluble polymer is ob-
tained; pendant vinyl groups might exist in minor portions in the poly-
mers in addition to the allyl groups.

D’Alelio and Hoffend6 indicated that radical (BPO) and cationic (alu-
minium chloride) polymerizations of undiluted (11) at 60°C and 20° C for 24
hr gave crosslinked, insoluble polymers.

Copolymerizations of (1) and (I1) with ethyl vinyl ether and styrene at a
temperature of solid carbon dioxide with the use of BTE as initiator were
examined. The results are shown in Table 111 together with the polymeri-
zation conditions.
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240 260 280
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Fig. 3. Ultraviolet spectra: (f') polystyrene; (g', h') polymers prepared in polymeriza-
tion of styrene-allyl phenyl ether (1:1) with BPO and AIBN, respectively, in dioxane.

Copolymerizations of (1) for long periods of time with these two comono-
mers gave perfectly soluble polymers, unlike the homopolymerization of
(I). The intrinsic viscosity of the copolymer of (I) with styrene was lower
than that with ethyl vinyl ether. The infrared spectra of these polymers
also had strong bands at 923 and 995 cm-1.

Claisen Rearrangement of Linear Polymers

The linear polymers obtained in the polymerizations of (I) and (I1) with
BTE were subjected to a Claisen rearrangement reaction in boiling diethyl-
aniline under nitrogen atmosphere as follows.

A determination of the hydroxyl group indicated that the extent of the
rearrangement achieved in the case of polymer (1) was 99.6%. The color
of the rearranged polymer was brown, and the polymer was soluble in a
number of organic solvents. As regards polymer (Il), the rearranged
polymer turned to insoluble material in the final drying procedure.

The infrared spectrum of each rearranged polymer showed strong bands
at 3550 cm "1 due to the hydroxyl group, at 912 (probably a shifted band
from the absorption at 923 cm-1 in the unrearranged polymers), and at
995 cm-1, due to the allyl group, and a medium-intensity band near 1320
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-f-CH—CH2)-, -(-CH—CH2
"l ,OCHXH=CH2 | 011
CHXH=CH2
poly[allyl(o-vinyl poly[3-allyl-2-
phenyl)ether] hydroxystyrene]

in (C>HONC«Hs

(N2atm.)
(CH- <Clb-h, -f-CH—CHZ-n
| XCILCn -CH
ochXxZh=cii2 OH
poly [allyl (p-vinyl poly [3-allyl-4-
phenyl)ether] hydroxystyrene]

cnrl which may be attributable to the phenol group. The absorption at
1240 cm-1, due to the aromatic ether group and occurring in the spectra of
the unrearranged polymers, disappeared in the case of the rearrangement
product of polymer (l), whereas that for the rearrangement product of
polymer (11) was indicated as a weak and broad band. Possibly the degree
of rearrangement for polymer (11) was less than that for polymer (1).
Another experiment was carried out for the soluble polymers prepared in
the polymerizations with AIBX and BPO. However, the polymers were
easily crosslinked and precipitated from solutions while the solutions were
being refluxed. This also might suggest that these polymers contain the
pendant vinyl groups besides the allyl groups, as already described.

Crosslinking of Linear Polymers

Crosslinked, insoluble films of polymers (1) and (11) obtained in the
polymerization with BTE were able to be produced by radical-induced
polymerizations of the residual allyl group. The films of the polymers
prepared from solutions containing BPO or AIBN were heated at 100°C

TABLE IV
Crosslinking of Polymers with AIBN and BPO
Polymer Catal., % Sojy.j %
Polymer (1) AIBN, 5 26.0
Polymer (I1) AIBN, 5 4.1
(I)-EVE (1:1) copolymer AIBN, 5 73.9
II-EVE (1:1) copolymer AIBN, 5 155
Polymer (1) BPO, 5 6.5
Polymer (I1) BPO, 5 3.4
I-EVE (1:1) copolymer BPO, 5 28.9
II-EVE (1:1) copolymer BPO, 5 15.1

Curing: 100 °C, 50 min.
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for 50 min. The solubility of the erosslinked films in tetrahydrofuran was
measured. The results obtained are summarized in Table IV.

The catalytic action of BPO was apparently stronger than that of AIBN.
This is a tendency contrary to that of the solution polymerization al-
ready described. The susceptibilities to crosslinking of the homopolymer
and copolymer of (1) are significantly greater than those of the polymers of
(I). The differences should be attributable to the difference in structure
between (1) and (11). Intermolecular crosslinking is considered to be more
rapid when the allyl ether group is located in the para position with respect
to the olefinic group of the allyl(vinyl phenyl)ether unit in the polymer,
than when it is located in the ortho position.

Copolymerizations of the polymers with maleic anhydride were success-
fully effected. The treatments were conducted in a manner similar to that
described above. The results are shown in Table V. A difference in

TABLE V
Copolymerizations of Polymers with Maleic Anhydride (MA)S
Weight ratio
Polymer polymer/AlA Catal., % Soly., %
Polymer (1) 1:1 PBO, 5 28.6
Polymer (1) 1:1 BPO, 5 9.5

“ Curing: 100°C, 50 min.

crosslinking reactivity is again observed.
Reaction of Linear Polymers with Perbenzoic Acid

To give epoxidized polymers the homopolymers and copolymers prepared
in the polymerization with BTE were subjected to reaction with perbenzoic
acid in chloroform at 20°C. However, no soluble polymers were obtained,
even though an epoxidation of poly(allvl methacrylate) had proceeded
smoothly without gelation under similar conditions.’ This crosslinking
might be related to the etheral oxygen attached to the allyl group, but a
reasonable explanation has not been offered yet.

Grateful acknowledgment is made to Prof. S. Okajima, of Tokyo Metropolitan Uni-
versity, for his kind advice.
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Soluble High Polymers from Allyl Methacrylate

J. P. J. HIGGINS and K. E. WEALE,
Department of Chemical Engineering and Chemical Technology,
Imperial College of Science and Technology, London, England

Synopsis

Allyl methacrylate has been polymerized by free-radical methods and found to yield
a soluble polymer in carbon tetrachloride, dioxane, and diallyl ether solutions. The
overall rate equation in diallyl ether is rRp = fc[In]°>-7[MP-6 It is suggested that propa-
gation and cyclization reactions proceed only via addition to the methacrylyl groups of
the monomer. Some degradative chain transfer occurs with the allyl groups, and it is
considered that the solvents may ensure the production of soluble polymers by reactions
in which allyl-radical side chains are terminated without crosslinking.

INTRODUCTION

It has been shownlthat 1,6-dienes can, under certain conditions, yield
soluble polymers by an alternating inter-intramolecular mechanism. Pre-
vious attempts to obtain a soluble polymer from the monomer allyl meth-
acrylate23have, however, not been successful. Kawai3has attributed this
to the predominance of the intermolecular reaction and to degradative
chain transfer.

Allyl methacrylate (1), which is an unsymmetrical 1,6-diene, has now
been found to produce soluble polymers up to high conversions in solutions
of carbon tetrachloride (CCU), dioxane, and diallyl ether. Examination
of the polymers so produced shows that they are true homopolymers and
that in diallyl ether little or no copolymerization occurs with the solvent.
The cyclopolymerization reactions may be represented as:

CH3CH, ch3ch?2 ch3ch?2
1/ \
IC CH mme > R-—-CH,— CH RCHZX CHm
- Intra- .
0= \ / Qpi nnéFecuIar 0: (I)lL n?olreacular O é\ / hb
0 o

I T "

@

where R' is an initiator or polymer radical. Normal propagation can take

place by the addition of monomer to either structure Il or structure I1I.

For reasons which are discussed below and in a forthcoming paper on the

kinetics, the alternative reactions through the allyl group as shown in eq.
(2) are considered unlikely.

3007
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OHj CHS
Cli2 ci: | Cll
\ .
ciiZz ch R—CHi(I:H' cIAJi: Cn 'g:" 2
| f -
CllI, c=0 C”2 C—O ci, C=0
O \
O (e) 0
v \Y%

EXPERIMENTAL

The monomer and all of the solvents were obtained from standard com-
mercial sources and were distilled under vacuum before use. Benzoyl
peroxide (BzD 2 was recrystallized from chloroform solution. Polymeriza-
tions were carried out in sealed glass ampules in an oil bath at 60°C, and
the rate of polymerization R,, was determined gravimetrically. Monomer
and diallyl ether which were exposed to air for a few days turned yellow, pre-
sumably through absorption of oxygen, and these samples gave relatively
low yields when used in polymerizations. However, a few samples pre-
pared by the high vacuum filling technique gave results similar to those
obtained from freshly distilled monomer and solvent, but with 110 special
precautions to exclude air. Infrared absorption spectra of the monomer
and polymer were obtained on a Idilger H-S00 spectrometer with an XacCl
prism.

RESULTS

Allyl methacrylate (M) was polymerized in bulk and in solution in
toluene, benzene, acetone, CCU, isopropyl ether, epoxypropane, dioxane,
and diallyl ether, with benzoyl peroxide initiator. With the reactions
in bulk, and in the solvents toluene, benzene, acetone, isopropyl ether,
and epoxypropane, gelation occurred at very low conversions. The poly-
mers were insoluble in the common organic solvents, in the monomer, and
in dimethyl sulfoxide. In CC14 solution, at low concentrations, conver-
sions of up to 40% soluble polymer were obtained before gelation occurred.
Autoacceleration was also observed and careful purification techniques and
the exclusion of oxygen did not prevent its occurrence. In dioxane solu-
tions, at concentrations of up to 2.2 rnole/l monomer, high yields of solu-
ble polymer were obtained. 11l diallyl ether solution very high yields of
soluble polymer were also obtained. The gel point occurred at lower con-
versions as the concentration of the monomer was increased. At very low
monomer concentrations almost 100% soluble polymer was obtained.
Figure 1 shows the results for the polymerization in three solvents at fixed
monomer and initiator concentrations.

11 various attempts to homopolymerize dioxane and diallyl ether by
free-radical methods4at temperatures from 30°C to 100°C and at pressures
from 1 to 10000 atm. it was found that these substances would not poly-
merize, (diallyl ether is, however, polymerized by cationic catalysts such as
boron trifluoride diethyl etherate). Elemental analyses of the polymers
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TIME (hrs)

Fig. 1L Polymerization of allyl methacrylate in three solvents at 60°C: (a) dioxane; (6)
diallylether; (c) CC14 [BzD*] = 11 X 10"2mole i; [M] = imole/l.

of allyl methacrylate formed in dioxane and diallyl ether solutions confirmed
that little or no copolymerization had occurred and that the allyl methac-
rylate had formed homopolymers. Table I shows the effect on the rate of
polymerization of allyl methacrylate in diallyl ether solution as the initi-
ator concentration is varied at constant monomer concentration.

TABLE |
Polymerization of Allyl Methacrylate at 60°O

[BzDZ3 X 103 rRP X 105

No. mole/1 mole/l-sec
1 1.03 1.01
2 5.80 3.04
3 16.80 5.16
4 27.20 8.49
5 45.20 12.40

“Solvent: diallylether; [M]: 2.2 mole/1.

The plot of log ifp versus log [Bzd 2] is linear and has a slope of 0.7.

Table Il shows the effect on the rate of polymerization of allyl meth-
acrylate in diallyl ether solution as the monomer concentration is varied at
constant initiator concentration.

The plot of log Rp versus log [M] is linear and has a slope of 1.6. Thus
the rate of polymerization of allyl methacrylate in diallyl ether solution at
GO0°C in the range of concentrations studied is given by:

Rp= ¢[BzAFtM ]18 (3)
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TABLE 11
Polymerization of Allyl Methacrylate at 60°C.»
[M], R, X 105,
No. mole/] mole/l-sec
1 1.1 27.7
2 1.8 37.6
3 2.2 84.9
4 3.3 172.7
b 3.6 176.9
6 4.4 282 .2
7 6.1 280.1

* Solvent: diallyl ether; [BzOs]: 1.1 X 1072 mole/l.

where k is a constant. Such irregular orders with respect to initiator and
monomer concentrations are common for allylic and substituted allylie
MONOMErs.

Characterization of Polymer

Intrinsic viscosity was measured in an Ubbelohde viscometer at 25°C
in toluene solution. The intrinsic viscosity [y] varied from 0.1 to 0.5.
Because of residual unsaturation the intrinsic viscosity varied with the
amount of time the polymer had been exposed to air, and all polymer sam-
ples so exposed eventually became insoluble due to crosslinking. Using
freeze-dried polymer samples which were immediately dissolved in toluene
it was possible to obtain an intrinsic viscosity—-molecular weight relation-
ship by comparing intrinsic viscosity results with osmometrically deter-
mined molecular weights for the same samples. The Mark-Houwink-
Sakurada equation for poly(allyl methacrylate) in toluene at 25°C was
found to be:

[1] = 2.4 X 10-407 05 4)

M, is the number-average molecular weight. In the case of poly(allyl
methacrylate), formed in diallyl ether solution at 60°C using Bz;0; as the
initiator, the molecular weight varied from 70000 to 100000.

Infrared Spectra

The infrared spectra of the monomer and the polymer are given in
Figure 2.

In the spectrum of the monomer the carbonyl stretch frequency absorp-
tion exhibits a peak at 1725 em~! but in the polymer this peak is broadened
and shifted towards 1740 em~—!. This indicates the presence of é-lactone
units (six-membered rings) in the polymer. The spectrum of the polymer
also shows a small absorption at 1775 em~!. This is attributed to the
presence of a small proportion of y-lactone units (five-membered rings)
which may be formed as shown in eq. (5).



SOLUBLE HIGH POLYMERS 3011

OH, CH,
R- GH2C+ CH=CH, RCHjC------- OIL -OH/
~ (5)
0=C CH o=C CH
0 0
I Vi

The presence of two types of lactone ring in the polymer is supported
by the absorptions at 1230 and 1275 cm-1. These are probably due to the
— CO— stretching frequencies in the 5 and y-lactone rings.

Fig. 2. Infrared spectra of (------ ) allyl methacrylate and (--) poly (allyl methacrylate)
at 800-1800 cm*“ 1

DISCUSSION

It has long been known that allylic monomers undergo degradative chain
transfer (DCT) reactions.”'7 In these reactions, which compete with nor-
mal propagation, a hydrogen atom is extracted from the monomer by an

active radical. In the case of allyl acetate:
I! + CH,., CHCILOCCH: + PHI + CH2CHCHOCCHS3 (6)
1 |
0 0

The resulting acetoxyallyl radical is resonance-stabilized and does not
readily add monomer, although it may terminate by bimolecular combina-
tion. If DCT predominates the rate of polymerization varies approxi-
mately as the first power of the initiator concentration5rather than the 0.5
power found with normal monomers such as styrene and methyl methacry-
late. The results for allyl methacrylate show that Rv varies as the 0.7
power of the initiator concentration. This result may be explained if the
methacrylyl groups can add to chains and undergo cyclization with the allyl
groups as shown in eq. (1), while the allyl groups preferentially undergo
DCT rather than the reactions shown in eq. (2). If the allyl group is
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pendant on a polymer or radical chain, which is denoted by X, the DCT
reaction is:

R- + CHZCHCH2-X — RIl + Clkc Cll fh'H X @)
VIl

The pendant resonance-stabilized allyl radicals do not propagate further
with monomer but may terminate by bimolecular combination in two
ways :

2 VIl CH2CH—CH—X
|
ch?2
CH 8
VIl 1
CH
X'
2VII X CH.-CHCIIL.,CIbCH CH X' 9)
IX

When there are many pendant resonance-stabilized allyl radicals these
reactions would quickly lead to crosslinked gel polymers and may account
for the formation of insoluble polymers in polymerization in bulk and in
the solvents toluene, benzene, acetone, isopropyl ether, and epoxypropane.
The formation of soluble polymers in the other solvents suggests that in
these the resonance-stabilized allyl radicals are preferentially terminated
by a process which does not lead to crosslinking. Carbon tetrachloride
is an active chain-transfer agent in some polymerizations89 and ethers
and dioxane are known to cause rapid induced decomposition of benzoyl
peroxide.l011 The allyl groups of the solvent diallyl ether can also take
part in DCT reactions. Radical-solvent and radical-initiator reactions
will produce small rapidly diffusing radicals which would be expected to
react with pendant resonance-stabilized allyl radicals much more rapidly
than the latter can combine mutually. The differences between the poly-
mer obtained in the two groups of solvents may thus be explicable in
terms of the differing abilities of the solvents to bring about termination
of radical side chains before they can react.

It has been shown that methacrylyl groups are much more reactive than
allyl groups in the polymerizations of the methacrylic ester of 2-allyl-
phenol12 and allyl methacrylate.13 The polymerization proceeds via the
methacrylyl groups to give high molecular weight polymer. That fraction
of the allyl groups not included in cyclization reactions via the methacrylyl
groups are left pendant on the growing chains.

On the view that the allyl group does not enter into chain addition
reactions it is possible to make some simplifications in the kinetic equations

for the polymerization of allyl methacrylate, and these are discussed in a
forthcoming paper.4
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Cationic Polymerization of a,/3-Disubstituted
Olefins. VI. Steric Structure of Poly (methyl
Propenyl Ether) Obtained by Cationic Catalysts
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of Polymer Chemistry, Kyoto University, Kyoto, Japan, and R. CHUJO

and T. KURODA, Katala Research Institute, Toyobo Company, LKkI,,
Hon-Katata, Otsu, Japan

Synopsis

The steric structure of polyfmethyl propenyl ether) obtained by cationic polymeriza-
tion was studied by NMR spectra. From the analysis of /3-methyl and a-methoxyl
spectra, it was found that the taeticities of the «carbon were different from those of the
/3-carbon in all polymers obtained. In the crystalline polymers obtained from the
trains isomer by homogeneous catalysts, BFj'O'j-CjHsit or AL,C2]I;)('L. and from the cis
isomer by a heterogeneous catalyst, A12(So 4)-H>So4 complex, the structure of polymers
was threo-di-isotactic. Though the configurations of all a-carbons were isotactic, a
small amount of syndiotactic structure was observed in the /3-carbon. On the other
hand, in the amorphous polymer obtained from cis isomer by the homogeneous catalyst,
the configuration of the a-carbon was isotactic, but that, of the /3-carbon was atactic.
These facts suggest that the type of opening of a monomeric double bond is complicated,
or that carbon-carbon double bond in an incoming monomer rotates in the transition
state. From these experimental results, a probability treatment was proposed from the
diad tacticity of m/S-disubstituted polymers. It shows that the tacticity is decided by
a polymerization mechanism different from that proposed by Bovey.

INTRODUCTION

For the investigation of the mechanism of the propagation reaction in the
ionic polymerization of vinyl monomers, it is very important to know the
type of opening of the monomeric double bond. Natta et al. have shown
by x-ray diffraction analysis on the di-isotactic structure of a polymer that,
the opening of the double bond of monomer is of the cis type in cationic
polymerization of trans-alkenyl ethersl and /3-chlorovinyl ethers2 at low
temperature.

Recently, information on the double bond opening has been obtained
quantitatively for the polymerization of alkyl acrylate-«, /30 by high
resolution NMR. spectroscopy.3-5 In radical polymerization the monomer
double bond was opened in both cis and trails type with equal probability,
while in anionic polymerization the type of the opening depended on poly-
merization conditions, e.g., the kind of catalyst and polymerization tem-
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perature. Thus, the types of opening of a monomeric double bond seem to
be complicated in anionic polymerization.

In the previous paper,6 we have reported on the NMR spectra of /3
methyl protons of poly(methyl propenyl ether) (PMPE) obtained by a
homogeneous cationic polymerization. It was found that polymer from
the trans isomer was a highly crystalline threo-di-isotactic structure and
that from cis isomer was a mixture of threo- and erythro-di-isotactic struc-
tures. From these results, we have assumed that the opening of the double
bond of the trans isomer was exclusively of the cis type and that of cis
isomer was of both cis and trans types.

This conclusion was derived only from the analysis of /3-methyl protons.
We have, however, no complete knowledge of the steric structure of a
polymer until structural information is obtained from the «-substituent as
well as the /3-substituent. The present paper is concerned with the analysis
of «-methoxyl spectra which were not elucidated in our previous paper.6

EXPERIMENTAL

Methyl propenyl ether was synthesized by the splitting off of alcohol
from dimethyl acetal. The crude product was fractionated by distillation
on a45-plate column. The cis and trans contents of methyl propenyl ether
were determined by gas chromatography on a dinonyl phthalate column
(3 m), 40°C, with I12flow at 50 ml/min. Two kinds of monomer mixture
having different mole rations of cis and trans isomer were used, i.e., cis/
trans ratios of 1/9 and 4/1.

Catalysts and solvents were purified by the usual method. Monomer
and solvents were distilled over sodium just before use.

The polymerization with homogeneous catalysts, BF3-0(C2Hg2 or
A1(CHHC12 and with a heterogeneous catalyst, A1AS043 11250i complex,
were carried out in the same way as described previously.6

NMR spectra of polymer were measured mainly in o-dichlorobenzene
solution (10%, w/v) in a sealed tube at 160°C with a Varian HR-60 instru-
ment. The spin-decoupling experiment was performed by the side-bond
method with a phase-sensitive detector operating at 2 kcps. The spectra
of methoxyl protons were measured at a slow sweep rate to make the signal
separations clear.

RESULTS AND DISCUSSION

NMR Spectra of Methoxyl Protons

Analysis of the configuration of PMPE from the spectra of methoxyl
protons as observed in poly(methyl vinyl ether) is anticipated.6 NMR
spectra of PMPE were measured in various solvents, e.g., carbon tetrachlo-
ride, chloroform, tetrachloroethylene, nitroethane, and o-dichlorobenzene.
Figure 1 shows the slow sweep spectra of the methoxyl protons in o-dichloro-
benzene and in tetrachloroethylene for PMPE obtained by BF30(C2H§2
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Fig. 1. Effect of solvent on NMR spectrum of methoxy protons in PMPE.

The aromatic solvent seems to increase the resolution of the methoxyl
spectrum of this polymer. The slow sweep spectrum of the methoxyl
protons was split into three components in o-dichlorobenzene solution.
In nonaromatic solvents the resolution was rather poor.

It was found in poly (methyl vinyl ether) and poly (methyl methacrylate)
that the methoxyl spectra were sensitive to the configuration of the polymer
and the resolution of the spectra depended on the kind of solvent.7-9
Similarly, in NMR spectra of PMPE a solvent effect was observed, as
shown in Figure 1. Therefore, it is expected that the signal separations of
the methoxyl protons are due to the steric configuration.

Polymers obtained under various conditions showed different spectra of
the methoxyl protons. Figure 2 shows the NMR spectra of the methoxyl
protons of polymers obtained from a cfs-rich monomer mixture (cis/trans =
4/1) and a trans-rich monomer mixture (cis/trans = 1/9) by BF3-0(C2H52
in toluene at various temperatures.

In the crystalline polymers obtained from the trans-rich monomer mix-
ture, the intensity at 6.34 r was much stronger than at 6.26 and 6.30 r. On
the other hand, in the amorphous polymers obtained from the cfs-rich
monomer mixture, the differences among the intensities of three signals were
found to be slight. Also, it was found that in the polymers from trans-rich
monomer the intensity at 6.34 r increased with decreasing polymerization
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Fig. 2. NMR spectra of methoxyl protons in PMPE obtained by BF3-0 (Calls)2 in
toluene at various temperatures. [Allo = 10 vol-%; measurement of NMR spectra in
o-dichlorobenzene at 160°C.

temperature, while in the polymers from cts-rich monomer the intensity at
6.34 r decreased and that at 6.26 tincreased with decreasing polymerization
temperature.

TABLE |
Relative Intensity of Methoxyl Proton Triplet of PMPE Obtained under Various
Polymerization Conditions ([Mo] = 10 vol-%, Toluene)

Tem- Con- ;
Mono- perature, version, Intensity, %
mer No Catalyst °C % 6.26r 630r 6.34r
tran?t-rich 1 BFa0(Cals)2 —78 32 8 16 76
2 -40 60 9 13 78
“ 2) U 0 61 1 20 69
4 AIC»II:)Ch —78 80 7 18 75
c/s-rieh 5 BIvO(CIlL), -78 65 39 35 26
“ 6 “ -40 66 29 37 34
“ 7 “ 0 68 28 34 38
( 8 Al(C2H5)Cl2 -78 88 4 34 22
b 9 AI(SO4-H=S0,a 0 23 1 19 70

a[Mo] = 20 vol-%.
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Although the spectrum of methoxyl protons changed with the content of
geometric isomers and polvmerization temperature as described above, the
relative intensity of the absorption of methoxyl protons to that of other
protons was independent of polymerization conditions and monomer com-
position. Therefore, it is obvious that the difference in spectra of methoxyl
protons is due to the steric structure of polymer.

The relative intensities of the three methoxyl signals of polymers ob-
tained by BF;-O(C,H;)Cl, and Aly(SO4);-H.SO, complex are summarized in
Table I together with polymerization temperature and the kind of catalyst.
As the signals were insufficiently separated for measuring areas, the relative
signal heights were determined as relative intenstty.

Comparison between Spectra of Methoxyl Protons and of
5-Methyl Protons

In the previous paper,® we discussed in detail the decoupled spectra of
B-methyl protons of PMPE obtained under various conditions. The
spectra of B-methyl protons consisted of two signals at 8.78 and 8.89 r
assigned to threo- and erythro-di-isotactic diads, respectively.

As the splitting of methoxyl spectrum was due to the steric structure of
polymer as observed in the previous section, it was compared with g-methyl
spectrum. The intensity at 8.78 7 of f-methyl protons was strong in the
polymers having high intensity only at 6.34 = of methoxyl protons shown in
Table I, e.g., polymers 1, 2, 3, and 4 obtained by homogeneous catalysts
and polymer 9, obtained by heterogeneous catalyst. On the other hand,
the intensities at 8.78 and 8.89 r of g-methyl protons were almost same in
polymers in which the intensities of the three methoxyl signals were not so
different, e.g., polymers 5, 6, 7, and 8 obtained by homogeneous catalysts
(Table I). Thus, the intensity of methoxyl absorption at 6.3%4 7 corre-
sponds to the intensity of f-methyl absorption at 8.78 r and also that at
6.26 7, to that at 8.89 r, irrespective of polymerization conditions.

A shielding effect of adjacent groups on the steric structure represented
at 6.30 7 should be intermediate in other two structures, because the signal
appears between the signals at 6.26 and 6.34 7. A half intensity at 6.30 7
was added to the signal intensities at 6.26 and 6.34 7, respectively. The
intensity calculated from methoxyl protons as described above was com-
pared with the intensities of the two 8-methyl signals. ~As shown in Table
II, the relationship between methoxyl and methyl spectra was found to be
calculated by egs. (1):

{intensity at 6.34 7 4+ !/; (intensity at 6.30 T)} (a-methoxyl)

= {intensity at 8.78 r} (8-methyl)
{intensity at 6.26 = + !/, (Intensity at 6.30 )} (a-methoxyl)

= {intensity at 8.89 7} (8-methyl)

(1)

The agreement between the intensities of g-methyl protons and the cal-
culated intensities from e-methoxyl protons listed in Table II was too good
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to expect. This agreement may be due to following reason. As intensities
of a-methoxyl protons were calculated from peak heights, the errors of the
absolute value in each intensities may not be small; especially the intensity
at 6.30 t was overestimated because of overlapping of the absorptions at
6.26 and 6.34 r. However, the intensity at 6.30 r was halved for those at
6.26 and 6.34 r in the calculated intensities from a-methoxyl protons, and
the absolute errors of these intensities may cancel out.

Therefore, the signals at 6.26, 6.30, and 6.34 t were assigned to erythro-
di-isotactic, di-syndiotactic and threo-di-isotactic diads, respectively. The
proof of these assignments is shown in Appendices | and II.

As the signal corresponding to the di-syndiotactic diad was not found in
/3-methyl spectrum, the configuration of the polymer should be exclusively
isotactic with respect to a-carbons in all polymers. On the other hand, a
syndiotactic structure does exist with respect to /3-carbons. The crystalline
polymers reported in this paper consisted mainly of threo-di-isotactic
structure and were stereoregular with respect to a-carbons and /3-carbons.
On the other hand, the amorphous polymers consisted of isotactic structure
with respect to a-carbons, but of atactic structure with respect to /3-carbons.
Thus, it was found that the tacticities of a-carbon and /3-carbon were differ-
ent. This is the same phenomenon as in the case of poly (isopropyl acrylate-
fi-di) obtained by n-butylmagnesium bromide in toluene at —78°C, which
was isotactic with respect to the a-carbon, but atactic with respect to the
/3-carbon.4 Such behavior in PMPE is very interesting, because MPE has
abulky group on its /3-position.

The regularity of /3-carbon in PMPE does not coincide with that of a-
carbon as described above. This suggests that either the type of opening
of a monomeric double bond is complicated or that the carbon-carbon bond
in the polymer chain end5 or in the incoming monomer® rotates in the
transition state in the propagation step.

Probabilistic Considerations

Introducing a probability aoT for having a threo-di-isotactic structure
between the a-methoxyl of a cation and the /3-methyl of the succeeding
monomer, we have relations between molar fractions, Ft Fds, and FE of
a-methoxyl group and tTas follows:

FTa = <t'
Fds* = 2<utt(l - «t) (2)
FE' = 1- ov2

in so far as the complete isotacticity of a carbons, where the superscript a of
F denotes molar fraction of a-methoxyl group, and the subscripts, T, DS,
and E denote threo-di-isotactic, di-syndiotactic, and erythro-di-isotactic
diads, respectively. Then, the Fa can be plotted against or as shown in
Figure 3 in a way similar to Bovey plot.11 There are systematic discrep-
ancies between experimental and calculated values of molar fractions.
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Based on the facts of tlie above mentioned systematic discrepancies and
the disappearance of di-syndiotactic /3-methyl resonance, a possible model
may be proposed as follows: (1) at first, a tacticity is decided between the
a-carbon in a growing ion and that in an attacking monomer, (3) then, the
cis or trans structure of the /8-methyl lying between the two carbons is
decided, and (3) there is some interaction between succeeding two 5
methyl’s to decide the cis or lvans structure. (This does not imply no
contribution of the penultimate group in the decision of the tacticity of
a-methoxyl. Such contribution is ignored.)

In order to describe the tacticity of PAIPE based on the proposed model,
three parameters, <, ar, and a are introduced, a is the probability of
having an isotactic diad between succeeding two a-methoxyl groups, aT is
the above mentioned probability, and a is a parameter describing the inter-
action between two succeeding /8-methyl groups. If we set a = 1, eight

TABLE 111
Description of the (»rowing End Structure by Probability Parameters
Probability a 3 Structure
Ale Ale
aay- T T —C——C——C- -C+
OMe OAle
Ale
a1l —cv) DS E —C——0— 0——G+
OMe Ale OAle
Ale
c(l —aN)=t DS T -¢c- O-——C—-C+
1
Me OMe OAle
a(l—gv) E E —C—- -C--0——C+
Me OMe Ale OAle
OAle Ale
1
(1—a)s’ 1S DS —C c c - C+
Ale OAle
OMe
@ —a)aN\ —w) T DS o 0 0 -c+
1
Me Me OAle
Me OAle Ale
o - aa - gl E DS - C— C-C -cC+
OAle
Ale  OAle
1 —a)(l —ar)2 DR DS —C— C - C C+

Me OMe
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Fig. 3. Relationship between probability parameter (ot) and diad tacticity of PMPE:
(Q) threo-di-isotactie diad fraction (T); (©) erythro-di-isotactic diad fraction (E); (¢)
di-syndiotactic diad fraction (DS).

possible structures composed of succeeding pairs of monomer units, corre-
sponding probabilities, and the kinds of ditactic structure seen by inter-
mediate a- and /3-carbons can be compiled in Table I11.

Then, we can describe molar fractions by a and 4T as shown in egs. (3j-(4):

F o~ itt2 T (1 —o0yee(1 — cte) (3a)
Fea - a(l - ao-+ (- 9d)dt(l - 0o (3b)
Tds* —<<A0 — () + 1 — )1 —2xc + 3D (3c)
Ft = < (4a)
FA = <l — () (4b)
—d (4¢)

vV

Fig. 4. Dependence of intensity of NMR spectrum of a-methoxyl protons (F“) on
probability parameters - and < ).
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where Ffi denotes the molar fraction of a given ditactic structure (E, DS,
or T) seen from the j3carbon. The dependence of the Faon <and 4T is
shown in Figure 4.

There are two ways to introduce an interaction parameter a.  One is the
replacement of aT2and (1 - <T)2 which correspond to the opening of the
double bonds in the succeeding two monomers to the same side, by axT2
and al — aT)2 respectively. This is so-called asymmetric polymeriza-
tion. The other is the replacement of aaT~ <rl — <4T)2 and (1 — a)ax

Fig. 5. Plot of at in PMPE against polymerization temperature.

1 -- #) by aa-ax2 aa2(1 — aT)2 and (1 — a)aZaT(l — ot), respectively,
which corresponds to symmetric polymerization. Unfortunately, our
experiment is limited to the case of a = 1, in which the above two ways lead
to the same formulas. So, it cannot be concluded whether our experiment
corresponds to symmetric or asymmetric polymerization. Only the same
equations:

Ft' = w22 (da)

Fk* = aXl - aT)2 (5b)

Fus* = 1- aZl - 2T+ 2T2 (5¢)
F/ = Vail - «21 ~ 2«0} (6a)
Fr = 'Ajl +a2l - 2aT)} (6b)
FosB= 0 (6c)

can be obtained from the above two ways. The two parameters 4T and a
can be expressed by the molar fraction of «-carbons as follows:
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ox = Ft%Ff (1  V Fxa §) @
a= VFe (I + VFtVFe) ©)

These values and the value of Fv calculated from these values are compiled
in Table 1V with the observed values of F~-  The calculated and observed
values of F~ show good agreement, so that the consideration of the inter-
action a may be justified.

A method similar to that of previous papers1213 can be used to check
whether such interaction really exists or not.  If the quantity

Ae = - IT log {4Fe“Ft7 (M 2| )

is plotted against the polymerization temperature T, Figure 5 is obtained,
where k is the Boltzmann constant. It cannot be concluded whether the
points for polymers prepared under the same conditions except for poly-
merization temperature lie on a straight line. If these points are permitted
to lie on a straight line, the relations between Ae and T may be written as

Ae = —2.2T — 570 For trans-rich monomer (10a)
Ae = —3.1T + 180 For cfs-rich monomer (10b)

Then, it may be concluded that an interaction between succeeding two
/3-carbons really exists on the occasion of the opening of double bond.

APPENDIX |

When the relationship in egs. (1) is established, there are two possibilities
for an assignment of the signals of methoxyl and methyl protons.

In case 1, the shifts of the both protons are ascribed to differences in chain
configuration for most adjacent carbons. Two signals of /3-methyl group
are due to threo- (t) and erythro-di-isotactic (e) diads and three signals of
a-methoxyl group are due to threo- (T), erythro-di-isotactic (E), and di-
syndiotactic (DS) diads.

Two signals of /3-methyl group:

OCTh H OCH It 1 T
| | 1
—e - c — af- —C mmmmmmeen cI —————————— c—
I |
H CHs H OClIlIs CHs OCH,
threo-di-i.sotactic ft) erythro-di-isotactic (€)

Three signals of a-methoxyl group:
Cit! H Clls 1 1 I
F}l p1 1
l [ !
H OCHs H chs OCHi ClI

_ threo-di- erythro-di-
isotactic (T) isotactic (E)
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‘CH;, I|{ H H H CH;
1 \ ! l
—C ‘C—C— —C C——C—
! | | |
H OCH; CH; CH; OCH; H

di-syndiotactic (DS)

In the above nomenclature for the short sequence length in polymer, the
meaning of di is different from that of the Natta’s definition.2  According to
the other system of nomenclature? t and e are called threo-meso and
erythro-meso methyl protons and T, E, and DS are called threo-meso,
erythro-meso, and racemic methoxyl protons, respectively.

In case 2, the two signals of the B-methyl group are due to diad tacticity
corresponding to isotactic (1) and syndiotactic (s) diads and the three
signals of a-methoxyl group are due to triad tacticity corresponding to
isotactic (I), syndiotactic (S), and heterotactic (H) triads as observed in
some vinyl polymers,

Two signals of 8-methyl group:

H H H OCH; H OCH;
bbb bbb
()(IZ‘Ha Cng (|)CI'I:§ I\l (‘ZH;; I"I

isotactic (i)
OCH; H H I3 H OCI,
B R R
I!{ (‘)H; (<)CH_7 (‘)CIL, (EH;, }lI

syndiotaetic (s)

Three signals of a-methoxyl group:

It } H 11 OCIH; H OCII,
0 D D SN S
()(‘)H;; | O(‘)Hx | ([)Cll,q I|I | ('\)CH;; | I‘[

isotactic (1) syndiotactic ()

I H OCH; OCH; H H
T R R 0 S Y

(1)C}13 | ‘OCH:} | I‘{ I‘{ 1 BCHa ‘ (l)CHz

heterotactic (H)

In other cases, e.g., where signals of the g-methyl group show e and t
structures and those of a-methoxyl group show I, S, and H structures, eq.
(1) is not given.

In case 2, the two signals of the 8-methy] spectra must be ascribed to i and
s as described above. Asi consists of threo and erythro diads and s only of
a di-syndiotactic diad when the polymer has a substituent on the g-position,
the chemical shifts of threo and erythro diads must be indentical. Eryth-
ro-methyl and threo-methyl groups are oriented trans and gauche with
respect to the adjacent methoxyl groups, respectively, for the hypothetical
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planar zigzag conformation. A di-syndiotactic methyl group is oriented in
an intermediate conformation between the erythro-methyl and threo-
methyl groups, that is, it is oriented trans to one of the adjacent methoxyl
groups and gauche to the other. In the /3-methylene spectrum of poly-
(met.hyl vinyl ether), the isotactic protons are nonequivalent, and the signal
of syndiotactic protons appears in the center of the isotactic signals.8 That
isotactic protons are nonequivalent is ascribedX4 to differences in conforma-
tion of /3-protons to the adjacent methoxyl groups. Therefore, in PMPE,
case 2 in which erythro- and threo-methyl protons do not exhibit different
chemical shifts is unlikely. Case 1, in which two methyl protons exhibit
different chemical shifts, is more reasonable than case 2.

Moreover, the three signals of the a-methoxyl spectrum must be ascribed
to I, H, and S in case 2, and the anisotropy of the most adjacent C—CH3
bonds is completely neglected. The anisotropic effect of the C— CH3bond is
not so slight that it can be neglected, because the methylene protons of
isotactic polypropylene have been shown to be non-equivalent.’6 Jack-
manXhas suggested that the anisotropy of theC—Cbond is similar to that of
the C-0 bond. Therefore, it is reasonable that methoxyl signals show the
diad tacticity based on the anisotropic effect of the C—C bonds (case 2).

