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Synopsis
Homopolymers and copolymers were prepared from methyl methacrylate, methyl 

acrylate, and styrene by radical reactions at 60°. Monomers suitably labeled with 
carbon-14 were used so that it wras possible to monitor the hydrolysis of ester groups in 
the polymers during treatment under alkaline conditions. It was found that methyl 
acrylate units were hydrolyzed completely whatever their environment in a polymer 
chain. Under the same conditions only about 9 %  of the ester groups in a homopolymer 
of methyl methacrylate reacted; the proportion was increased by the introduction of 
comonomer units into the polymer chain. For copolymers of methyl methacrylate 
with methyl acrylate the extent of reaction may be correlated with the lengths of the 
sequences of methyl methacrylate units.

Some of the studies of reactions of high polymers have revealed significant 
differences between the reactivities of functional groups in macromolecules 
and those of the same groups in small molecules. In certain cases the ef­
fects of neighboring groups are quite pronounced;1 in other cases the re­
activity is strongly dependent upon the tacticity of the polymer chain.2-4 
There have been reports that the extent of hydrolysis of pendant ester 
groups in a particular polymer varies to some extent with the molecular 
weight of the polymer.6

Polymethyl acrylate, prepared by a radical process at 60°, can be hy­
drolyzed rapidly and completely under alkaline conditions;6 on the other 
hand, the monomer units in polymethyl methacrylate prepared and treated 
similarly are resistant to hydrolysis,6 although benzoate endgroups react 
readily.7 This marked difference between the esters of polyacrylic and 
polymethacrylic acids has now been studied further by using tracer methods 
for examination of the hydrolysis of the monomer units in copolymers of 
methyl methacrylate with methyl acrylate and in copolymers of these 
monomers with styrene.

Experimental
Polymers were prepared in vacuum dilatometers at 60° with benzoyl 

peroxide as initiator; conversions were restricted to 5%, and the reactions
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showed the expected kinetic characteristics. Polymers were purified by 
precipitation and subjected to prolonged drying in vacuum. Labeled 
monomers were prepared by exchange reactions involving the unlabeled 
materials and 14C-methanol.8 Monomer reactivity ratios for copolymeri­
zations were determined by the procedure due to Fineman and Ross;9 
the probable error in the quoted results is believed not to exceed 5%.

For hydrolysis a solution of polymer (about 50 mg.) in benzene (25 ml.) 
was mixed with a solution of caustic soda (1 g.) in methanol (7 ml.); the 
mixture was kept at 80° under reflux. The hydrolyzed polymers were re­
covered and then purified by reprecipitation; various solvents and pré­
cipitants were required according to the natures of the polymers.

Materials were assayed by gas counting.10 This procedure gives count­
ing rates that are directly proportional to the specific activities of the 
specimens in units such as microcuries per gram of carbon. In considera­
tions of the results of the assays of polymers it is necessary to consider only 
the carbon contents of the various units in the polymer molecules. The 
compositions of copolymers and the degrees of hydrolysis can be calcu­
lated from the counting rates of polymers before and after treatment (see 
Table I). In the derivation of the formulae isotope effects during poly­
merization and the effects of endgroups upon compositions of polymers are 
ignored.

Results

Homopolymers of methyl methacrylate and methyl acrylate were hy­
drolyzed for various periods; the products were isolated and assayed. It 
was confirmed that only about 9% of the ester groups in polymethyl meth­
acrylate reacted even during prolonged treatment; hydrolysis of poly­
methyl acrylate was complete in 0.5 hr.

Copolymers were prepared from UC -methyl methacrylate and styrene. 
The monomer reactivity ratios and r2 were 0.46 and 0.52 (methyl meth­
acrylate taken as monomer 1). Samples of the copolymers were recovered 
after various periods of hydrolysis and assayed; the fractions of ester 
groups hydrolyzed were calculated (by means of formulas in Table I), 
and the results are presented in Figure 1.

Copolymers were prepared from I4C-methvl acrylate and styrene; the 
mole fractions of the former in the products were 0.12, 0.26, 0.34, 0.41, 
and 0.56. The monomer reactivity ratios n and r2 were 0.21 and 0.74 
(methyl acrylate taken as monomer 1). The copolymers were hydrolyzed 
and assayed; the fractions of ester groups hydrolyzed during treatment for 
0.5 hr. were 0.54, 0.63, 0.89, 0.97, and 0.98; in all cases hydrolysis was com­
plete after treatment for 4 hr.

One set of copolymers of methyl methacrylate and methyl acrylate was 
prepared with the use of a labeled sample of the first monomer; for another 
set the conditions were identical, except that the labeling was in the methyl 
acrylate. The compositions of the pairs of copolymers agreed to within 
5%, and the mean values are quoted in Table II. The monomer reactivity
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Time . hr .

Fig. I. Hydrolysis of MMA units in copolymers with styrene. The numhcrs refer to 
mole fractions of M M A in polymer.

ratios n and r2 were 2.00 and 0.43 (methyl methacrylate taken as mono­
mer 1); these values are close to those given by Grassie and his co-work­
ers.11 Samples of the copolymers were assayed after various periods of 
hydrolysis; the degrees of hydrolysis are shown in Table II and Figure 2.

A sample of unlabeled polymethyl methacrylate was hydrolyzed under 
the standard conditions for 1(5 hr. with the use of a mixture containing

TABLE II
Hydrolysis of Copolymers of Methyl Methacrylate and Methyl Acrylate“

Mole Mole
fract. fract. of

of M M A M M A in
Time of 
hydrol.,

Itatio counting
rates A /M

Fraction of ester 
groups hydrolyzed

in feed orig. copol. hr. MMA* MA* X V

0.75 0.86 0.5 0.87 0.0.5 0.04 0.56
4 0.85 0.01 0.1 1 0.94
S 0.60 (1 0.52 1 .00

10 0.57 0 0.45 1 .00
48 0.59 0 0.41 1 .00
06 0.60 0 0.40 1 .00

0.50 (1.65 0.5 0.07 0.08 0.11 0 .76
4 0.53 0.01 0.54 0 .97
s 0.43 0.01 0.48 0.98

16 0.30 0 0.65 1.00
48 0.26 0 0.70 1.00
96 0.24 0 0.71 1.00

0.25 0.44 0.5 0.33 0.04 0.45 0.93
4 0.19 0.01 0.70 0.99
8 0. 15 0.01 0.80 0.99

16 0.12 11.01 0.81 0.99
48 0.07 {) 0.89 1.00
96 0.07 0 0.89 1.00

See footnotes to Table I.
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Fig. 2. Hydrolysis of M M A units in copolymers with methyl acrylate. The numbers 
refer to mole fractions of M M A in polymer.

14C-methanol; there was no detectable radioactivity in the recovered 
polymer. The specific activity of the methanol was such that the polymer 
would have acquired a counting rate of about 25 counts/min. if 1% of the 
ester groups in the polymer had exchanged with the methanol.

Discussion

It is thought that those monomer units in polymethyl methacrylate 
which are susceptible to hydrolysis are the center units of isotactic triads. 
The conclusion of Glavis,3 that in polymers prepared by radical reaction at 
00° about 9% of the monomer units are of this type, has been confirmed.

Hydrolysis of methyl acrylate was rapid and complete for the homo­
polymer and for the copolymers containing styrene or methyl methacrylate, 
although the rate was reduced by the presence of the comonomer. The 
effect of composition upon rate of reaction may have been associated with 
differences between the solubilities of the various materials in the mix­
ture used for hydrolysis.

The introduction of methyl acrylate or styrene units into the methyl 
methacrylate chain clearly affected the hydrolysis of the monomer units 
(see Figs. 1 and 2). Hydrolysis in the copolymers with styrene was slow 
and obviously not complete even after 96 hr. The reactions involving the 
methyl methacrylate units in the copolymers with methyl acrylate were 
more rapid; the limiting degree of hydrolysis increased markedly as more 
methyl acrylate units were introduced into the polymer chain (see Figure 2).

The resistance to hydrolysis of the methyl methacrylate units is reduced 
when the sequences of those units are shortened by the presence of the co­
monomer. The relative numbers of the various sequences of particular 
monomer units in copolymers can be calculated from a knowledge of the
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monomer reactivity ratios for the copolymerization and the composition 
of the monomer feed. In the following discussion it is assumed that (a) 
a methyl methacrylate unit attached to a styrene or to a methyl acrylate 
unit can be hydrolyzed, and that (b) only 9% of the methyl methacrylate 
units inside a sequence of such units can be hydrolyzed.

The probability that a methyl methacrylate sequence chosen at random 
contains n members is equal to P n~\\ — P), where

P =  nC/inC +  1)

Here ?'i is the appropriate monomer reactivity ratio (methyl methacrylate 
taken as monomer 1), and C is the concentration of methyl methacrylate 
per the concentration of methyl acrylate in the feed.12 The relative num­
bers of the sequences of methyl methacrylate units are shown in Table III, 
which includes also the relative numbers of all monomer units, terminal 
monomer units, and nonterminal monomer units in these sequences.

TABLE III
Sequences of M M A Units in Copolymers

Seq.
length

Rei. no.
of seq.

Rei. no. of monomer units in seq.

Total Terminal Non term.

1 (1 -  P ) (1 -  P) (1 -  P) 0
2 P{ 1 -  P) 2P(1 -  P) 2P(1 -  P) 0
3 PHI -  P ) 3P2(1 -  P) 2P2(1 -  P) P 2(l -  P)
4 P 3(l -  P) 4P3(1 -  P) 2P3(1 -  P) 2P3(1 -  P)
n P n -  i(l -  P ) npn -  1(1 _  p ) 2P n -  i( l  -  P )

STiie5*c<T1

The sums to infinity of the series in the third, fourth, and fifth columns 
in Table III are respectively (1 — P)~\ (1 +  P), and P 2(l — P) A  Ac­
cording to assumptions (a) and (6) above, the fractional number of hy­
drolyzable methyl methacrylate units is given by

[(1 +  P) +  0.09P2(1 -  P )~ l]/(l -  P ) - 1 or 1 -  0.91P2

The values of this quantity have been calculated for the copolymers referred 
to in Table II with n as 2.00. Figure 3 shows that the agreement between 
the observed and calculated degrees of hydrolysis is quite good, although 
the calculated values are lower than the observed values.

The calculated and observed degrees of hydrolysis cannot be made to 
coincide by variations of up to 10% in the monomer reactivity ratios. 
The values quoted here for those quantities agree closely with those found 
by Grassie et al.,11 and it is unlikely, therefore, that the discrepancies can 
be attributed to errors in monomer reactivity ratios. Discrepancies, such 
as those found, would occur if part of the reduction in the specific activities 
of the copolymers had resulted, not from hydrolysis, but from exchange of 
methyl groups between the copolymers and the unlabeled methanol used 
in the hydrolysis medium. The direct test reported in this paper indi­
cates that such an exchange is unlikely.
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Fig. 3. Degrees of hydrolysis of M M A units in copolymers with methyl acrylate: (O)
observed; (•) calculated.

The difference between the observed and calculated degrees of hydrolysis 
would be found if there were effectively two distinct types of hydrolysis for 
the methyl methacrylate units in the copolymers; the calculated values 
might refer solely to a fairly rapid process, whereas the observed values 
might include also small contributions from a very slow reaction of the 
units which, in the calculations, are assumed to be completely unreactive. 
The results presented in Figure 2 are not accurate enough for this hypoth­
esis to be tested.

The assumptions could be modified to allow for the possibility that the 
chance of hydrolysis for an internal monomer unit depends to some extent 
upon its position in a sequence. It would be possible to adjust the calcu­
lations to give better agreement between the observed and calculated de­
grees of hydrolysis by supposing that there is more than a 9% chance for 
hydrolysis of an internal unit in the short sequences of methyl methacrylate 
units. The same result would be achieved if the proportions of atactic and 
syndiotactic methyl methacrylate units were made a little smaller by the 
presence of monomeric methyl acrylate in the feed.

The discrepancies revealed in Figure 3 are, however, not large. It is 
considered that there is reasonable agreement between the observed de­
grees of hydrolysis and the values calculated on the basis of assumptions
(a) and (6). A similar procedure can be followed for the copolymers of 
methyl methacrylate with styrene; the calculated degrees of hydrolysis are 
0.G9, 0.91, and 0.98 in order of increasing styrene content. The results 
shown in Figure 1 show that reaction was not complete in 96 hr. for any of 
the copolymers but that the calculated degrees of hydrolysis were not ex­
ceeded.

It is concluded that the sensitivity of a methyl methacrylate unit to
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alkaline hydrolysis can be correlated with its environment in a polymer 
chain. The sensitivity to alkaline hydrolysis of a methyl acrylate unit in a 
polymer chain is, however, very little affected by the natures of the neigh­
boring groups. Morawetz13 has already commented on differences of this 
type and has pointed out that in some reactions of polymers there are 
steric restraints that cannot be simulated in simple molecular analogues.

The authors thank Messrs. Turner and Newall Ltd. for the award of a Research 
Scholarship lo F.C.B.
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Studies on the Charge Transfer Complex and 
Polymerization. XIV. Spontaneous 

Copolymerization of 1-Methylcyclopropene 
and Sulfur Dioxide

SHOUJI IWATSUKI, TAKASHI KOKUBO, 
and YUYA YAMASHITA, Department of Synthetic Chemistry, 

Faculty of Engineering, Nagoya University, Nagoya, Japan

Synopsis

Copolymerization between 1-methylcyclopropene (M CP) and sulfur dioxide (SO->) 
was studied. It took place spontaneously even at a low temperature, and was found to 
be consistent with polymerization by a “ living”  radical, as suggested by the increase of 
reduced viscosity with conversion and by the formation of block polymers in the pres­
ence of acrylates. The rate of copolymerization was proportional to [M CP]3 and 
[SO2] 2, and the overall activation energy of copolymerization was about 15.1 kcal/mole. 
A tentative mechanism to explain the experimental results is discussed.

INTRODUCTION

Sulfur dioxide (S02) reacts with a number of olefins in the liquid phase 
under the influence of radicals to form 1 : 1  copolymers known as olefin 
polysulfones1 over a wide range of feed compositions, except for some cases, 
such as styrene-SCV and vinyl chloride-SOa,3,4 which can produce 2 : 1  
copolymers. The polysulfone reaction was first discovered by Solonina6 
in 1898, and since then, many investigations have been reported. The 
polymers are now believed to have ordinary head-to-tail structures6 
rather than the structures proposed7 by Marvel.

Many monomer pairs giving alternating copolymers form complexes 
in solution which are highly dissociated. Dainton and Ivin8 and Barb9 
have invoked a complex participation to interpret the kinetics of olefin- 
S02 copolymerization. But Walling’s10 treatment of the styrene-SO-2 
system is in good agreement with a scheme in which styrene-S02 com­
plexes are not involved. Recently Zutty et al.11 found a spontaneous 
copolymerization of bicvclo [2,2,1 ]hept-2-ene with S02, and proposed a 
mechanism in which the charge transfer complex between the monomers 
rearranged to biradicals which combined each other to give a polysulfone.

We expected a system of 1 -methylcyclopropene (MCP) and S02 to co­
polymerize in a similar pattern, since the electron-donor character of MCP 
may be large due to the three-membered ring. We carried out this study

2441
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mi their copolvmcrization in order to elucidate the copolymerization 
mechanism, especially the copolymerization kinetics and the role of the 
MCP-SO2 complex.

EXPERIMENTAL

Preparation of Monomers and Reagents

MCP was prepared from mcthallyl chloride through the 7 -elimination 
of hydrogen chloride by use of sodium amide as catalyst [eq. (1 )]. Its 
purity and structure were examined by N M R,12 where the r values of 
CH3, CH2, and CH were respectively 7.29 (doublet, ,7 =  1 cps), 9.20 
(doublet, J =  2 cps), and 3.73 (multiplct) and another absorption was not 
observed.

CHo
N aNH . /  \

CH2= C (C II3)CH2C1---------- > CTR—C = C J I  (1)
in TH F

The yield of MCP with the use of commercial or freshly prepared13 sodium 
amide was poor (~ 25% ) compared to that of Fisher et al. (50%).11 Since 
MCP was too unstable to be stored, it was used immediately after prepara­
tion, and physical properties of this monomer were not well determined. 
Peroxides which would yield radical species even at low temperature may 
be considered absent in the monomer, as monomer preparation was carried 
out under nitrogen.

Benzoquinone, chloranil, etc., which are the conventional inhibitors or 
retarders of radical and ionic polymerizations, were purified by the usual 
methods (recrystallization, distillation, etc.) before use. Ethyl, and methyl 
acrylate and methyl methacrylate used for terpolymerizations were dis­
tilled and stored in the dark at low temperature.

Copolymerization of MCP with SCL

Bulk copolymerization of MCP with S02 took place spontaneously 
and very rapidly even at —78°C to give a polysulfone. Dilution with 
toluene permitted control and determination of the polymerization rate. 
A glass ampule was charged with necessary amounts of monomers and 
toluene at Dry Ice-methanol temperature, flushed with nitrogen, and 
sealed. It was placed in a bath at the desired temperature. At the 
initial stage of copolymerization, the system was homogeneous, but became 
heterogeneous with conversion. After a given copolymerization time, 
saturated hydroquinone-toluene solution was added to stop polymerization 
and excess ethyl ether was added to precipitate copolymer, which was re­
peatedly washed with ethyl ether. The copolymer obtained was dried 
under vacuum at room temperature.

Measurement of Solution Viscosity of MCP-SCL Copolymer

The viscosity was measured in DMF solution, of 0.1 g/100 ml concen­
tration, by using an Ostwald viscometer at 30°C.



CHARGE TRANSFER COMPLEX AND POLYMERIZATION 2443

Determination of Copolymer Composition

Composition was determined from the elemental analysis for sulfur by 
the Schôniger method.14 About 2-5 mg of copolymer was burned on a Pt 
wire in oxygen, and S03 (or S02) produced was absorbed into the water 
containing H»02 and titrated with O.OLV NaOH.

RESULTS AND DISCUSSION

The polysulfone obtained was soluble in concentrated sulfuric acid, 
AhiV-dimethylformamide, and formic acid, slightly soluble in tetralin, but 
insoluble in many ordinary organic solvents.

As shown in Table I, the compositions of the polysulfones obtained were 
found to be always 1:1, regardless of the monomer feed.

TABLE I
Polymer Compositi on

Feed
SO2/M C P

Conversion,
% S, wt-%

MCP in product, 
mole-%

0.27 62.2 28.0 48.5
0.83 9.4 27.2 50.1
1.00 7.9 26.5 51.3
2.13 6.8 27.8 48.8
2.14 12.1 26.7 51.0
3.37 29.9 25.8 52.8

The structure of the copolymer was not clear, although NMR and infra­
red spectra were measured. NMR spectra showed two main peaks at 6.99 
and 8.11 r, indicating the ratio of areas to be 1:2. Assignments of peaks 
were not clear. The peak at 6.99 t  may be assignable to methylene protons 
and that at 8.11 r methyl and methyne protons. Peaks due to olefinic 
protons were not observed, however, so we think that vinyl polymerization 
occurs and the cyclopropane ring to remains. No clear facts could be ob­
tained from the infrared spectrum, except for absorptions due to S02 
(1100 and 1310 c m '1).