APPENDIX 11

In our previous paper,6on the basis of the experimental results of Natta
et al. the signals at 8.78 and 8.89 r of methyl protons were assigned to
threo (t) and erythro (e) di-isotactic diads, respectively. Therefore, from
eq. (1) three methoxyl signals, at 6.26, 6.30, and 6.34 r, were assigned to
erythro-di-isotactic (E), di-syndiotactic (DS), and threo-di-isotactic (T)
diads, respectively.

To confirm the above mentioned assignments, the difference in chemcial
shifts between erythro- and threo-methoxyl protons was calculated in the
same way as in isotactic methylene protons of polypropylene.D

Methoxycyclohexane was employed as a model compound for isotactic
PATPE. In this model the equatorial and axial methoxyl groups correspond
to erythro- and threo-methoxyl groups, respectively. The models shown
in Figure 6 were assumed to be the stable conformation of methoxycyclo-
hexane for calculation of the shielding contribution.

adial equatorial - | eqetorial - I

Fig. 0. Model conformation of methoxycyclohexane for a calculation of the shielding
contribution.
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The distances and acute angles of methoxyl protons with respect to the
electrical center of anisotropic C—C bonds (2-3 and 5-6 bonds) symmetrical
axes were estimated as done for eyclohexane' and isotactic polypropylene.®

By using the McConnell equation and the value for (xr, —x) 0£5.5 X 10~%
cm?, the shielding contributions at the C—C bonds for the methoxyl protons
were calculated. As shown in Table V, the equatorial methoxyl protons are

TABLE V
Shielding Contributions [e.(G)] of the Average Induced Field by C—C Bonds on the
Methoxyl Protons

Type No. of H atom oav(G) X 108
Equatorial 1 9 —0.070
10 —0.137
11 —0.137
Equatorial 11 9 —0.040
10 —0.023
11 —0.023
Axial 9 +0.034
10 —0.014
11 —0.014

less shielded than the axial ones. The difference in chemical shifts between
threo- and erythro-di-isotactic diads on the above assignment was observed
to be 0.08 ppm in o-dichlorobenzene solution, and the erythro diad was
less shielded than the threo diad. This result agreed with the calculated
values in Table V. A similar value in the difference of chemical shift was
also observed in tetrachloroethylene solution. Therefore, it is reasonable
that 6.26 and 6.34 r of methoxyl protons are assigned to erythro- and threo-
di-isotactic diads.
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Solution Polymerization of Trioxane Catalyzed by
Stannic Chloride

T. MIKI, T. HIGASHLMURA, and S. OKAMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The polymerization of trioxane catalyzed by stannic chloride (SnCl4) in ethylene
dichloride was studied and compared with the results obtained with boron trifluoride
etherate, 13F3+O(C2HA2 as catalyst. Under the same conditions, the polymerization
rate was larger with SnCls than with BF3«0(C2H.)2 while at a fixed polymer yield the
molecular weight of the polymer obtained by SnCls was lower than with the BF3 0-
(CoHjh catalyzed reaction. The overall activation energy of trioxane polymerization
with SnClawas 11.0 + 0.8 kcal/mole. The kinetic orders of catalyst and monomer were
determined to lie close to 2 and 4, respectively. A certain amount of tetraoxane was
also produced in an early stage of the polymerization with SnCls similar to BF3 ()-
(C,ILb-catalyzed reaction. However, the maximum amount of tetraoxane produced at
30°C was larger with SnCls than with BF3+0(C2H;)2 In addition, a ten-membered
ring compound (pentoxane) was isolated in the solution polymerization of trioxane
catalyzed by both SnClsand BFj-0(CjHs)j. The confirmation of pentoxane formation
is strong evidence for the back-biting reaction mechanism.

INTRODUCTION

The authors have studied the solution polymerization of trioxane cat-
alyzed by B1"3-0 (C'T152 and found peculiarities that were not observed
in the usual cationic polymerization of vinyl monomers; the formation of
tetraoxane during the trioxane polymerization,1 the increase in the mo-
lecular weight of polymer with the polymer yield and with the decrease in
the catalyst concentration,2 extraordinary kinetic orders of the catalyst
and the monomer,34 etc. In this paper the polymerization of trioxane
catalyzed by SnCl4will be studied and discussed as compared with data
obtained with BF,rO(C2H32 as catalyst. In addition, the formation of
ten-membered ring compound (pentoxane) was confirmed in the solution
polymerization of trioxane catalyzed by both BF30(C2H§2and SnCL.

EXPERIMENTAL

SnCL was refined by distilling commercial material.

Purifications of other materials, the procedures of polymerization, and
the measurement of viscosity of polymer obtained were the same as de-
scribed in the previous papers.23 The determinations of the amount of
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trioxane consumed and of tetraoxane produced according to gas chroma-
tography were the same as described in previous paper.5

In the following experiment, ethylene dichloride was used as a solvent
and the polymerization temperature was 30°C except in a particular case.

RESULTS AND DISCUSSION

Comparison of Polymerization between SnCL and BF3-0(C 2H 6)2 Catalysts

In the polymerization of trioxane catalyzed by BF3-0(C2H52in ethylene
dichloride, it has been found that the amount of polymer obtained does not
coincide with the amount of trioxane consumed, being larger than the
former, and that a certain amount of tetraoxane is produced in an early
stage of polymerization.1 These phenomena were also observed in the
trioxane polymerization with SnCL as catalyst. Figure 1 shows the rate of
polymer formation and of monomer consumption under the same condi-
tions, and Figure 2 shows the amount of tetraoxane produced in an early
stage of polymerization under the same conditions.

An induction period for the formation of polymer with SnCL as catalyst
was not observed while the short induction period was observed with
BF30(CHH2 as catalyst under the investigated condition. The rate of
polymer formation or monomer consumption is larger with SnCL catalyst
than with BF30(C 2H52 catalyst under the studied condition.

The difference between the amount of trioxane accounted for in the
polymer formation and in monomer consumption with SnCL as catalyst is
similar to that with BF30(C2H592 as catalyst and is 7-10 wt-% of the

Time (min.)

Fig. 1. Comparison between (a,b) monomer consumption and (@',b") polymer yield
ill the polymerization of trioxane catalyzed by .SnCls in ethylene bichloride at 30°C;
(@) monomer consumption, SnCL catalyst; (b) monomer consumption, BF3-0(CL2Ifi.)
catalyst; (@) polymer yield, SnCL catalyst; (&) polymer yield, BFS-OiCjlLh cat-
alyst. [TOX], 3.05 mole/1; [C], 10,0 mmole/l; [H20], 5.8 mmole/l.
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amount of monomer charged under the investigated condition (Fig. 1).
The maximum amount of tetraoxane produced in an early stage of poly-
merization with SnCh as catalyst is about 5wt-% of the amount of trioxane
monomer charged and is slightly larger than that with BF30(C2H9] as
catalyst. The difference is negligible compared to the amount of mono-
mer charged. Therefore, in the trioxane polymerization with SnCF as

Rolyrrer Yield (wt.%9

Fig. 2. Relationship between polymer yield and the amount of tetraoxane produced
during polymerization: (a) SuClacatalyst; (b) BFato (C2H;>2 catalyst. Polymerization
conditions are the same as in Fig. 1.

Fig. 3. Effect of the polymer yield on g3¥c of a polymer: (a) SnCla catalyst; (b) BF3.
0(Calls)2 catalyst. Polymerization conditions are the same as in Fig. 1.

catalyst, the total amounts of polymer and tetraoxane produced do not
either coincide with the amount of tetraoxane consumed at a given period of
time, as observed BI'YO((LHm®W2as catalyst.1 This difference between the
former and the latter is 3 -5wt-% of the amount of trioxane charged under
the condition shown in Figure 1 and is inferred to be due to the formation of
solvent- or precipitant-soluble oligomer.
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Figure 3 shows the viscosity number of the resulting polymer. As had
been reported by Russian researchers in the polymerization of trioxane
catalyzed by SnCl4in methylene chloride at 30°C,6the molecular weight of
polymer obtained in ethylene dichloride also increases with the polymer
yield. While the rate of polymer formation is larger with SliCl4than with
BF30(C 2H32as catalyst, the molecular weight of polymer is smaller with
SlICl4 than with BF,rO(C2H52 as catalyst at a fixed polymer yield. The
latter fact means that the number of polymer molecules is larger with SnCh
than with BF30(C H52 as catalyst at a fixed polymer yield. Then it is
inferred that the concentration of active center during the polymerization
is larger with SnCh than with BI<VO(C2H-)2 as catalyst. Therefore, it is
concluded that the larger polymerization rate with SnCl4than with B1Y-
0(C 2HH2as catalyst under the investigated condition is partly due to the
larger concentration of active centers with SnCh during the polymeriza-
tion. But it is not clear from our results whether it is also due to the
larger propagation rate constant with SnCh.

As far as the molecular weight of polymer obtained in trioxane polymer-
ization is concerned, Kern et al. concluded that the molecular weight of
polymer obtained with more active catalyst is larger.7 This conclusion
does not agree with our result. This discrepancy may be due to the fact
that they neglected the increase in the molecular weight of polymer with
the polymer yield.

Effect of Polymerization Temperature

Effect of polymerization temperature on the rate of polymer formation
and on the amount of tetraoxane produced during the polymerization of
trioxane catalyzed by SnCh was studied. Figure 4 shows the polymer

Fig. 4. Effect of polymerization temperature on the polymer yield in ethylene di-
chloride: (a) 40°C; (b) 30°C; (c) 20°C. [TOX], 3.0.3 mole/t; [C], .30 mmole
[H20]; 5.8 mmole/1.
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yield versus time curves at various polymerization temperatures. From
Arrhenius’ plot of the initial rate determined graphically from Figure 4
against the reciprocal of temperature, the overall activation energy of

Fig. 5. Effect of polymerization temperature on (he amount of tetraoxane produced
during polymerization: (a) 40°C, (s) 30°C; (c) 20°C. Polymerization conditions are
the same as in Fig. 4.

Fig. 6. Arrhenius plot of the maximum amount of tetraoxane produced during poly-
merization in ethylene dichloride: (n) [SnClj] 5.0 mmole 1, [TOX] 3.05 mole/!
[1120] 58 mmole/l; (b) [BF3-OfC-dish] 20.0 mmole/l, [TOX] 3.17 mole/i, [H20] 2.5

mmole/1.

polymerization of trioxane catalyzed by SliCl4was determined to be 11.0
+ 0.8 kcal/mole. This value is smaller than the value in the trioxane
polymerization with RFs-OfTAHsla as catalyst, the latter being about 16

kcal/mole.8
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Figure 5 shows the amount, of tetraoxane produced in an early stage of
polymerization at various polymerization temperatures, and Figure 6
shows the relationship between the maximum amount of tetraoxane pro-
duced and the reciprocal of the polymerization temperature, wherein the same
plot in the polymerization with BF30 (C2H52 as catalyst is represented.9
The amount of tetraoxane produced in an early stage of trioxane poly-
merization increased with raising the polymerization temperature. How-
ever, the temperature coefficient for the tetraoxane formation during the
trioxane polymerization is larger with SnCl4 than with BF3-0(C2HS2 as
catalyst, as is clearly seen in Figure 6. This may be ascribed to the dif-
ference of the counterion in the growing chain end between the two cat-
alysts.

Effects of Concentrations of Reagents

Effects of the concentrations of catalyst and water on the polymer forma-
tion rate and on the molecular weight of the polymer are shown in Figure 7
and 8, respectively. It is clearly seen from Figure 7, as previously re-
ported by Kern et al.,7 that the small amount of water serves as a co-
catalyst and accelerates the polymerization rate. It is seen in Figure 8
that the increase in the concentration of SnCh decreases the molecular
weight of polymer obtained at a fixed polymer yield, and that water serves
as a transfer agent to decrease the molecular weight of polymer, as observed
in the trioxane polymerization with BF30(C 2H82 as catalyst.2

The kinetic order of SnCh catalyst had been found to be one in the poly-
merization of trioxane catalyzed by SnCb in methylene chloride and
nitrobenzene at 30°C.10 However, this result was not observed in ethylene
dichloride. The relationship between the concentration of SnCh and the

Fig. 7. Effect of concentrations of SnCh and water on the polymer yield in ethylene
dichloride al, 30°C, (TOXJ 3.05 inole/l: (a) [11,0] 5.5 mmole/l, [SnCh] 10.0
minole/1; (b) [H,0] 9.8 mmole/1, [SnCh] 10.0 mmole/1; (c) [Ho ] 9.8 mmole/y,
[SnCh] 7.5 mmole/L; (d) [1120] 5.8 mmole/l, [SnCh] 5.0 mmole/1; () [Ho ] 9.8 mmole/
1, [SnCHl) 5.0 mmole/1; (/) [H20] 9.8 mmole/L, [SnCl4] 2.5 mmole/1.
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Fig. 8. Relationship between ijS)Yc of polymer and the polymer yield in various cat-
alyst concentrations in ethylene dichloride, [TOX] 3.05 mole/], 30°C, [H20] 9.8 mmole/
1; (@) [SnCl4 20.0 mmole/t; (b) [SNCN 10.0 mmole/]; (€) [SnCL] 5.0 mmole/1; (d)
[SnCl4] 2.5 mmole/L; (6') [H20] 5.8 mmole/l, [SnCI4 10.0 mmole/1.

Time (min.)
20 40 60

30

Fig. 9. Effect of the trioxane concentration on the polymer yield in ethylene dichlo-
ride at 30°C, [SnCl4 10 mmole/l; [H.O] 5.8-6.8 mmole/l: (a)[T OX] 3.05 mole/l;
(b) 1.67 mole/L; (c) 1.11 mole/1.

rate of polymer formation was roughly determined from Figure 7 at dif-
ferent water concentrations. The reaction orders at the water concentra-
tions of 9.8 and 5.8 mmole/l are 1.7 and 1.9, respectively, and it is con-
cluded that the kinetic order of SnCl4catalyst in the trioxane polymeriza-
tion is larger than unity and is close to 2. In the trioxane polymerization
with BF3-0 (02115)2 as catalyst the kinetic order of BFrO~NEF” is about
0.5.3 Thus the dependence of the polymerization rate on the concentra-
tion of catalyst is quite different between the two catalysts.
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[TOXJoImoal/n

Fig. 10. Effect of the trioxane concentration on the maximum amount of tetraoxane
produced during polymerization in ethylene dichloride at 80°C, [C] 10.0 mmole/l:
(a) SnCU catalyst, [H20] 5.8-6.8 mmole/l; (b) BF}-0(C2H5)s catalyst, [HD1 1.1-2.5
mmole/1.

The maximum amount of tetraoxane produced in an early stage of
polymerization is independent of the initial concentration of SnCl4within
the range from 5.0 to 10 mmole/l, as is observed in the trioxane polymeri-
zation with BF3-0(C2H52as catalyst in ethylene dichloride.9

Effect of the initial trioxane concentration on the rate of polymer forma-
tion is shown in Figure 9. As is seen in Figure 9, the induction period for
the formation of polymer appears at a low initial concentration of trioxane.
The kinetic order of trioxane determined from Figure 9 is about 4.1. This
value coincides with the value determined in methylene chloride by Eniko-
lopyan et al.0 However, it is very large and the same order as in the
trioxane polymerization with BF3-0(C 2H52as catalyst, wherein the Kinetic
order of trioxane was about 34.4

The amount of tetraoxane produced at an early stage of trioxane poly-
merization with SnCL catalyst also increases with increasing the initial
concentration of trioxane, as does in the trioxane polymerization with BF3-
0(CHH2as catalyst.9 The maximum amount of the tetraoxane produced
in the trioxane polymerization was plotted at various initial concentrations
of trioxane in Figure 10, in which the same plot was represented with
BF3-0(C2H5)2as catalyst.9 As is mentioned above, the maximum amount
of tetraoxane produced in the trioxane polymerization at 30°C was larger
with SnClj than with BF3-0(C2H5)2 as catalyst over the investigated
range of initial trioxane concentration.

Formation of Pentoxane during Polymerization of Trioxane

Reaction products of the trioxane polymerization catalyzed by BF3
0(C 2H5)2 and SnClj were examined by gas chromatography under condi-
tions augmenting the sensitivity as much as possible (measurement condi-
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tion.s: column, 25% poly (ethylene glycol)-C22, 1 m, 170°C, H> 70 ml/
min). A new compound was detected in addition to tetraoxane, trioxane,
and other reagents charged in advance. This compound, a white, crystal-
line material, was isolated by gas chromatography and estimated as
pentaoxane through measurement of mass spectroscopy,1l as suggested
earlier.l The results of mass spectroscopy of pentoxane are shown in
Table I, in which the data with tetraoxane were added as a controlled
experiment. The parent ion (m/e = 150) of pentoxane was not observed,
probably because of the weak intensity obtained with our apparatus. In
the case of pentoxane, our data coincided relatively with literature values1l
with respect to m/e values of 91, 119, and 121, while a great discrepancy
between our data and literature values1l with respect to m/e values of 60
and 89 was observed. However, in the case of tetraoxane, the same ten-
dency was observed. This discrepancy observed between our and litera-
turelldata may be due to the differences in the apparatus and the measure-
ment conditions. Therefore, it is not unreasonable from Table | to identify
the new compound isolated as pentoxane.

TABLE |
Relative Intensities for the Mass Spectra of Pentoxane and Tetraoxane
Pentoxane Tetraoxane
m/e Our data Literaturen Our data Literaturen
121 1.3 0.9 0.04 0.01
120 0 0.2 0.5 0.22
119 0.5 0.4 0.02 0.04
91 18.5 20.0 9.2 9.1
0 10.3 7.6 1.0 0.9
89 3.7 9.1 11.9 2 2
01 100 100 100 100
00 7.4 2.6 0 2.6
59 0 0.01 0.8 0.02

The amount of pentoxane produced during the trioxane polymerization
was determined by gas chromatography. It was very small, as compared
with the amount of tetraoxane produced during the trioxane polymeriza-
tion. In the polymerization conditions shown in Figure 1, the amount of
pentoxane produced in an early stage of polymerization was about 3 mmole/1
with SnCh as catalyst and about 2 mmole/l1 with BIYO(C2Hj)2 as
catalyst. This tendency in the formation amount of pentoxane between
the two catalysts is similar to the formation of tetraoxane during the tri-
oxane polymerization by the two catalysts. The amount of pentoxane
produced in the early stage of trioxane polymerization increased with in-
creasing polymerization temperature. Pentoxane produced in the early
stage of trioxane polymerization disappeared in the later stages of the
polymerization. These facts are also similar to the behavior of tetraoxane
produced during the trioxane polymerization. The confirmation of pent-
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oxane formation is strong evidence for the existence of the baclc-biting
reaction of the growing chain end which was proposed earlier.1

The authors thank Drs. K. Hayashi and J. Takezaki for generous aid in the measure-
ment of mass spectroscopy.
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Mechanism of Three-Dimensional Polymerization
of the System Methyl Methacrylate-Glycol
Dimethacrylate. 1. Determination of the Structure

of the Three-Dimensional Product

J. JOKL, J. KOPECEK, and D. LIM,
Institute of Macromolecular Chemistry, Czechoslovak Academy
of Sciences, Prague, Czechoslovakia

Synopsis

A method has been developed for determination of structure of a three-dimensional
methyl methacrylate—glycol dimethacrylate copolymer by using NIR absorption
spectrometry. The results show that it is possible to determine the content of pendant
vinyl groups in the range of approximately 0.5—18%, of the crosslinking agent in the
monomer.

In the preceding paper we studied the problem of the kinetics and forma-
tion of three-dimensional polvmers in the entire conversion range.! The
systems glycol monomethacrylate-glycol dimethacrylate~water were
suitable for this purpose. The principle of the method used consisted in
the parallel study of the dilatometric course of the polymerization process
and of the changes of three-dimensional structure obtained. The resulting
polymer was characterized by determining the total conversion, the amount
of pendant vinyl groups, and the density of the three-dimensional network
from deformation behavior and equilibrium swelling. The dependence of
the density of the three-dimensional network on the solvent content led
to the conclusion concerning the consumption of the crosslinking agent for
cyclization.

The pendant vinyl groups were determined by ultraviolet spectro-
photometry in an aqueous system. Because of the strong overlapping
of the conjugated system of pendant vinyl groups (C=C—C=0) and of
the band of carbonyl groups of the polymeric substance, which are present
in amounts many times greater, the vinyl group content could be deter-
mined only relatively. Another difficulty was the very high absorbance
coefficient of both groupings, which made it impossible to determine the
absorbance value from the height of the peak. Another uncertain factor
was the value of the dilatation factor (a) in the Flory relation? determining
the relation between the network density and equilibrium swelling.

Nevertheless the results obtained in independent experiments made it
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possible to characterize (lie three-dimensional polymerization not only
from the view-point of the final product, but also in its entire course.

The attempt to determine the absolute amount of pendant vinyl groups
in the system mentioned by means of ultraviolet spectrophotometry was
unsuccessful. Even slices only 5-10 n thick did not have the required
transparency and therefore, with the use of only a spectrophotometer
with a simple monochromator it was impossible to make measurements in
the region of true absorption peaks. It should be emphasized that studies
of kinetic and structural relationships are especially significant in the re-
gion of low contents of crosslinking agent in the monomer. Therefore, the
determination concerns only the very small fraction of this amount, bound
in the form of unreacted pendant groups in the polymer. In the region of
higher contents of crosslinking agent the course of all relationships is too
abrupt, so that sufficient accuracy is not achieved.

Other possibilities of spectral analysis have therefore been studied in-
tensively, but only NIR spectrophotometry has been found suitable.

In the present paper a method for the determination of pendant vinyl
groups in three-dimensional gels is proposed which permits a more general
study of three-dimensional polymers and definition of the products pre-
pared. The monomer system studied was methyl methacrylate-glycol
dimethacrylate-solvent (butyl acetate).

Derivation of Relationships for the Spectrophotometry of
the Analyzed System

The frequency 6205 cm*“ 1was found to be typical for the vinyl group.
Since it can be determined as the combination frequency of the C—H
bond of the vinyl group, it could be expected that the position and ab-
sorbance coefficient of this band will be very stable and independent of the
structure of the remaining part of the molecule or of the arrangement of the
polymer. Recently a similar absorption region for vinyl monomer analysis
has been described by Willis.3

Since, however, the highest possible sensitivity of the method is required,
extremely thick layers of samples composed of 20-35 sheets had to be used,
which could be freed of unreacted monomer and crosslinking agent residues
by extraction within a reasonable period of time.

For evaluation of the vinyl group contents (expressed, for the sake of
simplicity, by the equivalent amount of methyl methacrylate), it was
necessary to know the overall amount of polymer in the sample, especially
in the path of the beam of the spectrophotometer. This determination,
however, is subject to great difficulties in the case of swollen materials
in connection with drying, weighing, and thickness measurement of all
sheets used and complicated by brittleness, irregular thickness, and distor-
tion after drying of the samples. This value, therefore, has also been de-
fined spectrophotometrically by measuring the absorption at a frequency
typical for the polymer. For this purpose the frequency in = 7508 cm-1
was selected, corresponding to the combination frequency of C—H bonds
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in the polymer. To eliminate the influence of light scattering, the imperfect
optical quality of the samples, etc., a second auxiliary frequency at r2= 7140
enrlwas chosen. The total amount of the polymer analyzed was deter-
mined from the difference of absorbances determined at these frequencies.

In normal spectrophotometry the cell content is homogeneous. In
the case of a heterogeneous system the percentage composition of the com-
ponents in the cell does not correspond to the composition of the compo-
nents, passed by the analytical beam of the spectrophotometer. The
experimental determination of this relation would be very difficult and
subject to substantial error. For this reason, equivalent optical layer
thicknesses of the individual components were used in derivations instead
of concentrations. The relationships of egs. (1)-(5) may thus be derived.
Here we denote by BAC, butyl acetate; M, monomer, methyl methacry-
late; P, polymer, poly(methyl methacrylate); VG denotes vinyl groups
in the three-dimensional polymer, expressed as monomer with a specific
gravity equal to the specific gravity of the polymer; GDMA is cross-
linking agent (glycol dimethacrylate).

dfiAc + du + dp + dvG — 40 mm 1)

The absorbance A,/ of the substancej (j = BAC, M, P, YG) present in the
40-mm cell at the analytical frequency \{ (i = 1, 2, 3,4, 5) isforj = M

A .,3n = foic* 2

where we define kt as a proportionality constant (i = 1, 2, 3, 4) and cs
is the percentage by weight of the substance j in the BAC solution. The
difference of absorbances at the frequencies n and r2 (40-mm cell) is

AA = f2(dp + dvo) 3)

Therefore the total absorbance at jn,2is

BAC

A, , = dbac dpCR dvg®, V¢ {- A4 — 10a BC

(where a,,/ is the absorbance coefficient of the substancej at the frequency
vt with an optical layer thickness of 1 mm and 5A is the nonspecific ab-
sorbance caused by optical imperfections of the samples) and

VG
HiL KPP = Ewive “1

We define also G, as the mass of substance j in the cell passed by the ana-
lytical beam and s- as the specific gravity of the pure substancej. Then

Gn = A,adfci = 100Gm/(Gm A~ Gbac)
= 100dVSM(IMSM T- 40shac ~ ~mSpac)
= 2.5duSu/sbac (4)
because

40.Sfliac A> du(gm Sjsac)
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and therefore

M BAC .
a, — Oy, = ,2.5]6181\[/6‘3,;(7 = l/k‘g

IF'or measurement in BAC compared to 40 mm BAC,
du = A, spac/(2.5ksy) = kA, M (5)

Assuming sve = $Sp the following holds for the measurement of samples in
comparison to BAC:

A, = dpa,’ + dvga,,”® — (dp + dva)a,BA° (6)

and, because [as in eq. (4)]

VG M M
a,, = Ay, sva/Su = ay, SP/SM

the consideration is valid for irradiated prism 40 mm thick with constant
cross section,  After rearranging, and assuming that

P BAC
ay” = Gy

and
ayaBA(‘ « ayﬂvG
we obtain
A, = (ZP(U/,,EP — a0, B0 1 (]VG(ap3VG _ a,B40) @)
A

vy — ([V(;Svg/k;;SM = ([V'G'_).JS/(lSP/S];A(‘ (S)

3

For the content x, of VG in P (expressed in weight per cent from direct
measurement compared with BAC), it may then be stated that

Ty = IOO(IV(;/((IP + dVG)
100]628 BAC A ,,3/(2..")lclspAA "— ,,2)
= kd,/A, _, 9)

For differential measurement it follows, for perfectly compensated
samples, after quite identical considerations, that the percentage by weight
T of VGin P is given by

Ty = kiA"A /A, (10)

where the denominator of the fraction contains the value from the measure-
ment of the sample compared to BAC. Equation (10) however, also
holds for the case, that a,B*¢ = a,.ap. Iror reference samples prepared
with regular, stepwise increase of the erosslinking agent in the monomer
mixture, it may be considered, that

To = 20, — X, (11
The verification of this relationship confirms the assumption a"*¢, =

aI,,S. I'or imperfectly compensated samples we may write the equa-

tion
('rm)thoor = (Im)meu,s + -T()m(Ay, - Vz”l/Ayl — ,,f = 1) (12)
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Experimental

Methyl methacrylate was purified by double distillation on a 40-plate
column in inert atmosphere at reduced pressure. Before the experiment
the monomer was freshly distilled. Glycol dimethacrylate was prepared
from glycol and methyl methaerylate. The raw product was repeatedly
distilled with the addition of CuCl as inhibitor, bp 84°C/1 mm Hg,
n} = 1.4549. Butyl acetate was dried and fractionated. The purity of
the monomers and of the solvent was checked by gas chromatography.

Methyl azobisisobutyrate was prepared according to Thiele and Heuser.*
The melting point of the product used was 30.5°C.

The polymerization experiments were carried out between plane-parallel
plates sealed with washed silicone rubber tube. After filling the space
between the plates with a mixture of monomer, initiator, and solvent, the
oxygen was removed from the liquid by passing a stream of nitrogen by
means of a hypodermic needle. The plates with the monomers were then
heated in a thermostat to 60°C. Parallel dilatometric polymerization
experiments were carried out to determine the reproducibility of the poly-
merization process. The solvent used was butyl acetate. This solvent
is easy to purify and its chain transfer constant is of the order of 1073,
so that it has very little influence on the chain length. Its content in the
monomer was as low as possible (about 209,) to secure polymerization con-
ditions above the second-order transition point at 60°C, and thus to
achieve practically 1009, conversion. Data on the polymerization
conditions are presented in Table I. The initiator concentration was low
enough to keep polymerization under isothermal conditions. For complete
polymerization heating for about 6 hr was found to be necessary.

The plates prepared, approximately 1 mm thick, were washed for a
period of time necessary to remove the free monomer residue. The degree

TABLE I
Content of Pendant Vinyl Groups in Copolymers of NMethyl
Methacrylate with Glycol Dimethacrylate?

Composition of the Monomer Mixture

GDMA
[MMA], [GDMA], (GDMA + MDMA),

Sample mole/] mole/l1 X 102 wt-0¢ xo, WI-Cp
1 7.03 2.2 0.64 0.20
2 6.99 4.55 1.27 0.27
3 6.91 9.35 2.61 0.30
4 6.79 15.79 4.40 0.35
5 6.75 18.03 5.02 0.42
6 6.59 26.85 7.46 0.49
7 6.35 40.34 11.17 0.83
8 6.10 5417 14.95 1.18
9 5.85 68.25 18.77 1.39

a [BAC] = 1.54 mole/l; [methyl azobisisobutyrate] = 2.90 X 1073 mole/l.
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of conversion was determined by drying the samples in vacuo at 40°C to
constant weight (approximately 3 weeks).

The content of pendant vinyl groups was measured by means of a double-
beam instrument CF 4 NI (Optica, Milan). The samples (20-35 plates)
were placed in silica cells 40 mm thick. The immersion medium used was
also butyl acetate. This solvent was found to be a suitable immersion
liquid for elimination of high scattering of light on 40-70 boundary sur-
faces. It has a refractive index close to that of the polymer, good swelling
properties for polymer, and spectral transmission in the region of the ana-
lytical frequency of the vinyl group. The measurements were carried out
against pure butyl acetate and against polymer samples prepared with
0.64% (1o) and 1.27% (n) of the crosslinking agent.

The analytical frequencies, in the range of which the NIR spectra were
recorded, were m = 7508 cm-1; V2 = 7140 cm-1; = 6205 cm-1; r4
= 6341 cm-1, and = 6168 cm-1. AAR_.,2were read (in the case of
samples measured against BAC) as the difference of directly determined
absorbances at \Wand v2

A,,, values were evaluated by means of the artificial baseline method (the
line being taken from v4to r§. The samples measured by the differential
procedure were evaluated by the natural baseline method (tangent line
to the spectral function at the point r5.

The constant kdwas determined by means of calibration with a number of
substances containing the vinyl group (Table I1). The most probable
value of fd = 0.133 was taken for the calculation.

The constant f2 was determined by measurements on poly(methyl
methacrylate) sheets 2-25 mm thick in butyl acetate immersion. Due to
swelling the optically perfect surface of the calibration sheets is covered
with fine cracks after a certain period of time, which do not influence the
measured value. This elimination of nonspecific extinction 5a caused by
the optical imperfection of the sample was moreover verified by means of
several repetitions of the calibration measurements with increasing amounts
of cracks on the surface, and thus also increasing values of SA. The k2
value was determined from the slope of the calibration plot as 0.0184, there-
fore dp + dvg = AArj_n54.4 mm. The calibrations of the constants
ki and k2also verified the validity of the Lambert-Beer law for the analytical
system in question.

TABLE 11
Determination of the Constant ki for Various Methacrylates
Kk

Methyl methacrylate 0.139
«-Butyl methacrylate 0.135
IsoLmtyl methacrylate 0. 10
Latiryl methacrylate 0.127
Cetyl methacrylate 0.129

Glycol dimethacrylate 0.134



METIIYL METHACRYLATE-GLYCOL DIMETHACRYLATE 3017

The fact that a,3HAC = a,3Pwas verified directly by measuring a 100-mm
layer of a 15% solution of soluble poly(methyl methacrylate) in BAG
against 100 mm BAG and indirectly from the agreement of the determined
x0 values with the values calculated according to eqgs. (10) and (11) with
respect to reference samples xmand xn

The constant k\was calculated from eq. (9); its value is 4.01.

Results and Discussion

The values obtained by the described procedure are illustrated in Figure 1
and presented in Table I.

The data obtained confirmed the validity of the Lambert-Beer law for
this system and also the stability of the absorbance coefficient of the vinyl
group. By comparing the absolute and differential results, reproducibility
and tests with poly(methyl methacrylate) sheets measured in presence of
various amounts of mononer in butyl acetate it is possible to estimate the
error as +0.03% absolute. The relative error, of course, increases with
decreasing content of vinyl group. By repeated measurement it is pos-
sible to approach the correct value. The observed relationship between
the amount of pendant vinyl groups and the content of the crosslinking
agent in the monomer has an exponential character. The curve does not
go through the origin. The reason for this should be the subject of further
experiments.

It is evident that the lower limit of sensitivity of the method corresponds
approximately to the amount of pendant vinyl groups resulting by poly-
merization of monomer containing 0.5% crosslinking agent in monomer.
For lower content of crosslinking agent it is possible to assume, in agree-
ment with small differences in kinetic course of polymerization, that the

0 5 10 15 GDMAI(GDMA* MVK) %

Fig. 1. Dependence of lhe amount of pendant vinyl groups on the composition of
monomer mixture.
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content of pendant vinyl groups is not very different from relations cor-
responding to the measured limit. The results may be substantiated by
determination of the course of crosslink density in the range from the
lowest spectrometrically evaluated contents of pendant vinyl groups to
lower content of crosslinking agent in monomer.

We are indebted to Mrs. Z. Dvordkovd and M. Strdnsk4d for technical assistance.
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Studies on the Polymerization of Bifunctional
Monomers. XVI. Cyclopolymerization of
o-Divinylbenzene with Triphenylmethyl
Fluoroborate and Presumption of the Presence

of the Free Growing Cation in This System*

CHUJI ASO, TOYOKI KUNITAKE, YOSHIHIKO
MATSUGUMA, and YOJI INAIZUNI, Department
of Organic Synthesis, Faculty of Engineering, Kyushu
University, Fukuoka, Japan

Synopsis

Cyclopolymerization of o-divinylbenzene was studied by using triphenylmethyl
fluoroborate as initiator. The cyclization constant 7. (ratio of the rate constant for
intramolecular cyeclization to that for intermolecular propagation) decreased with in-
crease in polarity of the solvent. This solvent effect as well as the effect of catalysts
reported previously could be accounted for by a revised model of the propagating
species, where both the counter anion and the o-vinyl group were coordinated to the
carbonium ion. The difference in activation energy between intramolecular cyelization
and intermolecular propagation was 6.2 keal/mole. This value was close to that obtained
previously with BF;-OEt, catalyst but greater than those for anionic and radical poly-
merizations. When tetraalkylammonium fluoroborates were added to the polymeriza-
tion system in methylene chloride, 7, and the molecular weight of the polymer decreased.
These results were ascribed to the decrease in the amount of the free propagating cation
by the common 1on effect.

INTRODUCTION

According to previous studies on the cationic cyclopolymerization of
o-divinylbenzene,! 2 the cyclization constant r. as defined below varied with
polymerization conditions such as catalyst, solvent, and temperature.
The variation of 7, with the catalyst was interpreted in terms of the tight-
ness of the growing ion pair, a tighter ion pair being considered to give a
smaller r..2 A somewhat similar observation was made in the anionic
cyclopolymerization of this monomer.? With alkali metal-naphthalene
catalysts, a greater r, value was obtained with a less highly interacting
countercation, and the free anion was found to give a higher r, than an ion
pair by studying the common ion effect.

* Presented in part at the 16th Annual Meeting of the Society of High Polymers,
Tokyo, Japan, May 1967. Contribution No. 144 from this department.
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In cationic polymerizations of vinyl monomers with Friedel-Crafts
catalysts, the structure of the counterion is usually not clearly defined,
unlike the case of the anionic polymerization with alkali metal-naphtha-
lenes. Triphenylearbonium salts have been utilized as initiators of cationic
polymerization of vinyl compounds.*=® The initiation is believed to be
addition of the triphenylmethyl group to the double bond and, therefore,
the counteranion of the growing ion pair is the same as that of the triphenyl-
carbonium salt. Thus triphenylmethyl fluoroborate was selected as initi-
ator in the present study, in order to study the cationic propagation of
o-divinylbenzene with a counteranion of the known structure.

The propagation of o-divinylbenzene involves two competing steps:
intermolecular propagation [eq. (1)] and intramolecular cyclization [eq.

@]

~~CH,—CH"* —~—CH,—CH ———CH,—CH"
i LCH=CH, . . { CH= CH, l CH=CH. (1)
monomer
~~CH,—CH—CH,
CH* (2)

The cyclization constant r,, is defined as
Te = ]Cc/kpA
and can be calculated from eq. (3) or from eq. (4):%¥
dm]  2[M] .
A 2M] + . =
[m] Te 2[M]Jo + 7.
—— = 1 In
2[Ml (1 — z) + 7.

[M]p 2 2[M]yz
where [m], [M], and z denote concentration of the pendant double bond in
the system, monomer concentration, and the fractional conversion of
monomer into polymer, respectively.

(4)

EXPERIMENTAL
Materials

o-Divinylbenzene was prepared according to the procedure described by
Halford and Weissmann,!' and the purity was confirmed by infrared
spectroscopy and by gas chromatography (>99.59, pure). Triphenyl-
methyl fluoroborate was prepared from triphenylmethyl alcohol and
fluoroboric acid in propionie anhydride.'? The orange yellow precipitate
was washed with dry ether, dried 4n vacwo, and kept under nitrogen; mp
179-180°C.
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ANaL. Caled. for CHiBFs: C, 69.11%; H, 4.58%. Found: C, 68.45%; H,
4.649,.

Ultraviolet spectrum (70% aqueous HySOs): Anax 433 My, €max 38 000~
39 500 (lit.:131% Apax 432 My, emax 38 000-38 600).

Tetraethylammonium fluoroborate was prepared from tetraethylam-
monium bromide and fluoroboric acid and recrystallized from acetone.!

Anan. Caled. for C:HoNBF,: C, 44.259%; H, 9.29%; N, 6.45%. Found: C,
44.27%,; H, 9.24%,; N, 6.649.

Tetrabutylammonium fluoroborate was similarly prepared and recrystal-
lized from 50 vol-9, aqueous methanol; mp 162.0-162.8°C (lit.:'® mp
161.8°C).

ANnaL. Caled. for CisHyNBF,: C, 58.36%,; H, 11.039%; N, 4.39%,. Found: C,
58.19%; H, 11.04%; N, 4.429.

Polymerization solvents were purified by the usual procedure.

Polymerization Procedures

The polymerization was carried out in Schlenk-type ampules. Given
amounts of a catalyst solution and solvent were placed in a vessel kept at
the polymerization temperature under nitrogen, and the monomer was
added. After given periods, polymerization was stopped by methanol,
and the polymer was precipitated by pouring the reaction mixture into
excess methanol, separated by centrifugation, and dried #n vacuo. The
polymer recovered was separated into toluene-soluble and toluene-insoluble
fractions.

Determination of Residual Unsaturation and Measurements

The quantity of the pendant double bond in polymer was determined,
as already described,? 1 by comparing the infrared peak of the sample at
1630 em™! (v, vinyl) in CCl, solutions with the same peak of the mono-
mer. Viscosities were measured with a modified Ubbelohde viscometer in
benzene at 30°C.

RESULTS AND DISCUSSION

Effect of Solvent on 7,

Table I gives polymerization data of o-divinylbenzene at 0°C in various
solvents. In polar solvents, polymerization was fast, and the red-orange
color of the catalyst solution deepened on addition of monomer. The
catalyst was not soluble in toluene and partly insoluble in chlorobenzene,
and the red-orange color of the catalyst developed very slowly in the toluene
solution.

The r, value decreased with increase in the dielectric constant of the
solvent, except in nitrobenzene solvent. In the last column of Table I
are given 7, values obtained with BF;-OEt, catalyst.? The closeness of
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the two sets of 7, values is remarkable. Since the variation of e with sev-
eral Friedel-Crafts catalysts is large (i.e., variation of 0.1 to 5 mole/l in
toluene), this agreement apparently indicates that the chemical nature of
the counteranion derived from BI-OEt, is almost the same as that of
BF;~. The small but consistent difference in », (higher by about 0.1
mole/l. with BF,~ anion), however, suggests that the fluoroborate anion
gives a somewhat looser ion pair than the anion derived from BF;-OEt, (see
below).

In the previous study, the variation of r, with catalyst was explained in
terms of the tightness of the growing ion pair. A tight ion pair was repre-
sented by I and a loose ion pair by IT or II1.2 (G—: counteranion).

5+
~~CH,—CH" G~ ~—CH~—CH" G~ s (H—CH G~
CH=CH, CH=CH, o
I
1 11

Since a high r. value was obtained with a loose ion pair presumably derived
from a strong Friedel-Crafts catalysts and since the intramolecular cyecli-
zation [eq. (2)] had a higher activation energy than the intermolecular
propagation [eq. (1)], a tight ion pair (I), which gave a smaller r., was con-
sidered to be less reactive. On the other hand, the weaker coulombic in-
teraction in a loose ion pair was considered to result in either a more re-
active cation (II) or increased participation of the neighboring vinyl group
as in III. However, the solvent effect on 7, given in Table I cannot be
explained simply in terms of the tightness of the growing ion pair, since
polar solvents should render an ion pair looser and accordingly give a higher
7e. There was no such inconsistency in the anionic cyclopolymerization of
o-divinylbenzene.® In this case the reaction condition (countercation,
solvent) which gave greater rates of propagation in the styrene polymeri-
zation, gave higher 7, values, and r. was concluded to increase simply with
the reactivity of the growing anion. The activation parameter obtained
and the common ion effect also supported this conclusion.

One possibility worthy of consideration for explaining the unusual
solvent effect in the cationic cyclopolymerization is the different extent of
participation of theneighboring vinyl group, which depends upon the solvent
polarity. In the previous model, the interaction of the positive neighbor-
ing vinyl group with the counteranion was considered possible in a loose
ion pair (III). However, the p-orbital of the benzyl cation and the m-or-
bital of the vinyl group cannot be simultaneously coplanar with the r-orbital
of the benzene ring because of steric hindrance. As the carbonium ion is
stabilized by resonance with the benzene ring, the vinyl group will be cor-
respondingly pushed out of the plane. Therefore, the delocalization of the
positive charge to the neighboring vinyl group via the benzene ring may be
small, even with a loose ion pair. That the two vinyl groups in o-divinyl-
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benzene cannot be simulaneously coplanar with the benzene ring was
inferred from the NMR spectrum.7 On the other hand, the molecular
model indicates that the direct p, ir-interaction of the benzyl carbonium ion
and the neighboring vinyl group is possible. For this interaction to occur,
both the p-orbital of the benzyl carbon and the vinyl 7r-orbital have to be
tilted toward each other, as shown in IV. The counteranion may be
assumed to be at the other side of the vinyl group, so that the positive
/(-orbital can interact both with the counteranion and with the neighboring
vinyl group.

v

By use of this model for the growing ion pair of o-divinylbenzene, the r..
data can be interpreted fairly reasonably. In a loose ion pair derived from
a strong catalyst, the reactivity of the carbonium ion will be greater and
the interaction of the neighboring vinyl group with the carbonium ion
could be greater in a given solvent, because the positive charge is less
shielded by the counteranion. Thus higher r0 values obtained with
stronger catalysts may be due to the increased reactivity of the growing
cation and/or to the increased interaction of the vinyl group.

The interaction of the neighboring vinyl group with the positive carbon
will depend on the solvent used. In a polar (or highly solvating) medium,
the carbonium ion becomes solvated and forms a loose ion pair. At the
same time, interaction with the vinyl group may be replaced by that with
polar solvent molecules. Then, for a given ion pair, the vinyl interaction
decreases with polarity of the solvent, making the intramolecular cycliza-
tion less favorable. Although increased reactivity of an ion pair in polar
solvents should favor the cyclization, this factor seems to be overshadowed
by the decreased interaction of the vinyl group, and, therefore, rOwill de-
crease with polarity of the solvent.

Effect of Temperature on rc

The variation of rewith temperature was studied in methylene chloride.
The rcvalue increased with temperature, being 0.22 mole/1 at —20°C and
1.2 mole/l at 20°C. Arrhenius plots of re are shown in Figure 1. The
corresponding plots with BF3<OEt2 catalyst in toluene are given for com-
parison. The difference in activation energies (Ee — Epd between the
intramolecular cyclization and the intermolecular propagation in the
(Céalb)3IBF4methylene chloride system was 6.2 kcal/mole, which is close
to 5.3 kcal/mole obtained in the BF3<OEt2toluene system. The pre-
exponential terms were also very close. Since the chemical natures of
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35 37 39
yT xio3

Tig. 1. Arrhenius plots of cyclization constants: (A) (C«rij)»CBF.i-methyleue chloride
system; (B) BF3<«OKtr-toluene system.

the counterions in these two catalyst systems are considered quite similar,
as is apparent from Table I, the difference in the activation parameters does
not seem to be affected very much by the solvent.

Table Il compares the activation parameters of r0 in several systems.

TABLE 11
Activation Parameters for Several Systems of Cyclopolymerization of
o-Divinylbenzene.

Ec  #pA,

Catalyst Solvent Ac/A pha kcal/molea Reference
BFs-OELtu Toluene 2.2 X 104 5.3 Aso et al.1
(CcHACBF* Methylene 5 X ID4 6.2 This study

chloride
Sodium naphthalene Tetrahydro- 15 2.2 Aso et al.3
(ion-pair) furan
Free radical Benzene 50 1.9 Aso et al.10

“ Calculated from the following equation:
rc = ke/kpA = (AdM pa) exp i(-Ah + Epa)/RT}.

It is noted that the activation parameters in anionic and radical cyclo-
polymerizations are quite alike, but they are rather different from those in
cationic polymerization. Although even the qualitative discussion on the
activation parameter is still difficult, this contrast may imply that the
nature of the propagating species can be described by its reactivity (or
tightness if it is an ion pair) alone in the anionic and radical systems but that
the nature of the propagating species in cationic polymerization is influenced
by its tightness as well as geometrical factors such as conformation of the
growing chain end, the position of the counteranion and the solvent organi-
zation.
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Common Ion Effect

The existence of the free propagating carbanion was established in the
“living” polymerization system.®-1® However, few studies have been
made of the presence of the free propagating ion in the cationic polymeri-
zation. Biddulph and co-workers? discussed the possibility of the free-ion
propagation in polymerization of isobutene with TiCl,, However, their
data can be explained equally well by assuming the presence of contact and
solvent-separated ion pairs.2! Polymerization results by Sakurada et al.
strongly indicated that the rate acceleration in several cationic polymeri-
zations under electric field was due to the dissociation of the propagating
ion pair. 2?24

Since the free-growing anion was shown to be present by studying the
effect of NaBPh, addition in the anionic polymerization of o-divinylben-
zene,? the common-ion effect was similarly investigated in the cationic
system.

Table IIT shows the effect of addition of tetraalkylammonium fluoro-
borates on r.. Addition of either of the salts resulted in the decrease in
from 0.47 mole/l to 0.35 = 0.03 mole/l. Neither the increase in the
additive concentration nor the difference in the alkyl group affected 7,
beyond the experimental uncertainty. These results lead to the interpre-
tation that the propagation by the free cation V cannot be ignored with the
catalyst concentration of 0.01 mole/], and that addition of 0.03 mole/l of
Et,NBI, or BuNBF, is sufficient to suppress the free ion propagation by
the common ion effect. Also noteworthy in Table III is the decrease in
the polymerization rate by addition of the common jon. As the free prop-
agating ion is known to be more reactive than the ion pair,**:** this differ-
ence in rates may be ascribed to the faster rate of initiation and/or prop-
agation with the free ion V.

==fiF "
CH=CH

\

The common-ion effect is also apparent in the molecular weight of the
polymer obtained. Addition of Et;NBIF,; or Bu,NBF, decreased the
molecular weight appreciably. Sakurada et al.??=** observed the increase
in molecular weight under electric field in some cationic polymerizations
and aseribed it to the increased free-ion propagation. The present results
similarly suggest that the free-ion propagation gave rise to a higher molec-
ular weight than the ion-pair propagation.
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1,2-Dinitrile Polymers. 1. Homopolymers and
Copolymers of Fumaronitrile, Maleonitrile, and
Succinonitrile

R. LIEPINS, I). CAMPBELL, and C. WALKER, Camille Dreyfus
Laboratory, Research Triangle Institute, Research Triangle Park,
North Carolina 27709

Synopsis

Homopolymers and copolymers of fumaronitrile, maleonitrile, and succinonitrile have
been prepared by using medium high temperature free-radical initiators. Black, non-
fusible but soluble polymers were obtained. The spectroscopic and chemical evidence
indicated a structure containing a-pyrrolenine rings and no free nitrile groups in the
fumaronitrile and maleonitrile polymers and 1-pyrroline rings and free nitrile groups in
the succinonitrile polymers. The polymers possessed good thermal stability, free spin
concentration of 10I#10Bspins/g, and an ac conductivity at room temperature in nitro-
gen of 1d-6 to 10-8 ohm-1 cm*“1

INTRODUCTION

From thermodynamic considerations it has been predicted that free-
radical polymerization of the nitrile bond, of the type so typical of vinyl or
acetylenic compounds, will be highly unlikely.1 Sosin et al.2 have been
able to affect free-radical polymerization of the nitrile bond in addition to
the position alpha to it only by using the high temperature polyrecombina-
tion technique. We wish to report polymerization of the nitrile groups in
fumaronitrile (FN), maleonitrile (MN), and succinonitrile (SN) in the
presence of two peroxides and two hydroperoxides into new polymeric
structures:

(OLR
FN, MN Homopolymers I

C=N
SN Homopolymer

The only other polymer of similar structure reported in the literature is the
anionically initiated poly (succinonitrile).34
3059
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RESULTS AND DISCUSSION

Monomers

Most of the FN and SN work was done with materials as received. Mal-

eonitrile was prepared initially according to the procedure of Linstead and
Whalley [eq. (1)].

COOCHj CONtL CN
> 0)

I cooch;, rFtONH, ACN

Later a simpler and higher yield preparation was found6 feci. (2)].

NS G "
LG @)

In this preparation a 38% yield was realized. The product is a light yellow
oil, bp 92°C/5 mm, nip 29-30°C, (lit.631.3-31.S°C). The infrared spec-
trum of it agreed completely with that reported by Miller et al.7

Homopolymerization

The polymerizations were conducted in bulk in either sealed glass am-
pules or capped glass pressure tubes at temperatures from 110°C to 190°C
with the use of benzoyl peroxide, dirferf-butyl peroxide, ierf-butyl hydro-
peroxide, or cumene hydroperoxide as initiators. Most of the work was
done at 160°C with di-ierf-butyl peroxide as initiator because it gave the
best conversions. Some of the experimental data and results are sum-
marized in Table I. At lower temperatures benzoyl peroxide was the
better, and at higher temperatures ¢erf-butyl hydroperoxide and cumene
hydroperoxide were the better initiators. Polymerization in the absence
of a free-radical initiator, for example, at 150°C for 69 hr, gave only a 3%
yield of polymer of mrh0.07 (0.303 g/100 ml of methanesulfonic acid at
30.0°C). The polymerization rate appeared to be oxygen-dependent when
the polymerizations were conducted in sealed glass ampules, evacuated to
10 [x before sealing. Under these conditions only a few per cent of the
polymer after 48 hr at 150°C was obtained. On the other hand, poly-
merizations of materials charged under nitrogen, probably containing traces
of oxygen, gave polymers in good yield (up to 40%) at the same conditions.
Typically, the initially colorless solution turned brown and finally black
within about fifteen minutes after the tube was placed in the constant
temperature bath. The conversion and molecular weight were found to be
strongly dependent upon the length of time of polymerization (Table II).
The polymerization rate was also temperature-dependent. For example,
while at 110°C only trace amounts of the polymer were formed, at 190°C
the rate was very fast, and a 90% conversion was realized in 4 hr.
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TABLE 11
Conversion and Inherent Viscosity of Polyfumaronitrile versus
Polymerization Time at 160°Ca

Time, hr Conversion, % \jirh
4 6 0 10
9 29 0. 17
43 70 0.35
80 83b 0..40

“ About 4% of di-£erf-butyl peroxide used as initiator.
b Only about 30% of the material was soluble in hot methanesulfonic acid.

The FN and MN homopolymers were obtained as black powders. Al-
though the M N homopolymer appeared to be identical to FN homopolymer
in every respect, the homopolymerization results of MN were quite different
from those of FN. In the homopolymerizatian of FN no products other
than the black polymer and unpolymerized FN were recovered. Further-
more, the polymer yield was polymerization time-dependent. In the homo-
polymerization of MN, in addition to the black polymer, a viscous yellow
oil was produced. No unreacted MN or FN could be recovered. The
oily material contained free nitrile groups according to the infrared spec-
trum. Furthermore, under the conditions used, only about a 17% con-
version of the monomer to polymer could be realized. These results
suggest that the cis isomer undergoes some preferential reaction other than
polymerization, possibly formation of porphin precursors. That MN can
form tetrazaporphin under ionic conditions has been demonstrated by
Linstead and Whalley.5 Furthermore, FN under similar conditions shows
no tendency to pigment formation.8 The SN homopolymer was obtained
as an olive-brown powder. Only the low conversion material was com-
pletely soluble in acidic solvents. As the conversion increased above 15%,
an increasing amount of insoluble polymer was produced.

Copolymerization

Copolymerizations of the three monomers were conducted in bulk at
150°C and 160°C with di-ferf-butyl peroxide as initiator. In general,
higher conversion rates and higher molecular weights were obtained than
in corresponding homopolymerizations. All of the copolymers (including
SN) were obtained as black powders. Of the three FN/SN copolymers:
67/33, 50/50, and 33/67 (in per cent by weight), only the highest SN
content copolymer contained some insoluble material. The 50/50 FN/MN
copolymer was identical to both of the homopolymers. The 50/50 FN/SN
and M N/SN copolymers had identical infrared spectra and appeared to be
similar in other respects.

None of the homopolymers and copolymers had a melting point below
530°C and none seemed to melt in an open flame. However, all FN and
MN polymers were soluble in different solvents depending upon their
inherent viscosity: i, up to about 0.20 soluble in dimethylformamide,
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dimethyl sulfoxide, hexamethylphosphoramide; Tjinh 0.20-0.40 soluble in
sulfuric, phosphoric, formic, and methanesulfonic acids; mrhabove 0.40
soluble in fuming sulfuric acid. Low conversion but high molecular weight
(e.g., ifirh = 1-3) SN homopolymers were easily soluble in acidic solvents.

Since the polymers were prepared under bulk conditions the only other
material introduced in the polymer was methanol during the extraction.
Tire analytical data confirmed this. No residue or other impurities were
found in these polymers.

Structure Characterization

Spectroscopic. Infrared spectra of these polymers were determined on
IvBr pellets. The more characteristic absorptions are listed in Table I11.

Fig. 1. Ultraviolet spectra.

Of the three homopolymers only the SN homopolymer contained an infrared
absorption characteristic of a nitrile group. Furthermore, both the 2250
and 2190 cm-1 absorptions were of equal intensity. The strongest absorp-
tions in all cases were those of C=C and C=N. The 2195-2190 cm“1
absorption was strong and sharp in the case of FN and MN polymers. The
OH absorption was introduced during the extraction of the polymers with
methanol. It is very difficult to remove the last traces of methanol from
these polymers.

Difficulties were experienced in obtaining good NMR spectrum on a
higher molecular weight material because of solubility problems. A
spectrum was obtained on a lower molecular weight FN polymer @?;h
0.121) in hot deuterated dimethyl sulfoxide. In the 0-1000 cps region four
major peaks at 7.04, 7.90, 8.24, and 8.74 ppm (against a TMS standard in a
capillary) were observed. The signals are characteristic of vinyl protons.
Fumaronitrile itself gives only one peak at 7.30 ppm.
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TABLE IV
Ultraviolet Data on 1,2-Dinilrile Polymers

Max. End of
Inherent  absorption, absorption,

Polymer viscosity mf. e mft

FN 0.35 196 8329 550
0.14 196 4592 -

MN 0.31 193 4906 550

SN 1.28 201 5134 460

FN/MN 0.28 197 6248 750
Fumaronilrile monomer — 229 20132 -

The ultraviolet light absorption spectra of FN, SX, and MX' polymers in
sulfuric acid are given in Figure 1. The copolymer spectra were similar to
that of FX homopolymer. The extremely broad absorption would seem to
indicate a considerable polydispersity in the molecular weight. The FX' ab-
sorption curve is practically identical to those for polyphenylacetylenes, 11
except for the position of the maximum absorption which is shifted from
about 260 nyu for the polyphenylacetylenes to about 200 np for the FX, M X
and SX' homopolymers and copolymers. The replacement of ethylenic link-
age (C=C) by an azomethine linkage {C =N} will result in a displacement
of the ultraviolet light absorption maxima towards shorter wavelengths.2
The molecular extinction coefficients were calculated by using the molecular
weight of the postulated repeat units (Table 1V). The FX homopolymer
data indicated that the intensity of the absorption band increased with
increasing molecular weight or with increasing length of the conjugated
system.

Basic Hydrolysis. Use of 25% methanolic potassium hydroxide in a
sealed glass tube at 90°C degraded the polymer as judged by a decrease in
the inherent viscosity; however, the 2195-2190 cn rlabsorption band was
not markedly affected. This demonstrates the absence of nitrile groups.
Corresponding treatment on the SX' homopolymer completely eliminated
the 2250 cm-1 absorption while leaving the 2190 cnrlabsorption and thus
confirming the presence of free nitrile groups in the SX homopolymer.

NaZ0; Reduction. Chiang and Friedlanderi used Critchfield and
Johnson’sX procedure in reducing a,/3-unsaturated nitriles in their poly-
acrylonitriles. Application of this procedure to FX homopolymer had no
effect upon the 2195-2190 cm-1 absorption band. This constitutes a
further evidence for the absence of a,|8-unsaturated nitriles in FX and M X
polymers.

On the basis of the physical appearance of the polymers, their solubility
characteristics, analytical data, basic hydrolysis, and sodium sulfite reduc-
tion results as well as the spectroscopic evidence the completely conjugated
structures are proposed.

In the case of FX, aslow trans to cis isomerization step precedes the fast
cyclopolymerization step. Thus, the intermediate (cis isomer) is never
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present in sufficient concentration to give detectable amounts of any other
products in this polymerization.

Independent Synthesis. To obtain a further proof for the postulated
structure independent synthesis of a compound representing the repeating
unit in the FN and AIN homopolymers was undertaken. Subsequently
the compound was converted into a polymeric material by a condensation
reaction. The synthetic sequence used is shown in eqg. (3).

other structures
+ containing less  (3)
chlorine

The tetrachloromaleimide derivative was prepared according to the pro-
cedure of Anschutz and Schroeter.

The product was isolated as a light green liquid with sharp odor. The
NMR spectrum showed only one type of hydrogen at 8.24 ppm (TAIS
internal standard), characteristic of —CO— NH— CCl12—=

The chlorine atoms alpha to the heteroatom axe very reactive,’6 and the
ammonolysis reaction was performed at —79°C. The product was isolated
as a light-green solid and it can exist in three tautomeric forms. The
infrared evidence, no characteristic imide N— H absorption at 1820 cm-1,
and NAIR, only one broad signal centered at 3.88 ppm (TAIS standard in a
capillary), amine hydrogens, indicated that the amino isomer (dichloro-
aminoisopyrrolone) was the predominant tautomer. Furthermore, the
material contained a strong and sharp absorption at 2190 cm-1, character-
istic of the FN, AIN, and SN polymers, and thus constitutes a further proof
for the type of the repeating unit containing a conjugated C=N system
postulated. Although the model compound synthesized here contains two
chlorine groups that were not in the polymers, this would not affect the
conclusions because all of the C—CIl absorptions occur at 800-600 cm™"'
and the chlorine groups would not affect the other absorptions listed.

The dichloroaminoisopyrrolone is not very stable, as judged from the
change in color to dark brown in a short time when exposed to atmosphere.
It appeared to be stable under nitrogen and when kept at. —20°C.

The light-green solid was then heated under vacuum to progressively
higher temperatures giving increasingly darker colored and less soluble
product. The infrared spectrum on the material heated to 130°C was
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similar to those of FN and M N homopolymers, including the 2190 cm-1
absorption band.

Chemical Properties

The various chemical properties were investigated only with the fu-
maronitrile homopolymer. The x-ray powder diffraction diagrams indicated
the material to be amorphous.

Catalytic Hydrogenation. The diagnostic conditions4for carbon-carbon
double bond hydrogenation in the presence of carbon-nitrogen double bond
were used. Hydrogen uptake was observed, and the infrared absorption
spectrum on the hydrogenated material did not show the G90-705 cm*“1
absorption (cesCH=CH—) which was present in the original material.
Only qualitative observations were made, as the polymer was not com-
pletely soluble in dimethylformamide.

Halogénation. Attempted brominations of the polymer in water or
carbon tetrachloride suspensions at room temperature led to very little
if any bromine uptake. However, the use of iodine monobromide in
carbon tetrachloride at room temperature did lead to halogen uptake.
Analytical data showed 20% halogen in the polymer, and the infrared
absorption spectrum showed decreased absorption at 2190 cm“1 a large
decrease in the 1500-1550 cm-1 absorption, and a very strong increase in
the 1400 cm-1 absorption. The great decrease in the 1500-1550 cm*“1
absorption along with the decrease in the 2190 cm*1 absorption would
indicate halogen addition across the carbon-nitrogen double bond; how-
ever, the possibility of salt formation with the nitrogens cannot be elimi-
nated.

Oxidation. Oxidative degradation of the polymer was attempted with
the use of chromium trioxide in sulfuric acid7and also 30% hydrogen perox-
ide in sulfuric acid.18 These reagents were chosen because of their success-
ful application in tetrazaporphine degradations. In both cases a light
yellow, extremely viscous oil was obtained. However, despite several
attempts no monomeric materials could be isolated. A typical infrared
absorption spectrum of the hydrogen peroxide oxidation product indicates
the presence of alkyl ether (1060-1150 cm“ 1 and epoxy (near 1250 cm-1,
S90 cm-1, trans, 830 cm-1, cis)s groups.

Diels-Alder Reaction. The repeating unit of FN and M N homopoly-
mers contains two conjugated double bonds in a cis configuration. It was
of interest, therefore, to attempt the Diels-Alder reaction on the polymer
with maleic anhydride. The reaction took place only with difficulty above
170°C. The infrared absorption spectrum showed the following changes:
broad absorption at 2900-3550 cm-1, reduction in the intensity of the 2190
cm-1 absorption, introduction of strong absorptions at 1770 and 1700 cm*“ 1
(carboxyl carbonyl), and weak absorptions at 1200 1300, 1050-1075,
900-950 cm“ 1 which are typical of polymeric anhydrides.1920 On the
other hand, the typical anhydride carbonyl absorption at 1860 cm*“ 1was
absent. Apparently, hydrolysis of the anhydride group to the carboxylic
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acid had occurred under the experimental conditions. Analysis of the
product showed 199, oxygen indicating that about 30% of maleic acid was
incorporated in the polymer.

Thermal Properties

Heating of low molecular weight (niu, below 0.20) fumaronitrile polymers
in a vacuum oven at 140°C and progressively higher temperature (up to
190°C) increased their inherent viscosity by as much as a factor of two.
The increase in viscosity was not accompanied by changes in the infrared
absorption spectrum or by insoluble material formation. This is indicative
of a coupling reaction taking place between the lower molecular weight
chains.

Thermogravimetric analysis was performed on samples of gi,n 0.30-0.40
in air and nitrogen at a heating rate of 5°C/min. The nitrogen data
(Table V) showed that the three homopolymers are similar in their thermal

TABLE V
TGA Data on 1,2-Dinitrile Polymers

Temperature of  Temperature of

109, wt 509, wt,
loss loss
in nitrogen, in nitrogen,

Polymer °C °C
FN 342 795
MN 370 785
SN 358 710
50/50 FN/MN 352 675
50/50 FN/SN 346 704

stability and that the SN homopolymer is somewhat poorer of the three.
This is understandable because the SN polymer contains —CHy,—CH,—
segment in the repeating unit as compared to all conjugated systems in the
FN and MN polymers. The FN and MN homopolymers compare in ther-
mal stability to some of the polybenzimidazoles.?! The 50/50 copolymers of
FN and MX and SN possessed poorer thermal stability than corresponding
homopolymers.

Heating of a sample of FN homopolymer in a vacuum system (2u
pressure) at 500-550°C for 2'/, hr produced a lower nitrogen content
material (259, versus 339, in the original polymer) with much improved
heat stability in air, i.e., less than 109, weight loss at 500°C.

ESR Properties

As the isolated polymers possessed the rather high spin concentrations of
107-10'8 spins/g, it was of interest to follow the polymerization by ESR and
perhaps note the time period at which the high spin concentration devel-
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TABLE VI
IXSR Data with Time of Polymerization

Total
polymerization Color of Radieal conen, AHMSL,
time, min material per cm of sample G
4 Light tan Faint signal —
13 Brown ~10u 3
20 Dark brown 9.6 X 10 2.8
210 Black 5 X 10v 4.1
2535 Black 9.3 X 101 3.9
4170 Black 3.6 X 10V 53

oped. The procedure that we used consisted of charging 0.40 g of fumar-
onitrile and 0.016 g of di-tert-butyl peroxide under nitrogen into an ESR
tube, capping it with a cork stopper, and then polymerizing in a silicone
bath at 160°C. For the ESR measurements the tube was removed from
the bath and cooled in running water before taking the measurements.
The ESR data are given in Table VI.

As can be seen from the data, the spin concentration increases with poly-
merization time from the beginning. I‘urthermore, as the half-life for
di-tert-butyl peroxide at 160°C is only 20 min and, considering the spin
concentrations as well as the type of signal observed, it can be concluded
that we are not measuring any large concentrations of fert-butoxy radicals
but rather some other free-radical species that is characteristic of the
polymer. Furthermore, the narrow line width is in agreement with the
ESR data on highly conjugated polymers in general. I'or example, poly-
phenylacetylene of molecular weight 1100 had a free spin concentration of
5 X 107 spins/g and a line width of 4 G.>*> The spins in our polymer
were found to be oxygen insensitive and they were also present in solution
(methanesulfonic acid). No fine structure could be detected despite
considerable efforts to observe it.

Heating of the polvmer in vacuum at 500-550°C produced two distinct
types of electronic structures as judged from the ESR signal. The total
spin concentration increased by at least two orders of magnitude (10"
spins/g) and the signal consisted of two components: (I) a narrow one,
1.5 G, and (2) a broader one, about 10 G. When the tube was
open to air, a slow decrease in the total spin concentration, to the level
before heating, was observed. However, after the tube was open to air for
24 hr the concentration of the spins again started to increase, and after 60
hr (the only other measurement made) it was considerably above the 24-hr
level. This is best accounted for by assuming a charge-transfer complex
formation between the diffusing oxygen and the conjugated chain segments.
A study of the interaction of polyphenylacetylene with such electron
acceptor molecules as oxygen and iodine had led to the same conclusions.?®
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Electrical Properties

Dielectric Constant. The dielectric constant of the fumaronitrile poly-
mer was determined on a pellet of the compacted powder. Details for the
preparation of the pellet are given in the next section. Sample preparation
and measuring technique were identical to those of Peterlin and Elwell.24
The dielectric constant eat 26°C and 1000 cps was found to be 8.5.

Ac Conductivity Measurements. Meaningful conductivity measurements
on compacted powders of polymers are difficult to obtain. The various
pitfalls associated with these measurements as well as the precautions to be
taken have been amply described.2527 Some of the details of our experi-
mental procedure are described first. All of the polymer samples
investigated were soluble materials. No impurities other than small
amounts of methanol, which were extremely difficult to remove, were
present in these polymers. The pellets were prepared by placing about
100 mg of the powder into a KBr pellet press (Perkin-Elmer), applying
10 000 Ib/in.2pressure at room temperature, heating to 130-135°C in an
oven, and then applying 30 000 Ib/in.2for about 1 hr. The electrodes were
painted with E-kote 40 silver conductive spray paint. The lead wires
(gold) were attached with E-kote 3042 silver epoxy paint. The assembly
was then allowed to dry at room temperature in an evacuated desiccator
for at least 16 hr. The sample was mounted in a shielded cell and attached
to the gold leads by means of the E-kote 3042 silver epoxy paint. The
cell was purged with dry nitrogen for about four hours before the measure-
ments were made.

The conductivity measurements were conducted by using the Boonton
260-A Q-meter over a frequency range of 1-10 Mcps. The conductivity
usually increased with increase in frequency and then leveled off between
6 and 10 Mcps. An average value of the level part was reported. Spurious
surface or photoconduction effects were eliminated by using a painted guard
ring. Some of the conductivity data are listed in Table VII.

The room temperature conductivity data in a nitrogen atmosphere for
the FN and M X polymers was in the 10-6 to 10-7 ohm-1 cm-1 range anil
for the SX polymer at least one order of magnitude lower. In the case of
M X polymer a much smaller sample size was used without the guard ring,
and hence the value may be open to question. In the case of FN polymers

TABLE VII
Ac Conductivity of 1,2-Dinitrile Polymers
Electrode Sample (Conductivity
radius, thickness, X 10A
Sample cm cm ohm-1 cm-1
FN (483-7) 0.45 0.025 9.2
MN (434-57) 0.15 0.017 17,3
SN (483-19) 0.46 0.051 0.8
50/50 FN/MN (434-50) 0.44 0.034 15.9

50/50 FN/SN (483-50) 0.45 0.056 0.2
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variation of the pellet thickness from 0.025 to 0.006 cm had no effect upon
the conductivity value. More detailed conductivity studies, including the
effects of temperature, pressure, and ambient atmosphere are planned.

In summary, our work shows that by using medium high temperature
free-radical initiators in the polymerization of certain 1,2-dinitriles, in-
fusible but soluble, highly conjugated, black polymers can be obtained.
The spectroscopic and chemical evidence indicated that these polymers
contained conjugated C—C, C=N, CH=CH, and no C=N. The poly-
mers possessed good thermal stability, had a high concentration of free
spins and a conductivity in the semiconducting range. The significance of
the technique described here may be in the simplicity with which completely
conjugated, soluble, polymers can be obtained.

EXPERIMENTAL

Preparation of Maleonitrile

Eumaronitrile (8.5 g) and iodine (0.5 g) were combined under nitrogen in
a glass pressure tube. The tube was capped and placed in a silicone bath
at 175 180°C for 7 hr. The product was dissolved in reagent-grade
chloroform (100 ml) to which was added 5.0 g of reagent grade anhydrous
sodium thiosulfate. The mixture was allowed to stand overnight, the
solid was filtered off, and the chloroform stripped in a Rotovac. The
residue was distilled under reduced pressure in a Claisen flask yielding the
following materials: first fraction 3.2 g, bp up to 120°C/30 mm, fumaroni-
trile; second fraction, 3.8 g, bp 122-130°C/30 mm, maleonitrile; and a
black residue. The second fraction was refractionated through a small
(0.5 X 7 in.) fractionating column yielding 3.18 g (38%) of maleonitrile,
bp 92°C/5 mm, mp 29-30°C. The infrared spectrum of the product was
identical to that reported by Miller et al.6

Typical Homopolymerization

FN (1.0 g) and di-feri-butyl peroxide (0.04 g) were charged under nitro-
gen in a glass pressure tube (1 X7 in.) and then were placed in a silicone
bath at 160 + 1°C for 43 hr. The black solid was suspended in 40 ml of
methanol and heated to refluxing for about 5 min. The solid was then
filtered and the extraction repeated. The material was dried in a vacuum
oven at about 113°C for 20 hr. Isolated was 0.70 g (70%) of black shiny
powder, ijirh0.35 (0.425 g/100 ml metlmnesulfonic acid at 30.0°C).

Typical Copolymerization

FN (0.33 g), SN (0.67 g), and di-fert-butyl peroxide (0.04 g) were all
combined under nitrogen in a pressure tube (1 X7 in.), and then polymer-
ized in a silicone bath at 160 + 1°C for 23 hr. The procedure for isolating
the copolymer was the same as for homopolymers. Isolated was 0.88 g
(88%) of black powder, ijirh 0.45 (0.411 g/100 ml of methanesulfonic acid
at 30.0°C).
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Preparation of 2,2,3,4-Tetrachloro-3-pyrrolinone

Suceinimide (7.0 g, 0.071 mole) was combined with phosphorus penta-
chloride (59.2 g, 0.284 mole) in a 100 ml round-bottomed flask fitted with a
reflux condenser. The contents was then heated in a silicone bath to
162°C and refluxed at 162-167°C for 2.5 hr. The flask was then fitted
with a small fractionating column (0.5 X 9 in.) and the contents distilled
under reduced pressure. The forerun consisted of phosphorus oxychloride
and two fractions were collected: () 70-80°C/5 mm, (2) 80-90°C/5
mm. Refractionation yielded two main fractions: (7) 94-97°C/21 mm,
n¥ 1.5305, 6.0 g; (2) 100-106°C/21 mm, n** 1.5391, 2.0 g. The total
vield was 8.0 g (51%,).

Anan. Caled for C;HNOCL: C, 21.749;; H, 0.459%,; Cl, 64.229,. Found: C,
22.08%; H, 0.36%,; Cl, 65.84.

Preparation of 3,4-Dichloro-5-aminoisopyrrolone

Tetrachloropyrrolinone (3.3 g) was added at a slow drop rate to liquid
ammonia (15 g) cooled to —78°C. The mixture was kept in a Dry Ice—
acetone bath for 3 hr, then allowed to warm up to room temperature, and
the excess ammonia was allowed to evaporate. The residue was extracted
with anhydrous ether (five times each 100 ml); the ether solution was
filtered and the solvent evaporated in a Rotovac at room temperature,
leaving behind a light green-colored solid, 0.5 g (209,). The material was
dried in a vacuum oven at room temperature for several hours. It did
not have a noticeable melting point, instead, it changed into a black solid
upon heating.

Anan. Caled for CiJHLON.ClL: C, 29.109%; H, 1.21%; N, 16.98%,; Cl, 42.997%.
Found: C, 28.96%,; M, 2.819%: N, 18.25%,; Cl, 42.887%,.

Oxidative Degradation

Fumaronitrile polymer (0.145 g) was dissolved in cone. sulfuric acid (6
ml) and the solution was cooled in an ice bath. To the cooled solution
added 309% H,O, (1 ml) at a slow drop rate. The reaction mixture was
then allowed to warm up to room temperature and was kept there for 40
min. About 20 g of crushed ice was next added followed by ferrous
sulfate (1.0 g) after 4 min. The mixture was then diluted with 50 ml of
water and extracted with ether for 26 hr. Evaporation of the ether gave a
light yellow extremely viscous residue. No monomeric materials could be
isolated.

Diels-Alder Reaction

Fumaronitrile polymer (0.05 g) was combined under nitrogen with maleic
anhydride (0.40 g, 6 molar excess) in a 100-ml round-bottomed flask
equipped with a reflux condenser. The flask was heated in a potassium
thiocyanate bath to 265-275°C and kept there for 2 hr. The reaction
product was extracted with boiling acetone twice and dried in a vacuum
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oven at 80°C for 6 hr. Isolated was 0.065 g of black product. Analysis
showed 199, oxygen in the product, indicating about 309, maleic acid
incorporation.

The authors are indebted to Drs. A. Peterlin and A. Schindler for many stimulating
discussions and helpful comments and to Dr. A. Gosnell for the conductivity measure-
ments. The support of this work by the Celanese Corporation is gratefully acknowl-
edged.
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Metal-Containing Initiator Systems. V.
Polymerization of Methyl Methacrylate
by Systems of Some Activated Metals

and Organic Halides

TAKAYUKI OTSU and 1YIASAMI YAMAGUCHI, Department of
Applied Chemistry, Faculty of Engineering, Osaka City University,
Sugimotocho, Sumiyoshi-ku, Osaka, Japan

Synopsis

A study of the polymerization of methyl methacrylate initiated by the binary systems
of some activated metals and organic halides has been made. It was found that the
initiator activities of these systems were greatly dependent on the kind and the prepara-
tion or activation method of the metals (i.e., oxidation potential, surface area, and
purity), and also on the kind of organic halides (i.e., bond-dissociation energy of their
carbon-halogen bonds). From the kinetic studies of the polymerization at 60°C with
the system reduced nickel-carbon tetrachloride, the rate of polymerization was found
to be proportional to the monomer concentration and to the square root of concentra-
tion of both nickel and carbon tetrachloride at the lower concentration range of carbon
tetrachloride, indicating that the system induced the radical polymerization. A similar
conclusion was also obtained from the copolymerization with styrene with this system
at 60°C, i.e., the resulting copolymer composition curve was in agreement with that
obtained with azobisisobutyronitrile (AIBN). The apparent overall activation energy
for the methyl methacrylate polymerization with this system was estimated to be 7.5
kcal/mole, which was considerably lower than that with AIBN. On the basis of the
results obtained, an initiation mechanism for the polymerization with these initiator
systems is presented and discussed.