The effects of known inhibitors of radical or ionic polymerization on the 
copolymerization are shown in Table II. Addition of conventional radical 
inhibitors resulted in the decrease of the rate of polymerization, indicating 
that the copolymerization proceeds through radical intermediates. In the 
case of ionic inhibitors, a consistent tendency was not observed. However, 
amines, such as triethylamine and pyridine, were observed to develop a 
yellow color due to interactions with SO», and the viscosities of the resulting 
copolymers were generally low compared with those in the presence of the 
other inhibitors.

In Figure 1 are shown the relations between polymerization time and 
conversion. Actually polymerization proceeded to violent explosion in 
bulk, and an acceleration phenomenon was observed from the sigmoidal
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TABLE II
Inhibition or Retardation Effect“

Additive

Amt
additive,

wt-%
Halo,

mg/min
( ’(inversion,

0 // 0

V*p/C
of product

Benzoquinone 0,15 0.260 3.8 0.091
0.4 0.200 2.9 0.102

Chloranil 0.2 0.154 2.3 0.030
1 .2 0.015 0. —

2,5-Dichloro-p-quiuone 0.2 0.237 .->. S 0.077
0. s 0.151 3.9 0.075

2,0-Dichloro-p-quinone 0.15 0 .13S 4.3 0.089
0.7 0.054 1.7 0.074

DPPII 0.3 0. 102 3.9 0.074
1.4 0.086 3.3 0.062

Hydroquinone 0.15 0.254 5.0 0.102
Phenotiazine 1.2 0.160 4.9 —
Triethylamine 58 1.11 32.6 0.049
Pyridine 58 0.152 5.1 —

— 0.304 — —

“ [MCP] = 2.07 mole '1, [S02] = 2.21 mole/1, —40°C.

curve in Figure 1. This is believed to come from the increase of the radical 
concentration without termination. The initial rates were determined 
from the initial slope of the time conversion curves. From the initial rates 
at various temperatures an overall activation energy of the copolymeriza­
tion was calculated to be 15.1 kcal/mole.

In Figure 2 is shown the log-log relation between the monomer concen­
tration and the initial rate of polymerization. In each run. the concen­
tration of the comonomer was kept constant. From the gradient of these 
lines the following experimental relation was obtained:

- d [ M C P ]/dt =  A-[:\ICP]3[SOaJ'2

Fig. 1. Copolymerizat.ion of MCP and 80» at various temperatures. [MCP] = 2.07
mole/1, [SO2] =  2.21 mole/1.
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LOG [MCP]
0 0.2 0.4 0.6 0.8 1.0

Fig. 2. Effect of monomer concentration on the initial rate of MCP-SOj (»polymerization
reaction at — 40 °C.

CONV. %

Fig. 3. I ¡elation between reduced viscosity and conversion in MCP-SO» copoly­
merization system. Polymerization temperature; — 40°C. Reduced viscosity: 100 
ml/g, measured as DM F solution.

The reduced viscosity of the copolymer was found, as shown in Figure 3, 
to increase with conversion similarly to both the condensation polymeriza­
tion and polymerization in the system bicycloheptene-S02 (in which the 
increase of the reduced viscosity with reaction time was observed even at a 
constant conversion). The increase of molecular weights is not due to the 
Trommsdorff effect alone, because we did not observe the same phenomenon 
for the spontaneous copolymerization system, cyclopentene-SO»,15 which 
became heterogeneous as copolymerization proceeded. This fact might 
indicate the propagating radical to have the character of a long-lived 
“ living”  radical.

Some particular terpolymerizations with ethyl acrylate, (EA), methyl
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acrylate (VIA), or methyl methacrylate (MMA) were attempted to ex­
amine the propagating mode of this MCP-SO2 copolymerization. After 
AICP and S02 were copolymerized to the desired conversion, EA, MA, or 
MMA was added, and the temperature was raised to promote the subse­
quent polymerization. These results are shown in Table III. The ter- 
polymers obtained were extracted with acetone (which dissolves poly-EA 
and poly-MMA but do not polysulfone) with a Soxhlet extractor for 20 hr. 
The results are shown in Table IV. Both the extract and the residue con­
tained all three monomer units of each system. If these polymerization 
were to take place through the usual radical mechanism, a fraction con­
taining only MCP-SO2 units should be obtained as a residue. In practice, 
the residue contained considerable amounts of EA or MMA units, though 
only qualitatively estimated from infrared measurements. We therefore 
assumed the polysulfone chain to have some living radical character capable 
of adding EA or MMA monomers.

The ESR spectrum of the M CP-S02 system is shown in Figure 4. The 
doublet signal characteristic of the S02 radical16 was not observed, and the 
g values were different from those of S02 radical (2.0030 and 2.0124) as 
given by Zutty et al.11 Therefore, we considered that the alkyl radical 
might be present in this M C P-S02 system in place of the SCb radical.

The experimental results are summarized as follows. The alkyl radical

TABLE III
Addition of Aery late to MCI’ s o ! System

Before addition After addition Overall
con-

Time, T'emp, Time, Temp, version, ¿>co/
Jlun Acrylate min °c hr °C % D so“

1 EA 180 -4 0 2 min 21 13 0. 15
2 MA 104 -4 0 4 min 21 8.5 0.14
o EA 33 -8 0 40 0 21 0.30
4 EA 22 -3 0 80 0 33 0.39
5 M M A 17 -3 0 89 0 41 1.02

“ D CO — 1730cm _1j D  SO =  -Öl320cii1 - 1.

T AB I,E IV
Extraction of Terpolymer (Runs 4. and 5) by A<■et one (Öoxl[del, 20 hr)

MCP, mole
Ami, fraction

Acrylate wt-% D co/ D so (by N M R)a

EA Extract 10.0 1.00 0.26
Residue 83. 1 0.41 —

MMA Extract 56.1 1 .45 0.27
Residue 43.0 0.24 —

“ (M CP mole finecion) +  (acrjdale mole fraction) = 1. Caldi la ted as (S(b mole
fraction) = 0.
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g = 1 .9 9 7 3

Fig. 4. ESK spectrum of MCP-SOa copolymerization system.

detected by ESR was considered to be the MCP radical. The rate of co- 
polymerization was proportional to [MCP]3 and [S02]2. Block poly­
merizations with EA, M A, or MMA were successful, indicating the ex­
istence of a living radical.

Tentative Mechanisms

Although Walling10 denied the contribution of a complex to polymeriza­
tion, it was difficult in the M CP-S02 system to interpret the polymeriza­
tion results without this contribution, because of the unusually high order 
of monomer concentration affecting the rate of the copolymerization. 
Therefore, we considered tentatively the mechanism shown in eqs. (2)-(6), 
which involves a complex between MCP and S02 and by which the experi­
mental results were explained well.

D +  A C (2)
ko

C or 2C —> Latent radical (3)
k  i

Latent radical +  D —> R- (4)
k y

R- +  C -> R- (5)
k t

R • or 2R • -> Dead polymer (6)

Here D, A, C, and R- refer to the electron donor, electron acceptor, com­
plex, and propagating alkyl radical, respectively. Equation (2) is an 
equilibrium reaction between free monomers and a complex, and the value 
of K  would be assumed to be much less than unity, than 1 so that the con­
centration of the complex, [C], was approximately equal to K [D][A]. 
With the assumption of the stationary state, typical rate equations were 
calculated as in Table V. Even if these rate equations should partially 
explain the experimental results, there would be some questions on the use 
of the stationary-state assumption, because this MCP-SO* system showed 
the behavior of a living radical polymerization. Therefore, we assumed 
that the termination reaction would be negligible and did not assume a 
stationary state. With no termination, the high order of monomer con-
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TABLE V
Typical Rate Equations Assuming I he Stationary State

Equ­
ation

(3)
Equ­
ation

(6)
(ter­
mina­

tion)

C — Latent radical

Uni-
molecular

Bi-
moleculur

2C -*■ Latent radical

Uni-
molecular

Bi-
m o l e c u l a r

[IT]3 [AJ5 A ■A
ID]*

[A] ‘ A X [A]3 X [A]2

ccutrations on the rate of copolymerization could be interpreted by the 
scheme shown in eqs. (7)—(10).

K  fast
])  +  A ^ C  —* Latent radical (7)

Latent radical +  D -» Initiation radical (8)
k'p

Initiation radical +  C —> R- (9)

R • +  C R • (.10)

Here R- radical, which might be so long-lived as to attack acrylates when 
they were added into the MCP-SO2 copolymerization system after a while, 
might attack the complex on the S02 side to form a new R -. The rates of 
initiation and propagation might be considered to be given by eqs. (II) 
and (12), respectively.

R i  =  M D ][C ] (11)

R , = k, [C][R-]  (12)

When p = /.,,, the rate of the copolymerization is given by eq. (IB):
r v = *,m :*[d ]*[A]* ( i :j)

This scheme seems to explain the above experimental results well.
Although Zutty et al.u had assumed propagation by biradical coupling 

in the bicycloheptene-SOi system, in the MCP-SO2 system such a propa­
gation would be ruled out for the following reasons. The first reason is 
the experimental fact that the molecular weight of the copolymer at a con­
stant conversion did not change with the copolymerization time, which 
result differs from the results of Zutty et al.11 The second reason is that 
the resulting copolymer should be different from the observed 1:1 compo­
sition if the propagation occurred through the biradical couplings, because 
the biradical produced by the above scheme should be • D(A-—D)„A—D • 
as suggested from the absence of S02 radical.
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To discuss the copolymerization behavior of the M CP-S02 system 
more exactly, it is necessary to pay attention to the initiation step as well 
as the propagation step, and we have made some attempt to do.
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Synopsis

The alternating copolymerization of cyclopentene and sulfur dioxide was studied. 
It takes place spontaneously at — 15°C. The rate of copolymerization in toluene was 
found to be proportional to [CPT]8 and [S02]2 with the overall activation energy 
of 16.5 kcal/mole. Terpolymerizations with eight different third monomers were 
carried out to examine the character and behavior of the copolymerization system of 
CPT and SO2. However, the polymerizations with styrene and methyl methacrylate 
as the third monomers were found to be extraordinary, in that all the three components 
are not incorporated into the polymer chain.

INTRODUCTION

It is well known that SO2 and a variety of cycloolefins may be copoly­
merized by conventional radical initiators to give alternating copolymers. 
Recently Zutty2 reported a spontaneous, alternating copolymerization of 
S02 with the strained monomer, bicyclo [2,2,1 ]hept-2-ene and proposed, 
from the abnormal polymerization behavior, that a complex between 
bicycloheptene and SO2 might rearrange to a biradical which could com­
bine to give an alternating copolymer.

We investigated the role of ring strain of cycloolefins on their copoly­
merization with S023 by studying the copolymerization of SOo with 1- 
methylcyclopropene4 which was considered to be extremely strained. 
This alternating copolymerization takes place spontaneously in bulk even 
at — 78°C. Dilution with toluene enabled the rate of copolymerization to 
be controlled. The dependence of the rate of copolymerization on monomer 
concentrations was of abnormally high order, the rate being equal to kv- 
[MCL’ pfSCh]2- An attempt to produce a block terpolymer by using 
acrylates as the third monomers added subsequently to the copolymeriza­
tion system was successful. Therefore, we supposed that an active inter­
mediate of the system might be a long-lived radical and that a complex

* For Part XYT see Iwatsuki et al.1
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formed between S02 and methylcyclopropeue might play an important role 
in the copolymerization.

In this work, we intended to study the copolymerization between S02 
and cyclopentene (CPT) which was considered to be less strained than the 
three- and four-membered cyclic olefins. We found that S02 and CPT 
copolymerize spontaneously at a temperature higher than do S02 and 
methylcyclopropene, and that the rate of copolymerization depends upon a 
high order of monomer concentrations similar to that of S02 and methyl­
cyclopropene. In addition, terpolymerizations with several vinyl mono­
mers differing in e value as the third monomers were carried out to examine 
the properties of the active intermediate and the behavior of the copoly- 
merization of S02 and CPT.

EXPERIMENTAL

Materials

Cyclopentene was prepared by dehydration of commercial cyclopentanol 
with 85% phosphoric acid (85% yield, bp 44.0-44.5°C) and its purity was 
checked by gas chromatography.

Commercial sulfur dioxide (S02) was used without further purification.
Commercial crystalline acrylamide (AAm) and methacrylamide (MAAm) 

were used without further purification. Commercial acrylonitrile (AN) 
was washed with dilute sulfuric acid and water, dried over calcium hydride, 
and fractionally distilled. Commercial methyl acrylate (MA) and methyl 
methacrylate (MMA) were washed with aqueous alkaline solution and water, 
dried over calcium hydride, and fractionally distilled. Commercial vinvl- 
idene chloride (VDC) was washed with aqueous sodium carbonate solution, 
dried over calcium chloride, and fractionally distilled. Commercial 
styrene (St) was dried over calcium hydride and fractionally distilled.

Toluene was washed repeatedly with concentrated sulfuric acid until the 
coloration of the acid disappeared and twice with water, dried over cal­
cium hydride and fractionally distilled. N ,N- Dimethyl form amide (DME) 
was dried over phosphorus pentoxidc and distilled carefully.

Polymerization Procedure

The necessary amount of each monomer and toluene in a 30 ml ampule 
was cooled in a bath of Dry Ice-methanol, flushed with nitrogen, and after 
sealing, set without stirring in a bath at the required temperature. After 
a given time of polymerization, excess methanol was added to precipitate 
the copolymer, which was washed repeatedly with methanol and dried 
under reduced pressure to a constant weight.

Characterization of the Copolymer

The S02 content in the copolymer was calculated from the sulfur content 
determined by the Schoniger method.5 About 2-5 mg of the copolymer
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was burned on a Pt wire in oxygen, and the S03 (or S02) produced was 
absorbed in water containing hydroperoxide. This aqueous solution was 
then titrated with 0.017V NaOH solution.

The reduced viscosity of the copolymer was determined at 30°C with an 
Ostwald viscometer, DMF containing 0.1% LiCl being used as solvent.

RESULTS AND DISCUSSION

Bulk copolymerization of CPT and S02 takes place spontaneously at a 
remarkable rate even at — 15°C. The spontaneous, bulk copolymerization 
of methylcyclopropene and S02 takes place explosively at a lower tempera­
ture, while cyclohexene or cyclooctene and S02 do not copolymerize without 
radical initiators. Therefore, it was concluded that a ring strain plays an 
important role.

Dilution with toluene enabled the rate of the copolymerization to be 
controlled and therefore most experiments were carried out in toluene solu­
tion.

The time-conversion curve of the copolymerization at 0 and 10°C at 
a concentration of each monomer of 3.65 mole/1 are shown in Figure 1. 
Copolymers produced during the reaction precipitated as white powders. 
The copolymers obtained were soluble in DMF, chloroform, and liquid S02, 
but insoluble in cyclopentene. On heating, they decomposed at 220-230°C 
without melting. The initial rate at 10°C was greater than that at 0°C, 
and during polymerization the surface of the copolymer precipitated was 
colored; the conversion did not proceed to over 25%; the reason for this 
is not very clear at present.

The relationship between conversion and reduced viscosity is shown in 
Figure 2, from which the reduced viscosity of the copolymer was found to be 
independent of the conversion in the range investigated. The relationship 
was different from those for the bicycloheptene-S02 and methylcyclopro- 
pene-S02 systems, in which the reduced viscosity increased with conversion.

Table I shows the dependence of the initial rate upon the temperature of 
polymerization, and from the Arrhenius plot in Figure 3 the overall activa­
tion energy of the spontaneous copolymerization of CPT and S02 was 
calculated to be 16.5 kcal/mole.

Fig. 1. Time—conversion curves of copolymerization (O) at 0°C; (•) at 10°O.
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Fig. 2. Relationship between conversion and reduced viscosity; copolymer concentra­
tion, 0.2 g/100 ml; solvent, DMF +  0.1 \vt-r , Li Cl.

TABLE I
Dependent e of the Initial Rate of Copolymerization 

Temperature of Polymerization“
upon

Expt
Temperature 

T, “K 1072’ /f,,, mg/min

411 273 3.66 2.30
412 273 3.66 2.02
413 283 3.54 4.19
414 283 3.54 2.79
415 293 3.41 4.96
416 304 3.29 8.84
417 263 3.80 2.59

» Concentration of each monomer, 3.65 mole/1; total amount of monomers (CPT 
+  SO»), 0.02 mole; solvent, toluene; time of polymerization, 20 min.

Dependence of the initial rate of the polymerization upon monomer con­
centration was checked by varying one monomer concentration while the 
comonomer concentration was kept constant. In Table II and Figures 4 
and 5 are shown the results of the copolymerization at varying CPT con­
centrations and a constant S02 concentration at 0 and 10°C. The plots 
of the rate of the copolymerization and [CPT]3 were found to be linear and 
independent of copolymerization temperature or S02 concentration. Table 
III and Figures 6 and 7 show the results of the copolymerization at varying 
SO» concentrations and a constant CPT concentration. The rate of 
copolymerization was linear with [S02].2 Therefore, the rate of the

Fig. 3. Arrhenius pint of the rate of the copolymerization.
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TABLE H
Results of Copolymérisation at Varying CPT Concentration and Constant

SOj Concentration*

Expt
Temp,

°C

Total
vol,
ml

Polym­
eri­

zation
time,
min

Monomer feed
Polymer

yield,
mg

lip,
mg
min

CPT,
mmole

CPT/1
SO*

106 0 3.5 60 22.31 1.757 564.9 9.415
107 0 3.5 60 16.74 1.291 257.2 4.287
108 0 3.5 60 10.97 0.833 226.9 3.781
109 0 3.5 60 5.46 0.437 7.4 0.123
119 0 5.5 30 45.59 3.531 302.9 10.10
120 0 5.5 30 37.89 3.168 237.8 7.927
121 0 5.5 30 34.32 2.696 156.6 5.220
122 0 5.5 30 28.57 2.213 137.2 4.573
12.3 0 5.5 30 22.81 1.783 64.0 1.800
124 0 5.5 30 16.92 1.352 31.8 1.060
153 10 3.5 20 17.12 1.377 439.6 21.98
154 10 3.5 20 11.35 0.913 282.7 14.24
155 10 3.5 20 9.24 0.743 135.7 6.79
156 10 3.5 20 6.98 0.562 60.4 3.02
157 10 3.5 60 5.14 0.414 44.9 0.75

s SO*, 11.39 mmole; solvent, toluene.

Fig. 4. Dependence of the rate of the copolymerization on CPT concentration at con­
stant SO* concentration (3.65 mole/'l); (O) at 0°C; (•) at 10°C.

copolymerization was considered to depend upon an extraordinarily high 
order of monomer concentration according to eq. (1):

Rp =  ft* [CPT ]3 [S02]2 (1)

This relationship is similar to that obtained for the copolymerization of 
methylcyclopropene and SO>. From eq. (1), the maximum rate of copoly­
merization is expected to be at 0.4 of S02 mole fraction in the monomer feed. 
In Figure 8 is shown the dependence of the rate of copolymerization upon 
S02 mole fraction in the monomer feed at a constant total monomer concen­
tration. The maximum rate was found to be between 0.4 and O.o mole 
fraction of S02. This is considered verify eq. (1).
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(tCPT]/[SO?l f
Fig. 5. Dependence of the rate of the copolymerization on CPT concentrai ion at con­

stant SO-> concentration (2.07 rnole/1) at 0°C.

TABLE III
ìÌesults of Copolymerization at Varying SO-. Concentration and Constant 

CPT Concentration0

Polym-
eri-

Total zat.ion
Temp, voi, time,

Monomer feed
-------------------------------------  Polymer
CPT, S02, SO*/ yield, m g/

Expt °C ml min mmole mmole CPT mg min

114 0 3.5 60 11 .39 30. 85 2. 706 633. 4 5..28
115 0 3.5 60 11..39 23. 98 2. 041 438. 5 3..66
11G 0 3.5 60 11..39 18. 50 i .630 171. 3 i ..46
117 0 3.5 60 11..39 12. 60 l. 127 122. 4 l. 02
118 0 3.5 60 11 . 39 6. 46 0. 573 37. 7 0. 31
140 0 3.0 45 11 .39 24. 99 2, 206 376. 2 8.. 227
141 0 3.0 45 11 .39 18. 64 i..645 184.. 7 4..104
142 0 3.0 45 11..39 12. 46 i. 100 238. 9 5..309
143 0 3.0 60 11 .39 10..19 0..899 130. 8 2,.180
144 0 3.0 124 11 ,39 8. 29 0. 732 64. 2 0.,518
145 0 3.0 124 11..39 4. 19 0. 370 28. 0 0. 226
180 10 3.5 7 11 .24 18. 87 1. 679 428. 4 61. 65
181 10 3.5 7 11 24 12. 69 1. 129 299. 1 42. 65
182 10 3. o 7 11 .24 10..37 0. 973 187. 2 26 .74
183 10 3.5 15 11..24 7.,75 0 690 80. 4 5,, 36
184 10 3.5 15 11 .24 6. 47 0 576 85. 0 5..66
185 10 5. o 15 11 .24 4 .30 0 . 383 50. 0 o O ,. •>>

* Solvent, toluene.

Fig. 0. Dependence of the rate of the copolymerization on SO* concentration at constant 
CPT concentration (3.G5 mole/1): (O) at t)°C: (•) at 1«°C.
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Fig. 7. Dependence of the rate of the copolymerization on SO> concentration at constant 
CPT concentration (3.78 mole/1) at 0°C.

S02mole fraction in monomer feed
Fig. 8. Dependence of the rate of the copolymerization on SO2 mole fraction in monomer 

feed at constant total monomer concentration (7.80 mole/1) at 0°C.

S02 mole fraction
in monomer feed

Fig. 9. Composition diagram of the copolymerization.

F igure 9 show s th at the S 0 2 con ten t in cop o ly m er was abou t 50 m o le -%  
regardless o f  m on om er feed  ratios.

D ev e lop m en t o f  a ye llow  co lor  in m ixing  C P T  and S 0 2, extraord in arily  
high order dependence o f the rate o f  cop o lym eriza tion  upon  m on om er 
con cen tra tion , and  a lternating ten d en cy  o f  the cop o lym eriza tion  m ight 
suggest an im portan t partic ip a tion  o f  a m olecu lar com plex  betw een  C P T  
and  S 0 2 in  the in itiation  and prop agation  steps in the cop o lvm eriza - 
tion , sim ilar to  th at p rop osed  fo r  the cop a lym eriza tion  o f  m e th y lcy clo p ro - 
pene and S 0 2.

In  add ition , terpolvm erization s w ere carried  ou t to  exam ine the p rop erty  
o f  the p ropagatin g  species and  the b eh av ior o f  the copolym erization . V in y l 
com pou n d s and olefins are classified in to  tw o  groups w ith  regard to  their 
cop o lym erizab ility  w ith  S 0 2; on e group  o f  com pou n d s form s a m olecu lar 
com plex  w ith  S 0 2 and copolvm erizes w ith  S 0 2 b y  radical in itiators to  g ive  
a  p o lysu lfon e  (grou p  I ) , and th e  o th er group  consists o f  com pou n ds w h ich  
do n ot fo rm  a com plex  b u t either p olym erize  to  g ive  a h om op o lym er or  it 
does n ot polym erize  at all (grou p  I I ) .  In  general, group  I  consists o f  elec-
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t.ron d on or -ty p e  m on om ers w ith  low  or negative e values, such as ethylene, 
butene, butadiene, styrene, allyl chloride, etc., w hile group  I I  consists o f 
e lectron -a ccep tor ty p e  m onom ers w ith  high or p ositive  c values, such as 
A A m , M A A m , A N , M A , M M A , V D C , etc. T h erefore , terpolym erizations 
con ta in in g  these m on om ers and S 0 2 are considered  to  be d iv id ed  in to  the 
fo llow in g  three cases: (a) group I group  I - S 0 2; (6) group  I -g r o u p  I I -
S 0 2; and (c) group  I I -g r o u p  I I - S 0 2. In  the case a, I to  et al.6 reported  
that terpolym eriza tion  o f allyl chloride, butene-1 , and S 0 2 y ie ld ed  terpo ly - 
m er con ta in in g  50 m o le -%  o f  S 0 2 unit regardless o f  m on om er feed  ratios 
and cou ld  be  regarded  as a cop o lym erization  o f a com plex  betw een  allyl 
ch loride and S 0 2 and a com plex  betw een  butene-1 and S 0 2. T erp o ly m eri­
zation  system s belon gin g  to  case b are those o f  a cry lic e s t e r -b u te n e - l-S 0 2,7 
A N -a lly l  a lc o h o l-S 0 2,8 A N - S t - S 0 2,9 A N - b u t e n e - l - S 0 2, 10 M A -a l ly l  ch lo- 
r id e -S 0 2,n  and M A -v in y l  ch lo r id e -S 0 2.n  T h e  A N - b u t e n e - l -S 0 2 system  
was regarded as the copo lym eriza tion  o f a com plex  o f  butene-1  and S 0 2 
w ith  free A N .1" In  case c no terpolym eriza tion  is k n ow n  to  take place.

T h e  th ird  m onom ers used in this experim ent were (in  order o f  decreasing 
e va lue) A A m , M A A m , A N , M A , M M A , V D C , and St. M ost terpolym eri­
zation  system s in  this experim ent are considered  to  belon g  to  case b except 
fo r  the C P T -S t - S 0 2 system  w hich  w ou ld  be  the case a. F or com parison , 
copolym erization s o f  the th ird  m on om er and S 0 2 were also carried  out. 
T h e  con cen tra tion  o f each m on om er in  the feed  was alw ays equim olar, and 
terpolym eriza tion  and cop o lym erization  were carried  ou t in bulk  at 30 
and 6 0 °C  w ithout radical initiator. T h e  m on om er com pon en ts in corp o ­
rated  in to  the polym ers were ch eck ed  qu a lita tive ly  b y  m eans o f infrared 
and N M R  spectra  and  the presence o f  V D C  was ch eck ed  also b y  the 
B eilstein  test.

In  T a b le  IV  are show n the results. M o s t  terpolym eriza tion  system s 
investigated  gave  polym ers conta in ing the three m onom ers as expected , 
except fo r  the system s C P T - M M A - S 0 2 and C P T -S t - S 0 2. I t  is qu ite  
ord inary th at the b in ary  system s o f  m on om er o f  group  I I  and S 0 2 d id  n ot 
g ive  cop olym ers  but that the group  I - S 0 2 system s gave copolym er.

T h e C P T - M M A - S 0 2 system  gives on ly  a h om op olym er o f .M.MA. 
C onsidering the spontaneous cop olym erization  o f C P T  and S 0 2, this fact 
is v e ry  extraord inary, so that M M A  m ust be supposed  to  behave in an 
unusual fash ion  in  the presence o f  S 0 2. R ecen tly , O ’ D riscoll et a l.12 
reported  the polym eriza tion  o f M M A  and cop o lym eriza tion  o f M  M  A and 
St indu ced  b y  S 0 2, and inferred from  the abnorm al behaviors th at the 
prop agatin g  species m ight be a com plex  radical. T h u s the p ropagatin g  
species in M M A  polym eriza tion  in the presence o f  S 0 2 m ight be d ifferent 
from  those in C P T - S 0 2 copolym erization .

T h e  C P T -S t - S 0 2 system  gave  a cop o ly m er conta in ing on ly  St and S 0 2. 
S ince the C P T -S 0 2 system  is m ore reactive  than  the S t - S 0 2 system  in the 
spontaneous cop olym erization , this fa ct m ight be expla ined  b y  the C P T -  
S 0 2 system  being m ore reactive in in itiation  b u t less in  p rop agation  than  
S t - S 0 2 system . T h is  situation  is considered to  be sim ilar to the alternating
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TABLE IV
Terpolymerizafion with a Third Monomer and Copolymerizal ion of SO2 

and Third Monomer

Components j] 
in

monomer feed

Price-Alfrey 
values for 

bird monomer Components
in

polymer

Polymeri­
zation 
time, hr

Conversion, %

e Q 60°C 30 °C

CPT +  SO, + 1 .39 1.18 CPT +  S02 +  AAm 24 5.68 8.17
AAm

S02 +  AAm b 24 b b
CPT +  SO, + 1 .24 1.46 CPT +  S02 + 24 15.03 16.45

MAAm AIAAm
S02 +  MAAm b 24 b b

CPT +  SO, + 1.20 0.60 CPT +  SO2 +  AN 24 49.70 36.38
AN

S02 +  AN b 45 b b
CPT +  SO, + 0.00 0.42 CPT +  SO, +  MA

M A
S02 +  AIA b

CPT +  S02 + 0.40 0.74 AIAIA
AIAIA

S02 +  MAI A AIAIA
CPT +  SO, + 0.36 0.20 CPT +  SO, +  VDC 24 7.39 16.98

VDC
SO2 +  VDC VDC 24 14.40 0.07

CPT +  SO-. + -0 .8 0 1 .0 SO-2 +  St 37.5 17.82 10.02
DL

S02 +  St SO-2 +  St 37.5 10.93
CPT +  SO2 + SO2 +  St +  AIAIA 37.0 14.78 17.54

St -f-
AIM A

S02 +  St +  AIAIA SO2 +  St +  AIAIA 45 45.17 9.34

“ No radical initiator; in bulk; equal molar concentrations of each monomer. 
b No polymer obtained.

cop olym erization s o f  v in y l ether w ith  m aleic anhydride and o f p -d ioxen e 
w ith  m aleic a n h ydride .13 T h e  form er system  develops a ye llow  co lor  in 
the m on om eric state and cop o lym erization  takes p lace spon tan eou sly  at a 
rem arkable rate at room  tem perature b u t the latter neither develops a co lor  
nor cop olym erizes spontaneously , w hile the rate o f cop o lym eriza tion  b y  a 
radical in itia tor is larger in the latter than  in  the form er system . H ow ever, 
the beh a v ior o f  the C P T  S t - S 0 2 system  is too  extraord inary to  be explained 
well at present.

In  quarternary p olym eriza tion  o f C P T , St, M IM A, and SO 2 , the ob ta in ed  
p o lym er conta ins St, M M  A, and S 0 2 but no C P T  (T a b le  IV ) . I t  m ight be 
assum ed from  this fa ct th at the nature o f  p rop ag ation  o f  the S t - S 0 2 and 
the M M A -S O -2 system s is d ifferent from  that o f  the C P T -S O , system . T h u s 
in  the present system s, a propagatin g  radical m ight n ot be  necessarily o f  a 
single species, a lthough  a free radical in con ven tion a l v in y l polym erizations 
is com m on ly  considered  to  be o f  a single species.
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T o  perm it the cop o lym eriza tion  o f C P T  and S 0 2 to  he discussed m ore  
exactly , w e intend  to  exam ine the in itiation  and the p rop agation  steps 
separately  in the future.
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Synthesis and Polymerization Studies of 
Several Cliloro and Cyano Epoxides

P E T E R  E . W E I  and P E T E R  E . B U T L E R , Esso Research and 
Engineering Company, Linden, Neiv Jersey 07036

Synopsis
The polar epoxides, glycidonitrile, dimethyl glyeidonitrile, tetracyaiioethyleue 

oxide, epicyanohydrin, 4,4,4-trichlorobutyIene-l,2-epoxide, and l,l-dichloro-3,4-epoxy- 
1-butene were prepared, characterized by their infrared and nuclear magnetic resonance 
spectra and their polymerizations studied. Epicyanohydrin was found to be an un- 
polymerizable dimer, and those epoxides with a cyano group attached directly to the 
epoxide ring could not be polymerized. The halogenated epoxides, 4,4,4-trichloro- 
butylene-1,2-epoxide and its dehydrochlorination product, l,l-dichloro-3,4-epoxy-l- 
butene were polymerized to high polymers with a complex catalyst from aluminum 
alkyl, acetyl acetone, and water. The polymerization of these monomers gave low 
conversions and required large amounts of catalyst. Higher conversions were obtained 
by copolymerization with propylene oxide or terpolymerization with propylene oxide 
and allyl glycidyl ether. The polymerizability of the substituted epoxide in X —

CH— CH2— 0  (where X  is CIL— , C1C1L— , C13CCH2—, and C12C = C H — ) was found 
to follow the order: CH3— > C1CH2—- >  C13C—-CH-2— >  C12C =C H . The polymers of
4,4,4-trichlorobutylene-l,2-epoxide and its dehydrochlorination product were not 
vulcanizable through I,he chlorine functionality or the olefinic unsaturation of the type 
C12C = C H — . The presence of an active third monomer such as allyl glycidyl ether 
was necessary to facilitate vulcanization. Properties of such vulcanizates are reported.

INTRODUCTION

D u e to  the com bin ation  o f  their m an y  superior properties, high m olecu lar 
w eight polyethers, such as p o lyp rop y len e  ox ide and polyep ich loroh ydrin , 
have a ttra cted  considerab le  com m ercia l interest as specia lty  elastom ers. 
T h e  m ain o b je ct iv e  o f  th is paper is to  report the effect o f  po lar substitution  
on  b oth  the p o lym erizab ility  o f  such epoxides and the properties o f  the 
resulting polym ers. T h e  instrum ental characterization  o f  the m onom ers is 
also d iscussed.

EXPERIMENTAL 

Monomer Preparation
r |

4 ,4 ,4 -T r ich lorob u ty len e -l,2 -ep ox id e , C C R C IL C H — CH_>— O and 1 ,1-d i-

ch loro -3 ,4 -ep ox y -l-b u ten e , CC1-2=CH — C H — C IL — 0  w ere prepared ac­
cord in g  to  the m eth od  o f D o w b e n k o .1

2461
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WAVELENGTH IN MICRONS
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Fig. 1. Infrared spectrum of 4,4,4-trichlorobutylene-l,2-epoxide.

T h e  overall y ie ld  o f  the tr ich lorobu ty len e  oxide from  a lly l a lcohol w as 
27.4 m o le -% . T h is  y ie ld  was im proved  to  47.2  m o le -%  b y  elim inating the 
isolation  o f  the interm ediate and recoverin g  the unreacted  m aterials before 
the rem oval o f  F eC l3.

In  th is synthesis a sm all am ount o f  l ,l-d ic h lo ro -3 ,4 -e p o x y -l-b u te n e  was 
form ed  and was d ifficu lt to  rem ove. B y  repeated  fra ction ation  we m an­
aged to  ob ta in  40 g o f  a sam ple (bp , 6 0 °C /'2 0  m m  H g ; n “ , 1.4920; d 25, 
1.3495) con ta in in g  7 3 .9 %  o f l ,l-d ic h lo ro -3 ,4 -e p o x y -l-b u te n e  and 2 1 .9 %  
trich lorobu ty len e  ox ide as determ ined  from  a gas chrom atogram .

T h e  infrared spectru m  (F ig . 1) o f  4 ,4 ,4 -tr ich lorob u ty len e -l,2 -ep ox id e  was 
characterized  b y  prom inent bands for  the epoxide  group  at 2950 c m -1 
(epoxide C — FI stretch ing) and 1270 c n r 1 (epoxide C — O stretch ing). 
P rom inent C — C l stretch ing bands w ere present in the 700 -800  c m -1 
region .

Fig. 2. NMH spectrum of 4,4,4-trichlorobutylcne-l,2-epoxide.
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TABLE I 
O

/ \
ChCCIh— c —- C — IId

1 1
b,b Ha

1
Ho

II 6, ppm J, cps

a 3.26 Tab = 5.08; Tat, = 5.30
b 3.04 Tb.b = 14.5
b 2.75 Tc,d = 5.00
c 2.81 Tac = 3.81
d 2.60 J  ad = 2.33

T h e  100 M cp s  N M R  spectru m  (F ig . 2, T a b le  I) is qu ite  com plex  due to 
th e  overla pp in g  o f the tw o  A B X  ty p e  system s (both  the exo m eth ylen e  and 
ring m eth ylen e  proton s are n on equ iva len t, due to  p rox im ity  to  the asym ­
m etric cen ter; in  add ition , the ring m ethylene protons are non equ ivalen t 
due to  their geom etric relationsh ip  to  the ring substituent) and  long-range 
cou p lin g  betw een  b o th  sets o f  m eth ylen e protons. T h e  ring m ethine p roton  
is at low est held  position , 3.25 ppm , and appears as a d ou b let o f  a doub le , 
d ou b let (16 lines) due to  cou p lin g  w ith  each non equ ivalen t m ethylene p ro­
ton . E a ch  o f  th ese  p roton s is in turn a d ou b le  d ou b let reflecting both  
gem inal and vicin al coupling. T h e  cis v icin al cou p lin g  is larger than  the 
trans coup ling.

T h e  infrared  spectrum  (F ig . 3) o f  l ,l-d ic h lo ro -3 ,4 -e p o x y -l-b u te n e  has 
ch aracteristic bands for  the epoxide grou p  at 2930 c m -1 (epox ide C — H  
stretch ing) and  1248 c m -1  (epox ide C— 0  stretch in g) and fo r  the olefin 
group  at 1630 c m -1  ( C = C  stretch in g ). P rom inen t C — C l bands are in the 
7 00 -8 00  c m -1 region .

T h e  60 M cp s  N M R  spectru m  (F ig . 4) is fu lly  in agreem ent w ith  the 
assigned structure. I t  has peaks at 5.61 (d ou b let), 3.61 (dou b let o f  a d ou ­
ble, d ou b let), 2.97 (dou b le  d ou b let) and 2.69 (dou b le  d ou b let) p p m  in a

WAVELENGTH IN MICRONS
2.5 3 4 5 6 T 8 10 12 14 16

Fig. 3. Infrared spectrum of a mixture of l,l-dichloro-3,4-epoxy-l-butene (73.9%) and 
4,4,4-trichlorob u tylene-1,2-epoxide (21.9 % ).
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Fig. 4. N.MI! spectrum of a mixf.ure of l,1-dichloro-3,4-epoxy-l-l>ulenc (73.9%) and 
4,4,4-lrichlorobutylene-l,2-epoxide (21.9%).

1 :1 :1 :1  ratio for the olefin, ring m ethine, and n on equ ivalen t ring m ethylene 
proton s, respectively .