INTRODUCTION

Recently, it has been reported that some metal-containing initiator
systems consisting of metal peroxides,1 metal alkyls,2 metal carbonyls,3
metal chelates,45and transition metal halides6can serve as effective radical
initiators of vinyl monomers. These studies are connected with an inves-
tigation of induced selective and stereospecific radical polymerizations of
vinyl monomers.

In the previous papers7-9 we have found that the systems of some acti-
vated metals and organic halides can induce the radical polymerization of
vinyl monomers. Some of these systems had been known as Ullmann,
Gomberg, and Wurz-Fittig reactions in which metallic copper, silver, and
alkali metals can react with some organic halides to produce an intermediate

3075
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alkyl radical which readily dimerizes to give a product. However, no
available information on these systems as radieal initiators has appeared,
except for the paper of Furukawa and co-workers'® who used metallic
copper and benzyl chloride as an initiator system.

Recently Olivé et al.'! reported that the systems of some transition metal
colloids and organohalogen compounds can induce the radical polymeriza-
tion of methyl methacrylate. Mlore recently, Iwatsuki et al.!? also reported
the polymerization of methyl methaecrylate initiated by hydrogenation
catalysts in the presence of carbon tetrachloride.

The present paper describes the results on the polymerization of methyl
methacrylate with systems of various metals and organic halides, and on the
kinetic studies of the polymerization with the system of reduced nickel and
carbon tetrachloride at 60°C.

EXPERIMENTAL

Materials

Raney metals were prepared from their commercial aluminum alloys
according to the Adkins W-5 method,* followed by successive washing with
water, methanol, and then benzene.

Urushibara metals were obtained by adding zinc dust to an aqueous
solution of metal chloride according to the method described by Taira't
and used after washing with water, methanol, and finally benzene.

Reduced nickel was commercially available stabilized hydrogenation
catalyst (Nikki Chemical Co.) composed of 509, Ni on kieselguhr. Before
use, this catalyst was activated by heating at about 200°C in a stream of
hydrogen for 1 hr.

The other kinds of hydrogenation catalyst, formate nickel (509, Ni on
kieselguhr), platinum (19, Pt on charcoal), palladium (5%, Pd on charcoal)
and rhodium (59, Rh on charcoal), which were available as commercial
produets, were used after hydrogen reduction at 200°C for 1 hr. The
commercial metal powders were also used without further purification.

Organic halides used in this study were purified by distillation or re-
crystallization of the commercial reagents.

Methyl methaerylate and styrene were purified by ordinary methods
and distilled under a reduced pressure before use. The other reagents were
purified by ordinary methods.

Polymerization Procedure

Into a hard glass tube containing a given amount of the metal, the
required amount of organie halide, and the monomer were placed, and this
tube was connected to a vacuum system. After degassing of its contents
by repeated freezing and thawing, the tube was sealed off under vacuum.
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Polymerizations and copolymerizations were carried out in the dark with
shaking of the tube in a thermostat maintained at a given temperature.
After polymerization, the contents of the tube were poured into a large
amount of methanol containing concentrated hydrochlorie acid to precipi-
tate the polymer and to dissolve the residual metal initiator. The resulting
polymer was then purified by reprecipitating two or three times from ben-
zene solution into methanol. The conversion was calculated from the
weight of dry polymer obtained.

Analysis of the Polymers

The number-average degree of polymerization (P,) of the polymers was
calculated from the intrinsic viscosities [7] in chloroform at 30°C according
to the following equation:!

[7] = 2.50 X 10-3P 08

The syndiotacticity of the polymers was determined from the absorbance
ratios (Dies/Dizes) In the infrared spectra according to the method de-
scribed in a previous paper.!t

The composition of the copolymers with styrene was determined by
elementary analysis for carbon.

RESULTS

Effects of Metals on the Initiator Activity

The results of the polymerization of methyl methacrylate with various
metals in the presence of carbon tetrachloride as organie halide are shown
in Table 1.

As can be seen from Table I, all the commercial metal powders used
showed no activity for methyl methacrylate polymerization in the presence
of earbon tetrachloride, but all activated metals available as hydrogenation
catalyst were quite effective as initiator. These results indicate that it is
necessary for the metals to have a fresh and pure surface. No polymer was
obtained by activated metal alone (see Table IT).

A comparison of the initiating activities of the metals in the series of
Raney and Urushibara types from Table I shows that the activated nickel
was the most active initiator. However, a definite relationship between
the initiating activities and the kind of metals was not observed.

The degree of polymerization of the resulting polymers decreased with
increasing of the rate of polymerization as well as in ordinary radical
polymerization. The syndiotacticity of the polymers was almost constant
independently of the kinds of metals used in the initiator systems and was
also the same as the value obtained by azobisisobutyronitrile (AIBN),
indicating that these initiator systems did not induce stereospecific poly-
merization of methyl methacrylate.
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TABLE I
Polymerization of Methyl Methacrylate with the Various Metals—Carbon
Tetrachloride Systems at 60°Cs

Polymer yield, Degree of Syndio-
Metals % polymerization tacticity, %
Raney Ni 41.0 700 42
Urushibara Ni H .4 300 43
Formate Ni 36.5 2000 44
Reduced Ni 97 .1 300 45
Reduced Ni 9.1b — —
Commercial Ni 0 — S
Raney Co 22.6 2000 45
Urushibara Co 49.5 400 46
Commercial Co 0 — —
Raney Fe 21.1 1900 42
Urushibara Fe 21.3 700 48
Commercial Fe 0 — —
Raney Cu 25.2 900 43
Urushibara Cu 22.4 1400 42
Commercial Cu 0 — —
Pd on charcoal 18. 7 2300 48
Rh on charcoal 3.4b — —
Pt on charcoal 9.2b 1700 43
Commercial Zn 0 — —
Commercial Al 0 — —
None 0 — (43)e

a Time, 3 hr; [M] = 4.46 mole/l; [CClL] = 0.49 mole/l; [Metal] = 0.81 g-atom/1;
in benzene.

b [Metal] = 8.1 X 1073 g-atom/L.

¢ Determined for radical polymer obtained by AIBN.

Effects of Organic Halides

Table 1T shows the results of polymerization of methyl methacrylate with
Raney nickel in the presence of various kinds of halides at 60°C.

As is seen from Table II, the initiating activity of the halides in the
presence of Raney nickel markedly increased in the following order:
CH.Cl, < CHCl; < CCly; CHCl; < CHBr; < CHI;; n-CHoCl < tert-
C,H,Cl; C¢H;Cl < CH;CH,Cl; CHCI=CCl; < CH;~CHCH,Cl. This
order coincides with decreasing bond-dissociation energy of the carbon-
halogen bonds involved in the halides.

From Table 11, the degree of polymerization of the resulting polymers
was observed to decrease in proportion to the inerease in initiating activity
of the initiator systems. The syndiotacticity of the polymers was not
changed by the kinds of halides used.

Kinetic Studies of Polymerization with the Reduced Nickel-Carbon
Tetrachloride System

Figure 1 shows the time—conversion relations on the polymerization of
methyl methacrylate with the reduced nickel-carbon tetrachloride system
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TABLE II
Effect of Halides on the Polymerization of Methyl Methacrylate by Raney
Nickel at 60°Cs
Polymer yield, Degree of Syndio-
Halide % polymerization tacticity, 9,

CH.Cl, 4.6 4300 42
CHCl; 19.6 1300 41
CCly 48.5 700 42
C.H.Cl, 1.7 — —
C,H.Cl, 8.5 1900 42
C.Cls 33.5 1300 46
CHBr; 20.0 400 44
CHI, 41.4 40 —
tert-C4H,Cl 10.0 5100 43
n—C4chl ]. " 9 - i
CsH;Cl 0.5 — —
CsHsBI‘ 0 3 g = -
CeH;l 0.3 — —
0-CsH4Clg 0.9 — —_—
1,3,5-CsH;Cls 1.4 - —
CsH;CH,CI 21.8 1400 48
CHCl=CCl, 0.3 — —
CH,=CHCH,CI 16.7 2300 45
TiCl; 0 — —

None 0 — 43)

I; in benzene.

b Determined for radical polymer obtained by AIBN.

in the temperature range 30-80°C. The straight-line relationships were
obtained at every temperature.

conversion (%)

()]

I
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Fig. 1. Time-conversion relations on the polymerization of methyl methacrylate by
the reduced nickel-carbon tetrachloride system at 30-80°C. [Ni] = 2.55 X 1072 g-

atom/1; [CCL] = 0.104 mole/l; [M] = 5.62 mole/]; in benzene.
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Fig. 3. Time-conversion relations on the polymerization of methyl methacrylate
by the different concentration of reduced nickel in the presence of constant concentra-
tion of carbon tetrachloride at 60°C: (1) 0.64 X 1072; (2) 1.28 X 1072; (3) 1.91 X 107%;
(4) 2.55 X 1072; (5) 3.83 X 1072 g-atom/l of nickel. [CCL] = 0.104 mole/I; [M]
= 5.62 mole/]; in benzene.

The rate of polymerization B,, determined from the slopes of the straight
lines in Figure 1, was plotted with the reciprocal polymerization tempera-
tures as shown in Iigure 2. The apparent activation energy for overall
polymerization with this system was calculated to be 7.5 keal/mole.
Accordingly, the activation energy for initiation was obtained as 6.2 keal/
mole by using the reported rate constants'” for propagation and termina-
tion. This value was quite small as compared with that with AIBN
(30.8 keal/mole).®®

Figure 3 shows the time—conversion relations for polymerization carried
out by using the different coneentration of reduced nickel in the presence of
the constant coneentration of carbon tetrachloride at 60°C. Although
this polymerization system was heterogeneous, straight-line relationships
were obtained. The plots of R, against the concentration of reduced
nickel are shown in Figure 4, from which the rate was found to be propor-
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Fig. 4. Relationship between R, and the concentration of reduced nickel at 60°C.
[CCL] = 0.104 mole/l; [M] = 5.62 mole/]; in benzene.
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Tig. 5. Relationship between R, and the concentration of carbon tetrachloride at 60°C.
[Ni] = 5.55 X 1072 g-atom/l; [M] = 5.62 mole/l; in benzene.
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Fig. 6. Relationship between R, and the monomer concentration at 60°C. [Nil =
2.55 X 10~2 g-atom/1; [CCL] = 0.104 mole/l; in benzene,
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tional to the square root of concentration of reduced nickel. This result
also indicates that this initiator system induces radical polymerization.

The relationship between the rate of polymerization and the concentra-
tion of carbon tetrachloride is shown in Figure 5. The square-root depen-
dence of the concentration of carbon tetrachloride on the rate was observed
only in a CC14 concentration range lower than 5 X 102 mole/1. In the
range of carbon tetrachloride concentration higher than this, however, the
rate remained constant independently of its concentration. This result
might suggest that the initiating radical was produced via the complex
formation between reduced nickel and carbon tetrachloride, as was pointed
out by Iwatsuki et al.12

Figure 6 shows the plot of the rate of polymerization against the concen-
tration of methyl methacrylate monomer. It is clear that the rate was
directly proportional to the monomer concentration. This result might
also indicate that the monomer did not participate in the step of the pro-
duction of an initiating radical.

When the polymerization of methyl methacrylate with this system was
carried out in the presence of air, the rate was observed to decrease marked-
ly from 7.7%/hr. in the absence of air to 2.2%/hr. Accordingly, it was
obvious that this polymerization proceeded by a radical mechanism.

Copolymerization with Styrene

In order to clarify further whether the polymerization with these systems
proceeds via a radical mechanism, copolymerization of styrene (Ah) with
methyl methacrylate (M2 with the reduced nickel-carbon tetrachloride
system was investigated at 60 and 0°C. From the results obtained, the
monomer-copolymer composition curves shown in Figure 7 were obtained.
The copolymer composition curve obtained by this system at 60°C was in
agreement with that by AIBN, but that obtained at 0°C was somewhat

Fig. 7. Copolymer composition curves for the copolymerization of styrene (Mi)
and methyl methacrylate (M2 by the reduced nickel-carbon tetrachloride system:
(-=-) at 0°C; (-0) at 60°C. ([Mi] -)-. [M3) = 7.2 mole/1; [Ni] — 0.13 g-atom/1;
[CCLi] = 0.125 mole/1; in benzene.
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different. The monomer reactivity ratios were calculated as follows:
n = 0.36, r2= 0.44 at 60°C (lit.9n = 0.52, r2 = 0.46); n = 0.46, r2 =
0.79 at 0°C.

The result at 60°C is considered to indicate that the copolymerization
with this initiator system proceeds via a radical mechanism.

Analysis of Reaction Products

To determine the initiation mechanism with these initiator systems, the
reaction of reduced nickel with carbon tetrachloride in the absence of
monomer was carried out at SO°C. From gas chromatographic analysis of
the reaction products, the formation of hexachloroethane was confirmed.
From the aqueous solution which was extracted the reaction mixture with
water, nickel and chloride ions were also detected.

DISCUSSION

From the results on the polymerization kinetics and on the copolymeri-
zation with styrene, it is clear that the system of Raney or reduced nickel
and carbon tetrachloride can induce the radical polymerization of methyl
methacrylate. The fact that the syndiotacticity of the resulting polymers
is the same as that of ordinary radical polymer, independent the metals and
organic halides used (Tables | and I1), also suggests that all of these systems
can serve as an ordinary radical initiator.

Although metals which can form the effective initiator system with some
organic halides must have a fresh surface, as shown in Table I, no definite
correlation is observed between the initiating activities and the kind of
metals. One reason may be that the metals exist as heterogeneous solids
in these polymerizing mixtures. However, it may be suggested that both
the oxidation potential of the metals and the preparation and activation
methods, which determine their surface area and purity, are the controlling
factors for determining the initiating activity of these S¥“stems.

From Table 11, the initiating activity of the organic halides to Raney
nickel was found to increase as the substitution by halogen atom increased
and also as the labile halogen atoms were involved in the organic halides.
These results strongly suggest that the effectiveness of the halides for
initiation increases with decreasing bond-dissociation energy of their
carbon-halogen bonds.

As was pointed out by Olivé et al.ll and Iwatsuki et ah,12 the initiation
by these systems is thought to occur according to the following mechanism:
a complex is formed between the metals (Me) and the organic halides (RX),
and then one-electron transfer from metal to carbon-halogen bond in the
halides occurs to give the initiating radical:

R—X + Me =: [Complex] ==R- + Me+ + X~
This reaction scheme is supported by the fact that hexachloroethane,

nickel ion, and chloride ion were found in the reaction mixture of reduced
nickel and carbon tetrachloride at <S0°C.
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In this mechanism, if the step of one-electron transfer is rate-determining,
the ease of the initiating radical production must be dependent on both the
oxidation potential of the metals and the bond-dissociation energy of the
carbon-halogen bond in the halides. As is seen from Table I, however, a
definite correlation was not observed between the initiator activity and the
kind of activated metal used.

Regarding to this point, Olivé et al.ll have stated that the step of complex
formation is important. However, the effect of the halide structures on
initiation may suggest that the rate-determining step is one-electron trans-
fer in the complex. Accordingly, this result may be understandable if the
surface area and the surface purity of the metals to form the transition state
complex with the halides are significant rather than the oxidation potentials.
However it must be noted that the reactivity of the initiating radical pro-
duced from the halides toward the methyl methacrylate monomer is also
important.

A probable structure of the complex in the transition state of the above
reaction may be written as follows:

[1:X Me <> R-X":Me+]
| 1

in which | is the structure near the reactant system and Il is that after
one-electron transfer has occurred. The importance of a similar transition
state structure has been discussed by Kochi and DavisDfor the reduction of
alkyl halides with chromium (I1) ion.

It is known that some systems, such as transition metal-ethyl bromide2l
and magnesium-alkyl halide2 can induce anionic polymerization. Re-
cently, we also found that the systems of reduced nickel and some organic
halides initiate the cationic polymerization of monomers such as styrene,23
isobutyl vinyl ether,Z and butadiene.24 Accordingly’, the contribution of
transition state structures other than I and Il mentioned above must be
considered in these cases. Such a selective initiation for monomers with
the systems of metals and halides will be described in the next paper.
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Synopsis

It w:is found that styrene in liquid sulfur dioxide polymerizes, giving polystyrene
readily and quantitatively by addition of such aromatic hydrocarbons as anthracene
and trans- or as-stilbene in the presence of oxygen, and the polymerization proceeds
via a cationic process. The observations on the electronic spectra and Kinetics in the
system suggested that the polymerization was initiated by an electron transfer from the
aromatic hydrocarbon to oxygen, followed by the formation of styrene radical cation.
Supporting evidence of the radical cation is that 1,1-diphenylethylene in liquid sulfur
dioxide in the presence of oxygen shows a peak at \milx = 605 mju and reacts to give benzo-
phenone and 1,1,3,3-tetraphenyl-butene-I, which are eliminated by addition of a radical
or cation inhibitor.

INTRODUCTION

Comprehensive studies of the anionic polymerizations, represented by a
“living polymer” and initiated by radical anions, have already been
made,l but quite recently cationic polymerizations initiated by a radical
cation produced in a direct electron-transfer reaction between some
electron-donating monomers and various characteristic electron acceptors
also were reported.2

In a previous communication3we reported the fact that anthracene is an
effective initiator of a cationic polymerization of styrene in liquid sulfur
dioxide only in the presence of oxygen. This paper is concerned with a
more detailed and developed description of the reaction, in which the for-
mation of a blue-colored species and the Kinetic results under the various
conditions are discussed; a possible mechanism also is presented.

3087
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EXPERIMENTAL

Materials

Liquid Sulfur Dioxide. A commercial liquid sulfur dioxide of high
purity was placed in a 300-ml pressurized glass vessel equipped with a
needle bulb; it was dried over P25 and distilled carefully with a specially
designed distiller; see C in Figure 1

Styrene. Styrene was purified by distillation twice under reduced
pressure after several washings with 10% XaOH aqueous solution.

1,1-Diphenylethylene. This was synthesized by dehydration of methyl
diphenyl carbinol by the method of Allen and Converse;4 b.p. 117 118°C
at 4.5 mm.

1,1-Di-p-chlorophenylethylene. This was synthesized by dehydration
of di-p-chlorophenyl methyl carbinol, which was obtained from the reac-
tion of p,j) -dichlorobenzophenone5 with methyl magnesium iodide;
m.p. 89°C.&a

1-p-Chlorophenyl-lI-phenylethylene. This was synthesized by de-
hydration of p-chlorodiphenyl methyl carbinol, which was obtained from
the reaction of p-chlorobenzophenone7? with methyl magnesium iodide;
b.p. 151-152°C at 6 mm.éG

1-p-Methoxyphenyl-lI-phenylethylene. This was prepared by de-
hydration of p-methoxydiphenyl methyl carbinol, which was obtained
from the reaction of p-metboxyacetophenone with phenylmagnesium
bromide; m.p. 74 -75°C.8



POLYMERIZATION OF OLEFINS 30159

1,1-Di-p-methoxyphenylethylene. This was prepared by the reaction9
of anisole with acetyl chloride in the presence of A1CI3in CS2, m.p. 142-
143°C.

Triphenylethylene. Triphenylethylene was synthesized!0 by dehydra-
tion of benzyldiphenyl carbinol, which was obtained from the reaction of
benzophenone with benzylmagnesium chloride; m.p. 67.5-68.5°C.

Tetraphenylethylene. This was synthesizedll in the coupling reaction
of diphenyldichloromethane, given by the reaction of benzophenone with
PCI5 and recrystallized from a mixture of 1:1 ethanol-benzene; m.p.
219.5-220.5°C.

1,1,4,4-Tetraphenyl-1,3-butadiene. This was synthesized@ by de-
hydration of 1,1,4,4-tetraphenyl-l,4-butandiol, which was obtained from
the reaction of diethyl succinate with phenylmagnesium bromide; m.p.
201°C.

Aromatic Hydrocarbon. The commercial or Synthesized compound
was recrystallized from a suitable solvent :

naphthalene m.p. 81.0°C
anthracene m.p. 215.0°C
perylene m.p. 272-273°C
diphenyl m.p. 70-71°C
hwis-stilbene m.p. 123.0°C
co-stilbene b.p. 145°C at 13 mm
acenaphthylene m.p. 91 ~92°C
picric acid m.p. 122°C
syTO-I,3,5-trinitrobenzene m.p. 122.5°C

Anthracene sj/w-1,3,5-Trinitrobenzene Complex. Each hot solution
of equivalent moles of anthracene and trinitrobenzene in chloroform was
mixed, allowed to stand at room temperature for several hours to give an
orange-yellow needle crystal, and recrystallized from ethanol; m.p.
161.5°C.

Anthracene Picrate. Anthracene picrate was prepared by the method
described above, to give a dark-red needle crystal and was recrystallized
from chloroform; m.p. 139°C.

Oxygen. A commercial oxygen of high grade was washed with 50%
KOH and concentrated H2504, passed through glass tubes filled with
glass wool and CaCl2 to avoid completely any contamination of the
HoSQOj, and introduced into the reaction vessel; see Figure 1

The other solvents used were purified by the usual methods.

Polymerization Apparatus and Procedure

Figure 1 shows the polymerization apparatus constructed from three
parts: an oxygen refiner E, an oxygen flowmeter D, and a liquid sulfur
dioxide distiller C. First definite amounts of monomer and initiator were
placed in the reaction vessel A. After cock “a” was closed, the temperature
of the vessel was kept at —78°C. When the vessel had been attached to the
apparatus, the cocks “a,” “b,” and “c” were opened, and the vessel was
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evacuated; then cock “b” was closed. When cocks “f” and “g” were opened,
liquid sulfur dioxide was distilled into jar B, which was cooled with metha-
nol and solid carbon dioxide; then cock “f” was closed. The temperature
of the jar being kept at 5-15°C and cock “d” being opened, a definite
volume of the liquid sulfur dioxide was added to the reaction vessel A.
Next, cocks “a” and “d” were closed, and the system was evacuated again.
Then cock “b” was closed and cock “e” opened. Then, after a check of
the flowmeter U, cock “a” was opened carefully, and a definite amount of
oxygen was let into the reaction vessel A. Finally, the reaction vessel A
was taken off and vigorously stirred, and then the polymerization was
carried out at a given temperature. The polymer obtained was precipi-
tated by being added to a large amount of methanol and was then purified by
reprecipitation from its benzene solution with methanol. The intrinsic
viscosity of the polystyrene was measured in benzene solution at 2f>°C with
an Ubbelohde viscosity meter.

Electronic Spectra

The electronic spectra were obtained with a Hitachi Model EPS-3
recording spectrophotometer with a pressure cell; the width of the cell
could be adjusted by insertion of a spacer when necessary.

Infrared Spectra

The infrared spectra were run on a Hitachi Model EPI-S2. The spectra
were measured from the polymer as film.

RESULTS AND DISCUSSION

Polymerization of Styrene Initiated by Anthracene Oxygen

Polymerization Results. The polymerization results are shown in
Tables | and I1.

Evidence of Cationic Polymerization. The fact that the present poly-
merization proceeds cationically was shown by the following experimental
results. (1) The infrared spectrum of the polymer was quite identical

TABLE |
Results of Polymerization at 0°C: Effect of Anthracene Concentration

Expt. Styrene,1 Anthracene," Yield,1 bib M.W.,°
no. mol/1 mol/1 (X103 % ml/g (xio-q
i 1.54 3.01 92.0 0.622 12.4
0 1.54 4.40 03.1 0.588 11.4
3 1.54 8.28 03.0 0.531 0.8
4 1.54 16.3 05.1 0.502 0.0
5 1.54 33.0 96.1 0.416 0.8

“Liqilid S02 14.:i ml, and 02 1Q~3mol., were used.
b Reaction time was 6 hr.
cPepper'sequation, [»] = 2.7 X 10_W "-&in benzene at, 25°C, was used.
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TABLE 11

Results of Polymerization at 0°C: Effect of Amount of Oxygen Added

Expt. Styrene,”  Anthracene, 02, Yield,J hi,
no. mol/1 mol (X104) mol (X105) % ml/g
i 1.54 4.49 0.416 23.9 0.217
2 1.54 4.49 2.08 91.3 0.303
3 1.54 4.49 9.16 91.5 0.322
4 1.54 4.49 44.5 92.8 0.309
5 1.54 4.49 109. 93.5 0.301

“Liquid SO«, 14.2 ml, was used.
b Reaction time was 4 hr.

with that of an authentic polystyrene, indicating that the polymer con-
tained none of the styrene-polysulfone given by a radical polymerization.
(2) The elementary analysis corresponded to polystyrene and showed an
absence of sulfur [for (C8H8,, (%), C 92.26 and H 7.74 were calculated, and
C 91.88 and H 7.45 were observed]. (3) The addition of dimethyl
sulfoxide, which is an inhibitor of cationic polymerization, inhibited this
polymerization reaction completely.

Electronic Spectra. At the beginning of the polymerization reaction
the yellow-brown color of a charge-transfer complex of anthracene with
sulfur dioxide was observed. However, the color gradually became blue
as the polymerization proceeded, when an electronic spectrum of the solu-
tion gave a Xnmax at 610 mm as shown in Figure 2. This spectrum is very
similar to that of a diphenylethylene radical cation, reported by Leftin
and Hall,2which is obtainable from diphenylethylene adsorbed on silica-
alumina or dissolved in benzene-tric%loroacetic acid.3 The spectra of

anthracene, ¥4 the carbonium ion CeHICHCH3 ¥ and the growing polymer
carbonium ion%in various solvents are all near 400 mn. Consequently, the
spectrum obtained seems to be that of a styrene radical cation, (CEH6
CH=CH,)+

DP versus Concentration Ratio of Styrene to Anthracene at 0°C.
As shown in Figure 3, line a, a nearly linear relationship between the de-
gree of polymerization, DP, and the ratio of the concentration of styrene,
[M], to that of anthracene, [A], was observed in the presence of oxygen.
On the other hand, one of us has reported¥ that cationic polymerizations
in liquid sulfur dioxide have approximately living nature and DP is
linearly dependent upon [M]/[C], being expressed as DP = 7ii[M]/[C]
+ K-2, where [C] is the concentration of the initiator and K, and K> are
the constants. In the present case, however, anthracene may act as a
chain-transfer reagent. Thus, a relationship between the concentration
of anthracene and DP was examined at a definite concentration of BFOEt2
as initiator and of monomer in the absence of oxygen (Fig. 3, line a')-
The slope of line a is much greater than that of line a', suggesting that
anthracene acts somewhat as initiator but very little as chain-transfer
reagent. As will be described, the additional evidence of the role of an-
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Fig. 2. Absorption spectra. Solvent, liquid SO»; cell length, 10 mm; (-----) anthra-
cene, 1.3 X 10-2 mol/1, and styrene, 3.50 mol/1; (------) measured 2.25 hr after addition
of oxygen to solution.

Fig. 3. Degree of polymerization versus ratio of styrene concentration, [M], to
anthracene concentration, [A]: (a) present system; (a') IiFDEt2 used as initiator in
the absence of oxygen.
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Fig. 4. Effect of oxygen: (O) conversion and (9) intrinsic viscosity versus oxygen con-
centration.

thracene as initiator was shown from the fact that the rates of the poly-
merization decreased as the concentration of anthracene decreased, which
was an inverse relationship, if anthracene plays the role only of chain-
transfer reagent.

TABLE 111
Cationic--Polymerization Initiators Possibly Produced in the System
Possible Qualitative
initiator Reaction test
Sulfur 2SO0, + 02-* 25()3 detection of
trioxide SO» + HD ILSO.j S0Oi2- by Ba2+,
negative
Anthracene ™ \ . K1 method
peroxide | i + © q If
negative
f 1 11 .+ 2502 —» 1
Ky
+ 2S03
Anthracene alkaline
sulfonic | + 12 00 + SO2 titration
acid re

SOsH S03l negative
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TABLE 1V
Tonization Potential and Initiating Ability of Aromatic Hydrocarbons
Tonization
Aromatic potential, Initiating

hydrocarbon Structure eV ability
Naphthalene @ 8.30 -
Anthracene 7.74 +
Anthracene— NO, -— +

trinitrobenzoate |

I I I O.N NO,

Anthracene OH — +

picrate ON : NO,

NO,

Pyrene “ 7.82 -
Perylene O O . _
trans-Stilbene 7.99 i

oo
Q
|
Q
o

Biphenyl 8.53 =

2

Effect of Oxygen Cancentration. For information on the effect of the
concentration of oxygen a relationship between the yield or intrinsic vis-
cosity and the molar eoncentration of oxygen was plotted from Tables I
and II as shown in I'igure 4. No change in yield or intrinsic viscosity
was observed at 10~° mole of oxygen, indicating that oxygen behaves as an
ordinary catalyst.

Possible Initiators of Cationic Polymerization. In the reaction vessels
are sulfur dioxide, anthracene, and oxygen, which might have the ability
to produce such initiators of a cationic polymerization as sulfur trioxide,
anthracene peroxide, and anthracene sulfonic acid; see Table III. We
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saw from the following experiments, however, that these compounds were
not formed. Liquid sulfur dioxide, 11.0 ml (0°C), anthracene, 3.46 X
10~* mol, and O;, 10~% mol, were placed in the reaction vessel and allowed
to stand for 4 hr at 0°C. Afterwards a qualitative test of the residue ob-
tained after vaporizing of sulfur dioxide showed that none of the presumed
compounds were formed at all. Moreover, the residue had no ability to
initiate the polymerization of styrene in the absence of oxygen at 0°C.

Initiating Ability of Other Aromatic Hydrocarbons. It was found that
the anthracene-sym-1,3,5-trinitrobenzene complex, anthracene picrate,
1,1-diphenylethylene, and cis- and trans-stilbene, as well as anthracene,
can initiate the polymerization of styrene in liquid sulfur dioxide only in
the presence of oxygen. Anthracene—sym-trinitrobenzene may act like
anthracene itself, since the acceptor component is replaced with sulfur
dioxide as follows:®

NO,
ﬁ s
ON" ",
NO,
(00 =) 2
O,N NO,

The same replacement in liquid sulfur dioxide may occur in the case of
anthracene picrate. No relationship was found between the initiating
ability and the ionization potential of the aromatic compounds; see Table
1V,

Polymerization of Styrene in Liquid Sulfur Dioxide at 0°C with Zrans-
Stilbene as Initiator in Presence of Oxygen

Polymerization Results. It was found that trans-stilbene was as good
an initiator of the polymerization of styrene in liquid sulfur dioxide in the
presence of oxygen as anthracene, but the induction period of the reaction
was longer. The polymerization results are shown in Table V.

TABLE V

Results of the Polymerization at 0°C: Effect of trans-Stilbene Concentration
Expt. Styrene,* {rans-Stilbene,* Yield,b [n], M.W.e
No. mol/1 mol/1 (X 10%) % 100 ml/g (X107

1 1.50 3.20 59.4 0.465 7.67

2 1.50 5.01 92.0 (.343 5.04

3 1.50 9.92 94.1 0.265 3.40

4 1.50 20.5 96.4 0.180 1.90

5 1.50 38.8 97.5 0.142 1.32

e Liquid SOz, 14.4 m], and O,, 1078 mol, were used.
b Reaction time 5 hr.
¢ Pepper’s equation, [7] = 2.7 X 107*{%% in benzene at 25°C, was used.
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Fig. 5. Degree of polymerization versus ratio of concentration of styrene, [M], to
concentration of trans-stilbene, [C].
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Fig. 6. Rate of polymerization. Temperature, 0°C; styrene, 1.53 mol/l; O,, 1073
mol; liquid SO, 14.1 ml. Anthracene (mol/1): (a) 4.40 X 1073%; (b) 1.05 X 107%;
(c) 6.89 X 1074

Relationship betweem DP versus Concentration Ratio of Styrene to
trans-Stilbene at 0°C. As shown in Figure 5, a distinctive linear rela-
tionship between the degree of polymerization and the ratio of the con-
centration of styrene to that of {rans-stilbene was obtained. Its slope
K, was found to be 7: 5, whereas the slope K,’, when SnCl, was initiator, has
been found to be 7:10, and the slope K;”, when BF;OEt, was initiator,
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50

30

Conv., %

20r
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Polymerization time, hr.

Fig. 7. Rate of polymerization. Temperature, 0°C; styrene, 1.53 mol/L; O, 1073
mol; liquid SO,, 14.1 ml. {rans-Stilbene; (mol/L.): (a) 8.66 X 1073; (b) 4.25 X 107%;
(c) 1.95 X 1073,

-2 r

1-2.4
-1 .4F 1-26
1.6 4

o 28
o
2

-1.8}F 4-3.0

-2.0} -1-3.2

] ] 1 1 L 1 1
-3.2 -3.0 -2.8 -2.6 -2.4 -2.2 -2.0
log [C]

Fig. 8. Order of initiator: (O) anthracene; (®) trans-stilbene; (left or right ordinate) log
R, (rate of polymerization) versus log [C].

2:3.% The ratio of K; to Ky’ or K;” is approximately 2, suggesting that the
polymerization proceeds by means of the dicarbonium ion rather than the
monocarbonium ion.

Orders of Initiators. "The overall initiation rates of the polymerizations
were dependent upon the concentrations of anthracene and {rans-stilbene,
and the values 0.52 and 0.82 were their respective orders, as shown in
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Fig. 9. Induction period. Temperature, 0°C; styrene, 1.53 mol/l; liquid S02
14.1 ml. Concentrations: (a) anthracene, 4.40 X 10-3 mol/1, and 02 10-3 mol;
(b) ¢nms-stilbene, 4.25 X 10~3 mol/1, and 02 10~3 mol; (c) 02 10“3 mol; (d) no
oxygen.

Fig. 10. Induction period at various temperatures. Concentrations: styrene, 1.53
mol/1; liquid S02 14.1 ml; 02 10~3mol; ircros-stilbene, 8.66 X 10~3mol/1.
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2.2 r

35 3.6 3.7 3.8 3.9
/T x 103

Fig. 11. Activation energies: (EO initiation; {E2 propagation-termination.

Figures 6, 7, and 8; this indicates that the aromatic hydrocarbons play
roles as initiators in the present polymerization.

Induction Periods. Figure 9 shows the induction periods of each
initiator at 0°C. From this result it was found that oxygen had some ability
to polymerize styrene in liquid sulfur dioxide to give polystyrene (not the
styrene polysulfone). The polymer was confirmed by the infrared spectrum
and elementary analyses; it was found to have a high molecular weight
(1.4 X 105, though the induction period was about 4 hr, fairly longer than
the induction periods with aromatic hydrocarbons.

Activation Energy. The length of the induction period was closely
connected with the kind of initiator and with the polymerization tem-
perature, as shown in Figures 9 and 10. The activation energies were
Ei = 10.5 kcal/mol, from the changes in lengths of induction periods,
and E2 = 4.4 kcal/mol, from the changes in polymerization rates, as
shown in Figure 11, where Ex was assumed to be the energy needed for
initiation and E2 that for propagation-termination. It is noted that the
activation energy of 10.5 kcal/mol for initiation is much greater than the
usual value in cationic polymerization.

Possible Reaction Mechanism

From the above-mentioned experimental results the following mechanism
via a radical cation is deduced.

02 as initiator:

lig. soO2

CfiHOCIFACH, + 02-> (CBH,CTT=CH2t + 02S02 Q)
t()2S02) St02+ rS02 )
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Aromatic hydrocarbon-0, as initiator:

Ar(S0;) 2 Ar + SO0. (3)
lig. SO»
Ar + Oy — Art 4 70x(50,) 4)
Art + CeH;CH=CH,; — (CsH,CH=CH,)* + Ar (5)
CeH;:CH=CH:
(C¢H,CH=CH,)} ————— > polymer (6)

where Ar is an aromatic hydrocarbon. Equation (1) is plausible from the
fact that styrene polymerizes in liquid sulfur dioxide in the presence of
oxygen alone, though the induction period is longer, and that the polymeri-
zation proeceeds cationically, containing a slightly blue species that may
correspond to the styrene radieal cation, in spite of no formation of sulfur
trioxide from the reaction of sulfur dioxide with oxygen. Perhapsa styrene
radical cation is formed because an oxygen radical anion -0, is solvated by
some sulfur dioxide molecules and is stabilized. Equation (2) was assumed
from the fact that oxygen plays the usual role of catalyst, as shown in
Figure 3. The addition of aromatic hydrocarbons to the initiation system
produces radical cations with the transfer of electrons from the aromatic
hydrocarbons to oxvgen prior to the formation of styrene radical cations
[eq. (4)], which may be followed by the transfer of electrons from styrene to
the aromatic hydrocarbon radical cation. The reason for the induction
period is not obvious; however, the same induction period as that men-
tioned above was observed in a different procedure, in which a solution of
anthracene in liquid sulfur dioxide in the presence of oxygen was allowed to
stand for a long time and then was introduced into the styrene monomer.
This observation suggests that such a reaction as that expressed in eq. (5)
has something to do with the induction period.

Behavior of DPE and Its Derivatives in Liquid Sulfur Dioxide in
Presence of Oxygen

It was assumed that the absorption at 610 mu may be due to a styrene
radical cation. To obtain further information on such spectra the absorp-
tions of 1,1-diphenylethylene (DPE) or its derivatives in liquid sulfur
dioxide were examined. Oxygen was introduced into a solution of DPE
or one of its derivatives in liquid sulfur dioxide. A deep blue appeared
either immediately or gradually, when the electronic spectra gave a strong
absorption at a Am.x of 605 to 670 my, as shown in Figure 12, indicating a
typical substituent effect. Leftin and Hall'? showed conclusively that the
absorption at 607 my given by an adsorption of DPE on silica alumina could
be assigned to a DPE radical cation, and they succeeded in detecting the
ISR signal of the 607 myu species in later studies,’ though they had failed
in their earlier studies.

The absorption at 605 mu recorded in the present study is very nearly
that obtained by Leftin and Hall, but we were still unsuccessful in detecting
the ESR signal. A typical plot of Dy, the optical density at 605 mugy,
versus time is given in Figure 13. The 605 mu peak develops immediately
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Fig. 12. Absorption spectra. The intensities vary with time and are accelerated by
indirect sunlight, especially in the case of cwve E. (A)R = R’ = H; (B) R = Cl,
R'=H; ()R=R =Cl;, (D)R =0CH, R =H; (E)R =R =0CH;. Con-
centration, 0.0539 mol/l; solvent, SOy; cell length, 2 mm. All measured 24 hr after
addition of oxygen (0.17 mol/1).

and reaches a maximum value during 2 hr; the slow fall of the blue-
species peak is followed by the gradual appearance of a red species, indicat-
ing a secondary change of the blue species.

It was also observed that the blue species immediately disappears on
contact with air or on the evolution of SO, from the system. A blue solu-
tion of 0.18 mol of DPE per 80 ml of SO, and 8 X 10— mol of O, was
allowed to stand for 24 hr at 0°C. A careful examination of the reaction
mixture showed a white crystal (1,1,3,3-tetraphenylbutene-1, 349, yield),
benzophenone (4%), and a small amount of a water-soluble compound,
along with unchanged DPE (609). Of the water-soluble compound the
NMR spectra showed only methylene proton at 7.74 , and the IR spectra
showed 1040 and 1200 cm—! due to SO;, 3400 em—! due to OH, and 1650
em~! due to C=0. Of the white crystal the IR spectrum showed no
absorption at 895 em—! (JC=CH,), and the NMR spectrum showed peaks
at 8.57 7 (CHz—), 3.22 7 (olefin), and 2.80 7 (phenyl), the areas being in the
ratio 3:1:20, indicating that the crystal was 1,1,3,3-tetraphenylbutene-1,
which was confirmed by comparison of the infrared spectrum and by a
mixed melting-point method with an authentic sample? obtained from the
reaction of DPE with SnCl; in benzene. On the other hand, DPE in
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Fig. 13. Typical plot of Dgs in the system DPE-0,-SO,.
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shifts to a later time and lower intensity withsmaller concentration of olefin or oxygen.
DPE, 1.91 mol/l; O, 0.2 mol/l; cell length, 0.5 mm. (Smaller plot indicates enlarged

scale).

liquid SO, without oxygen does not alter under the same conditions and
shows no coloring. The production of benzophenone and 1,1,3,3-tetra-
phenylbutene-1 was eliminated by adding a radical or cation inhibitor, as

TABLE VI

Effect of Inhibitor Added to 1,1-Diphenylethylene-0;-SO, System®

Products, 9%

1,1,3,3- Benzo-

DPE, 0., mol Liq. SO, Inhibitor, Tetraphenyl- phe-
mol (X10%) ml mol ( X 104) butene-1 none
0.18 8 80 — 34.0 4.0
0.057 5 25 H,0, 550 0 3.4
0.057 5 25 DPPH, 2.0 trace 0
0.057 ) 25 I, 3.9 >99.0b trace
0.057 5 25 CCL, 4.3 42.0 3.0
0.057 5 25 galvinoxyl, 2.0 0
4.1

0.18 0 80 — 0 0

s The reactions were carried out at 0°C for 24 hr.

b With I as inhibitor the yield is very great, probably because of the action of I; as a
catalyst of cationic polymerization (cf. Kano et al.2t).
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shown in Table VI, indicating the presence of DPE radical cation as the

reaction intermediate.

The reaction sequence might be expressed by one of the following;

scheme 1 is preferable to scheme 2.

Scheme 1
CsH; Cell;
802 \
C=CH, + O, — Ce—CII,
e .
G DPV G, J o0,
Cill, CIT;
C—CH,°0, C—CIIL
/ { Rt Yo
C,lT; Cell; O—0
CH, electron
| relief j
CEB
£
CGHS CGHD CSH5
AN
/C:O 4+ CH,0(S0,)
C:H; CeHs
AN o
C—CH.
J/ ‘ water-soluble
CeHs compound
CH,
L
VAN
Gyl CeH;
HO shift
CsH;
c—-Cl
/
CeH;
CH
I
C
7
CqH; CeH;

The supporting evidence for scheme 1 is that tetraphenylbutadiene was
not found in the reaction mixture, while tetraphenylbutadiene did not iso-
merize under the reaction condition; and that the cations derived from
tetraphenylbutadiene,or DPE in concentrated H,SO4, were all yellow species
and not the red species found in the present system. That the radical-
radical coupling reaction that could occur in the DPE radical anion does
not ocecur in the DPE radical cation may be explained by the fact that
DPE readily undergoes electrophilic attack from a cation but not from an

anion.



3104 NAGAI, MIYAZAKI, SONOYAMA, TOKURA

Scheme 2
C(,I‘I“) CGH,’,
50s N . :
C:CI{2 + Og —> /Cm-CHg ‘f‘ eOg(SOz)

CsH{, CGH;,
Cﬁl{ﬁ C(;I"Iﬁ C H5

Ne . Ne /
2 C—CH, — C—CH,—CH,—C

b / AN

CeH; CeH; CsH;

CGH5 CsH.r, CGI‘I5 CGH5
B @ \ [
C—CH,—CH,—C - C=CH—CH=C + 2H?

/ N / AN
CeHs CeHs  CeHs CeH;
CG}I5 C H5

N
C=CH, 4+ H® — C®—CH;
/
Cng CeHﬁ
CeHs CeH; Ce¢H; CoH;
@ Y o/
C—CH; + C=CH, — C—CH.—C

/ | AN
06}15 CsI‘I(, CsHs CHs CGHS
CqH; CsH;  CeHs CeHs

o/ /
C—CH,—C — C—CH=C + H®

/] AN /| AN

CsH; CH; CeH; C¢H; CHs G

Behavior of TPE in Liquid Sulfur Dioxide in Presence of Oxygen

The same experiment as that with DPE was repeated with tetraphenyl-
ethylene (TPE) as the olefin; this compound is unable to dimerize because
of the steric hindrance due to four phenyl groups. The introduection of
oxygen into a solution of TPE in liquid sulfur dioxide gave a blue—green
color immediately, and the electronic spectrum showed Amax at 650 my, as
shown in Figure 14. Evans and Tabner?? showed Am.x at 645 mu as the
absorption of a TPE radical anion in a reaction of TPE with Na metal in
tetrahydrofuran and obtained the strong ESR signal. Thus, the absorp-
tion found in the present system may be that of TPE radiecal cation, con-
sidering that the transition energy has been proved same for both radical
ions and is due to the symmetry characteristics of the molecular orbitals.
That the solution did not change in eolor (Fig. 15), although it was allowed
to stand for two months, suggests that the dimerization did not occur
because of the steric hindrance of phenyl groups, as expected, and that the
parent TPE was unchanged after removal of the liquid sulfur dioxide
suggests that the absorption in a longer-wavelength region is due, not to the
perplexing chemical species, but to such a simple one as a radical cation,
which may be obtained through a one-electron transfer; however, we
failed to detect the ESR signal of this solution, as we did in the case of



POLYMERIZATION OF OLEFINS 3105

DPE, despite the coincidence of its electronic spectrum with that of a
TPE radical anion.

The colored species formed from TPE was unable to initiate the poly-
merization of styrene in liquid sulfur dioxide in the presence of oxygen at
0°C. This fact might be interpreted as the TPE radical cation’s inability

1.0
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1 | | ! ! |
480 520 560 600 640 680 700

Wave Lcngth (M)

0 |

Fig. 14. Absorption spectrum of tetraphenylethylene, 8.3 mmol/l, in liquid SO;, with
added O.; cell width, 10 mm.
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Fig. 15. Typical plot of Dgy in system TPE-0,-80,; TPE, 8.3 mmol/l; O, 5 X 1073
mol; cell length, 10 mm.
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to intercept the electron from styrene because of the steric hindrance due to
the four twisted phenyl groups in TP

Other Olefin-SO,-0, Systems

The behaviors of such olefins as triphenylethylene, tetraphenylbutadiene,
1,1-diphenyl-2,2-dimethylethylene, 1,1-diphenyl-2-methylethylene, ace-
naphthylene, and cis- and trans-stilbene in liquid SO,-O, systems were also
examined. Each of the olefins exhibits no color, except for an absorption
at 612 mu in the case of 1,1-diphenyl-2,2-dimethylethylene and a slight
absorption at 605 my in the case of 1,1,3,3-tetraphenyl-butene 1. I'urther-
more, none of the olefins except acenaphthylene reacted in the system
S0,-0,. When acenaphthylene was dissolved in 7 ml of liquid SO, in a
pressured vessel in 0.47 mol/l concentration and O; (5 X 107% mol) was
introduced, and the solution was allowed to stand for 41 hr at 0°C, the
yield was 4.29, polymer (molecular weight about 1200, softening point
about 300°C, and results of tests for sulfur, double bond, and peroxide all
negative); however, no polymer was detected in the absence of oxygen.

The catalytic behaviors of the olefins toward styrene polymerization in
the 80,0, system are presented in Table VII. The results show that the
polymerization relates chiefly to the blue species.

TABLE VII
Polymerization of Styrene in Aromatic Hydrocarbon-0,-80, Systems®
Polystyrene Coloring
Catalyst yield, In presence In absence

(aromatic hydroearbon) % of styrene of styrene
None 12.2 pale blue
1,1-Diphenylethylene 29.1 blue blue
Triphenylethylene 0 none none
Tetraphenylethylene 0 green green
Tetraphenylbutadiene 0 none none
cis-Stilbene 34.5 blue none
trans-Stilbene 91.7 blue none
Acenaphthylene 0 none none
Anthracene 93.5 blue none
Anthracene-DPPH" 0 none none

» Reaction conditions: styrene, 0.026 mol; aromatic hydrocarbon (catalyst), 4.4 X
10~4mol; O 5 X 1073 mol; SO,, 14 ml; at 0°C; reaction time, 4 hr.

» DPPH, 2.0 X 10~* mol, was used (the addition of CCl instead of DPPH was found
to have no inhibiting effect on the polymerization).

The fact that the blue colors and the catalytic effects in the polymeriza-
tion of styrene are sensitive to the structures of the aromatic hydrocarbons,
as is seen in Tables VII and IV, remains to be elucidated. Further work is
required to explain fully these interesting observations.
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Polymerization of Methyl Methacrylate in a
Tetrahydrofuran—Maleic Anhydride System. Part Il

JOZEF BERGER and MILAN LAZAR, Polymer Institute of the
Slovak Academy of Sciences, Bratislava, Czechoslovakia

Synopsis

A donor-acceptor complex consisting of tetrahydrofuran and maleic anhydride initi-
ates photochemical anc thermal polymerization of methyl methacrylate. The mecha-
nism of the transformation of this complex was investigated by studying changes in its
electrical conductivity, its chemiluminescence, and various influences on its initiating
capability (water, air, DPPH, substitution of styrene for methyl methacrylate and of
1,4-dioxane for tetrahydrofuran). It has been shown that initiation by radicals cannot
be clearly excluded and that ionic radicals form in the system and can initiate the anionic

growth of the chain.

INTRODUCTION

The fact that cyclic ethers form with maleic anhydride a donor-acceptor
complex has lately been used for the polymerization with these ethers.2
Bawn et al.3established that the complex formed by tetrahydrofuran and
maleic anhydride decomposes in visible light (X > 3100 A). The products
of the decomposition initiate the polymerization of methyl methacrylate.
We have attempted herein to explain the mechanism of this initiation.

EXPERIMENTAL

The methods of purifying methyl methacrylate, paraffin, maleic an-
hydride, n-heptane, and methyl alcohol, of polymerizing methyl meth-
acrylate in a mixture of tetrahydrofuran and maleic anhydride, and of
determining the constitution of a copolymer have been described else-
where.14 Styrene was purified by the method used for methyl meth-
acrylate. Tetrahydrofuran (chemically pure, n“ = 1.407, product of the
firm Carlo Erba, Italy) was dried over sodium and directly before use was
distilled in nitrogen atmosphere; the quoted method of purification is
sufficient because metallic sodium removes efficiently from tetrahydro-
furan, humidity and peroxides.5 Measurements of chemiluminescence
did not prove their presence. 1,4-Dioxane, chemically pure, was purified
by the method used for tetrahydrofuran. |I,I'-Diphenyl-2-picrylhydrazyl
(DPPH) was prepared by oxidation of I,I'-diphenyl-2-picrylhydrazine
by means of powdery Pb026 The hydrazine, denoted chemically pure,

3109
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was a product of the firm Fluka AG, Chemische Fabrik Bucks SG,
Schweiz.

For the identification of radicals formed owing to the interaction of
light and, eventually, heat with a solution of maleic anhydride the chemi-
luminescence, which appears upon recombination of two particles (radicals,
but also ions) by the emission of photons, was measured. The mea-
surements were made on a PU-SNK-7M instrument constructed by the
Institute of Chemical Physics of the Academy of Sciences of the U.S.S.If. in
1965.

The sample of solution, containing various molar amounts of its com-
ponents in a total volume of 4 ml, was placed in a glass vessel. The
vessel was put in a dark chamber of the apparatus, at the focus of the
mirrors before the diaphragm at the entrance to the photomultiplier. The
emitted light was captured by an FEU-38 photomultiplier (Sb, Xa, K, Cs)
with sensitivity to wavelengths longer than 3000 A and up to 4400 A at
—7S°C.7 The relative intensity of the light was measured.

The specific conductivities of solutions of maleic anhydride in tetrahy-
drofuran were measured with an EPTK smooth platinum electrode
welded in the ground cover of a flat-bottomed vessel that could be illu-
minated. The vessel was put in a constant-temperature bath (£0.3°C).
The conductoscope, which has a range of 5 X 10~2to 2 X 107ohms, and
the electrode are products of the firm Laboratorni pristroje.

RESULTS

Influences on the Polymerization of Methyl Methacrylate

The influence of DPPH on the polymerization was studied in an en-
deavor to determine the character of the particles initiating polymerization.
Its course is, as may be seen from Figure 1, quite distinctive after a certain

Fig. 1. Conversion-time curves of methyl methacrylate polymerization in tetra-
hydrofuran-maleic anhydride (30°C, in N2) with DPPH in concentrations (i) zero,1
{2) 2 X 10“3mol/l, and (3) 5 X 10“3mol/1.
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Fig. 2. Conversion-time curves of styrene polymerization tetrahydrofuran-maleic
anhydride in N« (1) 60°C, lighting; (jg) 00°C, darkness; (3) 30°C, lighting; (4)
30°C, darkness.

inhibition period, depending on the concentration of DPPH in the system.
The beginning of the polymerization reaction is indicated by a change of
the violet color of the solution to a red-brown.

It was shown further that the polymerization rate is approximately four
times higher in nitrogen atomspherelthan in air. In air the dependence
of monomer conversion on polymerization time is linear, beginning at
t = 0. The effect of the presence of water was verified by polymeri-
zations in nitrogen atmosphere at two concentrations, 2 and 4 mol/l.
It was proved that the effect is negligible.

The substitution of 1,4-dioxane for tetrahydrofuran, in the same molar
concentration, leads to a change in the Kinetic properties of the system,
above all to a reduction in the overall rate of polymerization; see Table I.
This occurs also upon substitution of styrene for methyl methacrylate in a
tetrahydrofuran-maleic anhydride system; see Figure 2.

TABLE |
Polymerization of Methyl Methacrylate in 1,4-Dioxane-Maleic Anhydride in Nitrogen
Atmosphere under Visible Light at 30°C

Polymerization Conversion, calculated
time, hr asa MMA T MA, %
1
17
It) 0.0
43 4.2
47 0.0

However, the proportion of phot.oinitiated polymer is higher with styrene
Pvi = (To — Ft)/Vo X 100%, where Fcis the total polymerization rate
and Ftis the rate of thermal polymerization); see Table I1I.
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TABLE II
Comparison of Proportions of Photoinitiated Polymerization of Methyl
Methacrylate and Styrene

p viy %
Monomer At 30°C At 50°C Reference
Methyl methacrylate 30.8 9.7 previous work!
Styrene 66.6 39.1 present work

The influence of ‘“‘aging” of the tetrahydrofuran-maleic anhydride
complex in the presence of methyl methacrylate on the polymerization
was investigated. By “‘aging” is meant keeping the mixture at a constant
temperature while no interaction with light is allowed. After the ex-
piration of different periods of blanking the mixture was exposed to light;
see Figure 3. From the conversion of the monomer the conversion cor-
responding to the respective thermal polymerization! was subtracted.

CONVERSION(%)
® 3

[+
T

0 20 30 40 TIME(HRS)

Fig. 3. Dependence of monomer conversion in methyl methacrylate-tetrahydrofuran-
maleic anhydride, reached in 4 hr lighting of the sample at 30°C in N, on preceding
time of thermal “aging’’ of complex. Molar ratio of components, 9.1:12.1: 1.
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Fig. 4. Dependence of logarithm of polymerization rate, V., on logarithm of time of
“aging’’ of complex in irradiated sample. Temperature of “aging’’ and of polymeriza-
tion during lighting was 30°C in N;. Molar ratio of components, 9.1:12.1:1.
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The aging of the complex tetrahydrofuran-maleic anhydride as a
function of the time of exposure to light also was investigated. Alethyl
methacrylate was added to the system later. The mixture was exposed to
light again for a period of time, and the polymerization rate was determined.
The dependence of the polymerization rate on the time of such aging of
the complex may be expressed on logarithmic coordinates as a linear
relation; see Figure 4.

The change in content of maleic anhydride in a monomer mixture is
shown by the change of its content in the copolymer; see Table I11.

TABLE 111
Dependence of Content of Maleic Anhydride in Its Copolymer with Methyl Methacrylate
on Composition of Monomer Mixture*

Concn. of IMA in copolymer, mole-%

Concn. in monomer Calculated’
mixture, mol-% _at GOTC‘
Found in radical
MA MMA at 30°C polymerization
4.5 41.4 1.4 3.0
19.0 35.1 12.3 12.2
24.7 32.7 19.9 14.9
29.7 30.5 215 17.7
42.9 24.S 28.0 25.5

“ Polymerized by irradiation of system AIMA-THF MA for 13 hr at 30°C in N,.
b From Tsuchida er al.8

Measurement of Electrical Conductivity and Chemiluminescence

The conductivity of solutions of maleic anhydride and tetrahydrofuran
in a molar ratio of 1:12.1 was measured. Various arrangements of the
experiment were made: different temperatures (20 or 30°C), atmospheres
(nitrogen or air), and lightings of the sample with eventual prevention of
its interaction with light.

From Figure 5 the following are apparent.

(1) A marked difference in change of specific conductivity x between
the solutions: an attempt to polymerize methyl methacrylate in a
mixture of phthalic anhydride and tetrahydrofuran has shown that no
polymerization at all occurs.

TABLE IV
Values of Slope n Determined by Measuring Specific Conductivity x of Solutions of
Maleic Anhydride in Tetrahydrofuran in Different Conditions

Expt. No. Temp., °C Atm. Lighting n
1 20 N2 + 0.201
2 30 N, + 0.325
3 30 N, - 0.205
4 30 air + 0.250
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Fig. 5. Dependence of specific conductivity 3Cof solutions on duration of lighting at
30°C in N2 (1) maleic anhydride in tetrahydrofuran; (8) phthalic anhydride in tetra-

hydrofuran.

Fig. 6. Dependence of relative intensity of luminescence on the duration of lighting:
(1) N;, 43 hr in dark at 50°C, then 72 hr in light at 30°C; (8) vacuum, 30°C; (8) N2
30°C; (4) air, 30°C; (5) N2 30°C. Molar ratio of maleic anhydride to tetrahydro-
furan (1-4): 5:12.1; (5) 1:12.1.

2 The exponential pattern of curve 1 which, plotted in logarithmic
coordinates, becomes linear: the dependence has the same pattern under
other conditions and consequently may be expressed in the form log x = n
log t, where n is the slope of the straight line and also the constant for the
conditions of the experiment ; see Table TV.

The measurements of chemiluminescence were carried out in solutions of
maleic anhydride in tetrahydrofuran (1:12.1 and 0:12.1) with different
arrangements of the experiment (Fig. 6). The intensity was always
measured in oxygen at 50°C, since without oxygen there is no luminescence.
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Figure 6 shows that the relative intensity of the luminescence depends on
the medium in which the sample is lighted (vacuum > nitrogen »
air), on the ratio of the components, and on whether the sample has been
previously irradiated. The intensity depends on the temperature of the
measured sample. A solution of phthalic, anhydride in tetrahydrofuran
shows no chemiluminescence even after 100 hr of irradiation.

Color of the Solution

Solutions of maleic anhydride in tetrahydrofuran change their color
upon longer lighting. The rate of change in color and the final color of the
solution depend mainly on the intensity of the lighting and on the at-
mosphere surrounding the sample. In air the color changes from colorless
to yellow to violet to dark brown (in about 1wk). However, meanwhile
the rate of color change slows with the increase of nitrogen concentration, and
in vacuum no change occurs at all, the sample remaining colorless if
interaction with light is prevented. The change of color intensity depends
also on the ratio of the components; it is greater when the molar ratio is
5:12.1 than when itis 1:12.1.

In a maleic anhydride-tetrahydrofuran solution containing methyl
methacrylate discoloration does not occur, not even at high monomer
conversions. A very low concentration of methyl methacrylate (a molar
ratio of methyl methacrylate to tetrahydrofuran to maleic anhydride of
1:1().30:1.35) is sufficient to prevent discoloration.

A solution of phthalic anhydride in tetrahydrofuran (5:12.1) does not
discolor in the light.

DISCUSSION

To characterize the particles forming in tetrahydrofuran maleic an-
hydride that are also polymerization initiators it is above all necessary to
consider the results of the measurements of chemiluminescence and
electrical conductivity. The luminescence is the result of recombination
of peroxide radicals.9 That it should be the result of charged ions, often
supposed in the identical blue region of the spectrum,1011 or to the re-
combination of carbonic radicals9 cannot be accepted, since it is not ob-
served either in nitrogen atomosphere or in vacuum, but only in the
presence of oxygen.

Between the patterns of the dependence of relative intensity of Ilu-
minescence on time on the one hand and the dependence of the increase of
conductivity on time on the other there is a disproportion, which can be a
consequence of the fact that in the two cases the measured magnitudes
are not reflecting identical states.

In a system with one type of radical the intensity of luminescence is
proportional to the rate of recombination of the radicals. In a stationary
state that rate is equal to the rate of initiation. When two types of radical
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(more and less active) are present, the more active ones are consumed in
reaction with the less active ones, and the rate of recombination of peroxide
radicals is not equal to the rate of formation of all radicals. The intensity
of luminescence, then, characterizes only the concentration of peroxide
radicals. The recombination of tetrahydrofuran and maleic anhydride
radicals is established, since their adduct has been isolated.22 Apart from
that, even if the more active radicals were not used up, interactions between
radicals having different reactivities show different thermal effects, which
do not need to be manifested by luminescence in the visible region at the
4400 A maximum sensitivity of the photomultiplier used.

On the other hand, the dependence of the specific conductivity of maleic
anhydride-tetrahydrofuran on duration of illumination (and also the
darkening in air and in nitrogen atmosphere) shows a pattern close to that
of the dependence of rate of methyl methacrylate polymerization on
“aging” during illumination (Fig. 4). Both dependences are linear when
expressed on logarithmic coordinates.

When phthalic anhydride replaces maleic anhydride in tetrahydrofuran,
the solution does not display, on being lit, an increase in either conductivity
or discoloration, nor does it show chemiluminescence, and methyl meth-
acrylate does not polymerize in it.

On the basis of these results and of the fact that in a mixture of the
monomer with tetrahydrofuran and maleic anhydride the polymerization
rate,1 the rate of change of conductivity (Table 4), and the relative in-
tensity of luminescence (Fig. 6) equally depend on the medium (nitrogen,
vacuum > air, light > air, dark), it appears justifiable to consider ions
(ion radicals) the particles responsible for polymerization initiation.

The change in content of maleic anhydride and methyl methacrylate in a
monomer mixture is reflected in the composition of the copolymer prepared
in the course of illumination. A comparison of the maleic anhydride
content found in copolymer with that calculated (in a radical-initiated
copolymerization) does not preclude the possibility of a radical-growth
reaction (Table I11).

The rate of thermal polymerization of methyl methacrylate in the given
system is not negligible in comparison with that of irradiation polymeri-
zation at temperatures of 20-60°C.1 The measurements of chemi-
luminescence indicate that in the dark, in a solution of maleic anhydride-
tetrahydrofuran, free radicals do not form (Fig. (i, curve 1); upon irradiation
the chemiluminescence develops. On the other hand, the conductivity
of the solutions increase in both cases.

The results indicate that thermal decomposition of the complex can
lead to ion radicals that are rather strongly bound in couples and that
lighting causes dissociation of them and their transformation (or the
transformation of the complex itself) to radicals that can more easily
diffuse from their place of formation. Polymerization during lighting at
temperatures of 20-60°C can then be initiated at any moment by par-
ticles generated either thermally or photochemically.
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Besides the formation of radical ions and ions that polymerize inde-
pendently there can arise a polymethyl methacrylate block on the ionic end
and a copolymer of methyl methacrylate and maleic anhydride on the
radical end. The differences between the polymerization rates of methyl
methacrylatel and of styrene (Fig. 2) and (Table Il), monomers with
different reactivities with regard to the type of initiation do not contradict
this hypothesis. Nor can the formation of dimeric anion radicals and their
transformation to dianions, with the localization of active centers, be
excluded.13 Since the transformation is the limiting state of initiation,
it is understandable that the conversion of monomer during irradiation
is a function of the duration of the preceding darkness (Fig. 3).

However, even more complicated processes may be considered, in which
radicals on the ends of the molecule are able to attach more molecules of
the monomer, e.g., maleic anhydride before recombination. If an in-
hibitor of radical polymerization (DPPH) is present, it is attached pref-
erably and, if it is relatively efficient, the probability of its being attached
to the radical end of the dimeric ion radical is much greater than that of
the monomer’s. On the anionic end of the adduct, DPPH—M2~, no
growth reaction occurs (conversion not observed during the inhibition
period, until the color of the solution changes from violet to orange),
probably in consequence of steric barrier. We have no explanation of
the higher polymerization rate after the exhaustion of DPPPI in the system
(Fig. 1). Similar results were observed in the cationic, photoinitiated
polymerization of iV-vinylcarbazole. 4

It is necessary to mention a further factor that may influence the poly-
merization of methyl methacrylate in the system: the solvating ability of
tetrahydrofuran which, according to Arest-Jakubovic,13 is not negligible,
since it affects the rate constant of the growth reaction. The rate of
polymerization for styrene is considerably lower with 1,4-dioxane than
with tetrahydrofuran, in full accordance with our results (Table I). The
negligible effect of water on polymerization may also be an indication of
efficient solvation of the initiating ions by components of the methyl
methacrylate-tetrahydrofuran maleic anhydride system.
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Synopsis

It was observed that the rate of reduction of ceric ion adsorbed on cellulose was re-
markably accelerated by irradiation with ultraviolet light, and this behavior depended
upon the kind of cellulose. When the graft copolymerization of methyl methacrylate
on cellulose with adsorbed ceric ion was carried out by irradiation with ultraviolet light,
the percent grafting decreased for softwood, bleached sulfite pulp and increased for hard-
wood semichemical pulp. The average molecular weight of the grafts was observed
generally to decrease. If it is assumed that the ceric ions, which are reduced at an
accelerated rate in the early stages of reaction with SCP, do not participate in the graft
formation, a relation is observed between the modified amount of reduced ceric ion and
the number of grafted chains formed, and the molar ratios of these quantities are 12:1
without irradiation and 76:1 to 100:1 with irradiation. Even when the rate of reduc-
tion of ceric ion is accelerated, the increase in the number of grafted chains is found to be
very small.

INTRODUCTION

In our previous reportlit was shown that the ceric ion adsorbed on cel-
lulose has a relation to the total amount of carbonyl groups in the cellulose
and that the amount of the adsorbed ceric ion is gradually decreased by re-
duction with cellulose. Further, when vinyl monomer is present in the
system, graft copolymer is formed, and the rate of reduction is affected not
only by the reaction conditions but also by the kind of cellulose. It is
known that ultraviolet light accelerate the reduction of aqueous solutions
of ceric salts,2-5 and it was supposed that the same effect would be ob-
served in a system including cellulose.

In the study reported herein the effect of irradiation with ultraviolet
light on ceric ions adsorbed on cellulose and the graft copolymerization in
such a system with methyl methacrylate were investigated. The mecha-
nism of graft copolymerization on cellulose with an initiator system consist-
ing of ceric ion is discussed.

3119
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EXPERIMENTAL

Cellulose Samples Adsorbing Ceric lon

Cellulose samples such as absorbent cotton (cotton), softwood, bleached
sulfite pulp (SP) and two kinds of hardwood, semichemical pulp (SCPi,
SCP2 with different degrees of bleaching were immersed in an aqueous solu-
tion of 10 to 20 mmol/1 of ceric ammonium nitrate at 45°C for 60 min, to
give samples with sufficient, adsorbed ceric ion. After the ionically bonded
ceric ion was removed by treatment with 0.1N HC1 (ratio of liquid to solid,
150:1), the samples were washed with water and then pressed, to expel the
water.

Determination of Adsorbed Ceric lon

As described in our previous report,1cellulose was suspended in water
and, after a certain amount of ferrous sulfate was added to it, the ceric ion
adsorbed on the cellulose was back-titrated with a known concentration of
ceric sulfate solution with o-phenanthroline as indicator.

Ultraviolet Irradiation

With the use of a Toshiba high-pressure mercury lamp H-400P the ir-
radiations were conducted in an occasionally agitated glass vessel about
10 cm distant from the light source at 45°C. The temperature of the reac-
tion system did not change during irradiation.

Graft Copolymerization

A 200-ml hard-glass vessel of about 1 mm thickness was used. The total
content of 42.5 ml consisted of 0.500 g of cellulose sample with adsorbed
ceric ion, 15 ml of 0.1A H X 03 2.5 ml of methyl methacrylate, and water.
After the atmosphere was replaced with nitrogen, the system was irradiated
by ultraviolet light at 45°C for a given duration, and the graft copoly-
merization was carried out. The per cent grafting, average molecular weight
of grafts, and number of grafted chains were determined by methods de-
scribed previously.6

RESULTS AND DISCUSSION

Reduction of Adsorbed Ceric lon under Ultraviolet Light

In our previous work it was shown that the adsorbed ceric ion was highly
stable and the amount reduced ranged from 6 to 8% of the initially ad-
sorbed amount for SP and SCP. The present work the reduction of ceric
ions under the irradiation of ultraviolet light was examined. The changes
of the ceric ion adsorbed on each sample with time are shown in Figure 1 for
the graft copolymerization systems without monomer. The ordinate is the
logarithm of the amount of ceric ion, and when this is plotted against time,
the concentrations of adsorbed ceric ion are shown to decrease as straight
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TIME (min.)

Fig. L Changes in ceric ion adsorbed with time, in No at reaction temperature of
45°C. With irradiation (solid lines), adsorbed Ce4+ (mmol per 100 g of cellulose):
(A) cotton, 4.10; (©) SP, 6.48; (=) SCPi, 75.4; (O) SCPo, 25.4. Without irradiation
(dotted lines), adsorbed Cel+ (mmol per 100 g of cellulose): (©) SP, 6.48; (C) SCP2
254,

lines with as many as two changes in the slopes. It is observed that ultra-
violet light remarkably accelerates the reduction of adsorbed ceric ion.

In our previous work1it was shown that SCP containing a large amount of
hemicellulose adsorbs two or three times as much ceric ion as does SCP
containing the same molar amount of carbonyl groups and shows a different
behavior in reduction from that of cotton and SP under ultraviolet light;
that is, during irradiation for 0 to (10 min a linear relation is observed for
for cotton and SP but two straight lines are observed for SCP. A reaction
with a high reduction rate exists in the initial stage. The amounts of ceric
ion with a higher reduction rate, obtained by the extrapolation of the two
straight lines to the ordinate axis, were 11.0 and 4.2 mmol per 100 g of
cellulose for SClh and SCP>, respectively. In the absence of ultraviolet
light the initial higher reduction rate was observed also for SCP, and the
amount was 0.8 mmol per 100 g of cellulose for SClh. It has been re-
ported that by irradiation with ultraviolet light an aqueous solution of ceric
salt gradually released oxygen and was reduced to cerous salt.35 In our
experiment the change of concentration of an aqueous solution of ceric salt
in a system without cellulose is extremely small even under ultraviolet
light, as shown in Figure 2.
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Fig. 2. Ciianges in concentration of ceric salt aqueous solution under ultraviolet light
at reaction temperature of 45°C: (O) with 15 ml of O.liV TINO3in N2 (=) without
15 ml of O.liV HNO03in N2 O without ultraviolet light, in air.

Fig. 3. Effect of ultraviolet light on per cent grafting at reaction temperature of 45°C.
With irradiation (solid lines), adsorbed Ce4+ (mmol per 100 g of cellulose): (A) cotton,
4.10; (©) SP, 6.48; (=) SCPi, 75.4; (9) SCP2 25.4. W.ithout irradiation (dotted
lines), adsorbed Ce4+ (mmol per 100 g of cellulose): (©) SP, 6.48; (©) SCP2, 25.4.
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Accordingly, ceric ion adsorbed oil cellulose was clearly consumed through
reduction with cellulose, and the rate of reduction is shown to be accelerated
by ultraviolet light. It was observed that in irradiation times longer than
60 min the change of adsorbed ceric ion was very small.

Graft Copolymerization on Cellulose Sample Containing
Adsorbed Ceric lon

As seen in our previous work, from the reaction of cellulose containing
adsorbed ceric ion with methyl methacrylate under nitrogen at 45°C for 60
min, graft copolymerization easily occurs. In the work reported herein the
graft copolymerization on cellulose containing adsorbed ceric ion was
examined under the irradiation of ultraviolet light.

Although the reduction rate of ceric ion was increased remarkably by ir-
radiation with ultraviolet light, the effect of the light on the per cent graft-
ing depended on the kind of cellulose, as shown in Figure 3. The per cent
grafting clearly increases for SCP2but decreases remarkably for SP.

Number of Grafted Chains of Graft Copolymers

In the graft copolymerization on cellulose samples the common effect of
ultraviolet irradiation is a decrease in the average molecular weight of the
grafts. An average molecular weight of higher than 1,000,000 is reported
for the grafts of copolymers initiated by adsorbed ceric ion.78 In Table |
the effect of the irradiation on the average molecular weight of the grafts

TABLE |
Effect, of Irradiation with Ultraviolet Light on
Average Molecular Weight of Grafts

Adsorbed
ceric ion, Avg. mol. wt.: of grafts (XKU4)
mmole per 100
g of cell min No U.V. With U.V.
Cotton
4.10 60 724 307
SP:
6.48 20 440 298
40 507 333
60 490 366
00 475 346
120 440 344
SCP2
25.4 20 295 156
40 320 190
60 306 210
90 375 220
120 352 205

"Values determined viscometrically from equation of Chinai and co-workers.9 Poly-
merization temp., 45°C; methyl methacrylate, 2.5 ml; total volume, 42.5 ml per 0.500
g of cellulose.
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TIME (min.)

Fig. 4. Effect of ultraviolet light on number of grafted chains of graft copolymers at
reaction temperature of 4b°C. W.ith irradiation (solid lines), adsorbed Ce4+ (mmol
per 100 g of cellulose): (A) cotton, 4.10; (©) SP, 6.48; (=) SCPi, 75.4; (O) SCP2 25.4.
Without irradiation (dotted lines), adsorbed Cel+ (mmol per 100 g of cellulose): (©) SP,
6.48; (C) SCP2 25.4.

is shown. The average molecular weight definitely decreases as a result of
irradiation.

The relations between the number of grafted chains, as obtained from
the per cent grafting and the average molecular weight of the grafts, and the
polymerization time are shown in Figure 4. Regardless of irradiation,
the number of grafted chains linearly increased in the initial stage of poly-
merization of each sample, and the equilibrium value was attained after about
60 min of polymerization.

Considering our results, the effect of ultraviolet light on the formation of
grafts was observed to be considerable for SCP but not for SP.

Although the ceric ion in aqueous solution was very stable under ultra-
violet irradiation, its reduction was remarkably accelerated in the presence
of cellulose. It is supposed that there is a relation between the reduced
amount of ceric ion and the number of grafted chains formed on the
cellulose. The relation between the reduced amount of adsorbed ceric ion
and the number of grafted chains in the graft copolymers is shown in
Figures 5 and 6.

As is definitely seen in Figure 5, the results for cotton and SP are repre-
sented by the same straight line, but for SCPi and SCP2they are two dif-
ferent lines, both of which are separate from the former line. As shown in
Figure 1, in the case of SCP the adsorbed ceric ions were reduced rapidly
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during the first 10 min of reaction time regardless of the irradiation. The
effect of this reaction on the number of grafted chains is not considered to
be important, judging from the results of Figure 4.

Fig. 5. Number of grafted chains of graft copolymers versus amount of reduced ceric
ion adsorbed under ultraviolet irradiation: (A) cotton; (©) SP; (O)SCPi; (O) SCP2
(=) modified values of amount of reduced ceric ion adsorbed, for SCPi and SCP2

REDUCED CERIC ION  (mmole/lOOg.cell.)

Fig. 6. Number of grafted chains of graft copolymers versus amount of reduced
ceric ion adsorbed without ultraviolet irradiation: (©) SP; (€)) SCP2 (=) modified
values of amount of reduced ceric ion adsorbed, for SCP2
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Therefore, it is assumed that the adsorbed ceric ions reduced in this stage
are not directly participating in the formation of grafts. Then for the
purpose of modification this amount is subtracted from the reduced amount
of adsorbed ceric ion at each stage of reaction, and a linear relation (Tig.
5) is obtained, representing cotton, SP, SCPi, and SCP2 together. The
amounts to be subtracted are 11.0 mmol per 100 g of cellulose for SCPi and
<12 mmol per 100 g of cellulose for SCP2in the presence of ultraviolet light,
and 0.S mmol per 100 g of cellulose for SCP2in the absence of ultraviolet
light. As shown in Figure 6, when there is no irradiation and the same kind
of modification is made in the reduced amount of adsorbed ceric ion, a
common relation is obtained for the formation of grafts on SCP2and SP.

From the results mentioned above it is assumed that a reduction of ad-
sorbed ceric ion that has no relation to the graft formation definitely exists.
The amount is dependent upon the kind of cellulose. For SCP2with higher
hemicellulose content the fairly large values of 4.2 mmol per 100 g of
cellulose with irradiation and 0.8 mmol per 100 g of cellulose without ir-
radiation were obtained. This is a factor that cannot be neglected in a
discussion of the efficiency of graft formation. Such a reduction was not
observed for cotton and SP.