G lycid on itrile , 0 — C lF — C H C N , was synthesized  a ccord in g  to  P a y n e ’s 
m eth od .2

T h e  infrared spectrum  o f  this m aterial (F ig . 5) has characteristic bands 
at 2255 c m -1 (— C = N  stretch in g), 2920 c m -1 (epox ide  C — H  stretch in g), 
and 1237 c m -1  (epox id e  C — 0  stretch in g). T h e  spectru m  con ta ins 
trace am ounts o f  the anhydride. T h e  g lycidon itrile  structure w as con ­
firm ed b y  an analysis o f  the 100 M eps N M R  spectru m  (F ig . 6) w hich  
d isp layed  a typ ica l A B X  typ e  pattern  fo r  the ring m ethylene and  m ethine 
protons (the N M R  spectra  were run in C C h  on  the J E O L C O  4H -100

2.5
WAVELENGTH IN MICRONS 

4 5 6 7 8 10 12 14 16

WAVENUMBER CM*

Fig. o. Infrared spectrum of glycidonitrile.
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Fig. 0. N M R spectrum of glycidonitrile.

spectrom eter). T h e  m eth ine p ro ton  at 3 .49 p p m  is desh ieldcd  relative to 
tlie tw o  m eth y len e  proton s  b y  the add ition a l con tr ib u tion  o f the cyan o 
grou p  and appears as a dou b le  d ou b le t due to  cis (4.08 cps) and irans (2.(30 
cps) v icin al coup ling. In  line w ith  literature d a ta 2, J cis is larger than 
■J irans- T h e  upheld  m eth ylen e p ro ton  at 2.99 ppm  is a d ou b le  d o u b le t  
reflecting the larger cis v icin al cou p lin g  and the gem inal cou p lin g  o f 5.50 
cps. T h e  m ethylene p roton  cis to  the cyan o  group  is desh ielded  b y  the 
a n isotrop y  o f the C = N  b on d  and appears as a d ou b le  d ou b let at 3 .10 ppm .

I----------------------- 1
D im eth y l g lycidon itrile , (C H 3) 2C — C H C N — O, w as prepared  a ccord in g  

to  M a rty n o v  and  S h ch elk u n ov3 from  the reaction  o f acetone and ch loro - 
aeeton itrile in the presence o f  N a O C H 3.

O
/ \

T etra cya n oeth y len c oxide, (C N )2C — C (C N )2, was prepared from  tetra - 
cyan oeth y len e  b y  epox idation  w ith  h yd rogen  perox id e .4

P azsch ke6 and H arten stein 6 rep orted  the synthesis o f  ep icyan oh ydrin ,
I 1

O— C H 2— C H — C H 2— C N , b y  con den sation  o f  potassiu m  cyan ide  and 
ep ich loroh ydrin . T h e  com p ou n d  w e prepared b y  their m eth od  had a 
m elting p o in t o f  166°C , corresponding to  the literature value, and had 
elem ental analyses close  to  the suggested  com p osition  o f ep icyan oh ydrin , 
b u t the m olecu lar w eigh t w as fou n d  to  be  195, w hich  was abou t tw ice  the 
value, S3, o f  ep icyan oh ydrin . T h e  com p ou n d  synthesized  m ay be its 
dim er. N o  m olecu lar w eigh t w as reported  in the literature.
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Polymerization Studies

P olym erization  studies were carried  ou t in S-oz screw -capped  bottles , 
w h ich  were p laced  in a ch a in -driven  rota tor in a w ater bath  at constant 
tem peratures. S olvents and  com m ercia l m onom ers were fresh ly d istilled  
under N 2 ov er  C aH 2 b efore  use. B ottles  were charged  up in a d ry  n itrogen 
box , first the solvent, then  the m on om er (or m on om ers), and lastly  the 
cata lyst. U nless m entioned  otherw ise, po lym ers w ere isolated  b y  pouring 
the entire reaction  m ixture in to  boilin g  w ater w ith  con tin u ed  heating until 
the m ixture w as com plete ly  free  from  solvent and unreacted  m onom ers. 
T h e  resultant solid  polym ers were dried  in vacuo at 6 0 °C. P o lym er viscos­
ities were determ ined  in a-eh loronaphthalene at 135°C  unless indicated  
otherw ise.

Vulcanization and Vulcanizate Evaluation

T h e  polym ers w ere m ixed  w ith  vu lcan ization  ingredients on  a tw o-roll 
m ill and the m ixtures w ere heated in a m old  under pressure. T h e  prepared 
sam ple pads o f 20-m il th ickness w ere tested  w ith  a S cott tester for  tensile 
properties and sw elled  in A S T A I X o . 3 oil or oth er solvents for evaluating 
their oil and so lven t resistant properties.

RESULTS AND DISCUSSION

P ropy len e ox ide  m ay  be  p olym erized 7-9 to  a h igh p olym er b y  using a 
variety  o f  ca ta lyst system s including EeCL • p rop y len e  ox id e ; Z n E C -IU O ; 
and A llis■ arety laceton e-tU O . T h e  su bstitution  o f on e h ydrogen  a tom  by 
a ch lorine a tom  (propy len e  ox ide —► ep ich loroh ydrin ) changes n ot on ly  the 
polym erizab ility  o f  the m on om er but a lso the resultant p olym er properties 
such as solvent resistance and air perm eability . E p icy an oh yd rin  is closely  
related to  ep ich loroh ydrin  and w as also expected  to  afford  polym ers o f  
interesting properties. U nfortun ately , we foun d  that the reported  ep icya ­
n oh ydrin 56 is actu a lly  a dim er, p rob a b ly  o f  a d ioxan e structure, and cou ld  
n ot be p olym erized . O ther epoxides w ith  cyan o  groups d irectly  a ttached

TABLE II

Al-
TCBO, Ac Ac, (iBu)j, 
mmole mmole mmole

Ac- 
(iBu)j 
—AcAc 
(1:1), 
mmole

Total
Sol­

vent,
cca

Catalyst/
mono­
mer,
mole- ICO, 

%  mmole

Condi­
tions,
°C/hr

Polymer
yield,
mole-

0/ b/c !»]

200 10 10 — 20 5 5 34/43 13.4 1.60
200 10 20 5 5 50/22 4.3 1.65
80 10 20 12.0 -» 50/22 13.2 1.05
24 10 20 41.7 0 50/22 20.2 0.33

* n -I Ie p tm ie  was d r ie d  b y  d is t illin g  o v e r  Li d isp ers ion .
b Polymer was isolated by precipitation with methanol followed by deashing with 

dilute IIC1.
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to the ring, such as glycidonitrile, dimethyl glycidonitrile, and tetracyano- 
ethylene, although monomeric in structure, also could not be polymerized. 
The negative data from the polymerization studies are omitted because 
these polymerizations were attempted with the use of conditions identical 
to those used throughout our study with ferric chloride, diethylzinc, and 
triisobutylaluminum catalyst systems. For brevity, the following abbrevi­
ations are used: PO = propylene oxide, ECH = epichlorohydrin, AGE = 
allyl glycidyl ether, TCBO = 4,4,4-trichlorobutylene-l,2-epoxide, DCB 
= 1, l-dichloro-3, 4-epoxy-1-butene. Catalysts such as FeClj-PO or 
ZnEt2-H20 complexes did not polymerize any of these polar epoxides and 
are omitted in this report .

TCBO Homopolymerizations

TCBO was polymerized with a catalyst system consisting of triisobutyl­
aluminum, acetyl acetone (AcAc), and water in a mole ratio of 1:1:0.5. 
The conversion of TCBO to homopolymer was dependent on the catalyst 
concentrations as shown in Table II. The conversion of TCBO to polymer 
is dependent on the amount of catalyst (increasing with increased catalyst). 
However, the molecular weight of the resultant polymer was decreased as 
indicated by decreasing viscosities. This result is not surprising.

The TCBO homopolymers were tough but flexible. One of the typical 
infrared spectra is shown in Figure 7. It has two C—Cl absorptions at 700 
and 770 cm-1 and one C =C  absorption at 1615 cm-1 due to the presence of 
some DCB in the monomer which was copolymerized with TCBO. One of 
these polymers was extracted with hot acetone; the following obtained are 
shown in Table III.

TCBO Copolymerizations

TCBO copolymerizes better than it homopolymerizes, and the resulting 
products are all rubbery. Table IV shows the copolymerization of TCBO 
with propylene oxide (PO). An overall monomer conversion of 40-60% 
was obtained at a catalyst level of 1.76-5 mole-%. Based on chlorine

WAVELENGTH IN. M ICRONS 

4 5 6  7 8 1C 12 14 16

W AVENUMBER C M '

Fig. 7. Infrared spectrum of homopolymer of 4,4,4-trichlorobutylene-l,2-epoxide.
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TABLE III
Polymer Fraction~"

--_.-----------------------------

Fl'lu:tion wI, g
Appearanee
Cl, wt.-%

hi
Crystallinil,v (x-ray alltl UTi\.)
Ula~~ temperatnre, °C

Acetone-soluble
fract,ion

2,1
n.lIbbery

oAh
o

-70

Acetone-insoluble
fract.ion

2,6
Tough, flexible
;,!l,ti
~,(j1c

o
~

• Original polymer: wI, 4,7 g; hi ill a-ehloronaphthalune al. J;J;"j°C, J ,ti,
h In bcnzene at ~.)°C.
e In a-chloronaphthalene at. IJ,"j°C,

analysis, TCBO monomer conversions were calculated. Comparison of
Tables II and IV indicates that the conversion of TCBO monomer to poly­
mer is much greater in the presence of propylene oxide (PO) than in the
absence of it at an equal catalyst concentration. For instance, at a catalyst
concentration of 5 mole-%, a conversion of 32.8 mole-% TCBO monomer to
copolymer was obtained compared with only 13.4 mole-% TCBO to the
homopolymer.

Table V shows the copolymerization of TCBO with allyl glycidyl ethel'
(AGE). A higher TCBO monomer conversion was also observed, though
the inherent viscosities of the TeBa-AGE copolymers were all low.

TCBO Terpolymerizations

Table VI shows the terpolymerizations of TCBO, PO, and AGE. With
increased propylene oxide in the monomer mixture both overall conversions
and TCBO conversions increase; this is depicted in Figure 8. The top
curve represents the amount of total monomer converted to the polymer

TCBO CONTENT VS. CONVERSION
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3

·AcAc·1/Z HZO 0

6.0 MOLE 'y.. 50"GlZO HOURS

100
;,~.
f- 80
3:
.z
0
til 60
0::
.JJ
>
Z
0 40L>

...J

...J
«
0:: 20
UJ
>
0

00

•
~

................ .----. .--... .-.---.-.
20 40 60 80

TCBO IN MONOMER MIXTURE, MOLE 'y.,

Fig. S. TCBO content w. eOllvcr~ion.
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in w eight per cent. A s the am ount o f  T C B O  is increased in the m onom er 
feed, the overall con version  decreases because T C B O  is less reactive than 
P O  and A G E ; the b o to m  curve represents the am ou nt o f  T C B O  con verted  
to  the p o lym er w ith  respect to  the T C B O  m on om er in the feed  in m ole  per 
cent. It seem s that the T C B O  m olecu le  at the p o lym er chain  end prefer­
entially  jo in s a P O  or A G E  m on om er m olecu le  g iv in g  a ran dom  structure. 
W e  fou n d  th at this is a lso true fo r  ep ich lorohydrin . T h e  infrared spectru m  
o f  the p rodu ct has tw o absorp tion  peaks (1615 and 1640 c m -1 ) for  C = C  
stretch ing vibrations. T h e  peak  at 1615 c m -1 is due to  the presence o f  
som e D C B ; the oth er one at 1640 c m -1  is due to  the presence o f  A G E  as 
com pared  w ith  the P O -A G E  co p o ly m e r infrared spectrum .

TCBO and ECH Reactivities

T C B O  is less reactive than ep ich loroh ydrin  w ith  the a lum inum  a lkyl typ e  
cata lyst as show n  in T a b le  V I I . A t  iden tica l polym erization  con d ition s 
(5 0 °C /2 0  hr) and com parab le  m on om er ratios and ca ta lyst con cen tration s, 
b oth  overall conversions and T C B O  m on om er conversions are low er than 
those o f  E C H . F or instance, at a m on om er m ole ratio o f T C B O  (or E C H ) : 
P O  o f abou t 4 5 :5 5  and at a ca ta lyst con cen tra tion  o f abou t 5 m o le -%  the 
T C B O  m on om er con version  is on ly  14.5 m o le -%  as com pared  w ith  67.5 
m o le -%  for E C H , although  the overall con version  is 47.5 w t -%  for T C B O  
and 49.0  w t -%  for  E C H .

IH B TCBO PO Terpolymerizations

D C B  and T C B O  were ob ta in ed  in tw o m ixtures (w ith  con cen tration s o f 
D C B  in 78 m o le -%  and 61 m o le -% ) as determ ined  b y  gas ch rom atograph y  
[2 ft X  / '4  in. colum n, 2 75 °C  silicone gu m  rubber (SE  30 )]. T h e  gas 
ch rom atograp h y  (G C ) data  (T a b le  V I I I )  correlated  w ell w ith  infrared  a b ­
sorbancies at 1620 c m -1 (w ith  a 0 .030-m m  cell against air as reference) for  
D C B  in D C B -T C B O  m ixtures.

TABLE VIII
Analysis of DCB in D CB-TCBO Mixtures

GC data, IR at 1620 cm -1
mole-% (absorbance)

1.3 0.027
4.8 0.124

11.4 0.334
17.4 0.470

T h e  p olym eriza tion  studies o f these m ixtures w ith  P O  are sh ow n  in 
T a b le  I X .  T h e  overall con version s and  th e  con version  o f D C B -T C B O  
m on om er m ixtures to  the polym ers w ere m u ch  low er than th ose  in pure 
T C B O  system s. In  oth er w ords, D C B  is even  less reactive than T C B O  
in the polym erizations.
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Vulcanization

U nlike polyep ich lorh ydrin s, T C B O  h om opolym ers  and T C B O -P O  
cop olym ers  w ere n ot su ccessfu lly  vu lcan ized  through  the ch lorine atom s. 
T h e  D C B -T C B O -P O  terpolym ers d id  n ot a fford  a testable  vu lcan izate  
desp ite the presence o f  b oth  ch lorine a tom s and unsaturation  o f the type , 
C12C = C H — . A pp aren tly  the typ es  o f  ch lorine atom s and unsaturation  in 
these elastom ers were n ot reactive  enough. I t  was fou n d  necessary to  
incorpora te  som e A G E  in to  these p olym ers  to  facilita te  vu lcan ization . 
E ven  in the presence o f  A G E  no su itable vu lcan ization  system  w as devel­
op ed  fo r  these elastom ers. T h e  form u lation s used w ere arbitrarily  adapted  
from  those d eve lop ed  for E C H -P O -A G E  terpolym ers.

Vulcanizate Properties

T h e  vu lcan izate  properties o f  T C B O  elastom ers arc show n in T a b le  X .  
T h e  tensile strengths o f these elastom ers w ere in the range o f 900 -1400  psi. 
T h e  sw elling data  in A ST .M  N o. 3 oil at 2 1 2 °F  and in cycloh exan e at room  
tem perature are show n to  depend on  the ch lorine con ten t o f the elastom ers 
and the m odu lus o f  the vuleanizates. Sam ples w ith  ch lorine con ten t of
6 -1 0  w t -%  and w ith  3 0 0 %  m odulus o f  2 5 0 -3 4 0  psi g ive  1 0 3 -1 0 9 %  sw elling 
in A  S T M  N o. 3 oil at 2 1 2 °F  and 1 6 2 -2 0 6 %  sw elling in cy cloh exan e at 
room  tem perature; oth er sam ples w ith  ch lorine con ten t o f  12-14  w t -%  and 
w ith  3 0 0 %  m odulus o f  5 20 -6 20  psi g ive  6 0 -8 3 %  sw elling in A ST .M  N o .3 
oil and 1 0 6 -1 1 0 %  sw elling in cycloh exan e at the said tem peratures.

TABLE X
Vulcanizate Properties of TCBO Elastomers'*

Vulcanizal eb

Paw elastomer 

Cl
content,

wt-% hi-

0.1 3.2
8.0 2.3

10.5 2.6
12. 1 1 .9
13.0 1.7
12.7 1.5
11.8 1.6

Elon-
Tenxile, gallon,

psi %

965 930
1 100 895
1050 880
890 865

1250 765
1120 635
1400 615

Swelling
in

A,STM
300% #3 oil,

Modulus, wt-% 
psi increase11

250 103
330 109
335 103
300 88
515 83
520 60
620 67

Swelling in 
cyclo-hexane'*

wt-% wt-%
crease extracted

206 8
181 3
162 8
146 10
.107 9
106 11
n o 8

“ TCBO elastomers are TCBO-PO-AGE terpolymers.
b Formulation: elastomer, 100 parts; FEE carbon black, 30 phr; stearic acid, 1 phr; 

PBN, 0.5 phr; ZhO, 5 phr; sulfur, 2 phr; TM TDS, 0.2 phr; MBTS, 0.2 phr. Cured 
at 307 °F for 40 min.

0 In a-ehloronaphthalene at 135°C.
•> At 212 °F for 70 hr.
<* At room temperature for 24 hr.



H I T l . l ' l î



C H L O H O  A N D  C Y A X O  E P O X I D E S 2475

Comparison of TCBO and ECH Vulcanizates
A t com pa ra b le  ch lorin e levels, E C H - P O -A G E  terpolym ers afford 

b etter overall properties than T C B O  elastom ers w ith ou t taking in to  
a ccou n t the difference in the state o f  vu lcan ization , as show n in T a b le  X T  
T h e  sw elling in A S T M  N o. 3 oil at 2 1 2 °C  is in a range o f  1 6 -2 3 %  for  E C H  
vu lcan izates and 5 8 -6 4 %  fo r  T C B O  vulcanizates. T h e  sw elling in a 
5 0 :5 0  m ixture o f  benzene and cy cloh exan e at room  tem perature is 6 9 -7 5 %  
for  E C H  vu lcan izates and 1 0 0 -1 3 4 %  for T C B O  vu lcan izates. T h e  
sw elling in  M E K  at room  tem peratu re is p ractica lly  the sam e for  b oth  
E C H  and T C B O  vu lcan izates in  the range o f 85 and 1 20% . T h e  d iffer­
ences in o il resistance betw een  T C B O  and E C H  vu lcan izates m a y  be 
sm aller than the values reported  here if a better vu lcan izing system  is fou n d  
for  the T C B O  elastom ers.

A pp aren tly , the even  d istribution  o f ch lorine atom s th rou gh ou t the 
m acrom olecu les in p olyep ich loroh yd rin  elastom ers g ives b etter oil resistance 
than  the CC13 group  in the T C B O  elastom ers.
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Sail Effect in ihe Base-Catalyzed Polymerization 
of Unsaturalcd Amide Compounds. II. 

Polymerization of p-Vinylbcnzamide 
and Acrylamide*

T O M O H IK O  A S A H A R A  and X  A O  Y A  Y O D A , Basic Research 
Laboratories, Toijo Rayon Company Ltd., Tebiro, Kamakura, Japan

Synopsis
In the presence of a variety of inorganic salts, p-vinylbenzamide underwent vinyl- 

type polymerization by anionic initiators to form the polystyrene derivative, whereas in 
dimethyl sulfoxide as solvent the aromatic polyamide was always obtained through a 
proton-transfer mechanism regardless of the presence of the salts.

In the presence of of the salts, acrylamide is generally polymerized to the polyamide 
through a proton transfer reaction.

INTRODUCTION

Inorgan ic salts have w idely  p layed  significant parts in radical'2-4 or 
an ion ic5 polym erization  o f v in y l m onom ers, and a lso  in polyeon den sation  
reactions.6

A n  a ttem p t to  elucidate the behavior o f  inorganic salts in these system s 
en countered  the characteristic com plexities  o f  polym erization  reactions,
i.e., th e  very low  con cen tra tion  o f a ctive  species or the sm all size o f  a ctive  
sites as com pared  w ith  the to ta l length  o f a po lym er chain. A  th orou gh  
clarification  o f these system s will p rov id e  the precise m echanism  o f  the 
interaction  betw een  polym erizin g  species and inorganic com pou n ds, w here 
the latter m ay  act as “ a cce p to r”  as in the organ ic reactions in v o lv in g  
transition  m etals.

* Presented at the Annual Meeting of Japan High Polymer Society, Tokyo, May 
1907. For Part I sep Asahara and Yoda.1
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L iterature reveals th at the coord in ation  in teraction  takes p lace at the 
cy an o  g rou p 2 or the ester g rou p 3'4 in the radical po lym eriza tion  o f v in y l 
m onom ers in the presence o f  m etal halides.

ch3 

ch2- c
\ m >~-A1X3 

il
0
I
CH,

II

X o  reaction  occu rs at the coord in ation  site in these polym erizations. 
In  anionic polym erizations o f  unsaturated am ide m onom ers, h ow ever, the 
coord in ation  o f  the inorgan ic salt occu rs  at the am ide group  w here the 
p roton  is released in the p roton -tran sfer reaction .

C^N  ■ LiCl 
I

CH,=CH— y  f  

III

CONH.-LiCl CH2=CH-CONH,-LiCI

IV

It is presum ed therefore th at the partic ipation  o f the coord in ation  plays 
a m ore im portant role  betw een  the m on om er and the a dd itive  than in the 
ord in ary  ca ta ly tic  v in y l polym erizations. Solvent m ay be another factor 
w hich  should  be taken  in to  accou n t. O rganic polar solvents usually have 
active  sites capab le  o f  coord in ation . T h u s an ether oxy gen  a tom  o f  tetra- 
h ydrofu ran  acts as a Lew is base. In  the coord in ation  reaction , the m on o­
mer, solvent, and inorganic add itive  should  be taken in to  consideration  to 
interpret the orien tation  effect o f  th e  polym erization  system . In  this 
case either v in y l or p roton  transfer p o lym eriza tion  m ay occur.

In  this paper, the authors w ish  to  report the effect o f  inorganic add itives 
on the p roton  transfer polym erization  o f  v in y l am ide m onom ers, w hich  
w ou ld  shed light on  the com plex  coord in ation  in v o lv ed  in m ost o f  the 
ca ta ly tic  polym erization  system s.

RESULTS AND DISCUSSION

Base-Catalyzed Polymerization of p-Vinylbenzamide in the Absence
of Inorganic Salts

P olym eriza tion  o f  p -v in y lben zam id e  (V B A ) initiated  b y  anion ic ca ta lysts 
has previou sly  been  reported  to  g ive  arom atic po lya m ide .7 8 E xtensive 
stu dy  o f V B A  polym erization  in various solvents gave the results show n in 
T a b le  I.

I t  was fou n d  th at the reaction  system s o f  an alkali a lkoxide in a polar 
so lven t are effective  for  the proton -tran sfer polym erization  o f V B A , and 
that p yrid in e as a solvent w as n ot su itable for  the polym erization  o f  V B A  
con trary  to  th e  p olym eriza tion  o f a cry la m ide .9
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Fig. 2. Infrared spectrum of the VBA polymer obtained in the presence of lithium chlo­
ride.

siderable decreases o f  the p o lym er y ie ld  w ith  an y  o f basic in itiators in 
iV -nrcthylpyrrolidonc or iV ,iV -d im ethylacetam ide as show n in T a b le  II . 
T h e  p o lym er structure w as determ ined  b y  the infrared spectra  (F ig . 2) in 
com parison  w ith  th ose  o f  the rad ica l-in itiated  polym er.

T h e  so lven t effect o f  d im eth y l su lfox ide in the presence o f  salt w as 
rem arkable in afford ing the proton -tran sfer polym er, as show n  in T a b le  I I I . 
I t  was reason ab ly  presum ed th at the m etal salt form ed  a coord in ation  
com plex  on ly  w ith  the d im eth y l su lfox ide  m olecu le  w ith ou t the form ation  
o f  a com plex  w ith  the m onom er. T h e  inh ib ition  w as prob ab ly  caused b y  
lhe  coord in ation  form ation  betw een  the m on om er and the salt, and at the 
sam e tim e the steric effect o f  the b u lk y  ph en y l group  o f the m on om er m ay 
interfere the p roton  transfer reaction . A  detailed  discussion  w ill be  pre­
sen ted  in a fo llow in g  p ap er.10

T h e  effect o f  the am ount o f  lith ium  ch loride  on  the p olym eriza tion  is 
show n in Figure 3. T h e  p o lym er y ield  increased w ith  the increase o f  the 
salt added, w here the square ro o t p lots  o f  the salt added  versus polym er 
y ie ld  gave  a linear relationsh ip ,2 and the to ta l am ou nt o f  a ctive  species o f 
th e  polym erization  was show n to  increase w ith  the increase o f  the salt 
added. T h is  effect is sim ilar to  the relation  betw een  the am ount o f  an 
in itia tor and the y ield  o f  the polym er in rad ical-in itiated  polym erization . 
T h e  linear relationship  in this anion ic po lym eriza tion  show n in F igure 3 
suggests the form ation  o f som e k inds o f coord in ation  com plex  w ith  the 
propagatin g  species.

T h e  characteristic anion ic feature o f  the polym erization  w as show n 
b y  the k inetic aspect o f  the sa lt-ad ded  polym eriza tion  (F ig . 4 ). T h e  
anion ic m echan ism  w as also su pported  b y  the data  o f the anionic co p o ly ­
m erization  o f V B A  w ith p -styren esu lfon am ide (S S A ).11 T h e  cop o lym eri­
zation  proceeded  in tw o different fashions, depend ing on  the con d ition s : 
p o ly  (am ide su lfonam ide) w as form ed  when the am ount o f  basic ca ta ly st was
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TABLE IV
Base-Cat.alyzed Polymerizat.ion' of VBA in t.he Presence of Various Melal Salts

Salt. Monomer, Polymer Polymer-
X 103, yield, ization

Type :Mole-% mole Systemb % 17illhC type

CaCl, 20.2 2.27 Hetel'Ogeneons 12.3 Vinyl
CnCI, 2U.0 2.40 Homogeneous Vi.3 Vinyl
ZnCI, 2!J.6 2 .3;~ Heterogeneous 14.0 Vinyl
CoCIz :30.4 2.27 Heterogeneous 21.6 Vinyl
HgCl2 20.U 3.3.) Homogeneous 83.0 U.22!J Vinyl

• Solvent, N-methylpyrrolidone, :3,0 ml; inilialor, n-BuLi, ,).20 X 10-4 mole, poly­
merization coditious, 120°C/17 hr.

h At the end of the polymerization
C In concentrated H2S04, C = 0.00.)0 g/ml, 2.)oC.

Since the salts are soluble in N-methylpyrrolidolle, the systems at the
initial stage were homogeneous. However, some of them became hetero­
geneous by precipitation of polymer by the interaction of the salt with
polymer at the end of the polymerization. The inhibition of the proton­
transfer reaction by these salts is presumably due to the formation of
coordination complex as in the case of lithium chloride.

Polymerization of Acrylamide in the Presence of Lithium Chloride

The effect of lithium chloride on the polymerization of acrylamide IS

summarized in Table V.
The proton-transfer polymerization was not inhibited by the addition

of the salt, and acrylamide-lithium chloride (1: 1) complex was similarly
polymerized by an anionic initiator. Decrease of the polymer yield in the
polymerization of the 1: 1 complex was presumably due to the moisture
absorbed by the complex. The proportion of proton-transfer reaction
was calculated to be about 90% by the infrared method reported by
Nakayama et al. 12

TABLE V
l'olymcrizalion of and Coordinated Acrylamidc in Prescnce of

Lithium Chloride'

Monomer LiCI Polymer H+
concn, concn, yield, transfer,

;\Ionomer mole mole % 1Ji II h
b %.

Acrylamide 0.0197 0.0190 35.5 0.251 95
Acrylamide-
LiCI complex 0.0202 8.6 86
Acrylamide 0.0191 100 0.622 90

• Solvent, pyridine, 9.0 cc; initiator, n-BnLi, 5..52 X 10-4 mole; polymerization
('onditions, 116°C/10 hr.

h In l'oneentraled I-!,SO" I; = O.OOTiO g/ml, 2,ioC.
c Cakulat.ion fro\lllhc illfra.rcd speetru. 12
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I t  w as con clu d ed  therefore  that the salt effect was n ot ob served  in  the 
b ase-cata lyzed  p olym eriza tion  o f  a cry lam ide  w ith  lith ium  chloride. T h e  
ineffectiveness o f  lith ium  ch loride suggests a p oor in teraction  o f the salt 
w ith  the m onom er, and som e oth er m echanism  o f in itiation  and p rop agation  
steps should be considered  for  a cry lam ide polym erization  than  that o f  V B A  
polym eriza tion .

EXPERIMENTAL

Materials

p-Vinylbenzamide. T h e  m on om er was prepared  b y  the route shown 
in eq. (2 ), starting from  p -(2 -b ro m o e th y  1)benzoic a c id .13

A  portion  o f 16.0 g (0.070 m ole) o f  p -(2 -b rom oeth v l)b en zo ic  acid  w as 
added  w ith stirring to  the ice -coo led  solu tion  o f 16.0 g  (0.286 m ole) o f  
potassiu m  h yd rox ide  and a trace o f  h yd roqu in on on e in 200 ml o f  absolu te 
ethanol. T h e  resulting m ixture was gradually  heated to  the gentle reflux 
and stirring w as con tin u ed  for  3 hr. T h e  precip ita ted  pow der w as filtered 
and w ashed tw ice  w ith  50 m l o f  co ld  ethanol and dried in vacuo, y ie ld ing
20.3 g o f  p rodu ct. A b ou t tw o thirds o f  the m ixture was potassiu m  p- 
v in y lben zoate  and the rest w as potassiu m  brom ide. T h e  infrared spectrum  
(IvB r pellet) o f  the p rod u ct show ed  the existence o f the v in y l (895, 985 
c m ” 1) and the ca rb oxy la te  anion  (1540, 1590 c m -1 ) groups.

T o  a m ixture o f  60 g  o f  the a bove  prod u ct, a few  drops o f  d ry  pyrid ine, 
and  150 ml o f  ch loroform , w as a d d ed  at — 40 to  — 3 0 °C  a solu tion  o f  37 g 
(0 .34 m ole) o f  eth yl ch loroform ate  in 75 ml o f  ch loro form ; stirring was 
con tin u ed  for  an add ition al * /2 hr w ith  cooling . T h e  resulting precip itate  
w as filtered off, and the filtrate was coo led  to  — 7 0 ° C. I t  is then added 
dropw ise to  w ell-ch illed  2 8 %  aqueous am m onia  with satis fa ctory  agitation . 
T h e  p rod u ct w as filtered, w ashed tw ice  w ith  w ater, and dried. T h e  y ield  
w as 16.5 g (5 5 % ) ;  recrysta lliza tion  from  aceton e  gave  colorless crystals, 
m p  170°C .

A n a l . Calcd: C, 73.43%; H, 6.18%; N, 9.52%; M W = 147.2. Found: C, 
73.49%; II, 6.19%; N, 9.48%; MW, 149.5.

Acrylamide. C om m ercia lly  availab le  p rodu ct was recrystallized  from  
benzene, m p  8 3 -8 4 °C .

Lithium Chloride. C om m ercia lly  availab le analytical grade reagent 
was dried under high vacu u m  at 200° C.

Other Inorganic Salts. C om m ercia lly  availab le reagents were used 
without, further purification .
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high vacuum

Butyllithium. A  1 5 %  hexane so lu tion  was ob ta in ed  from  F o o te  C h em ­
icals C o . and the con cen tration  was corrected  b y  titra tion  in each experi­
m ent.

Alkali Alkoxides. A ll were synthesized from  th e  corresponding alkali 
m etals and an excess o f teri-butanol in the usual m anner.

Monomer-Lithium Chloride Complex. T h e  preparation  m ethods are 
described in a fo llow in g  p a p e r .10

Infrared Measurements

T h e  spectra w ere ob ta in ed  w ith  K B r  pellet in all cases.

Polymerization

Apparatus and Procedure. T h e  apparatus shown in F igure 5 was used. 
T h e  m onom er, salt, and cata lyst alkoxide were w eighed in argon-filled  
am pule (A ) in a d ry  n itrogen  box . T h e  solvent and the cata lyst (in the 
case o f  n -B u L i ca ta lyst) were in troduced  in the sam e m anner in am pule
B . T h e  apparatus was con n ected  to  a h igh vacu u m  line, and the solvent 
was in trod uced  in to  am pule A  b y  inverting am pule B ; liquid  n itrogen 
coo lin g  v^as used. A m pu le  A  was sealed at the d otted  line and allow ed 
to  stand  at the polym erization  tem perature. A fter the polym erization , 
the m ixture was poured  into an excess o f m ethanol and  the p recip ita ted  
p o lym er was filtered and dried  under vacuum .

Determination of the Extent of Vinyl Type Polymerization. T h e p ro ton  
transfer polym ers w ere treated accord in g  to  the analytical m eth od  reported  
b y  N ak ayam a et a l.12

A  0.0779 g  portion  (5 .30 X  10~ 4 m ole) o f  proton -tran sfer p o lym er was 
h yd ro lyzed  in 5 m l o f 2 0 %  aqueous sodium  h yd rox id e  at 1 2 0 -ld 0 °C . 
L iberated  am m onia  was absorbed  in IN  h yd roch loric acid. T h e  resulting 
so lu tion  was d ilu ted  and titra ted  w ith  O.liV sod iu m  h ydrox ide . T h e 
titra tion  gave 5.30 X  10-6 m ole am m onia  liberation , w h ich  ind icates that 
the p o lym er consists o f  1 0 %  o f  the v in y l typ e  and 9 0 %  o f the p roton  trails-
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fer structure. A  0.3590 g portion  (24.4  X  10-4  m ole) o f  the sam e sam ple 
was treated  in the sam e m anner and 21.1 X  10-3 m ole (9 .1 % ) o f  am m onia 
was form ed. T h e  value indicates the existence o f  9.1% , o f  the vinyl typ e  
p o lym er units.

The authors are deeply grateful to Dr. T. Hoshino for encouragement in the course 
of this work and permission for publication.
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Salt Effect in the Base-Catalyzed Polymerization of 
Unsaturated Amide Compounds. III. Nature of 

the Polymerization System*

T O M O H IK O  A S A IT A R A , K O .TU RO  I K E D A , and N A D Y A  Y O D A , 
Bas/i■ Research Laboratories, Tona Rayon Company Ltd., Tehiro, 

Kamakura, Japan

Synopsis

Coordination complexes of lithium chloride with polar solvents and monomers were 
isolated, and their physical properties were studied. The parallel between stabilities of 
isolated complexes and coordination function in the polymerization system is discussed. 
The increase of the Q and e values of p-vinylbenzamide (VBA) supports the mechanism 
of vinyl-type polymerization of VBA in the presence of the salt. The specific solvent 
effect of dimethyl sulfoxide was determined by measurement of electrical conductivity of 
a model system.

INTRODUCTION

A d d itio n  o f  som e m etal halides to  the polym eriza tion  system  o f p - 
v in y lben zam id e  or acry lam ide in a basic m ed iu m  was fou n d  to  p rod u ce  a 
va rie ty  o f  interesting effects on  the orien tation  o f p o lym eriza tion  reactions. 
I t  w as rep orted  in  the p reced in g  p a p er1 that, w hen  d im eth y l su lfoxide was 
em p loy ed  as solvent, the effect o f  the added  salt d isappeared  in the base- 
ca ta lyzed  p o lym eriza tion  o f  p -v in y lben zam id e , In  these polym erization  
system s, b o th  the solvent and the m on om er are e lectron  donors and on ly  the 
m etal ca tion  is an acceptor. T h ere fore  the b o th  so lv en t-sa lt and m on o­
mer-salt- coord in ation  com plexes should  be  taken  into consideration .

In  this paper, w e w ish  to  report the successful isolation  o f coord in ation  
com plexes w h ich  are presu m ably  form ed  in  the polym erization  system  and 
to  describe th e  characterization  o f those com plexes b y  ph ysica l m ea­
surem ents. T h e  increased Q and e values o f  the sa lt-coord in ated  V B A  
w ere consistent w ith  the increase o f  the v in y l typ e  o f polym erizabilit-y o f  
the m on om er in  the presence o f  inorganic salts. T h e  electrical con d u ctiv ity  
data  for  the m od el system s explain  the specific effect o f  d im eth y l su lfox ide 
as so lven t in these polym erization . T h e  com plex  o f d im eth y l su lfoxide 
w ith  lith ium  ca tion  w as fou n d  to  be the strongest am ong a variety  o f polar 
solvents. In h ib ition  o f p ro ton  transfer p o lym eriza tion  was observed

‘ Presented at the Symposium on High Polymers, Japan, Fukuoka, Get. 19-21, 
1967.
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when VBA-mctal salt coordination occurred with considerable infrared 
shift of the corresponding stretching absorptions.

RESULTS AND DISCUSSION

Stability of the Coordination Complex of Lithium Chloride with the Solvent

As reported in the preceding paper,1 a marked solvent effect of dimethyl 
sulfoxide was observed in the polymerization of VBA in the presence of 
lithium chloride where the polymerization proceeded through the proton- 
transfer mechanism even in the presence of the inorganic salt. This fact 
suggests that the action of lithium chloride on VBA was obstructed by the 
“trapping” of the metal cation by the solvent. On the contrary, in the 
base-catalyzed polymerization of acrylamide, the orientation of the poly­
merization reaction was not affected by the addition of the salts. It was 
therefore reasonably presumed that some type of coordination complex was 
formed in the course of the polymerization, which selectively determined the 
orientation of the reaction.

The stability of the coordination complex in the polymerization system 
should certainly parallel that of the isolated coordination complex of the 
same components. In other words, the most stable coordination is formed 
preferentially, or the concentration of the most stable one may be the 
highest in the reaction system; this is fully supported by the following 
experimental data.

TABLE I
Solvent-Lithium Chloride Coordination Complexes

Infrared data

Coordination
Complex nip, °C

EC = 0, 
ES—>Oj 
EP—

cm_1-H
\ v ,

cm-1
-1 0 0

( A v  /v )
r b l a n k , 1

cm-11’

DMSO-LiCl IS!) 1013 -4 2 3. OS 1055
NMP-LiCl 123-124 1642 -4 3 2.55 1685
DMAc-LiCl 110-117 1610 — 37 2.24 1647
HMPA-LiCl 56-57 1104 - 1 2 1 .00 1206

a Measured as KBr disk. 
h Measured as liquid film.