From the slopes of the solid lines in Figures 5 and 6 a relation between
the amount of adsorbed ceric ion participating in the graft formation and
the number of grafted chains formed can be obtained. Without irradia-
tion the ratio of these quantities was 12:1, but with irradiation it was
75:1 to 100:1, irrespective of the kind of cellulose. As clearly seen in
Figure 4, even though the rate of reduction of adsorbed ceric ion is ac-
celerated, the increase in the number of grafted chains is found to be very
small.
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Synopsis

The gamma-radiation-induced polymerization of ethylene in the presence of 13-30
ml of ieri-butyl alcohol was carried out under a pressure of 120-400 kg/cm2at a dose
rate of 1 X 103to 2.6 X 104rad/hr at 30°C with a 100 ml reactor. The polymerization
rale and the molecular weight of the polymer increased with reaction time and pressure
and decreased with amount of ferf-butyl alcohol. The polymer yield increased almost
proportionally with the dose rate, while the molecular weight, was almost independent
of it. These results were graphically evaluated, and the rate constants of initiation,
propagation, and termination for various conditions were determined. No transfer was
observed. On the basis of these results the role of iert-bulyl alcohol in the polymeriza-
tion is discussed.

INTRODUCTION

In previous papers12 the effects of addition of various alcohols on the
structure, rate of polymerization, and molecular weight of polymer were
investigated, and it was found that in a polymerization with ferf-butyl
alcohol the rate is faster than in a bulk polymerization and that the molec-
ular weight reduces to only one half. Accordingly, ferf-butyl alcohol was
deemed a useful solvent for the polymerization.

The purpose of this paper is to elucidate the effects of reaction conditions
on the polymerization in ¢erf-butyl alcohol, and to discuss the roles of ierf-
butyl alcohol in the initiation, propagation, transfer, and termination re-
action from the viewpoint of kinetics.

EXPERIMENTAL

The reaction vessel, ethylene monomer, ;erf-butyl alcoh »], irradiation
facilities, and experimental procedure were the same as described in the
previous papers.12 The experiments were carried out under a pressure of
120-400 kg/cm2 the dose rate was 1 X 103to 2.5 X 104rad/hr, and the
temperature was 30°C. Since the polymerization was carried to a low
conversion, less than 10%, the pressure remained essentially constant
during the course of the reaction in all experiments.

3127
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RESULTS AND DISCUSSION

Effects of Reaction Conditions

The experimental results are summarized in Tables I, I1, and I11. Irigure
1 shows the relation between the polymer yield and the reaction time. It
is clear that the rate of polymerization is accelerated, since the plot of
polymer yield versus reaction time is a concave, upward curve in all series
of the experiments, and that the yield increases with increasing the reaction
pressure during the whole period of reaction. As may be seen in Figure 2,
the molecular weight increases with time under all conditions. This figure
also shows that the molecular weight increases with pressure and decreases
with amount of tert-butyl alecohol. Table IV gives the time exponents for

TABLE I
Effect of tert-Butyl Alechol on Polymer Yield and Molecular Weight®
tert-Butyl Reaction Polymerized Molecular

aleohol, time, monomer, weight
ml hr mol/l X104

13 0.67 0.083 8.2

1.0 0.173 11.8

1.5 0.339 15.1

2.0 0.594 19.8

30 0.5 0.067 6.0

1.0 0.192 9.0

1.5 0.375 11.4

2.0 0.542 13.2

a Reaction conditions: pressure, 300 kg/cm?; temperature, 30°C; dose rate, 2.5
X 10% rad/hr; reactor volume, 100 ml.

TABLE II
Effect of Reaction Pressure on Polymer Yield and Molecular Weights
Reaction Polymerized Molecular
Pressure, time, monomer, weight

kg/cm? hr mol/l X104

120 1.0 0.058 2.1

1.5 0.129 4.0

2.0 0.189 4.4

2.5 0.270 5.1

300 0.5 0.067 6.0

1.0 0.192 9.0

1.5 0.375 11.4

2.0 0.542 13.2

400 0.67 0.193 11.8

1.0 0.342 14.3

1.33 0.512 14 .4

1.5 0.614 16.1

s Reaction conditions: temperature, 30°C; dose rate, 2.5 X 10¢ rad/hr; tert-butyl
alcohol, 30 ml; reactor volume, 100 ml.
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TABLE III
Effect of Dose Rate on Polymer Yield and Molecular Weights
Dose rate, Polymer yield, Molecular weight
x 104 rad /hr mol/l X104
2.5 0.900 17.0
0.70 0.333 16.0
0.21 0.157 14.0
0.16 0.100 16.0
0.10 0.050 14.0

2 Reaction conditions: pressure, 400 kg/em?; temperature, 30°C; time, 2 hr;
tert-butyl aleohol 30 ml; reactor volume, 100 ml.

TABLE IV
Time Exponents of Polymer Yield and Molecular Weights
Pressure, teri-Butyl Time exponent of Time exponent of
kg/cm? alcohol, ml polymer yield molecular weight
120 30 1.69 0.75
300 30 1.58 0.57
400 30 1.42 0.35
300 13 1.79 0.76

=

» Reaction conditions: temperature, 30°C; dose rate, 2.5 X 10* rad/hr; reactor

volume, 100 ml.

the yield and the molecular weight determined from the logarithmic plots of
the results given in Tables I and II. From Table IV it is clear that the
exponents both for the yield and for the molecular weight decrease with

(MOL./L.)

POLYMERIZED MONOMER

REACTION TIME (HR.)

Fig. 1. Polymer yield versus reaction time. Reaction temperature, 30°C; dose
rate, 2.5 X 104 rad/hr; reactor volume, 100 ml; pressure (kg/cm?) and amount of tert-
butyl aleohol (ml), respectively: (O) 120, 30; (D) 300, 30; (®) 400, 30; (©) 300, 13.
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REACTION TIVE  (HR)

Fig. 2. Molecular weight versus reaction time. Reaction conditions same as in Figure 1

REACTION TIME (HRJ

Fig. 3. Number of polymer chains versus reaction time. Reaction conditions same as in
Figure 1

increasing pressure and amount of teri-butyl alcohol and that the difference
between the two exponents is nearly unity in each case.

From the data given in Table Il the polymer yield and the molecular
weight at 1 hr are found to be proportional to the 1.52th power of the
ethylene pressure. As shown in Figure 3, the number of moles of the
polymer chains (defined as the ratio of the polymer yield to the number-
average molecular weight) increases proportionally with time, and the rate
of the increment increases with the reaction pressure and the amount of
to't-butyl alcohol. Figure 4 shows that the dose rate exponents are 0.00 for
the yield and almost zero for the molecular weight. Accordingly, as shown
in Figure 5, the number of moles of polymer chain is almost proportional to
the dose rate.
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Fig. 4. Effect of dose rate on polymer yield and molecular weight. Reaction tempera-
ture, 30°C; pressure, 400 kg/em?2; time, 2 hr; ;erf-butyl alcohol, 30 ml; reactor volume,
100 ml.

Fig. 5. Effect of dose rate on number of polymer chains. Reaction conditions same as
in Figure 4.

The effects of the reaction conditions, such as reaction time, pressure, and
dose rate, on the polymer yield and on the molecular weight are very similar
to those in bulk polymerization at room temperature.3-5

Kinetics

Rate of Polymerization. As described above, since kinetic features
similar to those in bulk polymerization were observed in this polymeriza-
tion, the reaction mechanism shown in cqgs. (1)-(5), which has already
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been proposed for bulk polymerization,3 is assumed for this polymeriza-
tion.

Mechanism
Initiation:
M - R
s Ri-
Ri = 1/(pm, ps) &)
Ethylene excitation:
N xay m *
M+ M*A M2 /m2= R'jii )

Propagation:

Rn+ M2-*mR;,+2

re -« [R;]/m2 ©)
Transfer:

Hn+ 1 Ei + 1~

RU = /mr |H;3 [Y] )

Termination:

Kn+ Z- R»Z
fit = h [I1;] [2] )

In the scheme M is ethylene monomer, S is feri-butyl alcohol, R, is all the
active polymer chain composed of n monomers, V is the substance to which
the activity of R,, is transferred, Z is the substance by which R, is deacti-
vated, P7is a dead polymer composed of n monomers, .M* is the excited
ethylene monomer Mo is the excited ethylene dimer, / m is the fugacity of
ethylene monomer, /M2 is the fugacity of excited ethylene dimer, ri, rop.
= ir, and r«% are the rates of initiation, propagation, transfer, and termina-
tion, I, fctr, and fct are the rate constants of these reactions, pu and ps
are the densities of ethylene and feri-butyl alcohol, respectively, [R,], [V],
and [Z] are the concentrations of substances R;, Y, and Z, respectively,
Kcis the equilibrium constant of the reaction between Aland M* and/ is
the dose rate.

The continuous increase in polymerization rate and in molecular weight
with time indicates that the kinetics of nonstationary polymerization6
should be applied to the polymerization in feri-butyl alcohol. Since both
ethylene and feri-butyl alcohol are excited by gamma-rays, and an energy
transfer between them may take place, the rate of initiation is reasonably
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t2(Mp dt (HR.-L./MOL.)
N))

10 20 30 40 50

Fig. O.

expressed as a function of the densities of both ethylene and teri-butyl
alcohol; see eq. (1).

From the long-chain approximation the overall polymerization rate, R, is
given as

R = RP = kpKe[Rn]fM (6)
The concentration of active polymer chain, [R;J, is expressed as
R\ct — f Rtdt = f Ridt — kt[Rn][Z]dt @)
Jo Jo f

where t is time and [Z] is assumed to be constant throughout the poly-
merization. From eq. (6) the value of [R;,]is shown to be

[Ril = Rp/W h (8)

When eq. (8) is introduced into eq. (7) and the integral terms are calculated,
eq. (9) is obtained:

[Ri] = RI - (kt[Z]/kpK'fTM)Mp (©)
In this equation .1/, represents polymer yield at time t ~that is, Mp =

~ Rvdtj and/ Mis considered to be independent of the reaction time, since



3134 F. SI GAMMA ET AL.

the polymerization was carried out to low conversion, was stated earlier.
Combining egs. (6) and (9) results in

RP — kpKJhRit — kt[Z]Mp (10)

Integrating this equation and rearranging it gives

Accordingly, the plots of Mp/JI Mp dl versus t?/JI Mv dt should be on a
0 0

straight line. These plots are given in Figure G The value of fct[Z] can be
obtained from the intercept on the ordinate, and the slope of the line rep-
resents the value of J kpKeJuR .

Degree of Polymerization. The degree of polymerization, Pn, for the
polymerization with no termination by recombination is expressed by

(12)

From egs. (1), (4), (S), and (12) the reciprocal degree of polymerization,
I/P,,., is given by

1/Pn = Rit/Mp + KtI[Y]/kpK efu (13)

where [Y] is assumed to be constant throughout the polymerization. By
plotting 1/P,, against t/Mplinear relations are obtained for every condition,
as shown in Figure 7. The slope of the line represents the overall rate of
initiation, R,. In Figure 7 all lines are found to go through the origin; that
is, all the values of ku[Y]/kpK&u are zero. This means that the rate of
transfer is negligible in this polymerization. The value of /p/\dm can be

t/Mp (HR.-L./MOL.)
5 10 5
5
2 4 6 8
t/Mp (HR.-L./MOL.)

Fig. 7. Irpn versus t/Mv. Reaction conditions same as in Figure 1
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obtained from the slopes of the lines given in Figures 6 and 7 by using eqs.
(11) and (13).

The values determined according to this procedure are summarized in
Table V.

TABLE V
Values® of R, k,K. f%, and k[Z]
tert-Butyl R} EoKefh,

Pressure, alcohol, X108 X103 ki[Z],4
kg/cm? ml mol/l-hr hr—! hr-!
120 30 6.36 2.49 0.80
300 30 6.00 12.9 2.00
400 30 7.00 23.1 2.78
300 13 4.29 11.8 0.60

* Reaction conditions: temperature, 30°C; dose rate, 2.5 X 10¢ rad/hr; reactor
volume, 100 ml.

b Overall initiation rate.

¢ Product of rate constant k, of the propagation, equilibrium constant K, of reaction
forming exited ethylene dimer, and square of ethylene fugacity fu.

4 Product of rate constant of the termination (k;) and concentration of terminator

(12]).

Initiation Reaction. As shown in Table V, the overall rate of initiation
of the polymerization in feri-butyl alcohol inecreases with the amount of
tert-butyl aleohol and the reaction pressure. The rate of initiation of the
bulk polymerization has been reported to be represented as follows:*

Rim = kimIPM (14)

where Rin and kiw are the rate and the rate constant of the initiation with
ethylene. If ki is not affected by tert-butyl alcohol, then in the presence of

TABLE VI
Rate and Rate Constant of Initiation®
tert-

Butyl Rim,® Ris,t kis,d
Pressure, alcohol, X 10° X108 X 1010
kg/cm? ml mol/l-hr mol/l-hr rad !

120 30 1.37 4.99 5.83

300 30 1.59 4.41 5.15

400 30 1.67 5.33 6.24

300 13 1.92 3.42 6.87
300 0 — - 0.465¢

2 Reaction condition: temperature, 30°C; dose rate, 2.5 X 104 rad/hr; reactor
volume, 100 ml,

b Rate of initiation with ethylene.

¢ Rate of initiation with tert-butyl alcohol.

d Initiation rate constant with fert-butyl alcohol.

e Value of kim from Machi et al.4
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Fig. 8. Absolute propagation rate R,/[R,] versus square of ethylene fugacity, f i
Reaction temperature, 30°C; dose rate, 2.5 X 10t rad/hr; reactor volume, 100 ml.

(HR.)™

kt(2)

| |
05 1.0
fs (KG/CM?)

Fig. 9. Product of termination rate constant and concentration of terminator, k[Z],
versus fugacity of tert-butyl alcohol, f.. Reaction conditions same as in Figure 8.

the alcohol Rim can be calculated by using the value of kim determined from
the data of the bulk polymerization,* and the rate of initiation with tert-
butyl aleohol, R, can be evaluated as the difference between the overall
initiation rate and Rin. The values of Rin and R;s calculated on the basis
of this assumption are listed in Table V1.

As was mentioned, since the transfer is not observed, and the termination
is first-order with respect to the concentration of growing radicals, the
number of polymer chains per unit time is equal to the overall initiation
rate. Since the number of moles of polymer chain increases almost pro-
portionally with dose rate, as shown in IFigure 5, the overall rate of initiation
is found to be proportional to the dose rate. From this fact and from eq.
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(14) the value of R;s also is considered to be proportional to the dose rate.
These results indicate that the overall rate of initiation may be represented
as follows:

R; = Rin + Ris = I(kimpy + kisps) (15)

As shown in Table VI, the value of ki calculated with eq. (15) is nearly ten
times that of k. These facts are consistent with the fact that the Ggr
values (G value for free-radical production) of such alcohols as methyl and
isopropyl aleohols, 24.0 and 30.0,” are about ten times that of ethylene, 1.6;*
and ¢ value of the decomposition of fert-butyl aleohol is equal to those of
methyl and isopropyl aleohols.?

Propagation Reaction. The value of k,K.fi given in Table V is equal
to the absolute propagation rate, R,/[R;]/(mol C,Hs/mol radical hr).
As is shown in I'igure 8, R,/[R;] is proportional to the square of ethylene
fugacity, fi;. This means that the mechanism of the propagation reaction
is similar to that of the bulk polymerization.

Termination Reaction. As may be seen in Table V, the value of k:[Z]
increases with the amount of fert-butyl alcohol and the reaction pressure.
Iigure 9 shows that k,[Z] is proportional to the fugacity f, of tert-butyl
alecohol. This indicates that the growing radical is terminated by the
tert-butyl alcohol. In other words, the termination is considered to be
a kind of degradative chain transfer.
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Olefin Polymerizations and Copolymerizations with
Aluminum Alkyl—Cocalalyst Systems. 1. Co-
catalysis with Bronsted Acid Systems*

J. P. KENNEDY, Central Basic Research Laboratory,
Esso Research and Engineering Company, Linden, New Jersey 0703(1

Synopsis

Certain aluminum alkyls and aluminum dialkyl halides in conjunction with suitable
simple cocatalysts generating proton or carbonium ion exhibit high polymerization
activity and produce high molecular weight polyolefins, diolefins and/or copolymers at
comparatively high temperatures. In this paper we report our investigations with
AIEtCl-Bronsted acid systems used for polymerizing isobutylene and copolymerizing
isobutene-isoprene mixtures for high molecular weight products. The cocatalyst is not
specific in these reactions. Highly active systems can be obtained with 1IC1, IIBr,
CCLCOOH, etc. Evidently proton donors in general (Bronsted acids) may function as
cocatalysts in this system. The sequence of polymerization initiation activity of various
Bronsted acids in conjunction with AIEtoCl is HC1, 1IBr » 1TF, 11D > CCLCOOH »
CH30H > CH3COCHSs3. The effect of temperature on the molecular weights was
studied. In contrast to linear plots of log molecular weight versus 1/ T, obtained for
polyisobutylene or isobutylene-isoprene copolymers with conventional Friedel-Crafts
halides in the —30 to —100°C range, this Arrhenius plot showed a marked maximum
near —70°C for polymers prepared with AlEt.Cc I-H Cc | catalyst systems. Features of
this polymerization reaction are discussed.

INTRODUCTION

During the last few years great progress has been made in the under-
standing of the mechanism of low-temperature cationic polymerizations in
general and the isobutylene ~AJC13system in particular.1-3 Some time ago
we discovered that high molecular weight polyisobutylenes and isobutylene-
isoprene copolymers (butyl rubbers) can be prepared at comparatively high
temperatures with certain aluminum alkyl halide catalysts in the presence
of suitable cocatalysts.4 This paper describes experimental studies directed
toward the characterization and development of novel, homogeneous,
cationic catalyst systems, i.e., catalysts soluble in hydrocarbons, alkyl
halides, etc. and giving high molecular weight polvisobutylenes and iso-
butylene-diene copolymers in the temperature range —30 to —70°C.
Commercial isobutylene-isoprene copolymerizations (butyl rubber) are

*Parts of this paper were presented at the 152nd Meeting of the American Chemical
Society, New York, N.Y., September 1966.
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carried out in alkyl halide solvents in the presence of AlCl; catalyst at
—100°C.

Soluble polymerization catalyst systems offer a number of advantages
over their insoluble counterparts (ease of catalyst preparation, ease of
catalyst concentration control, improved catalyst uniformity and repro-
ducibility, convenient catalyst storage, handling, ete.). Other more subtle
problems might also arise with sparingly soluble catalysts (e.g., AlCl).
Sinee AICI; is insoluble in hydrocarbon-rich methyl chloride mixtures, it is
conceivable that immediately after eatalyst introduction into a polymeriza-
tion system containing a large amount of olefin AICI; precipitation occurs.
This precipitation cannot be observed, because polymerization ensues
instantaneously. However, precipitation becomes noticeable when AICl;
dissolved in methyl ehloride is introdueed into an isobutane-methyl chloride
mixture, e¢.g., a mixture in which the isobutylene monomer has been
replaced with isobutane. I‘urther, the precipitating polyisobutylene
molecule encapsulates active eatalyst and thus lowers catalyst efficiencies
and creates an ill-controlled situation.

Conventional solid AICl; always contains small amounts of unidentified
hydrolysis products (AICLOH, AIOCI, ete.) and HCl. These materials
undoubtedly affect the mechanism of polymerization, but the mode of
interference is largely unknown.

Newly discovered aluminum alkyl halide—cocatalyst systems such as
AlEt,Cl/HCI eliminate these problems and in addition provide excellent
high molecular weight produects at higher temperatures than was possible
before.

The AlEt,Cl-HCI system is a soluble, highly active polymerization initia-
tor. The AlEt,Cl catalyst can be purified readily (distillation and eom-
plexing with NaCl to remove traces of AIEtCl,), it is miscible in all propor-
tions with hydrocarbons, lower alkyl chlorides, and CS;, and in dilute
solutions its freezing point can be lowered to —130°C.

The literature concerning pure aluminum dialkyl halide catalyst systems
is quite meager. Aluminum dialkyl halides have been used in the poly-
merization of vinyl ethers.®> Two patents®7” disclosed the synthesis of high
molecular weight polyisobutylene with the use of AlEt,Cl alone. Russian
workers® investigated the polymerization of various olefins and diolefins
with AIR,Cl-cocatalyst systems. These investigators used CH;COOH
and hydrated salts such as LiCl-XH,O and MgCly-XH,0 as cocatalyst.

This paper concerns studies carried out with various AlEt,Cl-Brénsted
acid catalyst combinations to give high molecular weight polyisobutylenes
and isobutylene-isoprene copolymers (butyl rubber).

EXPERIMENTAL

All experiments were carried out under nitrogen atmosphere in a stain-
less-steel enclosure.® The purity and analysis of isobutylene, methyl
chloride, aluminum chloride,® and ethyl chloride® have been described.
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Isoprene was freshly distilled before use. Al(C,H;),Cl (Texas Alkyls, Inc.)
was freshly distilled and treated with NaCl at 80°C for 2 hr to remove
traces of AIEtCl.

RESULTS AND DISCUSSION

Comparison of Cocatalysts

Olefins such as isobutylene and styrene or diolefins such as butadiene and
isoprene or mixtures of these monomers in bulk or in solution can be stirred
in the presence of AIEt,Cl in the temperature range +30 to —100°C
without any reaction. However, polymerization commences instantane-
ously when small amounts of HCI, HBr, or other Brénsted acids are intro-
duced into the quiescent mixture. Depending on the amount of cocatalyst
added, a smooth controlled polymerization or, with large amounts of
cocatalyst, very fast reactions, even explosions, can be obtained.

The cocatalyst is not specific in this reaction. Similar results were
obtained with HCl, HBr, CCl;COOH, H,O, CH;0H, e¢te. In fact, it seems
that in agreement with the theory of cocatalysis in cationic polymerizations
proton donors (e.g., Bronsted aeids) in general can act as cocatalysts.

This system 1is ideally suited to cocatalyst research. Polymerization
starts only when cocatalysts are added, and chemical manipulations can be
carried out conveniently and rapidly in an enclosure.

Table I shows some results for isobutyvlene-isoprene (3 vol-9,) mixtures.
Table II gives physical properties of the vulcanized copolymers (butyl
rubbers) whose syntheses are deseribed in Table 1.

Thus, experiments 1 and 2 show that no polymerization takes place in
mixtures of isobutylene—isoprene (3 vol-9), methyl chloride, and AlEt.Cl;
however, polymerization commences immediately when traces of HCI are
added.

Similar results were obtained in experiments 3 and 4 with ethyl chloride
diluent. Ethyl chloride (treated with molecular sieves and BaO) always
contains appreciable amounts of HCl coming from the manufacturing
process. When ethyl chloride is first purified by refluxing over KOH
pellets and then used as the diluent (experiment 4, Table I), the polymer
yield decreases significantly. However, even with highly purified ethyl
chloride slow isobutylene polymerization proceeds (this finding will be
treated in more detail in a forthecoming publication). By contrast, no
polymerization at all occurs in pure methyl chloride as solvent. However,
immediate and vigorous polymerization commences in methyl chloride
diluent as soon as small amounts of HCI are introduced.

AMontecatini patents® 7 claim that polymerization of isobutylene can take
place only in solvents of dipole moments higher than 1 (e.g., ethyl chloride
and chlorobenzene). According to these claims, no polymerization can
take place in hydroearbon solvents,  Contrary to this our results show that
the dipole moment of the diluent does not affect the success or failure of the
polymerization, and the reaction can be initiated with greatest velocity in
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TABLE II
Physical Properties of Polymers Described in Table I»

Cure 30 min at 308°F

Cure 60 min at 308°F

Mooney _
viscy., 3009 3007

8min, 212 Mod., Tensile, Elong., Mod., Tensile, Elong.,

°F psi psi Y% psi psi psi

Enjay Butyl 218

avg. of 5 tests =70 805 2905 632 1257 2824 333

3 67 1200 2550 700 1400 2600 600

5 79 1200 3057 600 1615 3000 497

= Cure recipe (in parts): polymer 100, HAF 50, ZnO 5, stearic acid 2, S 1.25, Tuads 1.

solvents whose dipole moment is certainly much less than 1, such as in
hydrocarbons (n-pentane) or CS,, provided a suitable cocatalyst is present
(see experiments 6 and 7, Table I), or polymerization can be completely
excluded in solvents whose dipole moment is much higher than 1 provided
the proton or carbonium ion generating cocatalyst is absent.

Good product quality and easily controlled reactions were obtained in
experiments with water as cocatalyst (experiment 6, Table I). The intro-
duction of water as cocatalyst presented some problems, since these
experiments were run much below the freezing point of water, and the
solubility of water in hydrocarbon—methyl chloride mixtures is extremely
low. After some preliminary experimentation we learned how to introduce
water in an extremely finely dispersed form to obtain an efficient catalyst
system. Thus, a moisture-laden nitrogen stream was passed into the
stirred cold reaction mixture. This technique can be used even at —80 or
—100°C. The velocity of gas stream determines the water dispersion.
Reaction control is conveniently attained by adjusting the rate of introdue-
tion of cocatalyst. The extent of conversion depends on the amount of
cocatalyst introduced.

Experiments with trichloroacetic acid cocatalyst gave fundamentally
similar results. Polymerization initiation was immediately noticeable by
the haziness developing on cocatalyst introduction, but no heat evolution
occurred, and the rate of the reaction was much slower than observed in
previous runs with hydrogen halides.

In experiments 12 and 13 methanol and acetone were used as cocatalyst,
respectively. With methanol immediate initiation occurred (haziness);
however, polymerization was extremely slow with acetone as cocatalyst.

These results are qualitatively summarized in Table III. The cocatalyst
concentrations are approximate, since it was difficult to determine such low
quantities accurately under the experimental conditions employed. Reac-
tion times vary because termination times were judged subjectively or were
dictated by external factors. Yields are expressed as approximate con-
versions usually obtained with a particular cocatalyst. It is significant
that explosive polymerizations were obtained only with HCl or HBr
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TABLE III
Cocatalytic Efficiency of Bronsted Acid in Conjunction with AlEt,Cl Catalyst
Approx. Reaction Order of
Cocat. conc., mol time, min  magn. of yields Polymn. rate
—_ — — — no reaction

HC1 10— <1 100 very fast
HBr 10—+ <1 100 very fast

HF 102 150 80 medium

H.0 ? 60 80 medium
CCl;COOH 10-4 90 20 medium
CH;0H 10-2 250 1 slow
CH;COCH; 102 180 0.1 extremely slow

cocatalysts. However, these reactions can easily be slowed down by dilut-
ing the cocatalyst. The rates obtained with less active cocatalysts cannot
be aceelerated by employing higher concentrations, since at higher concen-
trations ill-define side reactions start to compete.

These results provided the basis of a qualitative series of cocatalytic
efficiencies for the polymerization of isobutylene-isoprene mixtures in
conjunction with AlEt,Cl catalyst at low temperatures:

HCl, HBr >» HF, H.0 > CCL,COOH >» CH,;OH > CH;COCH;

This sequence follows approximately the acidity function of the materials
involved. It is peculiar that water appears to be more effective than
CCL,COOH. Acetone possibly acts as a proton donor through its enolic
form (or perhaps traces of some unidentified acidic impurity provided the
cocatalyst).

Effect of Temperature

The effect of temperature on the molecular weight of polyisobutylene and
isobutylene-isoprene copolymers has been investigated extensively.? The
molecular weight of polyisobutylene is much higher than that of isobutyl-
ene-isoprene copolymers obtained under essentially identical experimental
conditions.? The plot of log molecular weight versus 1/T of polymers
prepared with conventional Friedel-Crafts catalysts is linear in the temper-
ature range —30 to —100°C. By contrast, this plot of the Arrhenius type
with polymers obtained in the presence of the AlEt,Cl~ cocatalyst system
shows a marked maximum at about —70°C. I'igure 1 shows the effect of
temperature on the logarithm of molecular weights of isobutylene-isoprene
copolymers obtained with AICl;, AlEtCl,, and AlEt,CI-HCI cocatalyst
systems, respectively. (These runs were carried out by a semicontinuous
technique, i.e., by adding the monomer feed and the catalyst solutions
separately to a stirred reservoir of pure methyl chloride solvent. With the
AlEt,Cl/HCI run the monomer and AlEt,Cl were mixed and introduced
separately but simultaneously with a HCI cocatalyst stream.) Significantly,
isobutene-isoprene copolymers prepared with the AIEt,CI-HCIl system
have much higher molecular weights at the same temperature level in the
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range of —30 to —70°C than copolymers obtained with the conventional
catalysts. For example, the molecular weight of a copolymer prepared
with AlEt,Cl-HCI at —60°C is =250,000, whereas that produced with
AICIL; or AIEtCl, catalysts is only =70,000. All these copolymers con-
tained about 1.5 mole-%, unsaturation (e.g., isoprene units) at low conver-
sions. Even higher molecular weights and correspondingly excellent
vuleanizates can be obtained by the conventional technique.

1,000

100

MOL. WT. x 10-3

= AlCl3
» e AlEtCly
x AlEtaCl + HCl
/
10 | 1 1 |
4.0 4.5 5.0 5.5 6.0

1

1 3
TxlO

Fig. 1. Dependence of molecular weight of isobutylene-isoprene copolymers on reciprocal
temperature, obtained with AlCl;, AIEtCly, and AlEt,Cl-HCl in MeCl solvent.

Thus in another series of experiments two monomer concentration
charges (2.89 and 9.69 mol/1) of isobutene-isoprene (3 vol-9,) were mixed
with AlEt,Cl and stirred in methyl chloride at various temperatures.
Polymerization was initiated by introducing HCI in methyl chloride solu-
tion (e.g., conventional technique). Temperature control was extremely
difficult with the high monomer concentration charge. Table IV and
Figure 2 show the results, and Table V gives physical properties of vulean-
ized copolymer samples obtained at —65, —78, and —85°C of the high
monomer concentration series,
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TABLE IV
Copolymerization of Isobutylene—Isoprene Mixtures
with AIEt;Cl-HCI Initiator System at Various Temperatures*

Cocat.
Monom. added, .

cone., mols —Ylgld_ Mol. wt.  Unsatn.,
mol/1 Temp.,> °C HCI (X 103) g % (X 107%)  mol-%
2.89 —30 0.25 7 33.3 73 1.50
2.89 —48 0.51 16 75 — 1.68
2.89 —63 0.31 11 51.5 101 1.69
2.89 —76 0.48 13.5 63.5 127 1.60
2.89 —83 0.52 8.5 39.9 149 1.6
2.89 —96 0.96 3.5 16.4 69 1.49
9.69 —35(—24) 0.052 14.5 20.5 143 1.41
9.69 —50 (—28) 0.067 20.0 28.1 168 1.33
9.69 —65 (—55) 0.045 21.0 30 397 1.49
9.69 —78(—172) 0.031 9.5 13.5 626 1.44
9.69 —85 (—77) 0.052 20.0 28.1 561 1.43
9.69 —100 (—96) 0.66 19.5 27.9 167 1.51

a Conditions: charges were (first six runs) 97 ml of isobutylene 4 3 ml of isoprene +
30 ml of methyl chloride + 0.005 mol of AlEt,Cl and (second six runs) 29.1 ml of iso-
butylene + 0.9 ml of isoprene + 100 ml of methyl chloride 4+ 0.005 mol of AlEt,Cl;
charges stirred at selected temperature, then cocatalyst solution (0.024 mol/l of HCl
in methyl chloride) added dropwise.

b Temperatures in parentheses are maximum temperatures reached during run.

TABLE V
Physical Properties of Isobutene-Isoprene Copolymers
(Butyl Rubbers)® Prepared with AlEt:CI-HCI Catalyst

30 min at 308°F 60 min at 308°F
300% 300%,
Temp. of Mod., Tens., Elong., Mod., Tens., Elong.,
synthesis, °C. psi psi % psi psi %%
—65 to —55 981 2898 633 1385 2969 535
—78 to —72 517 2677 740 776 2690 680
—85 to =77 1083 2970 623 1557 3067 550

a Cure recipe as in Table II. .

Interestingly, the curves of molecular weight versus 1/7" in Figures 1
and 2 show pronounced maxima and, moreover, the molecular weight maxi-
mum seems to depend on the monomer concentration employed. Accord-
ing to Figure 2, highest molecular weight product is obtained at about
—70°C with a monomer concentration of 9.69 mol/l, but the maximum
shifts to about —85°C with a monomer concentration of 2.89 mol/l. In
contrast to this phenomenon, with conventional catalysts such as AICI,
BF;, and AIEtCl; the molecular weight versus 1/7 is linear in the tempera-
ture range of —35to —100°C;at —100°C there is a break in the line,
and the line assumes a lesser slope but does not drop.?
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Fig. 2. Dependence of molecular weight of isobutylene-isoprene copolymers on re-
ciprocal temperature, obtained with AlEt,Cl-HCI initiator system at various monomer
concentrations.

Isobutene-Isoprene Copolymerizations in the Absence of Solvent

Isobutene-isoprene copolymerizations were carried out with charges
containing, 3, 5, and 8 vol-9%, isoprene in the absence of solvent, i.e., with
the unreacted monomers as diluent. Rate of reaction and conversion can
be controlled by judicious cocatalyst introduction. Table VI shows
representative data. The physical properties of vulcanizates were excel-
lent.

In these experiments the catalyst was added to the monomer charge, and
the cocatalyst (HCl) was absorbed in a separate batch of the particular
monomer mixture (undiluted monomers) charged in the reactor. This
monomer—cocatalyst mixture then was added to the quiescent monomer—
catalyst charge. By controlling the rate of introduction or the concentra-
tion of the monomer—cocatalyst mixture very vigorous (explosive) or slow
reactions can be maintained. All these experiments were carried out at
—98°C, and the polymerization was “quasihomogeneous”; e.g., the prod-
uct was partially in solution and grew probably in the swollen phase. It
does not seem to be possible to conduct completely homogeneous butyl
polymerizations even in very dilute hydrocarbon solvent system at —98°C.
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Apparently, high molecular weight products are partially forced out of
solution. The extent of the reaction was largely determined by the viscos-
ity of the mixture. No serious heat problems were encountered at the
conversion levels at which we terminated these reactions (=15%).

CONCLUSIONS

Cationically highly active monomers such as isobutylene, isoprene, and
mixtures thereof may be made to come in contact with AlEt,Cl without
polymerization initiation. However, on the introduction on even minute
amounts of proton sources (Al/HX >> 1000) immediate and vigorous
polymerization commences.

It is highly unlikely that AIEtCl, formed in the reaction AlEt;Cl +
HClI — AIEtCl, + Et is responsible for initiation. The true initiating
species is probably the proton generated by Allit,Cl + HCl — HeAILt,CI®.
Studies concerning mechanism details will be published in subsequent
papers.
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Electron-Transfer Polymers. XXXIV. Redox
Polyurethanes from p-Benzoquinonc-2,5-diols
and Diisocyanates

GERHARD WEGNER, NOBUG NAKABAYASHI, and HAROLD G.
CASSIDY', Sterling Chemistry Laboratory, Yale University, New Haven,
Connecticut 06520

Synopsis

It is possible to prepare polyurethanes from jo-benzoquinone-diuls and diisocyanates
by using dibutyltin diacetate catalyst at room temperature or below, since the benzo-
quinone group does not react with isocyanate under these conditions. This permits
preparation of new redox polymers. In preparing the polyurethanes excess isocyanate
groups must be destroyed at the end of the reaction time in order to prevent crosslinking
during work-up. These polymers are readily reduced by aqueous hydrosulfite. Good
viscosity numbers are obtained ; and, in general, upon reduction the viscosity increases
over that of the oxidized form. There is no evidence of crosslinking. When oxidized
and reduced forms of these polymers are mixed there is no evidence of charge transfer.

The purpose of this paper is to show that the oxidized form of a redox
polymer may be prepared directly without using protecting groups during
the polymerization step.1 Since benzoquinones do not react with isocy-
anates at normal temperatures, it is possible to prepare polyurethanes from
p-bcnzoquinonediols and diisocyanates according to eq. (1) :

This reaction works at room temperature or below if a suitable catalyst
is used. The polyurethanes with benzoquinone units formed in reaction
(1) can easily be reduced according to eq. (2) by shaking a solution of the
polymer in an organic solvent with a solution of sodium hydrosulfite in
water (see top of next page). The urethane linkages arc not attacked dur-
ing reduction.

Preparation of 2,5-bis(2'-hydroxyethyl)-1,4-benzoquinone and 2,5-
bis(3,-hydroxypropyl)-1,4-benzoquinone is described elsewhere.2 The
quinones were recrystallized from a mixture of acetone and n-hexane and
dried in vacuo before use. Hexamethylenediisocyanate and methylene-

3151
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0 (u) (")
ROCNHR'NHCO Na.SO,
R
0
OH ¢ 0
| |
ROCNHR'NHCO—t= (9
R
OH

n

bis(4-phenylisocyanate) were distilled in vacuo. DDI-diisocyanate was
used without further purification (supplier: General Mills, Chemical Divi-
sion, Kankakee, Ill. 60901). Tetrahydrofuran (THF) was dried over
sodium and distilled.

EXPERIMENTAL

Polycondensation, General Procedure

Benzoquinone-2,5-diol (5.00 mmole) and a diisocyanate (5.00 mmole)
were dissolved together under strietly anhydrous conditions in 25 ml of
THF. The mixture was placed in a water bath at 30°C and the catalyst
was added. Care was taken to exclude moisture during the polycondensa-
tion step. Triethylamine or dibutyltin diacetate or a mixture thereof
were used as catalysts. The reaction was stopped after the given time by
pouring the reaction mixture into an excess of n-hexane. In an alterna-
tive method, 2.0 ml of ethanol was added at the end of the reaction time
and the mixture then poured into n-hexane (Table I). The polymer
precipitated from n-hexane as brown-yellow flakes. These were washed
several times with n-hexane and then dried for 48 hr ¢n vacuo.

Reduction, General Procedure

A 0.5-g portion of the polymer was dissolved in 25 ml THI previously
saturated with concentrated ammonium chloride solution. This was
shaken for about 5 min with two portions of a 109, solution of sodium hy-
drosulfite in THF-saturated ammonium chloride solution. The bright
yellow color of the polymer solution turned colorless or faint yellow. The
polymer solution in THF was washed with concentrated ammonium chlo-
ride solution and then precipitated from the 10-fold amount of distilled
water. The filtered polymers formed white powders after drying over
sulfuric acid in vacuo. Polymer 3 (Table II), being insoluble in THE was
reduced by using 909, formic acid as solvent.
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TABLE |1
Structure and Properties of Redox Polyurethanes
from p-Benzoquinone-2,5-diols and Diisocyanates

IR data, frequencies, cm If

f1sp/C) UV data Quin-  Amide Amide Amide
No.“ Stateb cm3gc Am rnjiJ 6 X 10_3e one | 1 11
3 Ox. 4.9 260 11.0* 1654 1695 1540 1265
1660
Red. 12.8 299 3.9 none 1712 1540 1268
1660
4 Ox. 9.G 250 18.5 1655 1720 1538 1225
Red. 17.7 292 4.3 none 1705 1530 1230
7 Ox. 16.8 256 14.8b 1660 1705 1540 1250'
Red. 19.8 299 3.7 none 1695 1540 1265
6 Ox. — 252 21.2 1650 1710 1530 1225
1655
Red. 15.8 292 4.4 none 1700 1525 1230
8 Ox. 211 258 16.9h 1651 1690 1540 1260
1660
Red 25.4 298 4.9 none 1690 1530 1260®

aThe structures are identified by the numbers in Table I.

b Ox. denotes the oxidized state, Red. the reduced state.

cIn 95% THF, unless otherwise indicated, at 25.0°C, concentration = 5.0 g/I.

dIn95%THF.