A variety of coordination complexes of lithium chloride with various 
solvents were isolated as crystals, and their physical properties were char­
acterized as shown in Table I. Infrared spectra of the solvent LiCl com­
plexes are shown in Figure 1. The considerable shift of carbonyl, sulfoxide, 
and phosphine oxide stretching absorptions suggests that coordination of 
the solvent with the inorganic salt takes place on the lone pair electrons in 
the same fashion as in the cases of the dimethylformamide (DAIF)-LiCl and
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( CM“1) 

(a)

x 100 
( CM“ 1 )

<b)

Fig. 1. Infrared spectra of 1 lie solvent-LiCl complexes: (a) ITMPA-LiCl complex;
(b) DM S O -L id  complex.

dimethyl sulfoxide (DMSO)-CoC12 systems reported in the literature.2’3 
The stability of compounds may generally be discussed in terms of the 

melting temperature. The melting point (189°C) of DM SO LiCl was the 
highest in these complexes (Table I), and therefore it was concluded that 
DMSO-LiCl is the most stable coordination in the polymerization system. 
It is noteworthy to point out that solvents such as hexamethyl phospora- 
rnide (HMPA), dimethylacetamide (DMAc), and A-methylpyrrolidone 
(NiMP) in which the proton transfer polymerization of VBA was inhibited 
by the addition of lithium salt gave the complexes of considerable low melt­
ing point. The fact informs that stabilities of these solvent (HMPA, 
DMAc, NMP)-lithium chloride complexes are also low in the polymeriza­
tion system.
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2.5fi 3 4 5 6 7 8 9 10 12 14

Fig. 2. Infrared spectra of VBA-LiCl complex and free VBA.

Coordination Complexes of LiCl with the Monomer

In order to compare the stabilities of coordination complexes between 
components in the polymerization system, coordination complexes were 
prepared with p-vinylbenzamide and acrylamide (ACM), and the melting- 
point and the infrared spectrum were measured (Figs. 2 and 3 and Table
II). Notable changes in infrared spectrum are observed for the VBA-LiCl 
complexes; the carbonyl stretching frequency shifted downward and some 
bands disappeared at 3150 and 1620 cm-1. However, none of the change 
was observed in the absorptions of the vinyl hydrogens at 912 and 9S7
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TABLE II
Physical Properties and Infrared Spectra of Coordination Complexes of Monomer-

Lithium Chloride

Infrared data

Reference
Coordination

complex mp, °C
V C  = o,
cm “ 1

A p ,

cm-1 -  100 (Ai//r)
n»hmk,
cm“ 1

VBA-LiCl

COo5 1039» - i i 0.07 1650»
ACM-LiCI

<NCO03 1066» 0 0 1060“
CPL-LiCl 81.5-82.5 1029» -3 1 1 .87 1000''

» Measured as KBr disk. 
b Measured as Nujol mull.

cm "1. These data indicated that the coordination occurs at the carbonyl 
oxygen by the nonbonding electrons as shown in I.

CH,=CH-

The disappearance of absorption bands at both 3150 and 1620 cm "1 
should be related to tire amide hydrogen atoms: the former was ascribed 
to the inhibition of the symmetrical stretching vibration and the latter to 
the restriction of the deformation. Consequently, the two hydrogen atoms 
of the amide group are thoroughly stabilized by the formation of the hydro­
gen bonding of the six-membered ring, while the hydrogen atoms of the 
free amide group are reactive to basic species by the static repulsion; 
at the same time the conjugation increases to give the following structural 
contribution in II and III:

CH,=CH- ¿ ° - LS a e

©

II

© / ==\ /O — Lk
c„>— chK _ ) - c< nh_ h;.■Cl©

III

The acrylamide-lithium chloride complex showed no detectable change at 
the carbonyl-stretching frequency. Although the carbonyl frequency is not 
shifted in this case, nonetheless the infrared spectrum of acrylamide-LiCl 
is different from that of acrylamide, indicating complex formation. Such 
a weak interaction between the monomer and the salt, possibly has no 
apparent effect on the orientation of the polymerization except for a 
decrease of the polymer yield.

Relative Stability of the Coordination Complexes of the Solvent and the 
Monomer with Lithium Chloride

In addition to the stability of the solvent-salt complexes mentioned 
above, a general treatment of the relative stabilities on the solvent-salt 
and the monomer-salt coordination will be discussed in this section.
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The melting point of the complex is not always a satisfactory clue for 
comparing the above two coordinations, because of differences in physical 
properties and structure of the components.

It was established that the infrared stretching shifts have a good correla­
tion with the melting points in these solvent-salt complexes as shown in 
Table I. Also the polymerizability of the two monomers reported in the 
preceding paper1 showed close correlations with the infrared shift in the 
monomer-salt complex. Therefore the infrared stretching shift of the 
nearest bond from the coordination site, as determined by — lOOAv/v, 
may reasonably be applied for the stability of the complex as a general 
index. The following order of the stabilities was obtained for the coordi­
nation by using the infrared indexes in Tables I and II:

D M S O » N M P  ~  D M A o H M P A  — V B A >>A C M

In this case a slight modification is necessary to interpret the experi­
mental results according to the phase of the sample of infrared measure­
ment. Infrared spectra of free VBA and ACM monomer were obtained as 
the KBr disks. When infrared measurements were made on liquid mono­
mers, the absorption appeared at higher frequencies, so the magnitude of 
the shift would be larger. Hence the stability of VBA complex with the 
salt would be close to those of the NMP or DM Ac complexes, because it 
is reasonable to assume that the polarities of primary and tertiary amide 
groups are almost similar.

The strongest coordination of D M 80 to the salt is supported by the high 
polarity of the sulfoxide group (IV).

C I I 3
I
S+—0 -
I

c h 3
IV

Based on these results, the coordination relations in the polymerization 
system are illustrated as shown in eqs. (1) and (2) where lithium chloride is 
coordinated with the strongest donor involved in the polymerization system.

TABLE III
Relative Conductivities of Solvent-LiCl Systems 

in the Presence of Benzamide, CdLCONIL

Conductivity X 103, oh m -1 cm -1

Solvent-LiCl-
Solvent Solvent-LiCl“ benzamide1'

DMSO 3.78 3.78
DM Ac 2.75 2.50
NMP 1.56 1.44
IT MPA 1.44 1.25

a [LiCl] = 0.353 mole/1.
b [LiCl] = 0.353 mole/1, [benzamide] = 0.331 mole/1.
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CH2=CH  ONH2 +  DMSO +  LiCl

CH2=CH •CONH,, +  DMSO'LiCl

(free)

Proton transfer polymerization (1)

m CH2=CH :ONH2 +  n DMAc +  (m+n) LiCl

m CHZ=CH :ONH2 •LiCL +  nD.MAc-LiCl

(coordinated)

Vinyl type polymerization

Electrical Conductivity of a Model System

The formation of the strongest coordination of DMSO was also deter­
mined by the electrical conductivity measurement as shown in Table III, 
where the specific conductances of the systems with DMAc, NMP, and 
HMPA as solvents decreased with the addition of equimolar amounts of 
the monomer model compound. On the contrary, the conductance was 
found to be constant in the system with DMSO. The decrease was effected 
by the partial transfer of lithium chloride from the solvent molecule to 
benzamide which is a little weaker ligand; in the DMSO system, however, 
lithium salt transfer to form a weaker coordination by the addition of 
benzamide should not occur [eq. (3)].

Consequently, the coordination complex between DMSO and lithium 
salt is so strong that it does not easily dissociate in the polymerization 
system.

The polarity of the vinyl group in VBA probably increases with the 
addition of the coordinating salt by the contribution of III. At the same 
time, the increase of conjugation may result in a change in Q value of the 
monomer. It was reasonably expected, therefore, that the copolymeriza­
tion data of VBA with styrene in the absence and presence of lithium

D M SO'LiC l +  CfjH:,CONH. - / >  DMSO +  C6HóCONH2-L ìC1 (3)

Q and e Values of VBA in the Presence of the Salt
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chloride manifested the increase of Q and e values in the presence of the 
salt.4

The Q and e values in the absence of the salt were obtained by a Fineman- 
ltoss plot of the radical eopolymerization experiment (Table IV). Table 
V sliows the result of copolymerization of VBA with styrene in the presence 
an equimolar amount of lithium chloride. The Q and c values were ob­
tained as described in Table VI by the copolymerization data, where the 
great increase of Q and e values demonstrated the effect represented by 
structure III.

Spectroscopic studies by Ellul and Moodie* 6 also favored the contribu­
tion of the structure 111 to the complexes of substituted benzamidc with 
boron trifluoridc.

TABLE IV
Kudical Copolymerization of Styrene (M l) and 

VBA (M j) in the Absence of the Salt“

[M,] [M2] N in eo-
Polymerization 

time, hr
x  jo - 3,
mole/1

X 10“ 3,
mole/1

[M i]/
[Mi]

copolymer
0/Zo

d [M ,]/ 
d[ Md

100 3.31 2.10 1 .58 4 .3i 1.73
50 3.05 1 .S3 1.99 4.09 0,70
50 3.02 1.54 2.55 4.2i 1 .70

1170 4.67 0.70 5.91 2.2, 4.48
1170 4.01 0.55 8.91 1.9, 5.66

• Initiator, azobisi.sobul.yron itrite 0.0160 g; solvent, tetrahydrofuran 5.0 ml; 100'

T A B L E V
Anionic Copolymerization of Styrene(Mi) and 

VBA(M j) in the Presence of Lithium Chloride“

[Mi] 
x  io -+
mole/I

[Md 
X  10“ 3, 
mole/1

[LiCl] 
X 10“ 3, 
mole/1

[Cat] 
X  10 “ S 
mole/1

[M ,]/
[Mi]

N in co­
polymer,

ClZo
d[ M d / 
d[AL]

0.46 2.58 2.59 3.60 0.177 8.8, 0.115
0.93 2.12 2.10 3.60 0.438 8 - 06 0.212
1.34 1 .67 1 .08 3.60 0.800 7.7 0.343
1.55 1.47 1.55 9.70 1.04 7.2 0.460

“ Catalyst, ra-BuLi; solvent, DM Ac, 3.0 ml; I00°C for JO hr.

TABLE VI
Q and e Values in the Free and Coordinated Monomer“

Monomer6 n r2 Q2 e2

p-Vinylbenzamide 0.47 1.0 1.0 + 0 .1
p-Vinylbenzamide-LiCl 0.10 1.6 3.4 + 0 .6

" Assuming Qi =  1.0, c2 =  —0.8 in styrene.
6 AL = styrene, M2 =  p-vinylbenzamide.
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Proposed Polymerization Mechanism

The catalyst activity is decreased by tight coordination of the salt to a 
basic site, as in the formation of a complex between lithium chloride and an 
ether oxygen.6 Therefore the proton abstraction from the amide group 
by the initiator to form the amide anion leading to proton transfer poly­
merization is presumably impossible. The polymerization is forced to 
start with the nucleophilic addition of the catalyst species to the vinyl 
group of the coordinated monomer as shown in eq. (4), since the polarity of 
the vinyl group is enhanced by the coordination of lithium chloride. The 
anion V is stabilized by the contribution of the resonance forms V and VI 
which can not abstract the amide proton either by an intramolecular or
intermolecular mechanism (for the transfer polymerization) because of the

e
decrease of basicity of the carbanion — CKhCH-CeEU— At the same time, 
the amide hydrogen atom is stabilized by hydrogen bonding with chlorine 
to form a six-membered ring system. Therefore the carbanion V is forced 
to add to another monomer at the vinyl group [eq. (5) ] in which the polarity 
increased, to afford the anion VII. Each active end is similarly stabilized 
as in V and can hardly proceed to the proton transfer polymerization. 
About 10% of the proton transfer structure does occur in the polymeriza­
tion. A more detailed investigation is necessary to clarify the complete 
mechanism.

Be  + CH,=CH- ONH,
©

B— CH,CH-

V

-Li.\ Cl
SNH— H'

I
/ = \  X -----Li.

B— CH,CH=\ >=cC ':cie (4)
\ = /  \NH— Iff

VI

V (5)

VBA- LiCl
VH — 1__*. Polymer (6)

EXPERIMENTAL

Materials

Monomers. p-Vinylbenzamide, acrylamide, and lithium chloride were 
from the same sources as in the preceding paper.1

Commercially available styrene was distilled in a high vacuum system 
just before use.
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TABLE VII
Solvent-Salt Complexes

Cl,

Found

%

Calcd.“

DMSO-LiCl 27.2 29.4
NM P-LiCl 25.7 25.1
DMAc-LiCl 26.7 27.1
HMPA-LiCl 16.0 16.0

“ As 1:1 components.

Lithium Chloride Complexes with Polar Solvents. C om plexes w ith  
d im eth y l su lfoxide, A M n eth ylpyrro lidon e, and A % V -d im etb y lacetam id e  
w ere prepared  b y  slow  coo lin g  o f the correspon d in g  con cen tra ted  so lu tion  
o f  the salt in the d ry  solvent. B ein g  extrem ely  h yd roscop ic, the p recip i­
ta ted  crystals w ere filtered u n der d ry  n itrogen  in a g love  box , w ashed tw ice  
w ith  d ry  benzene or ether, and dried in vacuum .

T h e  coord in ation  com plex  w ith  hexam eth ylph osph oram ide (H M P A ) 
w as ob ta in ed  b y  the treatm ent o f  a  1 :2 m olar m ixture o f  lith ium  ch loride 
and H M P A  w ith  strong heating. E xcess solvent w as filtered, and the 
resulting crysta ls w as w ashed tw ice  w ith  d ry  ether. A nalytica l data  are 
g iven  in T a b le  V I I .

Monomer-lithium chloride complexes. A  m ixtu re  o f  0 .020 g (4.71 X  
10“ 4 m ole) o f anhydrous lith ium  ch loride and 0.069 g (4 .70 X  10 —* m ole) 
o f  p -v in v lben zam id e  in 6 m l o f  tetrah ydrofu ran  w as m oderately  heated. 
T h e  excess solvent was gradually  evaporated  under va cu u m  to  leave a crys­
talline substance. T h e  p rod u ct was dried at 8 0 °C  for  1 hr under vacuum .

A cry la m id e -lith iu m  ch loride com plex  was isolated  b y  slow  coolin g  o f a 
solu tion  o f ca. 7 %  lith ium  ch loride and 3 0 %  m on om er in acetone. T h e  
p rod u ct was w ashed  several tim es w ith  co ld  acetone. A n  e-caprolactam  
(C P L )-L iC l  com plex  was synthesized  sim ilarly b y  using an equim olar 
am ount o f  e -caprolactam . A nalyses o f  the com plexes are sum m arized in 
T a b le  V I I I .

Copolymerizations

Copolymerization in the Absence of the Salt. T h e  sam e apparatus was 
used as in P art I I . 1

TABLE VIII
Monomer-Salt Complexes

Cl,

Found Call'd

VBA-LiCl 10.7 IS. 7
ACM-LiCl 31.0 31.3
CPL-LiCl 22.S 22.S
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p -V iny lben zam ide , styrene, and azob isisobu tyron itrile  w ere w eighed  into 
an argon-filled  am pule (see P a rt I I )  in a d ry  n itrogen  box. T h e  am pule 
w as con n ected  to  a high vacu u m  line and evacu ated  w ith  liquid  n itrogen  
cooling , and tetrah ydrofu ran  w as in trodu ced . T h e  sealed am pule was 
kept at the prescribed  tem perature. T h e  cop o lym er w as ob ta in ed  b y  
filtering after pourin g  the m ixture in to  m ethanol. T h e  polym er com p osi­
tion  w as ca lcu lated  b y  n itrogen  analysis o f  the polym er.

Copolymerization in the Presence of Lithium Chloride. T w o  m on om ers 
and  the salt w ere w eighed  sim ilarly. A  so lu tion  o f n -B u L i in d im eth y l- 
acetam id e  w as p repared  and  in trod u ced  in to  the p o lym eriza tion  am pou le 
as in the p rev iou s run. T h e  cop o ly m er was ob ta in ed  b y  a sim ilar m eth od , 
w ashed w ith  d ry  benzene, and  dried  in vacu u m .

Electrical Conductivity Measurements

T h is  m easurem ent was carried  ou t w ith  the usual apparatus w ith  the use 
o f  a 1000 cps sine w ave, w here the cell con stan t was determ ined  b y  using- 
standard  aqueous sod iu m  ch loride solu tions o f  d ifferent con cen tration s.

Infrared Spectroscopy

T h e  spectra  were ob ta in ed  on  H itach i E P I-S 2  and Shim adzu  IR -2 7  
spectrom eters. A ll o f  the absorption  frequencies were corrected  against 
th e  absorp tion  o f polystyren e.

The authors wish to thank Drs. T. Hoshino and R. Nakanishi for their encouragement 
during the course of the work and for the permission to publish the results. The 
authors are deeply indebted to Mr. Y. Ebata, Mr. T. Midzushima, and collaborators for 
their analytical work.
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Grafting of Monosaccharide Derivatives to 
Cellulose Acetate*

ROY L. WHISTLER, GUGLIELMO RUFFINI, and RICHARD E. 
PYLER, Department of Biochemistry, Purdue Agricultural Experiment 

Station, Purdue University, Lafayette, Indiana 47907

We are pleased lo dedicate this paper to Dr. E. Huseinann on her 60th An­
niversary. This paper with those from others will show in small part the high 
esteem we have regarded Dr. Husemann the scientist and Dr. Husemann the 
person.

Synopsis

Grafting of 1,2-O-isopropylidene-a-D-xylofuranose to commercial cellulose diacetate 
has been accomplished by using a boron trifluoride catalyst. The reaction proceeds 
quickly at 25 and 40°C, resulting in degrees of molar substitution (M S) of 0.37 and 0.34, 
respectively. If monomer and catalyst are added over an extended period of time to 
maintain low concentrations, MS values as high as 0.89 and 0.85 are obtained at 25 and 
40°C, respectively. Major side reactions are depolymerization of the cellulose acetate 
backbone and grafted D-xylose and the homopolymerization of the monomer. These side 
reactions may be minimized by conducting the reaction at 40°C for a short time or by 
adding monomer and catalyst over an extended period of t ime. Grafting has also been 
accomplished by using D-xylose derivatives with various reactive groups at. the anomerie 
carbon atom. The grafted material of MS greater than 0.7 is insoluble in acetone and 
after deacetylation is soluble in water under alkaline, neutral and acidic conditions. 
Oxalic acid hydrolysis of the deacetylated material indicates that most of the grafted 
D-xylose units are in the furanose form. Methylation and hydrolysis of the methylated 
material show's that 75% of t he D-xylose residues are terminal units and indicates the pres­
ence of many singly grafted D-xylose residues and a few di- and trisaccharide grafts.

INTRODUCTION

Facile opening of the 1,3-dioxolane ring in 1,2-O-isopropylidene sugar 
derivatives with Lewis acids results in the formation of a carbonium ion at 
carbon Ci of the sugar which makes these compounds potential derivatizing 
agents for polysaccharides. This laboratory has already shown1 that
1,2-O-isopropyl¡dene derivatives of n-glucose undergo polymerization in the 
presence of Lewis acids to produce branched glucans.

The methyl groups attached to the methylenic carbon of the 1,3-dioxo­
lane ring release electrons to the ring oxygens and give the latter sufficient

* Presented in part at the 152nd National Meeting of the American Chemical Society, 
New York, N. V., September 1966.
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negativity to preferentially complex with the Lewis acid. This ring may 
then open to produce a partially stabilized earbonium ion at the sugar 
anomeric position which in turn leads to reaction with available hydroxyl 
groups to form D-glucosidic bonds. Opening of the complexed 1,3-dioxo- 
lane through displacement at, carbon Cj by a hydroxyl group can lead to 
D-glucoside formation, but evidence favors the earbonium ion intermediate.1 
Bretschneider and Beran2 have prepared aryl glycosides by reacting 1,2,3,-
4,6-penta-O-acetyl-jS-n-glucopyranose with a phenol and boron trifluoride. 
Further, Bonner and co-workers3 reacted a methyl a-n-glucopyranoside- 
boron trichloride complex with alcohols to produce new n-glucosides.

The present work describes the reaction of 1,2-mono-O-isopropylidene- 
a-D-xylofuranose with commercial cellulose acetate. This polysaccharide 
was chosen since maximum grafting of a monomer to a polymer will proceed 
most efficiently and uniformly in a homogeneous reaction mixture. Both 
the polysaccharide acetate and the monomer are soluble in similar solvents 
and particularly in methylene chloride, which is a preferred solvent because 
it does not react with Lewis acids.

EXPERIMENTAL

Materials

Commercial cellulose acetate with an acetyl degree of substitution (DS) 
of 2.33 was ground slightly in a mortar and dried at 40°C for 48 hr under 
reduced pressure. Analysis showed it to contain 15 primary hydroxyl 
groups per 100 D-glucose units. The molecule had a degree of polymeriza­
tion (DP) of 262.

1,2-0-Isopropylidene-a-D-xylofuranose was prepared according to stan­
dard procedure4 and was purified by vacuum distillation, mp 70-71°C. It 
was converted to 3,5-di-0-acetyl-Ji2-0-isopropylidene-a-D-xylofuranose by 
acetylation in pyridine and acetic anhydride,4 bp 121-126°C/0.1 mm. 
l,2:5,6-Di-0-isopropylidene-a-o-glucofuranose6 was purified by two re­
crystallizations from petroleum ether (bp 60-80°C), mp 110°C. 1,2-0-
Isopropylidene-a-D-glucofuranose was prepared as described by Whistler 
and co-workers6 and was purified by two recrystallizations from ethyl 
acetate, mp 160-161°C. It was acetylated in pyridine and acetic anhy­
dride7 to form 3,4,6-tri-0-acetyl-l,2-0-isopropylidene-a-D-glucofuranose, 
mp 75°C. 2,3,4-Tri-0-acetyl-l,6-anhydro-D-glucopyranose was prepared 
according to the procedure of Ward,5 mp 109-110°C. 3,4,6-Tri-O-acetyl-
1,2-anhydro-D-glucopyranose was prepared according to standard proce­
dure,6 mp 58-59°C.

Methyl a,fi-n-xy Iopyranoside was prepared by treatment of dry n-xylose 
with absolute methanol in the presence of dry IR-120 resin (H+ form) under 
reflux for 48 hr. The reaction mixture was filtered and concentrated to a 
syrup. The a-D-form crystallized and was chromatographically pure.

Methylene chloride was dried over calcium chloride. Boron trifluoride 
etherate was purified by distillation.8
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Methods

Melting points were determined on a Fisher-Johns apparatus and arc 
corrected. Thin layer chromatography was conducted on 5 X 13 mm 
plates coated with silica gel G. Paper chromatography was conducted on 
Whatman No. 1 paper at 25°C with ethyl acetate, pyridine, and water 
(25:7 :8 v/v) as irrigant. Chromatograms were sprayed with aniline acid 
phthalate and heated at 110°C for 5 min.

Grafting reactions were conducted in closed containers at 25 and 40°C. 
Cellulose acetate and monomer were suspended in an appropriate amount of 
methylene chloride at 25°C and stirred to allow the monomer to dissolve 
and the polysaccharide to swell. An appropriate amount of boron trifluo­
ride etherate was added by means of a syringe and the reaction allowed to 
proceed with constant stirring. In another series of reactions, boron 
trifluoride in methylene chloride and monomer in methylene chloride were 
added simultaneously and dropwise to cellulose acetate suspended 
methylene chloride.

The grafted material was isolated by concentrating the reaction mixture 
to dryness under reduced pressure at 40°C. Homopolymer was removed 
by washing the solid residue with water. After filtration on a tared, sintered 
glass funnel, the residue was dried under reduced pressure at 50°C. When 
the monomer was not water-soluble, the solid residue was also washed with 
ethyl ether or acetone.

Homopolymer was isolated from the water washings after neutralization 
with IR-45 resin (OH-  form) and concentration of the filtrate to dryness 
under reduced pressure. Homopolymer could also be precipitated from a 
concentrated solution with acetone.

Characterization of Grafted Polymers

The acetyl content of cellulose acetate and grafted material was deter­
mined on 100 mg samples dissolved or suspended in 20 ml of absolute 
acetone at 25°C. A 15 ml portion of 0.5N  sodium hydroxide solution was 
added by means of a buret, and the suspension was heated at 60-70°C for 
15 min. After standing 1 hr at 25°C the residual sodium hydroxide was 
titrated with 0.5N  hydrochloric acid solution. A reagent blank was 
titrated concurrently.

The degree of molar substitution (MS) of the grafted material was 
calculated both by weight increases and by acid hydrolysis followed by 
quantitative paper chromatography. For hydrolysis, 100 mg samples 
were dissolved in 72% sulfuric acid and allowed to stand overnight. The 
solution was diluted to 4%  acid and hydrolysis continued at 100°C for 4 hr. 
Hydrolyzates were neutralized with IR-45 resin (OH-  form) and filtered. 
The resin was washed with small volumes of deionized water and the com­
bined filtrate and washings were concentrated to dryness under reduced 
pressure; 1 ml of deionized water was added and appropriate aliquots were 
transferred to Whatman Xo. 1 paper by means of micropipets. After
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development of the chromatograms and spraying with aniline acid phtha- 
late, the quantitative determination was made as described by Wolfrom 
and co-workers.9

The primary hydroxyl content of cellulose acetate and grafted material 
was measured by the standard procedure with the use of triphenylmethyl 
chloride.10

Initial methylation followed standard procedure.11 A 500 mg portion 
of the partially methylated polymer was treated four times in DMF with 1 
ml of methyl iodide and 0.38 g of sodium hydride for 2 hr. Sodium hydride 
was added to the reaction mixture in small portions at 0°C over a period of 
20 min. Excess sodium hydride was destroyed by pouring the reaction 
mixture into 100 ml of water containing 15 g of sodium chloride. After 
extraction of the water solution with chloroform and drying over sodium 
sulfate, the extract was concentrated to dryness under reduced pressure at 
70°C. The residue was dissolved in 10 ml of chloroform, and 200 ml of 
petroleum ether was added. The precipitate was filtered, washed with 
petroleum ether, and dried. The infrared spectrum showed no hydroxyl 
absorption at 3500-3600 cm-1.

A 100 mg portion of the completely methylated polymer was refluxed in 
20 ml of methanol containing 4%  hydrochloric acid for 36 hr, concentrated 
to dryness under reduced pressure, and hydrolyzed for S hr at 100°C in 10 
ml of 2N  sulfuric acid. After neutralization with IR-45 resin (OH-  form), 
the solution was extracted with chloroform and examined by thin-layer 
chromatography with chloroform and methanol (4:1 v/v). Flow rates 
were compared with authentic samples of 2,3,4-tri-O-methyl and 2,3,5-tri-
O-methyl-D-xylose; and 2,3-di-O-methyl and 2,3,6-tri-O-methyl-D-glucose.

Another sample of completely methylated polymer was hydrolyzed with 
3%  hydrochloric acid in methanol for 36 hr under reflux. Thin-layer 
chromatography of the completely methylated sugars was carried out by 
using ethyl ether and toluene (2:1 v/v).

A 50 mg portion of deacetylated grafted polymer was dissolved in 14 ml. 
of deionized water and cooled to 0°C.; 6 ml of sodium periodate solution 
(5.3 g sodium periodate in 100 ml of water) was added and the oxidation 
allowed to proceed at 0°C. At appropriate intervals, 3 ml aliquots were 
removed and mixed with 0.5 ml of freshly distilled ethylene glycol. After 
1 hr at 25°C the samples were titrated with 0.01/V sodium hydroxide solu­
tion and a 3 ml excess was added. After 0.5 hr, 3 ml of 0.01 AT sulfuric acid 
solution was added, and the samples were retitrated with base. A cellobi- 
ose blank and reagent blank were measured concurrently.

DISCUSSION

Preliminary grafting reactions were conducted with monoacetone n- 
xylose and commercial cellulose acetate. Results show that when mono­
mer, polymer, and boron trifluoride catalyst are mixed at 25°C an initially 
rapid but relatively small amount of grafting occurs which is not greatly
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increased when the reaction is allowed to proceed over a long period of time 
(Table I). Much homopolymer is rapidly produced under these conditions. 
The optimal concentrations of catalyst is near a monomer to catalyst ratio 
of 2:1. Increases or decreases in the catalyst concentration decreases the 
amount of grafting. Increasing the monomer to polymer ratio does not 
increase grafting.

It is evident from the data shown in Table I that simultaneous mixing of 
all reaction components leads to high yields of homopolymer and relatively 
low degrees of substitution on cellulose. However, when monomer and 
catalyst are added gradually over the reaction period, grafting proceeds to a 
greater degree. Under these conditions the same amount of grafting is 
obtained in 6 hr as is obtained in 24 hr when all reactants are simultaneously

TABLE I
Grafting of 1,2-O-Isopropylidene-ff-D-xylose to Cellulose Acetate at 25°C

Molar
ratio

monomer /  
catalyst

Molar
ratio

monomer,/
cellulose

Reaction 
time, hr

Yield of
homopolymer, % MS

2 1 0.5“ 54.8 0.23
2 1 8“ 69.5 0.32
2 1 24“ 65.1 0.37
i i 24“ 63.4 0.26

to 1 24“ 78.0 0.23
100 1 24“ 45.6 0.01

2 2 16“ 82.7 0.32
2 1 tib — 0.37
2 2 24 b 67.7 0.68

20 2 24b 82.1 0.10
2 3 24b 71.4 0.89
6 3 24b 82.5 0.55

* Monomer and catalyst added at 0 reaction time.
l> Monomer and catalyst added dropwise in three portions with initial addition of each 

beginning at 0, 1/3, and 2/3 total reaction time.

mixed. Furthermore, under gradual addition of monomer and catalyst 
higher degrees of grafting are obtained with higher monomer to cellulose 
ratios. Here also, higher monomer to catalyst ratios lead to lower degrees 
of grafting.

At 40°C grafting proceeds much faster than at 25°C. Thus, when all 
reactants are simultaneously mixed, the same amount of grafting is obtained 
in 30 min at 40°C as in 24 hr at 25°C (Table II). Similarly, at 40°C more 
rapid and often more grafting occurs on gradual addition of monomer and 
catalyst.

The monomeric 1,2-O-isopropylidene-a-D-xylofuranose has two free 
hydroxyl groups which not only make homopolymerization easy but also 
permit elongation of side chains produced by grafting of monomer units to 
free hydroxyl groups of the cellulose acetate. A lower degree of molar 
substitution might be expected if a fully blocked monomer were used. In
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TABLE II
Grafting of 1,2-O-Iaopri>j>yli<l(‘ne-a-D-Xj’lose to Cellulose Acetate at U)°C

Molar ratio 
monomer/catalysl

Molar ratio 
monomer/cellulose

Reaction 
time, hr MB

2 i 0 .5“ 0.34
2 i 8“ 0.25
2 i 24“ 0.16
2 i 0 .5b 0.38
2 i l b 0.45
2 i 2b 0.49
2 2 2.5b 0.85
4 2 3b 0.72

“ Monomer and catalyst added at 0 reaction time.
b Monomer and catalyst added dropwise in three portions with initial addition of each 

beginning at 0, 1/3 and 2/3 total reaction time.

increased when the reaction is allowed to proceed over a long period of time 
fact, it is found that under conditions where monoacetone o-xylose gives a 
MS of 0.37, 3,5-di-0-acetyl-l,2-0-isopropylidene-a-D-xylofuranose yields a 
MS of 0.21 and 3,5,6-tri-0-acetyl-l,2-0-isopropylidene-a-D-glucofuranose 
yields a MS of 0.09. Of course, all of these fully blocked monomers would 
develop a free hydroxyl group at C2 during the grafting reaction, but the 
secondary hydroxyl thus produced might be expected to be partially 
hindered and not easily accessible for further grafting.

All grafted cellulose acetates showed appropriate weight gains corre­
sponding to the calculated amounts of D-xylose added on. They were no 
longer soluble in acetone. After deacetylation the polymer with MS of 0.34 
was insoluble in liV sodium hydroxide solution, while those of MS greater 
than 0.7 were soluble. The intrinsic viscosity of the grafted cellulose 
acetate was higher than that of a physical mixture of the same composition 
containing cellulose acetate previously treated with catalyst and homopoly­
mer.

It is apparent that at 40°C grafting proceeds rapidly in the early phase 
of the reaction and then diminishes with time (Table II). These observa­
tions indicate that boron trifluoride is breaking bonds in the newly formed 
grafted polymer side chains and in the cellulose acetate polymer as well. 
Transglycosylation of glycosides and depolymerization of polysaccharides 
with boron trihalides has been demonstrated.12 Further direct evidence 
for depolymerization of the cellulose acetate and possibly accompanying 
transglycosylation reactions leading to a restructuring of cellulose molecules 
through branching is illustrated by the data in Table III. It is evident 
that boron trifluoride rapidly lowers the viscosity of the polymer. Evi­
dence for the branching reaction is the finding of 2,3-di-O-methyl-D-glucose 
when the depolymerized cellulose is fully methylated and hydrolyzed by 
standard methods.10

To minimize depolymerization and restructuring of the cellulose acetate 
during the grafting reaction the concentration of catalyst is maintained at a
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TABLE III
Effect of Boron Trifluoride on Cellulose Acetate of Intrinsic Viscosity 1.68

Temperature,
°C

Time of 
treatment, 

hr

Molar
ratio

cellulose/
catalyst

Water-insoluble 
residue, %

hi,
d l/g

25 8 2 94.6 0.84
25 24 2 91.7 0.16
40 2 2 93.8 0.60
40 24 2 65.0 0.06

low level by gradual addition during the course of the reaction. As 
grafting proceeds the catalyst complexes with released acetone and this 
complex is not effective in promoting the main or side reactions.

Acetyl groups are not removed during the grafting reactions, as seen in 
Table IV.

Homopolymerization is an important side reaction of grafting as indi­
cated in Table I. When monomer and catalyst are mixed and held at 
different temperatures at concentrations used in grafting, homopolymer 
forms rapidly as indicated in Table V. As stated earlier, boron trifluoride 
induces depolymerization as a side reaction of grafting and homopolymeri­
zation. The concurrent depolymerization reaction during homopolymeri­
zation is suggested by analysis of the residue left from the 24 hr reaction at 
40°C. After removal of the 90% of the material converted to homopoly-

TABLE IV
Acetyl Content of Cellulose Acetate Treated with 

Boron Trifluoride (2:1 Molar Ratio) at 40°C

Time of
treatment, hr

Acetyl 
content, %

0 38.6
2 38.6
8 38.6

24 38.6

TABLE V
Formation of Homopolymer From 1,2-O-Isopropylidene-

a-xylofuranose (Monomer: Catalyst Ratio 2 :1)

Temperature, Reaction Homopolymer
°C time, hr yield, %

25 0.5 88.7
25 8 92.0
25 24 100.0
40 0.5 92.0
40 24 90.0
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mcr the residue is largely n-xylose. This sugar is not found in shorter 
reaction periods or in reactions conducted at lower temperatures.

Other monomers may also he used in grafting reactions. When all 
reactants are simultaneously mixed and reacted at. 2f>°0, 1,2-anhydro-n- 
glueopyranosc triacetate grafted to produce a MS of 0.7 and methyl 
a-n-xylopyranoside to a MS of 0.10, compared to 0.37 for monoacetone 
n-xylose. Levoglucosan triacetate did not graft under these conditions.

Structure of the Grafted Polymer

The primary hydroxyl content of polymers with a wide range of MS 
values is shown in Table VI. The commercial cellulose acetate had a total 
free hydroxyl content of 67 per 100 D-glucose units. Of these, 15 are pri­
mary and 52 are secondary. However, as grafting proceeds the number of

TABLE VI
Primary Hydroxyl Content of Grafted Polymers

Primary hydroxyl groups

100 D-glucose units

Untreated cellulose acetate 15
Graft, MS 0.35 20
Graft, MS 0.72 42
( ¡raft, IMS 0.8.5 59

primary hydroxyl groups increases. This increase results from the primary 
hydroxyl groups introduced by n-xylose units and indicates that mainly 
D-xylofuranose units are being attached to the cellulose chain. From the 
data in Table VI it appears that the first o-xylofuranosyl units become 
attached to the primary position of the cellulose since little immediate 
increase in primary alcohol groups occurs in the polymer at a MS of 0.35. 
As continued grafting occurs, secondary alcohol functions of the cellulose 
are derivatized by o-xylofuranosyl units, and the total number of primary 
hydroxyl groups in the polymer increases. Furthermore, since each newly 
attached D-xylose unit has three free hydroxyl groups the chances increase 
for another n-xylose unit to become attached to one of its secondary 
hydroxyl groups. This would lead to branched side chains and increase in 
the total number of primary hydroxyl groups.

Complete methylation of the grafted polymer of MS 0.85 followed by 
hydrolysis gave the methylated derivatives of n-xylose shown in Table VII. 
The percentages of the various methylated products show that 65% of the 
grafted sugar is present as terminal D-xylofuranose units and only 10% as 
terminal D-xylopyranosyl. Ring expansion under grafting conditions has 
already been demonstrated in work with D-glucose derivatives1 which seem 
to show even a greater tendency for expansion than does D-xylose. The
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yields of various methyl derivatives of D-xylose show that the average 
length of graft is only 1.33 D-xylose units. The finding that 65% of the 
D-xylose is grafted as furanosyl units is substantiated by determination of 
primary alcohol groups. As indicated in Table VI, the grafted polymer of 
MS 0.85 has 59 primary hydroxyl groups per 100 D-glucose units. This 
corresponds to 65% of 85, or 55 D-xylofuranosyl units from the méthylation 
data.

TABLE VII
Per Cent of Total Grafted n-Xylose Obtained as Methyl Ether 

From Polymer of MS 0.85

Methyl ether Yield, %

2,3,5-Tri-O-methyl-u-xylose 65
2,3,4-Tri-O-methyl-D-xylose 10
2,3-Di-O-me thy 1-D-xy lose 20
2- and 3-O-methyl-D-xyIose 5

The yield of 2,3,4-tri-O-methyl-D-xylose indicates 9 D-xylopyranosyl 
units per 100 D-glucose units. Supporting evidence is provided by per­
iodate analysis of the deacetylated grafted polysaccharide. One mole of 
formic acid is released by each D-xylopyranosyl terminal unit and three 
moles from each cellulose molecule. Periodate analysis indicates that 19 
moles of formic acid are released per 100 D-glucose units. Subtracting 
three for formic acid derived from cellulose, the result suggests that the 
maximum number of D-xylopyranose units per 100 D-glucose units does 
not exceed this.

Hydrolysis of the grafted and deacetylated polymer of MS 0.85 with 
0.05N  oxalic acid solution removes 60% of the D-xylose. This cleavage of 
acid labile D-xylofuranosyl bonds is another indication of the extent to 
which D-xylofuranosyl units are grafted to the polymer. When homopoly­
mers of D-xvlose are prepared under grafting conditions and hydrolyzed 
in the same way, 65% of the D-xylose units are released.