' Molar extinction coefficient based on the repeating unit.

f Sample dissolved in KBr matrix.

2 1n 98% formic acid.

b In methylene chloride.

1Film cast from THF on NaCl plate. All samples prepared with dibutyltin diacetate
as catalyst..

Measurements

Viscosities were measured with a Cannon-Fenske-Ostwald type viscom-
eter. Ultraviolet data were obtained by using a Bausch and Lomb Spec-

TABLE 111
Elemental Analyes of Polyurethanes

Analysis
Calculated Found
Num-

ber c% H.% N% Ri%  How N.%
3 Ox. CIH2N Do 59.33 6.64 7.69 60.08 7.31 7.36
4 Ox cFh 2h 206 67.25 4.97 6.28 67.90 6.57 5.24
6 ox. CZHIN Do 68.52 5.49 5.87 68.40 5.74 5.88
7 Ox. cATt8N20G 73.40 10.78 3.57 73.14 10.53 3.48

Red. cAi8 A6 73.23 11.01 3.56 72.97 10.82 3.53
8 Ox. CEHISND 6 73.84 1091 3.46 73.55 10.88 3.26

Red. CTHIND6 73.66 11.13 3.44 73.44 11.09 3.17
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tronic 505 spectrometer; infrared data were obtained with a Perkin-Elmer
Model 421 spectrometer. Elementary analyses are given in Table I11.

DATA AND DISCUSSION

Table I shows the influence of reaction conditions upon polymer forma-
tion and solubility of the resulting polymers. In order to get stable poly-
mers all excess isocyanate groups which are still present at the end of
reaction time must be destroyed. Isocyanate groups would hydrolyze
during work-up, giving amino groups. These amino groups react with
the quinone units in the polymer backbone to produce crosslinks. The
polymer then becomes insoluble. That is the reason why polymers 1
and 5become insoluble rather quickly.

Triethylamine proved to be a rather sluggish catalyst, e.g., the molecular
weight of polymer 2 (Table I) was very low. Dibutyltin diacetate, how-
ever, gave good results. Polymers formed with that catalyst showed
good viscosity numbers (Table Il1). The yield was quantitative in all
cases. THE was used as solvent because the more conventional DMAc
gave more color in the product, DM SO is sensitive to oxidation, and was
avoided on principle.

All polymers obtained in this work could be reduced quantitatively with
sodium hydrosulfite, giving polyurethanes with hydroquinone units in
the polymer backbone [eq. (2)]. In Table Il viscosity numbers and spectra
are compared for oxidized and reduced forms of several polyurethanes.
Generally upon reduction viscosity increases. Thus far no indication
has been found for any crosslinking during the reduction procedure. The
increase in viscosity might indicate an increased hydrogen bonding due
to interactions of the newly formed phenolic hydroxyls with the urethane
links. Absorption maxima and extinction coefficients in the ultraviolet
are not different from low molecular model substances. In the reduced
polymers no quinone absorption can be detected in the ultraviolet, thus
indicating a 100% conversion. The infrared spectra show the expected
pattern3 (Table Il1). In the spectra of the quinone groups containing
polymers there are also bands around 1350, 1120, 1020, and 920 cm-1 due
to the 2,5-substitution pattern at the benzoquinone ring.4 Upon reduction
these bands disappear, as well as the quinone carbonyl absorption around
1(350 cm-1. The bands due to the urethane linkages do not change their
position very much. All polymers show a strong absorption around 3330
cm-1, thus indicating hydrogen bonding through X H groups.

Thus far no indication of charge-transfer interaction has been found upon
mixing the reduced and the oxidized form of the polymers together, as has
been described for other redox polymers.15 Further work is in progress
to evaluate the redox potential of the described polymers.

We thank Air. T. Keyes for taking the infrared spectra and Mrs. Irmlind Slronkowski
for technical assistance. The work was supported by a Research Grant GM 10864,
Research Grants Branch, National Institute of General Medical Sciences, Public Health
Service. We wish to express our thanks for this support.
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Vinyl Monomer Polymerization Mechanism in the

Presence of Trialkylboranes

J. GROTEWOLD, E. A. LISSI, and A. I. VILLA, Labératorio Central
de Quimica, Unwersidad Técnica del Estado, Santiago, Chile

Synopsis

The polymerization of methyl methacrylate in the presence and in the absence of tri-
ethylborane and different inhibitors was carried out. An ethyl radical displacement
reaction between the inhibitor radical (produced through the reaction between a radical
chain and the inhibitor) and the triethylborane is postulated. This new chain-transfer
reaction explains the large excess of inhibitor which must be added in the presence of tri-
ethylborane in order to suppress the produetion of high molecular weight polymer. The
results are in agreement with a typical free-radical mechanism.

It has been suggested that the polymerization of vinyl monomers in the
presence of organoboron compounds proceeds through the formation of a
free-radical-organoboron complex.! This mechanism was postulated to
explain the fact that, even in the presence of substantial amounts of
free-radical inhibitors, polymerization occurred when trialkylboron
compounds were present. There are, however, several reasons that make
such a mechanism rather doubtful and still seem to favor a free-radical
process:

(1) Nearly all of the inhibitors used are not very effective in methyl
methacrylate polymerization (2,6-di-ler(-butyl-p-cresol, hydroquinone,
N-phenyl-1-naphthylamine).*

(2) It was found that the oxidation of alkylboron compounds proceeds
through a free-radical process,® and this was the explanation of methyl
methacrylate polymerization in the presence of trialkylboranes and oxygen.*

(3) We have found that free-radical displacement reactions occur with
trialkylboranes.® They seem to be extremely fast when the attacking
radical has an oxygen atom or resonance contribution, as would be the case
with the radicals produced by hydrogen abstraction or addition to conju-
gated double bonds in the inhibitors.  In none of Arimoto’s runs did the
ratio of inhibitors to trialkvlborane scem to warrant the nondepletion of
the inhibitor when such a displacement reaction oceurred twice or even
three times on each trialkylborane molecule.

For these reasons the polymerization of methyl methacrylate (MIMA) in
the presence and in the absence of trialkylborane and different inhibitors

3157
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was studied. Special attention was given to the selection of inhibitors,
which seemed to be a rather unfortunate one in Arimoto’'s work.1

Experimental

Commercial methyl methacrylate was washed with sodium hydroxide
solution and distilled water. A certain amount (20 cm .3 was then degassed
and distilled into a container attached to a conventional high-vacuum sys-
tem for gas kinetics. Attached to the vacuum system was a burette, for
measuring the amount of MM A to be used, and the tubes containing the
already weighed amounts of initiator and inhibitor. The monomer was
then vacuum-distilled, first into the burette and then into the reaction
tubes. The solids, which always contained a certain amount of air, were
dissolved in the monomer and then degassed thoroughly (by repeated
thawing and freezing) to less than 1.10 4torr. When necessary, triethvl-
borane, stored in the high vacuum apparatus, was added after having been
measured by vaporizing a certain amount into a known volume and reading
the corresponding pressure. The reaction tubes, about 7 cm.3in volume,
were then sealed under vacuum and placed in athermostat at 70° + 0.05°C.
After the reaction had taken place, they were cooled to room temperature
and broken off, and the mixtures were poured into a beaker containing 45
cm.30f methanol and 5 cm.30f concentrated ammonium hydroxide. The
solid precipitate was filtered, washed, and dried at 50°C to constant weight.
The molecular weight was determinated by specific-viscosity measurements
with the parameters given by Flory6at 25°C. In all cases the reactants were
commercially available reagents of analytical grade, with the exception of
phenothiazine, which was prepared by tire usual technique.7 After two
recrystallizations from ethanol its melting point was 186-187.5°C.

Results and Discussion

The experimental results obtained are shown in Table I. The polymer
formed usually had a high molecular weight (about 1 X 10°), the only
exception being the products formed in runs 13-19, which had molecular
weights of 1 X 104 or less; when water was added to the filtered liquid,
which presumably consisted of methanol, ammonium hydroxide, and un-
reacted monomer, asmall quantity of solid product was obtained, indicating
the presence of extremely low molecular weight polymer, which was soluble
in the original quenching mixture. The polymerization rate has neverthe-
less been calculated from the yield of solid obtained before the addition of
water.

A higher molecular weight product (about 2.5 X 104 was observed,
however, in run 15, in which the ratio of trialkylborane to benzoquinone was
0.91. This resultisimportant in connection with the mechanism discussed
below. In order to clarify the discussion it will be useful at this stage to
mention the differences between Arimoto’'s workland ours.

It is our opinion that his choice of inhibitors was inadequate: the
results from the use of 2-6-di-ferf-butyl-p-cresol with benzoyl peroxide as
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initiator or of hydroquinone or phenothiazine with peroxyboron compounds
are by no means conclusive, as it is known that peroxides or peroxy radicals
react readily with these substances, that is are antioxidants but not
inhibitors.2'8'9

TABLE 1
Polymerizationllof Methyl Methacrylate at 7U°C

Init. and Inhib. and
Run concn., concn., Convsn., Time, k X 10,
No. mole/1 mole/l % sec. 1 mole-1'2sec-1
1 BzD 2 0.025 6.4 800 5.17
2 “ 0.025 11.2 1,500 4.72
3 “ 0.025 15.8 2,130 5.06
4 “ 0.025 DPhA, 0.05 — 7,500
5 “ 0.025 HQ, 0.05 — 15,000
6 AIBN, 0.01 7.7 310 8.30
7 “ 0.06 DPhA, 0.05 16.3 710 9.30
8 “ 0.06 U 005 247 1,200  9.62
9 “ 006 HQ, 0.15 8.3 420 8.35
10 “ 0.06 HQ, 0.15 20.0 960 9.30
1 “  0.06 PhT, 0.05 15.2 710 9.32
HQ, 0.09
12 “  0.06 PhT  0.05 17.3 955 8.16
HQ, 0.09
13 “  0.06 BQ, 0.06 8.0 12,200 0.28
14 “ 0.06 . 0.15 1 16,000 0.02
15 “ 0.06 U 006 26 1,620  7.57
Et®, 0.06
10 AIBN, 0.07 a 0.15 — 4,140
Et®B, 0.03
17 AIBN, 0.043 u 0.13 3.7 3,320 0.68
Et®, 0.035
18 AIBN, 0.06 u 0.15 — 3,420
Et,B, 0 025
19 AIBN, 0.06 e 015 15,000 A
20 “ 006 PhT  0.05 1 10,800 0.44 A, sa
HQ, 0.09
21 “ 006 PhT  0.05 — 7,000 A, va
HQ, 0.09
22 “ 006 PhT  0.05 40 7,000 2.3 A, wa
HQ,  0.09

“ Convtusimi/ [Initiator)l= time = k; BiiD2 benzoyl peroxide; AIBN, azobisiso-
Imlyniiti‘ile; Et3, triethyll Mirane; DPhA, (liphenylamine; 11Q, hydroquinone; BQ,
beuzoquinone; PhT, phenothiazine; A, in the presence of air; a, agitation; s, slight; v,
vigorous; w, without.

No polymerization could therefore be observed in runs 4 and 5 when
hydroquinone (HQ) or diphenylamine (DPha) were used together with
benzoyl peroxide (Bz2 2. However, under similar conditions we did
observe polymerization when azobisisobutyronitrile (A1BN) was used as
initiator instead of Bz20 2 as may be seen in runs 7-10,
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The differences between Arimoto’s data and ours with phenothiazine (Pth)
and Pth-HQ mixtures and AIBN as initiator (runs 11 and 12) seem to be
less clear. Our experimental conditions were almost the same as those
reported in his paper,! but our results differ. Instead of the total inhibition
observed by Arimoto in 3 hr. we were unable to find even a measureable
retardation at the same temperature. We did observe a strong retardation
after 3 hr., but only when the reaction was carried out in the presence of air,
as may be seen in runs 20 and 21.

Thus, Arimoto’s choice of these substances as good inhibitors in the ab-
sence of oxygen is not very understandable, since there seems to be no reason
for these compounds or mixtures of them to be much more effective than
DPha® or HQ, for example. Nor does any interaction between them that
might suggest a strong synergetic effect seem to have been observed.

In the presence of oxygen the situation becomes clearer, since Pth and
HQ are good antioxidants and, if O, is present, the chain radicals will give
peroxyradicals, which in turn react readily with these compounds. Our
results seem to agree with this, because we could not find any measurable
inhibiting effect of these mixtures in the absence of oxygen (runs 11 and
12), but we did find a strong retardation in its presence; this effect was
notably influenced by agitation of the reaction tubes.

Runs 21 and 22 were carried out under almost the same conditions, the
first with strong and continuous agitation and the second without; they
gave after 100 min 0%, and 409, polymerization yield, respectively.

We are unable to explain the differences between our data and Arimoto’s
regarding this mixture. The arguments given above, together with the
fact that the presence of impurities would explain an inhibiting effect
much more easily than a specific inhibiting action of these antioxidants,
make us more confident in our results with Pth and HQ.

For these reasons none of the compounds employed by Arimoto could
be used by us to test the effect of triethylborane (Et;B) on the inhibited
polymerization. Therefore, benzoquinone (BQ), known to be one of the
best inhibitors of NIAIA polymerization,® was selected as the retarder.

Provided that the ratio R = 2 [initiator decomposed | + 3[Et;B]/[BQ]
was less than 1, no polymerization could be observed in 69 and 51 min
in uns 16 and 18, respectively. If, however, the ratio R was considerably
greater than 1, as in run 15, and as it happens to be in most of Arimoto’s
experiments, polymerization did occur. It must be pointed out that,
although the rate constant obtained in run 15 nearly agrees with the cor-
responding rate constants for uninhibited polymerization in runs 6-12,
the observed molecular weight is considerably lower (about 2.5 X 10%)
than those obtained with initiator alone (about 1 X 10°). The results
with Et;B and BQ show conelusively that no polymerization occurs when
the inhibitor is in large excess over Iit;B and initiator. This cannot be
explained by the mechanism proposed by Arimoto, which involves an
organoboron-radical complex rendered sufficiently inactive to be unaffected
by the presence of inhibitors, a complex in whose presence polymerization
should have occurred.



VINYL MONOMER POLYMERIZATION 3161

Nevertheless, to explain the fact that, as in Arimoto’s work, polymer is
obtained by the addition of Et;B to systems that otherwise would not
polymerize, such as 2-6-di-feri-butyl-p-cresol with Bz,(; or HQ or Pth
with peroxyboron compounds, and results such as those obtained in runs
15 and 17 of the present paper, the following free-radical mechanism is
proposed:

M,—R- 4 PhO, - RM,PhO,- (1)

RM,PhO,- + Et;B — RM,PhO,BEt, 4 Lit- (2)

Et- 4+ M — Et—M- (3)

RM,PhO,- + RM,PhO,BEt, — (RM,PhO,),BEt + Et- (4)

where R)I,. is the chain radieal, M the monomer, and RM,PhQO,. the
radical produced by the reaction of RM,. with BQ, whose precise structure
is still speculative. That reaction (2) can be operative is supported by the
occurrence of similar reactions such as

CH,CO- + BR; — CH;COBR; + R- (5)
ROO- 4 BR; — ROOBR: + R- (6)

which seem to be extremely fast.?® I'rom the evidence of oxidation reac-
tions?® reaction (4) cannot he disregarded; one would expect its rate to be
smaller than that of (2) but still competitive with radical termination
reactions. Although a further substitution reaction is possible, its oe-
currence under these conditions remains doubtful. The reaction of
(RM,PhO,),B(C,H;)s-,, where n is 1 or 2, with air when the reaction
tubes were broken off would be responsible for the observed low molecular
weight produects.

The results of Runs 15 and 17 (it is important to note that in the latter
the ratio R is greater than in runs 16 and 18 and close to 1) are clearly under-
stood in connection with the data of runs 13, 14, and 19 (carried out without
Et;B) according to the above mechanism. In reaction (1) the growing
chain radical is transformed into a resonance-stabilized radical that is un-
able to continue chain growth in the absence of Et;B but participates only
in termination steps by combination with other radicals. Although these
radicals are too weakly reactive to attack the monomer, they give a facile
transfer reaction with Et;B, whereby they are transformed into very
reactive ethyl radicals. In this way the rate-diminishing effect of BQ is
partly compensated for by this chain-transfer reaction; in this sense the
mechanism here proposed closely resembles the one suggested by Breiten-
bach and Schindler® for the effect of transfer agents on the degradative
chain transfer in vinyl chloride polymerization.

These arguments would also explain the fact that Arimoto did observe
polymerization when Et;B was added to systems that otherwise would be
inhibited by the presence of antioxidants, since the resonance-stabilized
radicals formed in these systems would readily interact with Et;B, giving
the reactive ethyl radicals, as proposed in the above mechanism.
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The rate, nature, and stoichiometry of the interaction of pcroxy and
other resonance-stabilized radicals with Et3 in the gas and liquid phase
are under investigation in this laboratory and will be published else-
where.
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Preparation of Poly (diphenyl Phosphazene)

J. R. MacCALLUM and J. TANNER, Department of Chemistry,
University of St. Andrews, St. Andrews, Fife, Scotland

Synopsis

The preparation of substituted polyphosphazenes has been briefly surveyed. A
method of synthesis of a fully substituted poly(diphenyl phosphazene) has been investi-
gated. The product has been characterized and thermogravimetric analysis carried
out. The volative products of pyrolysis have been identified and the hydrolytic stability
of the polymer tested.

The polyphosphazenes of general formula (pX2 = N)* are an interesting
and potentially useful group of inorganic polymers. The halides, X = CI,
Br, or F, have been known for some time, and when n is large they are
elastomeric in nature. More recently, methods of synthesizing polymers
containing organic substituents have been developed. There are three
general routes available. In the first route the reaction of either lithium or
sodium azides with a halophosphine and then heating of the intermediates
so formed gives high polymers along with lower molecular weight species.1'2
This method involves a certain hazard in that the azide/halophosphine
reaction can be explosive. The second synthesis follows the reaction
scheme,

RPNH2+ Cls RP(C12NH2
RZP(C12NH2+ NRs — RPN + NHRsCI

The polymer is obtained in moderate yields along with trimer and tetramer
which must be removed to obtain pure polymer.3 A third method involves
substitution of the chloro group in poly(diehloro phosphazene) by a suitable
nucleophilic reagent, for example CH3Na or CBH60Na. This method has
been applied to both soluble and insoluble polymer samples.45

Poly(dimethyl phosphazene) has also been prepared by the pyrolysis of
dimethyldiaminophosphonium chloride with ammonium chloride.6

In this note we wish to report the synthesis of poly(diphenyl phospha-
zene) by the third method, and also some of the physical and chemical
characteristics of the polymer. A similar method of preparation has been
attempted previously, but only 95% substitution was achieved, and the
product was not characterized.7* 10

Experimental and Results

In preparation of poly (diphenyl phosphazene), a 25 g portion of hexa-
chlorophosphazene (mp 112.5-114°C) was evacuated in a clean dry glass
3163
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tube to a pressure of 10— torr and sealed off. The tube and contents were
then heated at 250°C for 24 hr, 709, of the trimer being converted to
polymer. After cooling and opening the tube, excess trimer was removed
by vacuum sublimation. Soluble polymer was dissolved in dry benzene
and the solution carefully decanted from residual gel, which comprised 109,
of the sample. A solution of phenyllithium in dry diethyl ether under
nitrogen was prepared in a twice molar excess with respect to the replace-
able chloride in the benzene solution. This benzene solution was then
added drop by drop to the phenyllithium and thoroughly mixed. After
refluxing the reaction mixture for 48 hr, during which time the solution
deepened in color from light buff to dark brown, the benzene and diethyl
ether were distilled off under reduced pressure and the residue thoroughly
washed with water. The soluble portion of the polymer was further puri-
fied by precipitation from acetone solution by the addition of water and
was then dried in a vacuum oven at 60°C for several hours. The overall
yield was 229, relative to the starting material. The infrared spectrum of
the dried polymer was measured on a Perkin-Elmer 621 grating spectro-
photometer by using the pressed KBr disk technique.

Infrared absorption bands for poly(diphenyl phosphazene) were ob-
served at 3040 (m), 1585 (m), 1475 (m), 1435 (s), 1200 (v. broad, vs),
1115 (s), 1024 (m), 995 (m), 915 (broad, m), 740 (s), 715 (s), 693 (vs), and
540 (broad, vs).

The spectrum obtained agrees closely with the spectrum of a sample of
hexaphenylphosphazene kindly sent to use by Dr. D. L. Herring. It differs
only in that there is a general broadening and diffuseness of peaks as ex-
pected for a high polymer.

Elemental analysis yielded the following results.

ANAL. Caled. C,72.36%; H,5.029; N, 7.03%; P,15.599%. Found: C,66.14%;
H, 4.87%: N, 6.08¢,; P, 13.40%;.

It appeared from the infrared spectra that there was present in the poly-
mer samples water which could not be removed simply by pumping out for
prolonged periods. The presence of bonded water might reasonably ac-
count for the discrepancies in the above analysis.

AnaL. Caled. for (PPh, = N,H,0),: C, 66.36%; H, 5.53%; N, 6.459;; P, 14.29%.

A sample of the solid polyphosphazene was heated in vacuo at 130°C for
6 hr and removed, under vacuum, to a dry box in which a Nujol mull was
prepared (the Nujol having previously been dried by heating with sodium
metal). This sample was found by infrared spectroscopy not to have
water present. In all other respects it was identical with the infrared data
given above.

Thermogravimetric analyses were obtained by using a Du Pont 950
thermogravimetric analyzer. Figure 1 illustrates a typical thermogram.
The major volatile products of degradation were, water, ammonia, benzene,
and low molecular weight homologs.  The residual polymer was a brittle,
dark brown glass which showed no change in infrared spectrum from the
parent polymer, but was insoluble.
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WEIGHT

Fiji. 1 Thermogram of poly(diphenyl phosphazene) healed at 1()°C/min in air Ns
atmosphere.

The hydrolytic stability of poly(diphenyl phosphazene) was tested by
refluxing samples in 0.14/ nitric acid and 0.1.1/ sodium hydroxide for 48 hr
with no resultant change in character of the polymer. Potentiometric
titration of the boiled solutions with AgX 03solution gave negative results,
indicating complete substitution of the parent poly(dichlorophosphazene).

Further investigation of the properties of a variety of substituted
polyphosphazenes prepared by the above method is being carried out.
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NOTES
Aryl End-Capping of 2,6-Dimethyl-1,4-polyphenylene Oxide

2,6-Dimethylpolyphenylene oxide (PPO) is a linear polymer* with a terminal phenolic
endgroup.2 Because of the reactivity of phenols, this endgroup is a likely point of attack
by oxygen and other chemical reagents. In fact, the redistribution reaction of PPO with
monomeric or dimeric phenols depends on the presence of a phenol endgroup.3 An
investigation was begun to convert the hydroxyl endgroup to a phenoxy group which
should have about the same chemical reactivity as the other ether linkages along the
polymer chain.

One method for preparing a diaryl ether is the Ullmann reaction.4 However, this
reaction is not quantitative, and any aryl end-capping process must be so. Therefore,
we directed our efforts towards investigating the use of this reaction quantitatively to
cap the polymer but first needed an analytical method to determine whether or not the
reaction was occurring. Since concentrated solutions of PPO in carbon disulfide exhibit
an infrared hydroxyl absorption at 3610 cm*“* and a transparent region at 3710-3720
cm*®1 it is possible to measure the hydroxyl absorption by the difference between these
two frequencies.* In this manner the course of the reaction could be followed by the
decrease in hydroxyl absorption which must occur if hydroxyl is converted to phen-
oxide.

A number of reactions were run to determine the conditions for the reaction. Toluene
proved to be a suitable solvent, since it dissolved both the sodium and potassium salts of
PPO. In order to complete the reaction within 30-60 min, it was found necessary to
heat the polymer salt solution in a sealed tube at 250°C with an excess of bromobenzene
and in the presence of an amine and a soluble copper salt.

Table | summarizes the results. It was found convenient to convert the polymer to
its salt by titrating a toluene solution of polymer with the dialkali salt of benzophenone
in benzene6 containing some amine or by the addition of solid potassium ferf-butoxide.
The soluble copper salt was then added and the tube evacuated and sealed. After the
reaction, the polymer was isolated by filtration and precipitation. The final drying was
carried out at 60°C and 20 mm pressure overnight before the infrared measurements
were determined.

A value of about 15-20 abs/g X 100 units appears to be the background absorbance at
3610 cm*“*in a 2,6-dialkyldiaryl ether, since 2,6-dimethylphenyl phenyl ether indicates
some absorbance at 3610 cm*“*compared to 3710 cm*“ *(Table 1).

Proof that the decrease in hydroxyl absorption observed is due to ether formation
rather than reduction was provided by the infrared spectra of the product in runs 1, 4,
and 5. A small band appeared at 690-700 cm*“*which can be assigned to the C—H
out-of-plane deformation for five adjacent free hydrogen atoms on an aromatic ring.7
This region is transparent in PPO. The absorbance in the capped polymer is not due to
residual toluene since redrying does not remove it. Therefore, it must be caused by
the benzene group introduced.

* An infrared analytical method for determining hydroxyl content has been developed
in this laboratory by Howe.6
3167
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The phenyl-capped polymer was stable when submitted to the conditions of the re-
distribution reaction.? Within experimental error, it was quantitatively recovered when
compared to a sample which was not redistributed but was reprecipitated.

The infrared measurements were performed by Miss D. V. McClung. Information
concerning the preparation and use of variou: dialkali salts of benzophenone in benzene
was provided by Dr. A. S. Hay.
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Aliphatic Polyphenylquinoxalines

INTRODUCTION

Research on wholly aromatic polyquinoxalines! ¢ has provided high molecular poly-
mers of excellent thermal stability. This work has been extended to the ladder-type
polyquinoxalines’ ™ and the polyphenylquinoxalines.!' Although ladder-type poly-
quinoxalines containing a nonaromatic segment in the polymer chain have recently been
reported,® the synthesis of aliphatic polyquinoxalines has not been disclosed. This
communication reports the successful preparation of two aliphatic polyphenylquinox-
alines from the reaction of 1,10-diphenyldecane-1,2,9,10-tetraone with 3,3’-diamino-
benzidine and with 3,3’,4,4’-tetraaminodiphenyl ether.

DISCUSSION AND RESULTS

Reactants

1,10-Diphenyldecane-1,2,9,10-tetraone was synthesized as shown in eq. (1) by modi-
fying a known procedure'? employed for the synthesis of similar compounds. Charae-
terization of the various intermediates and reactants is shown in Table I.

O O O O
li || CoHs/AICK I I
ClIC—(CH,)s—CCl ———— CH;C—(CH;)y—C—CH;

I
0 O
Bre | g
-— CﬁHs—C—(llH—(CHQ)G—ClJH—~ —CsH;
Br Br
II
lAgNOa
O 0 0O O 0 0
I (|£ I NaAe | |
CsH;—C— —(CHg)eiC—C—CsHﬁ(—-CGH;,%C—(fH—(CII,)G—CH—04C6115 1)
v
ONO. ONO,
111

Sebacoyl chloride was reacted with benzene in the presence of aluminum chloride to
provide a near-quantitative yield of 1,8-dibenzoyloctane (I). Bromination was per-
formed in the conventional manner in carbon tetrachloride using a catalytic amount of
aluminum chloride. 1,8-Dibromo-1,8-dibenzoyloctane (II) was converted to the cor-
responding nitrate ester (I11) in good yield by reaction with silver nitrate in acetonitrile.
Reaction of 1,8-dibenzoyloctyl-1,8-dinitrate with sodium acetate in warm dimethyl
sulfoxide provided a crude yellow solid which was recrystallized several times from
n-hexane to afford pale yellow crystals of 1,10-diphenyldecane-1,2,9,10-tetraone (IV).

3,3’-Diaminobenzidine (V) was purchased from a commercial source and purified by
recrystallization from water.

3,3',4,4"-Tetraaminodiphenyl ether (VI) was prepared according to the procedure of
Foster and Marvel.14

Model Compound

2,2'-Hexamethylenedi(3-phenylquinoxaline) (VII) was prepared in quantitative yield
by the melt condensation of o-phenylenediamine and 1,10-diphenyldecane-1,2,9,10-
tetraone as shown in eq. (2).
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0O 0 0o O
NH, Il [
2 + H:Ce—C—C—(CH,)e—C—C—Ce¢Hs —

NH.
qewymasl
CsHs HsCs
VII

Polymer

The polymerization of 1,10-diphenyldecane-1,2,9,10-tetraone with 3,3’-diaminobenzi-
dine (V) and with 3,3’,4,4’-tetraaminodiphenyl ether (VI) was performed via melt and
solution techniques to afford poly [2,2’-(hexamethylene)-6,6'-di(3-phenylquinoxaline)] (A)
and poly[2,2'-(hexamethylene)-6,6’-oxydi(3-phenylquinoxaline)] (B) and isomers thereof
respectively as shown in eq. (3).

(0]

¢ 9 R
H;Ce— C—C—(CH2)s—C—C—CsHs

H.N NH.
\4

v

HsCs CbHs

Melt condensations were performed by introducing an intimate mixture of stoichio-
metric quantities of 1,10-diphenyldecane-1,2,9,10-tetraone and 3,3’-diaminobenzidine
or 3,3,4,4'-tetraaminodiphenyl ether in a polymerization tube under nitrogen into a
preheated oil bath at 200°C. The temperature was increased to 300°C during 1.5 hr
and maintained at 300°C for 1 hr. The resulting glassy brown polymer exhibited ex-
cellent adhesion, by pulling the glass away from the side of the polymerization tube when
cooled. The polymers were extremely tough and difficult to pulverize. The inherent
viscosities (0.59% Hy804 at 25°C) of the polymer prepared in this manner from 3,3’-
diaminobenzidine and 3,3’,4,4’-tetraaminodiphenyl ether were 1.16 and 1.04, respec-
tively.

Solution polymerizations were conducted by adding the tetracarbonyl compound to a
stirred slurry of a stoichiometric amount of tetraamine in m-cresol (final solids concen-
tration 169,) at ambient temperature under nitrogen. The temperature of the resulting
clear viscous solution was increased to 80°C and maintained at 80°C for 1 hr. A sample
of the polymer at this stage was isolated as a fibrous yellow solid by quenching with
methanol, followed by drying at 100°C for 1 hr under pump vacuum. The remaining
polymer solution was stirred to reflux temperature (202°C) and maintained at reflux
under nitrogen for 1 hr followed by isolation of the polymer as previously described.
Clear yellow films which exhibited good toughness and flexibility were cast from the
m-cresol and dried under nitrogen to 200°C. The molecular weight of the polymer as
indicated by inherent viscosity measurement as reported in Table II failed to increase
appreciably in m-cresol from 80°C to 202°C. However, further polymer advancement
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TABLE 11
Polymer Characterization
Inherent viscosity, dl/g* PDT, °Ce

El lysis®

Poly- 80°Cin  202°C in  300°C in He- emental analysis
mer m-cresol  m-cresol melt Air lium C, % H, 9, N, 9%
A 0.44 0.45 0.72 445 450 82.14 5.36 11.72
B 0.64 0.69 0.77 450 450 81.03 5.11 10.57

2 (.59, H,SO4 solution at 25°C.

b PDT = Polymer decomposition temperature, AT = 6.67°C/min.

¢ Caled for (CaHasNy). (A):  C, 82.90%; H, 5.73%; N, 11.37%. Caled for (CssHas-
N.O). (B): C,80.29%; H, 5.55%; N, 11.08%.

to an inherent viscosity as high as 0.77 dl/g was effected by heating the isolated fibrous
yellow solid under nitrogen for 1 hr at 300°C.

The final polymers were characterized as shown in Table II. The infrared spectra of
the polymers were completely consistent with that expected from the proposed structure
of the polymer. Polymer decomposition temperatures in air and in helium were ~450°C
as determined on a Stanton thermobalance.
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I'he Peroxide-Induced Degradation of Sulfonated Polystyrenes
Crosslinked with m- and p-Divinylbenzenes

The peroxide-induced degradation of sulfonated polystyrenes crosslinked with “com-
mercial,” -para-, or mefa-divinylbenzene proceeds at varying rates. The sulfonated,
meta-DVB crosslinked resin degrades the most slowly for reasons possibly related to its
more uniformly crosslinked network.

It has been known for some time that sulfonated polystyrenes crosslinked with divinyl-
benzene are readily degraded by peroxide.l We wash to record experiments with this
type of degradation -which are designed to correlate the rate of degradation with the
nature of the crosslinking as varied by the use of pure meta-, pure para-, and commercial
divinylbenzene in the styrene copolymerization. Comparison data for a commercial
ion-exchange resin of the same type are included.

Experimental Part

The methods used for the separation2 and characterization of the divinylbenzene
isomers; for the bead copolymerization;3 and for the sulfonation4have been described
in detail in previous publications. The isomeric monomers used in the present study
were 99.8% pure by GLC (flame ionization detector). Twenty mesh beads prepared at
80°C with carboxymethylcellulose ether sodium salt as suspending agent and 1 wt-%
dibenzoylperoxide as initiator were used. Sulfonations were run at 80°C with 98%
sulfuric acid on beads swollen in ethylene dichloride. The total capacity, determined
by the method used previously4 was 5.16 meq/g for the polystyrene crosslinked with
8 mole-% pure para-divinylbenzene; for the material crosslinked with 8 mole-% pure
meta-DVB and with S mole-% commercial-DVB these values were 4.97 and 5.14 meq/g,
respectively.

The degradation process was conducted as follows. The sulfonated resins were
washed repeatedly with distilled water to remove completely all absorbed acid. Five
milliliters of hydrogen peroxide solution (3%) were used to flush 1g. of the beads together
with 2.48 mg of ferrous sulfate TELO (10 ppm) through a long stemmed funnel into a
flask containing 45 ml of the same hydrogen peroxide solution (3% solution, Am. Per-
oxide Co.) maintained at the degradation temperature (75°C) in a constant temperature
bath at 75°C. The flask was equipped with a magnetic stirrer and a reflux condenser.
Aliquot parts (1 ml) of the liquid phase of the reaction mixture were taken out at regular
intervals and diluted with 50 ml of water. The amount of sulfonic acid groups in the
solution was then determined by titration with 0.01Arsodium hydroxide solution versus
phenolphthalein as an indicator. The titration values were adjusted for the decreased
reaction volume as the successive 1-ml samples were withdrawn during the course of the
experiment, by taking the product of the residual volume and the equivalents of base
required for neutralization of the aliquot. The data are summarized in Figure 1 and
Table I. The resins become soluble during the degradation and are completely dis-
solved by the end of the experiment. A faint ferric chloride enol test color was noted
for the solution of the degraded polymer.

The amount of hydrogen peroxide in the aliquot samples was determined at regular
intervals by thiosulfate titration of the iodine liberated from added iodide. In a typical
experiment the amount of the hydrogen peroxide was decreased from its initial value to
88.9% in 180 min, 82.5% in 240 min, and 68% in 300 min.

Discussion

The results of these experiments show that there is a significant difference in the
rates of peroxide-induced degradation of sulfonated polystyrenes in terms of the nature
of the crosslinkage. The para-DVB crosslinked resins degrade more rapidly than the
meta- or commercial-DVB crosslinked resins. The latter two are not greatly different.
The commercial ion-exchange resin degrades more rapidly than the paro-DVB cross-
linked sample but this may be attributed to a different sample history. We assume
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TABLE I
Degradation of Sulfonated Polystyrene Beads Crosslinked with 8%,
of Different Divinylbenzenes

Sulfonic acid groups,* meq,

Time, sulfonated polystyrene crosslinked with:
min metab para® Commercial® Resine
60 0.23 0.21 0.22 0.47
105 — — 0.57 2.78
120 0.71 0.87 0.78 3.28
135 0.90 1.24 1.01 3.66
150 1.13 1.76 1.30 3.91
165 1.50 2.71 1.68 4.23
180 1.78 3.33 2.36 4.40
195 2.30 3.71 3.05 4.59
210 3.13 3.97 3.57 4.68
225 3.75 4.20 3.94 4.74
240 4.07 4.35 4.15 4.84
270 4.51 4.70 4.46 —
300 4.73 4.90 4.63 —

» Meq of acid, as determined by titration of aliquots from the peroxide reaction
mixture, from 1.0 g of resin crosslinked with 8% of the indicated DVB.

b Divinylbenzene.

¢ Resin-50W-X8, Lot No. 22467.
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Fig. 1. Rate of. formation of acid in peroxide-induced degradation of sulfonated
styrene—divinylbenzene resins; meq acid liberated per g resin vs. time. Inflection
points from differential plots: (4) meta-, (®) para-, (O) commercial-DVB; (X) resin
(commercial )-50W-x8.
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that the difference in rates of degradation is related, in part, to different rates of diffusxion
of the peroxide through the resin matrix and, in part, to alteration (decrease) in the rate
as the degradation, assumed to be a depolymerization, reaches a point of crosslinkage.
Our previous data indicate that there are longer sequences of polystyrene units in the
para-DVB crosslinked resin.  These presumably give a greater overall degradation rate
than is observed with the less lengthy polystyrene segments in the more uniformly
crosslinked m-DVB resins. The degradation is thought to involve depolymerization
principally because the resins dissolve during the course of the experiment. The degra-
dation is not induced by acid under comparable conditions. It is also noted that the
peroxide-induced degradation of the unsulfonated resins is not observed under com-
parable conditions.

This research was supported in part by the U.S. Atomic Energy Commission under
Contract AT-(30-1)-3644 between the Commission and Hunter College. The authors

are indebted to Dr. Goldring for providing information about the details of his experi-
ments.
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Polyamide and Polyester Derivatives of Homoterephthalic Acid

INTRODUCTION

During the course of some work on sodium metallation, DePree! found that homotere-
phthalic acid could be readily prepared from sodium p-toluate:

{1)Na (,? 0
(2)C0, Il

CHs@—COZGNa@ - HO—CCHQ@C—OH
o

The availability of homoterephthalic acid by this simple sequence of reactions prompted
an investigation of its polyamide and polyester derivatives. The presence of both
aromatic and aliphatic carboxyl groups in homoterephthalic acid could lead to an in-
teresting series of polymeric derivatives. Edgar and Hill? prepared polyethylene homo-
terephthalate and found this unsymmetrical polyester showed no significant sign of
crystallinity, whereas polyethylene terephthalate and polyethylene p-phenylene diace-
tate crystallized readily. These differences in crystallinity were ascribed to differences
in symmetry. Copolyesters® and copolyamides* containing homoterephthalic acid
have also been reported. The work reported here describes the synthesis and differentia)
thermal analysis of polyamides and polyesters derived from homoterephthalic acid.

EXPERIMENTAL

Dimethyl Homoterephthalate, Homoterephthalic Acid, and
Homoterephthaloyl Chloride

Dimethyl homoterephthalate (Ethyl Corporation) was fractionated at 10 mm Hg
pressure. Vapor phase chromatography showed the minimum purity of the distillate
to be 99.5%. Some of the physical data on this ester include: b.p., 163-164°C at 10
mm Hg »%, 1.5185 d%, 1.1693.

Homoterephthalic acid was prepared by the alkaline hydrolysis of dimethyl homotere-
phthalate. Following acidification and three recrystallizations from water, a white
crystalline product was obtained, m.p. 245°C.

Anar.  Caled. for CoHO4: C, 60.00%; H, 4.48%,. TFound: C, 59.87%; H, 4.64%,.

Homoterephthaloyl chloride was prepared by heating homoterephthalic acid with
excess thionyl chloride at 90-95°C until a clear solution resulted. After removal of the
excess thionyl chloride the acid chloride was recrystallized from a carbon tetrachloride—
hexane (1:1) solution, m.p. 35-36°C.

Polymerizations

The polyamides, with the exception of the piperazine polyamide, were prepared by
solution polymerization at 200-230°C. Generally 200°C was a satisfactory reaction
temperature; however, in some cases temperature <230°C were required to maintain
homogeneity. The acid-diamine salts were heated in m-cresol for 72-100 hr at atmo-
spheric pressure while a slow stream of nitrogen was bubbled through the solution.
The reaction times were governed by the viscosity of the reaction solution. A series of
condensers and traps were used to prevent excessive diamine losses. The polyamides
were precipitated by acetone, then collected and dried. The dry polymers were either
white or light-yellow in appearance. The piperazine polyamide was prepared by inter-
facial polycondensation at room temperature using homoterephthaloyl chloride.

The polyesters, with the exception of the 4,4’-isopropylidene diphenol polyester, were
prepared by melt polymerization. The initial ester exchange between the dimethyl
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TABLE I
Homoterephthalic Acid Polyamide Homopolymers and Copolymers
Log-
arithmic
viscosity
Polymer number, 1, Ty Tdeos
Acid Diamine code dl/g °C °C °C
Homoterephthalic Ethylenediamine 2-H 0.18» —>b 221 309
Homoterephthalic 1,3-Propanediamine 3-H 0.12s 109 281 295
Homoterephthalic 1,4-Butanediamine 4-H 0.11» 84 221 236
Homoterephthalic 1,5-Pentanediamine 5-H 0.259 103 216 271
Homoterephthalic 1,6-Hexanediamine 6-H 0.48 104 227 347
Homoterephthalic Piperazine Pip-H 0.74° —b —b 197
Homoterephthalic, 1,6-Hexanediamine 6-6/H 0.45° 99 —b 330
50 mol-9,
Adipic,
50 mol-%,

a In m-cresol at 30°C and 0.5 g/100 ml solvent.

b None detected.

¢ In m-cresol at 25°C and 0.5 g/100 ml solvent.
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Fig. 1. DTA thermograms of homoterephthalic acid polyamides.
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esters and excess glycol at 125-200°C under nitrogen wes followed by heating at -« . -
250°C while the pressure was reduced at 1.0-0.1 mmHg. The total reaction time varied
from 7-80 hr, depending on the viscosity of the melt. This procedure gave polyesters
ranging in color from white to amber. Reaction temperatures exceeding 250°C in-
variably resulted in gelation. The 4,4-isopropylidenediphenol polyester was prepared
by interfacial polycondensation at room temperature using homoterephthaloyl chlo-
ride.

Differential Thermal Analysis

Thermal analyses were run on a DuPont 900 Differential Thermal Analyzer at a pro-
grammed heating rate of 20°C/min. Crystalline melting points, .., were defined as the
maxima in the melting endotherms. Decomposition temperatures, 7'jcc, were taken as
the points at which the curves began to depart erratically from the baseline at elevated
temperatures.

RESULTS AND DISCUSSION

Polymers prepared from homoterephthalic acid and diamines or glycols by conventional
methods of synthesis would be expected to have structures of limited order: The de-
pendence of crystalline melting point on the spacing of polar groups has been well
documented for both aliphatic. and aromatic, polyamides but such a clear relationship
would not be expected in the homoterephthalate polyamides. Considering (he large
spread in molecular weight among the polyamides, the data summarized in Table | and
Figure 1 agree rather well with the predicted behavior for unsymmetrical polyamides.
The series (2-11 through 6-11) of homopolymers prepared from aliphatic diamines shows
no dependence of either the T.n or Ta on the spacing of polar groups. The small varia-
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lion in T mwith increasing aliphatic diamine chain length can be explained by assuming
that each polyamide in the series has about the same amount of interchain hydrogen
bonding. The absence of a detectable T together with the high 7, found for the adipic
acid-hcmoterephthalic acid-hexamethylenediamine copolymer illustrates the dominant
effect of the homoterephthalate units on the copolyamide properties. The aromatic
rings probably contribute greatly to the high T, values.

Homoterephthalate polyester homopolymers would be expected to be highly amor-
phous materials. Furthermore, the placement of homoterephthalate units in the highly
crystalline polyesters of terephthalic or bibenzoic acid should drastically lower the
crystallinity, melting points and glass transition temperatures. The polyester data sum-
marized in Table Il and Figure 2 substantiate these predictions. The absence of crys-
talline melting points indicates that the homoterephthalate homopolyesters are indeed
highly amorphous. Increasing the homoterephthalate content from 10 to 40 mol-%
in the ethylene glycol-lerephtltalic acid polyester eliminated the 7,, but had little effect
on the 1,. The Tm disappeared and the 1\ decreased appreciably in the p-xylylene
glycol-bibenzoic acid polyester as the homoterephthalate content was increased from
S to 90 mole-%. Assuming limited order, one can explain the effect of the homotere-
phthalate unit on the crystalline melting point of polyesters solely on the basis of sym-
metry.

The author wishes to express his appreciation to Dr. E. D. Hornbaker, Dr. 0. E.
Ixlopfer, and Dr. d. N. Grammer for manyvaluable suggestions and criticisms. A further
debt of gratitude is due Mr. D. 0. DePree whose excellent synthesis work provided the
stimulus for this research program.
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Polymerization of Cyclic Acetals. 1. Polymerization of

2-Vinyl-1,3-dioxane and 2-lsopropenyl-1,3-dioxane

Recently there has arisen a great interest in ring-opening polymerization of hetero-
cyclic compounds, particularly of cyclic ethers . s

A similar type of compound is formed by cyclic unsaturated acetals. Tada and co-
workers. reported studies concerning a cationic polymerization of 2-vinyl-1,3-dioxolane
at low temperature.  The present experiment investigates the polymerization of 2-vinyl-
1 ,3-dioxane and . -isopropeny:-. ,3-dioxane by means of cationic catalysts.

Experimental

2-Yinyl-1,3-dioxane (VDOX) and 2-isopropenyl-l,3-dioxane (ISDOX) were synthe-
sized by the method of Fischer s distilled under deoxygenated nitrogen, and collected
in a flame-dried glass flask, then saturated with nitrogen. The product of VDOX dis-
tilling at 64-66°C/44 mm Hg, no1 = 14433 and the product of ISDOX distilling at
84-86°C/72 mm, lignfl, = 1.4488were used.

The catalysts TiCL, SnCL, and BFEtD were distilled over P.0s under a nitrogen
atmosphere prior to use. The TiCL and SnCL were used as 0.4 and 0.674/ solutions in
n-heptane, respectively; boron trifluoride diethyl etherate was used as a 0.59m solution
in ethylene dichloride. All solutions were stored under nitrogen in bottles and were
transferred with hypodermic syringes. The polymerization was carried out under
nitrogen. The monomer was dissolved in n-heptane, then catalyst solution was added at
the polymerization temperature, and the mixture was allowed to stand for the desired
time of reaction. To stop the polymerization, ethanol containing an amount of NH
equimolar to the catalyst, was added. The reaction mixture was washed with water.
Solvents and the unreacted monomer were distilled off at 30-40°C under reduced pres-
sure, and the polymeric residue was driedin vacuo after washing with water.

The process of polymerization is greatly influenced by the temperature and the kind
and concentration of the catalyst. Polymerization of VDOX and ISDOX was carried
out at temperatures ranging from —78°C to 18°C in n-heptane or ethylene dichloride.
At temperatures of —78°C to —30°C no polymer was obtained, and at higher tempera-
tures the polymerization proceeded to give polymer in agood yield.

A orosslinked structure for both polymers has been obtained, when BF: -EtD of dif-
ferent concentrations was used at room temperature or at 0°C.

SnCL causes crosslinkiug of both monomers at room temperature. At 0°C only
VDOX undergoes crosslinking at a SnCL concentration of more than 80 X 10.; nole 1

TiCL gives products of low molecular weight and low conversion. The decomposition
point of some such polymers was about 190-210°C for VDOX and 220-230°C for
ISDOX. The polymers were soluble in most organic solvents; intrinsic viscosity
>i = 0.02-0.1.

Table | records the results for several runs, The structure of polymers was studied by
means of the infrared and chemical analyses.

Double bond contents on the average of 30-40%, and ester contents of 5-56% were
determined by means of chemical analysis. In the case of ester content this was achieved
by saponification for several hours with 0.58 KOH. Carboxyl groups were absent in
all the examined polymers.

In gereral, the infrared spectra of VDOX and 1ISDOX exhibited bands at 1040-1175
cm-1, indicative of the C—O—C group and at 915 and 990 cm.. indicative of the vinyl
group. Inthespectraof the polymers, PYDOX and PISDOX aC =0 stretching band at
1720 cm . is seen, as well as an absorption band at 1040-1175 cm-1, associated with the
cyclic C—O -C group and bands at 915 and 990 cm.. characteristic for a vinyl group
(Figs. » and. ); the intensity of the latter two is somewhat decreased.

The results of the polymerization of VDOX and 1ISDOX show that the process of in-
creasing the molecules may be carried out according to several mechanisms, particularly
by: (1) consumption of double bonds; (2) formation of ester units; (3) breaking of the
acetal ring.
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Fig. .. Infrared spectra of 2-vinyl-1,3-dioxane and its polymers:  (-----) monomer; (--)
polymer.
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Fig. 2. Infrared spectra of 2-isopropenyl-l,3-dioxane and its polymer:  (----- ) monomer;
(- -) polymer.
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Electrochemical Synthesis of Living Anions

Since the pioneering work of Szware and co-workers! concerning the formation of
living anions from hydrocarbon monomers by using a sodium-naphthalene complex
as initiator, a growing literature has developed on electrochemical methods for obtaining
these same living anions. The monomers studied most extensively are styrene?~* and
a-methylstyrene.s:8

Certain questions arise when these systems are discussed from an electrochemical
viewpoint. Some of these questions have been recognized by the workers given above,
but not all have been answered. These questions include: (1) What solvents are
satisfactory? (2) What electrolytes can be used? (3) Is the mechanism of initiation
dependent on the electrolyte used?

In regard to the first of these questions, Yamazaki and co-workers® have discussed the
solvent problem in general terms, and no additional comment seems warranted. In
addition to the solvents which have been used successfully, we have found in our labo-
ratory that hexamethylphosphoramide (HMPT) is also a suitable solvent. This solvent
has previously been described as being quite stable in the presence of various anions.”

Polymerization reactions were carried out in an H-type cell in the middle of which
was a medium-porosity sintered glass disk. Smooth platinum electrodes, each with a
surface area of 1 in.?, were sealed into the electrode compartments. Each electrode
compartment could hold a volume of up to 150 ml.  After attaching the cell to a vacuum
line and evacuating, solvents and monomer were distilled onto electrolytes in the cell.
Atmospheric pressure was then restored using prepurified nitrogen. The monomer
used was styrene in all cases.

With HMPT as the solvent, purification was achieved by distillations #n vacuo from
calcium hydride and barium oxide followed by passage through a molecular sieve column.
A syringe, previously heated to 110°C. and then cooled while purging with nitrogen,
was used to transfer the HMPT to the cell attached to the vacuum line. The transfer
was effected with the use of diaphragms on the column receiver and the cell. All of the
above operations were conducted under a blanket of prepurified nitrogen.

With regard to electrolyte suitability, Baizer® has discussed the parameters for elec-
trolyte choice (in particular the cation) for the electrochemical reduction of a monomer.
In general these parameters would also apply to living anion systems. An additional
factor in the latter systems, however, is the possibility of the living anions reacting with
the electrolyte. With the use only of reduction potentials as a criterion for electrolyte
choice, it would seem that all tetraalkylammonium salts would be suitable as their
potentials are more cathodic than that of styrene. Such is not the case, however, as
living anions will react with tetraalkylammonium salts when at least one of the alkyl
groups contains a g-hydrogen. This type of reaction has been observed before. For
example, Wawzonek and Duty?® have reported that benzyl carbanions will abstract a
proton from the tetrabutylammonium ion.

Electrolysis of styrene in tetrahydrofuran by use of sodium tetraphenylboron as the
electrolyte was carried out under conditions similar to those described by Funt et al.
The characteristic orange color associated with living polystyryl anions soon developed
at the cathode surface and quickly permeated the whole of the catholyte solution.
Addition of a small amount of tetrabutylammonium perchlorate resulted in the rapid
disappearance of the color indicating that the living anions had been quenched. A
second electrolysis under similar conditions, except that the tetrabutylammonium salt
was used as the electrolyte, produced no living anions as evidenced by the complete
absence of the orange color. Workup of the experiment gave no solid polystyrene.

Previous workers used alkali metal cations in the electrolyte almost exclusively with
the styrene system. With such a cation, sodium, for example, two modes of initiation
can be visualized. One possibility is that sodium cation is reduced to the metal fol-
lowed by reaction with monomer to give styrene anion radical. The alternative would
seem to be direct electron transfer to monomer resulting in the same anion radical.
The propagation reaction should be similar, if not identical, in both cases.
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Polarographic reduction potentials of sodium cation (the salt was sodium tetraplienyl-
boron) and styrene were determined at a rotating platinum electrode with the use of
iV, Ardimethylformamide containing O.LV tetrabutylammonium iodide as supporting
electrolyte. The half-wave potential of sodium ion was —2.2 v. (vs. SCE), whereas
that of styrene was —2.32 v. (vs. SCE). Although one cannot rule out the possibility
that both modes of initiation occur simultaneously due to the close proximity of the
reduction potentials, it would seem that the mode involving participation of sodium
metal should predominate.

Based on the polarographic study, the question arose as to whether a system could
be devised in which living polystyryl anions were definitely formed by direct electron
transfer to monomer.  Tétraméthylammonium ion was shown to reduce at —2.7 v.
(vs. SCE) under the polarographic conditions previously described. In addition, this
cation should not ke readily attacked by the living anions due to the absence of /3-hy-
drogens on the alkyl groups. The conditions of a typical electrolysis using the tétra-
méthylammonium ion are described in Table I. The data are consistent with a living
anion system.

TABLE |
Electreinitiated Living Polystyrene"
Mn X 10-"
Monomer, Current passage, From From intrinsic
0 F. X 10 electrol. datal viscosity
8.2 2.9 5.66 5.228

“ Total volume of monomer and ItMPT, 110 ml., NfCHa"BICcIDi, 1.0g.
b Molecular weight calculated from the equation.

M, = Monomer (g.) /27 (F.)

After completion of this work, Yamazaki and co-workers., reported a similar study
involving «methylstyrene. Their findings were very consistent with those of this
work.
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Polymerization with Hydrogen Migration of Acrylamide

It is known that the base-catalyzed polymerization of acrylamide does not give a
vinyl-type polymer, polyacrylamide, but gives poly-/3-alanine; there occurs a so-called
polymerization with hydrogen migration.

This type of polymerization is not peculiar to acrylamide but occurs with other mono-
mers (ethylenesulfonamide : methyl vinyl ketone - isobutene s IV-monosubstituted acryl-
amides .. p-styrenesulfonamided.

Breslow . who first studied the base-catalyzed polymerization of acrylamide, obtained,
during the polymerization, a compound which was thought, on the basis of analytical
data (hydrogen absorption and NH. content) to be an acrylamide dimer containing an
acrylic double bond in the molecule; hence the author proposed a mechanism for the
initiation and propagation steps of the polymerization.

Later other authors;... who studied both the initiation and the propagation steps of
this polymerization, failed to confirm the presence of products of this kind. Ogatas
particularly refers to not finding a double bond either in the product of the reaction
between acrylamide and sodium alkoxide, or in the products obtained in the initial stage
of the polymerization.

Tani et ah . moreover, observe that all the authors interested in this subject were
unable to isolate acrylamide oligomers in a sufficiently pure state for identification.

The present work reports the results obtained by polymerizing acrylamide in the pres-
ence of several alkali catalysts.

In each polymerization a product was obtained which was crystallized and analyzed;
the results indicated the structure | for the product:

ClIIZCHCONHCHZXZH2ZONH2
|

that is, /3-acrylamidopropionamide or acrylamide dimer. In some polymerizations it is
possible to obtain product I in yields as high as 40% based on the initial monomer ..

Product I can be polymerized by free-radical initiation .. thus yielding polymers and
copolymers having the following structural unit I1:

-f— CH,CM +n

CONHCHZHZONH2
11

The same product can be polymerized in the presence of alkali catalysts giving poly-/3-
alanine: (111)

-f— CH,CH,CONH—H
11

the same product obtained from the base-catalyzed polymerization of acrylamide.

Among the reaction products of the base-catalyzed polymerization of acrylamide, be-
sides acrylamide dimer, was another which was isolated and analyzed; the results seem
to indicate the structure 1V,

CH2ZCITCONHCHZH2ZONHCH2ZCH2Z2ONH2
v

which is an acrylamide . rimer.  Product IV can be polymerized by free-radical initiation
thus giving polymers and copolymers containing the structural unit \:

-fciijCii— K

(X)NITCH2ZZHZC(»Nil CI I'iCHOCON 12
\%
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Again if polymerized in presence of alkali catalysts, product IV gives poly-g-alanine.
On the basis of these resulls, some considerations about the polymerization of acryl-
amide with hydrogen migration can be drawn.

EXPERIMENTAL

Monomer

Acrylamide was crystallized from chloroform each time before polymerization; in
some cases the monomer was purified by sublimation in vacuo before use.

Solvent

In each polymerization, dioxane was used as solvent; this was dried with sodium
and distilled, then treated with potassium benzophenone ketyl and distilled again.

Catalysts

Sodium fert-butoxide was prepared by reacting sodium and dry tert-butyl aleohol
according to the standard technique of preparation of alkali alkoxides. The product
was then heated at 160°C. at 0.1 torr for 1 hr. in order to remove all the excess alcohol.
n-Butyllithium was used as a solution in n-heptane; the titer was determined before use
according to Gilman.'* Alkali benzophenone ketyls were prepared by reacting alkali
metals with benzophenone in dry dioxane (previously treated with potassium benzo-
phenone ketyl); upon stirring at room temperature the mixture soon became dark blue.
The concentration of the ketyl was determined by titration of hydrolyzed, filtered solu-
tions. Lithium naphthalene was prepared by reacting lithium metal and naphthalene
in dry tetrahydrofuran (previously treated with potassium benzophenone ketyl).

Procedure

All experiments were performed in a glass tube which was filled in a dry box with
dry monomer, solvent, and catalyst; in some cases phenyl-g-naphthylamine was added
as inhibitor of free-radical polymerization. The tube was then sealed in a nitrogen
atmosphere and heated according to the conditions of Table I.

At the end of each polymerization, there was a solid white product on the walls of the
reaction tube. This product was separated from the polymerization solvent and then
treated with boiling dioxane (which contained a small amount of phenyl-g-naphthyl-
amine) in order to extract acrylamide dimer and the acrylamide trimer if present; both
products, in fact, dissolve in boiling dioxane and by cooling it is possible to obtain them
in a crystalline form.

The solubility of product I in dioxane at room temperature is very low (3.1 X 1072
mole/1.); product IV is practically insoluble under the same conditions. The solid
residue of this extraction was examined in order to evaluate the amount of water-
soluble or insoluble polymer; other analytical tests were also performed (infrared
spectrum, melting point, sometimes X-ray diffraction and the ninhydrin reaction on
the hydrolyzed product).

To the polymerization solvent remaining after removing the solid product, small
amounts of water were added in order to destroy the catalyst present; the solvent was
then allowed to come to room temperature and to stand overnight. Under these condi-
tions, in the polymerizations carried out at higher temperatures (see Table I), it is still
possible to obtain in some cases both erystallized acrylamide dimer and acrylamide tri-
mer. The polymerization solvent was then evaporated to dryness in vacuo to detect
monomer and small amounts of acrylamide dimer.

To separate I from IV the mixture of products was repeatedly exiracted with di-
oxane at 60°C. From each extraction acrylamide dimer was separated by cooling; it
was then weighed and crystallized for analysis. The residue insoluble under these con-
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ditions (in some cases 2%, or 39, with respect to the initial mixture) was then recrystal-
lized from boiling dioxane—ethanol (4:1 in volume). Product IV was obtained in form
of a white powder; it was further crystallized for analysis. Paper chromatography was
performed with butanol-acetic acid-water (4:1:5 in volume); the compounds were
detected by means of their ultraviolet absorption. Whatman No. 1 paper was used.

RESULTS

The experimental conditions of polymerization and the catalysts employed are given
in Table I. In this table are also listed the percentages of acrylamide dimer obtained
from each polymerization.

Acrylamide dimer, obtained according to the procedure described in the Experimental
Section, was recrystallized from dioxane and analyzed.

AnaL. Caled for CeHpN.02: C, 50.6%; H, 7.1%; N, 19.7%. Found: C, 50.5%;
H, 7.0%; N, 19.5%.

One gram of the product absorbed 1.11 g. of bromine (caled. for CsH;0N;0,:1.125 g).

A determination of the molecular weight, carried out with a Mechrolab Model 301 A
osmometer, gave a value of 140.8 (caled value: 142.16). The infrared spectra of the
dimer and its polymers are shown in Figure 1.

The infrared spectrum of acrylamide dimer (spectrum I, Fig. 1) showed absorptions
at 950 and 980 cm. ! that may be attributed to the C=C double bond, absorption at 1555
em. ! characteristic of the second band of the secondary amides, and absorption at 1635
cm. ! characteristic of the second band of the primary ones. The melting point of the
product after recrystallization from dioxane is 149-150°C. The chromatographic
analysis (eluent phase:butanol-acetic acid—water) showed it was a well defined product
having B, = 0.63.

Free radical polymerization of product I in a methanol solution (with «,a’-azobisiso-
butyronitrile and ultraviolet radiation as catalyst) gave a 959, yield of polymer which
still showed the characteristic bands of primary and secondary amide groups (spectrum
2, Fig. 1) while the bands of the double bond had disappeared. The polymer was water-
soluble and softened at 150-200°C.

The base-catalyzed polymerization of I in N-methylpyrrolidone for 4 hr. at 100°C.
with sodium Zert-butoxide as catalyst and phenyl-8-naphthylamine as inhibitor of free
radical polymerization gave 90% yield of a polymer insoluble in water, soluble in formic
acid, melting with decomposition at temperatures higher than 300°C. The infrared
spectrum (spectrum 3, Fig. 1) showed it to be poly-g-alanine.

Aerylamide trimer, obtained according to the previously described procedure, gave the
following analytical results: 1 g. of product absorbed 0.68 g. of bromine (caled. for
C.Hi:N3O;: 0.75 g). The determination of the molecular weight carried out with a
Mechrolab Model 301A osmometer gave a value of 222 (caled. value: 213.2). The melt-
ing point is 179-181°C. The differences among analytical and calculated values are at-
tributed to difficulties in obtaining the product in a sufficiently pure state, difficulties,
mainly, in removing small quantities of products which have probably analogous struc-
tures and higher molecular weights. (The chromatographic analysis showed it was a
well defined product with traces of presumably higher oligomers; in fact in the chro-
matograph of acrylamide trimer, besides the main spot, the B, of which is 0.54, there can
be noted a second spot of very low intensity with B; = 0.44).

The spectrum of the product is given in Figure 1, spectrum 4.

Absorptions at 950 and 980 ¢cm. ! may be attributed to the double bond; the absorp-
tion at 1550 cm. ! is characteristic of the second band of secondary amides and that at
1635 em. 7! of the second band of primary amides.

Acrylamide trimer, like acrylamide dimer, can be further polymerized. Ior example,
treating it at 50°C. in a 10%, methanol solution with «,a’-azobisisobutyronitrile yielded
after 15 hr., a 409, yield of water-soluble polymer. The infrared spectrum (Fig. 1) of
this polymer revealed bands peculiar to the primary and secondary amide groups while
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Fig. 1 Infrared spectra: (1) acrylamide dimer; (z) polymer of the acrylamide
dimer obtained by free radical-catalyzed polymerization; (3) polymer of the acryl-
amide dimer obtained by base-catalyzed polymerization; (4) acrylamide trimer; (s)
polymer of the acrylamide trimer obtained by free radical-catalyzed polymerization;
(6) polymer of the acrylamide trimer obtained by base-catalyzed polymerization.
Spectrophotometer, Beckman IR = ; KBr disk.
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those of the double acrylic bond had disappeared. The polymer softened in the range of
100-150°C.

By base-catalyzed polymerization (e.g., A-methyl pyrrolidone at 100°C. for . hr. with
sodium feri-butoxide catalyst and phenyl-/3-naphthylamine as inhibitor of free-radical
polymerization) compound 1V yielded a polymer which is water-insoluble, but. soluble
in formic acid: it melts at over 300°C. The infrared spectrum (Fig. ., spectrum s)
showed it was a pure poly-, -alanine, that is, the same product obtained by base-catalyzed
polymerization of acrylamide and acrylamide diner.

Table 11 summarizes some physical characteristics of acrylamide and of oligomers ob-
tained from base-catalyzed polymerizations of acrylamide.

DISCUSSION

Table | shows that virtually each polymerization gives acrylamide dimer. Many fac-
tors influence the yields of this product; the main ones seem to be catalysts, temperature
and polymerization time. It has been observed, for example, that by using lithium-ben-
zophenone ketyl as catalyst and a temperature of 20°C. it is possible to obtain acrylamide
dimer in very high yield and that under the same conditions but using potassium benzo-
phenoue ketyl, the yield of acrylamide dimer is remarkably lower. In the presence of
n-butyllithium catalyst, the yield of acrylamide dimer is closely related to the polymeri-
zation conditions.  For example, high yields of product I can be obtained by polymeriz-
ing at different temperatures .. or 60°C.) provided that, the polymerization time has
been suitably chosen. On the other hand, at the same temperature (GO°C.), the poly-
merization time influences greatly the yields of acrylamide dimer.

It is interesting to notice that, according to the experimental conditions of Table I, only
with sodium ferf-butoxide catalyst at 100°C. was a water-insoluble polymer (soluble
in formic acid probably because of a high molecular weight) obtained. Under these
conditions a polymerization of 15 hr. gives acrylamide dimer in extremely low yield while
the yield of the water-insoluble polymer is high (65% with reference to the initial acryla-
mide). If the polymerization time is reduced to 15 min., the yield of acrylamide dimer
increases (7%), while the yield of the water-insoluble polymer is considerably reduced
(2%). This seens to suggest that, in the course of the polymerization process, the ini-
tially formed products, having a low molecular weight, tend to react giving polymer with
a higher molecular weight.  This reaction requires severe conditions and, presumably,
occurs in a nonhomogeneous state since the polymer chains formed at the first stage are
insoluble in the polymerization solvent.

Our results confirm the mechanism originally proposed by Breslow et al .

In particular, the possibility’ of a further base-catalyzed polymerization of product 1V
to poly-/3-alanine seerrs to confirm the hypothesis of a chain transfer prevailing during
the propagation stage. In fact it seers difficult to think, according to Ogatas (who does
not consider the possibility of air intermolecular hydrogen migration during the poly-
merization) that the poly-fJ-alanine molecule could be formed by an intramolecular hy-
drogen migration; in this case such migration should take place from position .. to posi-
tion. of the molecule.

Note added in proof: Since our manuscript was submitted, a summary' of a paper by
Okamura and co-workers [polymer Previews, 3, 27 (1967)] has come to our attention.
They have confirmed the formation of dimer under certain conditions and seemto agree,
at least in part, with our results.
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Conformations of Macromolecules (High Polymers, Vol. XXII). T. M.
Birshtein and 0. B. Ptitsyn (translated from the Russian by Serge N.
Timasheff and Marina J. Timasheff). Interscience, New York, 1966. xiv
+ 350 pp. $14.50.

This volume is a very timely, interesting, and authoritative book. It extends the
treatment of configurational statistics of polymer chains as developed in the treatise of
Volkenstein. It also treats the problem of the helix-coil transition in biopolymers.
The use of matrix methods, Markoff chains, and Ising problems are concisely pre-
sented. Much illustrative material is given. The book is highly recommended to
all who are interested in polymer structure.

Arthur V. Tobolsky
Frick Chemical Laboratory
Department of Chemistry
Princeton, University
Princeton, New Jersey 08540

Introduction to Organic Chemistry. Charles H. De Puy and Kenneth L.
Rinehart, Jr. Wiley, New York, 1967, 392 pp. $8.95.

In this book the authors provide us with an attractive text for a one term course in
organic chemistry aimed primarily at nonmajors. The emphasis in the book is on com-
pounds of biological interest with many examples of functional group types being taken
from natural products. This slant is further demonstrated by the devotion of five chap-
ters out of the sixteen in the book to carbohydrates, acids and lipids, amino acids, pep-
tides and proteins, biochemical reactions and metabolism, and biosynthesis and the
chemistry of natural products. Fundamental concepts of organic chemistry are not
neglected, however. Reaction mechanisms, stereochemistry, and the molecular orbital
picture of bonding are among the topics which form an integral part of the discussion of
the subject. The presentation is lively and interesting.  Color is used in formulas and
equations in the text to emphasize functional groups, reaction sites, and general relation-
ships between nolecules. There are good problems in and at the end of each chapter,
and answers are provided at the end of the book.

The topic of polymerization is introduced by a chapter on free radical addition and
polymerization early in the book. Many other polymerization reactions are covered in
other chapters as the different functional groups are introduced. For a textbook
of this size, it would seem that there is an exceptionally good coverage of the variety of
polymers that can be made and of their present and increasing practical importance.

Seyhan N. Ege
Department of Chemistry
University of Michigan
Ann Arbor, Michigan
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Reinforcement of Elastomers, Gerard Kraus, Ed. luterscience, New York,
1965. xv + 611. pp. ,119.50.

While several hundred papers have been published on the subject of elastomer rein-
forcement. in the past decade, there has not been a single volume available which could
be recommended as a reference for those recently concerned with this important aspect
of rubber technology. Reinforcement of Elastomers, edited by Gerard Kraus and
published by Interscience, very adequately provides this reference. In addition to
“newcormers,” those who have been active in the field will also find it most interesting
reading.

Threlghist nine chapters cover the theoretical and experimental aspects of reinforcement,
while the remaining eight chapters cover the production and applications of reinforcing
fillers. Each chapter has been written by recognized authorities in the field and all
have carried out their commission most adequately. As the Editor points out in the
Preface, differences of opinion and interpretation will occasionally be encountered
in the first nine chapters. This is to be anticipated in a field as complex and still as
far from “closed” as elastomer reinforcement. The present reviewer leans toward
the views expressed by Itehner in Chapter 9, to the effect that a final elucidation of
reinforcement awaits clarification of the phenomenon of vulcanization.

The chapter by Hess on microscopy of reinforced rubber stocks is particularly lucid
and interesting.

Merton Studebaker has provided an excellent chapter on compounding with carbon
black. It should prove invaluable to those recently concerned with this important
aspect of rubber technology. The inclusion of practical information on “noncarbon”
fillers, particularly the silicas, is very timely. Information on these reinforcing pigments
has not been as readily available as that for carbon blacks. While the chapters on
“noncarbon” fillers emphasize the fact that reinforcement is not a property unique to
carbon black, the last two chapters on carbon black-polyethylene compounds make
it evident that reinforcement in its broadest sense in not confined to elastomers.

The Appendix contains valuable information, previously not readily available,
relating to the production and producers of reinforcing fillers.

Although 22 authors have contributed to this volume, the style throughout is gen-
erally uniform: indicative of the excellent task of editing which Dr. Kraus has per-
formed. Reinforcement of Elastomers iS a valuable and Iong needed contribution to
the literature of rubber technology. Dr. Kraus and his authors are to be complimented
for their excellent efforts.

W. R. Smith

Cabot Corporation
Billerica, Massachusetts

Testing of Polymers, Vol. 2. J. V. Schmitz, Ed. luterscience, New
York, 1966. 440 pp. $19.00.

Volume 2 of Schmitz's series is a valuable collection of scientific and technological data
about physical properties aswell as testing of polymers.

Stress relaxation and other mechanical properties are discussed by R. L. Vergen, Jr.
and by D. H. Kaelble in two useful reviews. J. J. Bikerman treats the wetting properties
of plastics surfaces.
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For the space and radiation scientists, there are chapters on cryogenic testing by J. H.
Lieb and R. E. Mowers, and radiation resistance of polymers by 1). J. Metz. The latter
author adds a convenient listing of commercial sources of radiation equipment.

Flexural tests (H. S. Loveless) are becoming more important with the increasing use of
sandwich construction. Flammability tests (L. B. Allen and L N. Chellis) are also of
immediate interest, inview of the accelerated use of plastics in building.

The chapter on hardness and wear (J. J. Gouza) reveals no fewer than 26 tests. The
chapter on surface appearance, by R. S, Hunter and L. Boor, includes a discussion of
Hunter's own widely used glossmeter. E. Weiss discusses ozone resistance, with par-
ticular emphasis on the unsaturated elastormers.

Processing of Numerical Test Data, by J. Mandel and T. W. Lashof, is asalutary review

of the principles of statistical analysis and planning of experiments.
Irving Skeist

Skeist Laboratories, Inc.
Newark, New Jersey
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ERRATUM

Steady-State Drawing of Polymer Melts
(article in./ Polym. Sci. A-l, &, 247-251, 1908)
By GREGORY M. FEHN

Engineering Research Department, Owens-Illinois Technical Center,
Toledo, Ohio 45607

On page 249, eqg. (- ) should read e, = RMM/[Qut — V]

3198



INFORMATION FOR CONTRIBUTORS

This Journal Does Not Carry a Page Charge for Contributions

- Manuseripts should be submitled to I1. Mark, Polytechnic Institute of Brooklyn,

333 Jay Street, Brooklyn, New York 11201, or for Part A-1 (Polymer Chemistry)
to C. G. Overberger, Department of Chemistry, University of Michigan, Ann
Arbor, Michigan 48104, or for Part A-2 (Polymer Physics) to T. G Fox, Mellon
Institute, Pittsburgh, Pennsylvania 15213. Address all other correspondence
to Periodicals Division, Interscience Publishers, John Wiley & Sons, Inc., 605 Third
Avenue, New York, New York 10016.

. Tt is the preference of the Editors that papers be published in the English language.

However, if the author desires that his paper be published in French or German, it is
necessary that a particularly complete and comprehensive English synopsis be
furnished.

. Manuseripts should be submitted in triplicate (one original, two carbon copies),

typed double space throughout and on one side of each sheet only, on a heavy grade
of paper with margins of at least one inch on all sides.

. A short synopsis (maximum length 200 words) is required for papers in Parts

A-1 and A-2. No synopsis is published for Part B or for **Notes” in Parts A. This
synopsis should be carefully prepared, for it is automatically the source of most
abstracts. The Synopsis should be a summary of the entire paper; not the conclu-
sions alone.

- The paper should be reasonably subdivided into sections and, if necessary, subsec-

tions. Please refer to any issue of this Journal for examples.

. The references should be numbered consecutively in the order of their appearance and

should be complete, including authors’ initials and—for unpublished lectures or
symposia—the title of the paper, the date, and the name of the sponsoring society.
Please compile references on a separate sheet at the end of the manuseript. Ab-
breviations of journal titles should conform to the practices of Chemical Absiracts.

- Please supply numbers and titles for all tables. All table columns should have an

exploratory heading.

. It is particularly important that all figures be submitted in a form suitable for repro-

duction. Good glossy photographs are required for halftone reproductions. For
line drawings (graphs, etc.), the figures must be drawn clearly with India ink on
heavy white paper, Bristol board, drawing linen, or coordinate paper with a very
light blue background. The India ink lettering of graphs must be large, clear, and
“open’’ so that letters and numbers do not fill in when reduced for publication. It
is the usual practice to submit drawings that are twice the size of the final engravings;
the maximum final size of igures for this Journal is 41/; X 7'/» inches.

It is the autlior’s responsibility to obtain written permission to reproduce material
which has appeared in another publication.

If in doubt about the preparation of illustrations suitable for reproduction, please
consult the publisher at the address given above in paragraph 1 and ask for a sample
drawing.

.. Please supply legends for all figures and compile these on a separate sheet.
. Authors are cautioned to type—wherever possible—all mathematical and chemical

symbols, equations, and formulas. If these must be handwritten, please print
clearly snd leave ample space above and below for printer’s marks; please use only
ink. All Greek or unusual symbols should be identified in the margin the first time
they arc used. Please distinguish in the margins of the manuscript between capital
and small letters of the alphabet wherever confusion may arise (e.g., k, K, «).
Please underline with a wavy line all vector quantities. Use fractional exponents to
avoid root signs.

The nomenclature sponsored by the International Union of Chemistry is requested
for chemical compounds. Abbreviations should follow the American Chemical
Society Handbook for Awthors. Chemical bonds should be correctly placed, and



11.

12.

JOURNAL OF POLYMER SCIENCE

double bonds clearly indicated. Valence is to be indicated by superseript plus and
minus signs.

Authors will receive 50 reprints of their articles without charge. Additional reprints
can be ordered and purchased by filling out the form attached to the galley proof.
Page proofs will not be supplied.

No manuscript will be returned following publication unless a request for return is
made when the manuseript is originally submitted.

Manuscripts-ind illustrations not conforming to the style of ‘the Journal will be
returned to the author for reworking, thus delaying their appearance.
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