The data suggest that the grafted cellulose acetate molecule is composed 
of a long cellulose backbone with numerous side chains composed of one or 
two D-xylose units.
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Cationic Polymerization of a,,B-Disubstituted Olefins.
IV. Stereospecific Polymerization of Propenyl

Alkyl Ethers Catalyzed by BFa·O(C2Hs)2 and
AI2(S04)a-H2S04 Complex*

T. HIGASHIMURA, S. KUSUDO,
Y. OHSUMI, A. MIZOTE, and S. OKAMURA,

Deparl1nent of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The cis- and trans-propenyl alkyl ethers were polymerized by a homogeneous catalyst
[BF.·O(C.H.),] and a heterogeneous catalyst [AI.(SO.)3-H.SO. complex]. Methyl,
ethyl, isopropyl, n-butyl and teTt-butyl propenyl ethers were used as monomers. The
steric structure of the polymers formed depended on the geometric structures of mono­
mer and the polymerization conditions. In polymerizations with BF.·O(C.H.). at
-78°C., trans isomers produced crystalline polymers, but cis isomers formed amorphous
ones except for tm·t-butyl propenyl ether. On the other hand, highly crystalline poly­
mers were formed from cis isomers, but not from the trans isomers in the polymerization
by Al.(SO.)3-H.SO. complex at aoc. The x-ray diffraction patterns of the crystalline
polymers obtained from the trans isomers were different from those produced from the
cis isomers, except for poly(methyl propenyl ether). The reaction mechanism was dis­
cussed briefly on the basis of these results.

INTRODUCTION

The stereospecific polymerizations of propenyl alkyl ethers were re­
ported by Heck et al. 2 as the first article on the stereospecific polymeriza­
tions of a,/3-disubstituted olefins. A more detailed discussion of this
problem was given by Natta in which the ditactic structure of poly(pro­
penyl alkyl ether) was confirmed. 3 The studies on the polymerization
conditions for producing diisotactic polymer will give much knowledge on
the mechanism of the propagating step in the ionic polymerization of vinyl
monomers. However, in the cationic polymerization, few works have been
reported to clarify the relationship between the steric structure of polymer
and the polymerization conditions or the geometric structure of monomer,
although there were ;;('veral reports dealing with the Rtmctuml aJmlysiR of
diisotaetic polymer.

Therefore, tmns- and cis-propenyl alkyl ethers are polymerized and the
relationship between polymerization conditions and the steric structure of

* For Part III paper, see Y. Ohsumi et aU
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polymer are investigated. In this paper, BFs-CKCiHs^ and ALtSO^s- 
H2SO4 complex (SA catalyst) are used as homogeneous and heterogeneous 
catalysts, respectively, because it has been found that the growing chain 
controls the steric structure of an incoming monomer in the polymerization 
of methyl vinyl ether with B I 'Y O ^ H s V  and the catalyst site determines 
the structure of incoming monomer in the SA catalyst.6

EXPERIMENTAL

Materials

Propenyl alkyl ethers, except for tot-butyl propenyl ether, were syn­
thesized by the de-alcohol reaction from dialkyl acetal as described in the 
previous papers.1,6 The crude products were obtained as the mixture of 
Ivans and cis isomers, from which the components were fractionated by dis­
tillation (45 plates). The isomers of methyl propenyl ether could not be 
separated satisfactorily in this condition, because their boiling points were 
very much similar. The purity of these monomers was measured by gas 
chromatography, and the geometric structure of the purified monomers 
was determined by infrared and NMR spectra. The purified monomer 
contained only the geometric isomer as an impurity. The steric purity 
and physical properties of the monomers used in this paper are summarized 
in Table I. Also, the spin-spin coupling constant and the chemical shift 
of a- and d-protons in these monomers are shown in Table II, and these 
values will be discussed elsewhere.

tot-Butyl propenyl ether was obtained by the isomerization of ally 1 tot- 
butyl ether catalyzed by potassium tot-butoxide.7 This procedure pro­
duced only the cis isomer, by which trans-tert-butyl propenyl ether could 
not be obtained.

SA catalyst was synthesized from AUCSO^r 1SH20  and sulfuric acid.8 
Bl'YO(C2H5)2, A1(C2H5)C12, and the solvents were purified by usual 
methods as reported in the previous papers.4,5 Monomers and solvents 
were distilled over sodium metal or calcium hydride before use.

Procedure

The polymerization was carried out without stirring in a 100 ml flask 
having a rubber cap. In the reaction in the presence of BF3 • 0 (C 2H5)2, the 
polymerization was initiated by the addition of catalyst solution into mono­
mer solution. In the polymerization with SA catalyst, the monomer was 
added to a suspension of catalyst particles. The polymerization was 
stopped and the polymer formed was purified by the same method as in the 
case of vinyl ethers.4,5

The x-ray diffraction pattern and the melting point of polymers were de­
termined for the unfractionated polymer. The crystalline and amorphous 
polymers were qualitatively discriminated by comparison with the x-ray 
diffraction pattern of polymer film prepared from benzene solution of poly-
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mer at room temperature. Highly crystalline polymer was insoluble in 
benzene, and it was shown clearly by the x-ray diffraction pattern of poly­
mer powder. Polymers were not treated by heating for crystallization. 
As the differences between crystalline and amorphous polymers was re­
markable, the type of stereoregularity by x-ray diffraction pattern was very 
easily determined for all polymers. The melting point of polymer was de­
termined by a microscopic birefringence method.

RESULTS

Relationship between Crystallinity of Polymers 
and Conditions of Polymerization

The cis- and teans-propenyl alkyl ethers were polymerized homoge­
neously by BI<VO(C2H5)2 — 78°C.; the results are summarized in Table
III. In toluene solution, the crystalline polymer could be obtained only 
from the trans isomer, but not from the cis isomer except for teri-butyl 
propenyl ether. This result agreed with that of Natta.3 Crystalline 
polymer was produced from the trans isomer even in a polar solvent 
(methylene chloride) as well as in a nonpolar solvent (toluene), and the 
crystallinities observed by x-ray diffraction pattern were approximately 
equal in these polymers. This behavior contrasted strongly with the case 
of the polymerization of vinyl ethers, in which the crystalline polymer was 
produced only in a nonpolar solvent. However, the behavior of teri- 
butyl propenyl ether was different from that of other propenyl ethers. Al­
though cis-teri-butyl propenyl ether formed a highly crystalline polymer in 
toluene, the amorphous polymer was obtained in methylene chloride.

Heterogeneous polymerization with SA catalyst was carried out without 
stirring in toluene solution at 0°C. The polar solvent could not be used 
for SA catalyst, for propenyl alkyl ether was decomposed in methylene 
chloride by SA catalyst at 0°C. The polymer propagated from the surface 
of catalyst particles in this system. As shown in Table IV, crystalline 
polymer was obtained from the cis isomer. Moreover, the crystallinity 
of these polymers was very much high, as qualitatively observed from the 
x-ray diffraction pattern and the relatively high melting point of the 
crystalline polymer. The intrinsic viscosity of polymers could not be 
measured due to poor solubility in benzene or toluene. On the other hand, 
the trans isomers formed only oily polymer products.

With SA catalyst, however, as-tert-butyl propenyl ether did not poly­
merize, and «s-isopropyl propenyl ether converted to polymer only at 
high monomer concentration. Thus, the monomer having a branched 
alkoxy group showed low cationic polymerizability with heterogeneous 
catalyst.

Comparison of Polymer Structures Formed with
BF3 0(C2H5)2 and SA Catalyst

To compare the steric structures of polymers obtained under various 
conditions, Table V shows the x-ray diffraction data of crystalline polymers
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TABLE IV
Polymerization of Propenyl Alkyl Ethers (CH8CH =CM O R) 

Catalyzed by AMSO.,), ll?SO., Complex”

Monomer Properties of polymer

R Structure Crystallinity*1 nip, °C

Methyl trans No polymer —

cis + 2.40
Ethyl trans Oily product —

cis “f" 191
Isopropyl1 trans No polymer —

cis + 204
n-Butyl trans Oily product —

cis + ca. 1(10
terf-Butyl cis No polymer —

“ [M]o =  20 vol-% ; [C] =  0.4 g/100 ml; solvent =  toluene; 0°C. 
b ( + )  =  crystalline; ( —) =  amorphous. 
c [M ]0 =  40 vol-% .

obtained from the trans isomers with BF3-0 (C2H5)2 and from the cis iso­
mers with SA catalyst. These x-ray diffraction patterns were measured 
for the unfractionated polymers. The spacings and relative intensities of 
the x-ray diffraction pattern of the former polymers were clearly different 
from those of the latter polymer, except for methyl propenyl ether. There­
fore, it is concluded that the crystalline polymers formed from the trans 
isomers have a different steric structure from those derived from the cis 
isomers.

Natta et al. found that the trans isomer of ^-substituted vinyl ethers pro­
duced threo-di-isotactic polymer with a homogeneous catalyst.9 There­
fore, in our experiments it may be reasonable to estimate that the crystalline 
polymer obtained from the trans isomers seems to have the threo-di-iso- 
tactic structure.

It is well known that isotactic polymer has been produced from vinyl 
ethers with SA catalyst. Accordingly, the crystalline polymer obtained 
from cfs-propenyl alkyl ethers with SA catalyst may not have a di-syndio- 
tactic structure, but an erythro-di-isotactic structure. As reported by 
Natta,9 this means that the opening of monomeric double bond of the 
trans isomer is in the cis type, and this does not contradict the idea that the 
surface of heterogeneous catalyst tends to open a monomeric double bond 
to a cfs-type. As the trans isomer of feri-butyl propenyl ether was not 
synthesized, the steric structure of poly(terf-butyl propenyl ether) could 
not be estimated.

On the other hand, the x-ray diffraction pattern of poly(methyl propenyl 
ether) obtained from the cis isomer with SA catalyst is almost the same as 
that for the polymer obtained from the trans isomer by BF3-0(C 2H5)2. 
As already reported,1 the structure of the latter polymer was recognized 
to be threo-di-isotactic. To confirm the steric structure of polv(methyl 
propenyl ether) in more detail, the NMR spectra of polymers were measured
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TARLE V
X-lifiy Diffractiion of Crystalline Poly(jH'openy1 Alkyl Fillers0

Polymer

From Irans isomer 
|RF30 (C 2H5)2 catalyst]

From cis isomer 
[A1,(S04)3-H 2S04 complex]

Spacing A Intensity Spacing A Intensity

Poly(methyl propenyl
ether) 7.8i vs 7.74 VS

G.Oi w 6 .0i w
5.72 s o.Ts s
4.6c w 4.6, w
3.8e s 3 .79 s
3.2, w 3.2, w

Poly(ethyl propenyl
ether) in .! w 8 .6 , s

8.3, s 7.7i m
6 .38 m 6.4, s
5.2 i w 5.2, w
4.4, s 4.4, m
3.8s in 3.9, s
3.0a w 8 .64 m

3.0s w
Poly(isopropyl propenyl

ether) 9.93 w
8 ,7s vs S.02 vs
6.33 s 6 .O0 111
5.06 m 0.38 w
4 .2 9 s 4.6, w
3.6S w 4.1, s
2 .8., w 2 .8 s w
2 .2 0 w 2 .2 , w

Polyfn-butyl propenyl
ether) 14.9 w

1 0 . 1 s 10.4 s
7.4 w 7.5 s
5.8 w 5.9 w
5.1 s 5.2 w
4.6 w 4.6 s

4.2 w
3.8 w

Poly(terl-but.yl propenyl
ether) 9.1 s

6.1 8
4.4 s
3.2 in
2.8 w
2.2 w

in o-dichlorobenzene solution (10% w/v) at 160°C (Varian HR-60). The 
spin decoupling was performed by the side-band method with a phase- 
sensitive detector operating at 2 Ivcps. As shown in Figure 1, there was 
no difference between the decoupled NMR spectra of the two polymers,
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Fig. 1. NM R spectra of /3-methyl protons decoupled from /3-methine proton in poly- 
(methyl propenyl ethers): (.1) obtained by BF3-0(C'.H5)-> in toluene at — 78°C; (/3) 
obtained by AblSOih-H-SCh complex in toluene at 0°C.

and it was thus confirmed that these polymer molecules had the same steric 
structure. Thus, a threo-di-isotactic polymer was confirmed to be pro­
duced from m-methyl propenyl ether.

DISCUSSION

Results show that the steric structures of a polymer depends on the geo­
metric structure of monomer and polymerization conditions. According 
to the relationship between the monomer and polymer structures proposed 
by Natta,9 the results are summarized schematically as shown in eq. (1),

BFa'0(CsHi)j^

trans 
isomer

Ihreo-diisotactic 
polymer  ̂SA catalyst (methyl propenyl ether)

' \  BF3-0 (C 2Hi)2
'  • ' ls i  atactic polymerisom er---------------  ^ f J

erythro-diisotactic. 
polymer

where solid lines and broken lines denote the cis and trans opening, re­
spectively, of the monomer double bond. Of course, this relationship 
seems to be valid only in the case when the C— C bond of the newly formed 
chain end can not be rotated. Therefore, the formation of an atactic 
polymer from cis isomer may be caused by the random opening of a mono­
mer double bond or by the random rotation of a C— C bond of the newly 
formed chain end.

Homogeneous Polymerization by BF3 0(C 2H6)2

With BF3-0(C 2H.d2 as homogeneous catalyst, the trans isomers produced 
crystalline polymer probably having a threo-di-isotactic structure. Also, 
the trans isomers were less reactive than the cis isomers in the polymeriza­
tion with BFs-CKCJRR.6'10'11 Some reasons can be considered for the dif­
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ferences in reactivity between the geometric isomers,1012 for example, the 
stability of a monomer.

Here, we assumed that the difference in reactivity of the isomers was 
caused by the steric effect of substituents in the monomer during the propa­
gation step. The approach of trans isomers to a growing chain end is 
very difficult, because the trans isomers have substituents in the opposite 
side of the monomeric double bond, and a growing chain end has bulky 
side groups. Otherwise, the steric hindrance for the approach of the cis 
isomers to a growing chain end may be smaller than for the trans isomers, 
because the cis isomers have substituents in the same side of the monomer 
and are able to attack a growing chain end from various directions. Al­
though the trans isomers are less reactive, it is expected that the trans iso­
mers can add to a chain end from that definite direction from which the 
steric hindrance is the smallest. This supposition is supported by Stuart- 
type molecular model.

Also, the effect of solvent can be explained by the same idea. In the 
polymerization of vinyl ethers, the stereoregularity (isotacticity) of a poly­
mer decreases with increasing polarity of solvent, because the counterion 
controls the direction of the incoming monomer. However, in polymer­
ization of propenyl alkyl ethers, the polarity of the solvent does not affect 
the structure of polymer, as shown in Table III. This result suggests that 
the main factor controlling the steric configuration of an incoming monomer 
is steric hindrance between the substituents of the incoming monomer and 
the growing chain end. This explanation is similar to that for the stereo­
specific polymerization of «-methylstyrene13 and the stereospecific copolv- 
merization of ethylene with cycloolefins having an odd number of ring 
atoms.14 However, in this model, it is not clear why the cis opening of a 
monomer double bond occurs preferentially in the trans isomers with the 
use of a homogeneous catalyst. Further experiments should be carried out 
to solve this problem.

As described above, it seems that the usual cis isomers produce atactic 
polymer due to the smaller steric hindrance for the addition of monomer. 
Nevertheless, cis-terf-butyl propenyl ether yielded a stereoregular polymer. 
The large steric hindrance of the bulky ferf-butoxy group may cause regular 
addition of an incoming monomer and decrease the reactivity of ferf-butyl 
propenyl ether. In fact, the reactivity of cfs-ferf-butyl propenyl ether was 
much smaller than that of ¿erf-butyl vinyl ether.15 However, the forma­
tion of an amorphous polymer from the cis isomer in methylene chloride 
suggests that steric regulation by the ferf-butoxy group is not enough in a 
polar solvent.

Heterogeneous Polymerization by SA Catalyst

With SA catalyst as heterogeneous catalyst, a crystalline polymer was 
produced from the cis isomers from which a crystalline polymer was not 
obtained with homogeneous catalyst. In the polymerization of methyl
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vinyl ether by SA catalyst, it was found that the steric structure of an 
incoming monomer was controlled by the catalyst site, and the absorption 
of a monomer on catalyst surface was an important step on the propagation 
reaction.5 If it can be assumed that the absorption on the surface of 
catalyst is difficult in the trans isomers or in the cis isomers having a 
branched alkoxy group, the results shown in Table IV will be able to be 
easily explained. This assumption is not unreasonable, if the steric hin­
drance of substituents in a monomer is considered. Otherwise, the cis 
isomers, which are absorbed on the catalyst surface, may be easily poly­
merized to a crystalline polymer.

One exception was methyl propenyl ether, for which the steric structure 
of the crystalline polymer was independent of the geometric structures of 
the monomer. Also, Heck et al.2 reported that the crystalline polymer 
obtained from the cis and trans isomers had the same steric structures in 
the polymerization of ethyl and »-propyl propenyl ether by the modified 
Ziegler catalyst.

In the coordination polymerization in which a monomer is absorbed on 
catalyst surface, cis opening of the monomer double bond appears to be a 
general rule. If so, the behavior of the systems reported here is not easily 
understandable. If it is valid that the cis isomer produces threo-di-iso- 
tactic polymer in the polymerization of methyl propenyl ether, SA catalyst 
causes predominantly trans opening of the monomer double bond or the 
regular rotation of the newly formed chain end. Another possibility Is 
polymerization after isomerization of the cis isomer to the trans isomer 
in the presence of SA catalyst. However, as the trans isomer was not 
polymerized by SA catalyst as shown in Table IV, this possibility has to be 
rejected.
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Cationic Polymerization of a,/?-Disubstituted Olefins.
V. Reactivity of Propenyl Alkyl Ethers in Cationic

Polymerization

T. HIGASHI AIURA, S. KUSUDO, Y. OHSUMI, and S. OKAMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

To elucidate the effect of the introduction of a methyl group in the /3-position of a vinyl 
monomer, propenyl alkyl ethers were copolymerized with vinyl ethers having the same 
alkoxy group. Propenyl alkyl ethers with an unbranched alkoxy group (ethyl or n-butyl 
propenyl ether) were more reactive than the corresponding vinyl ethers. This behavior 
is quite different from that of /3-methylstyrene derivatives. However, propenyl alkyl 
ethers with branched alkoxy groups at the a carbon atom (isopropyl or /erf-butyl pro­
penyl ether) were less reactive than the corresponding vinyl ethers. Also, cis isomers 
were more reactive than the /rows isomers, regardless of the kind of alkoxy group and the 
polarity of the solvent.

INTRODUCTION

In radical polymerization, high polymers cannot be produced from a,/3- 
disubstituted olefins due to steric hindrance by the /3-substituent, except 
in the case of cyclic compounds such as vinylene carbonate or an olefinic 
compound such as 1,2-difluoroethylene in which the size of the substituent 
is sufficiently small. On the other hand, a,/3-disubstit,uted olefins can be 
polymerized by the ionic mechanism, and the cationic polymerizations of 
/3-methylstyrenes, stilbene, and /3-substituted vinyl ethers have been re­
ported.

Moreover, the effect of the /3-methyl group introduced in the vinyl mono­
mer on the polymerizability depends on the kind of monomer in cationic 
polymerization. A /3-methyl group decreased the reactivity of styrene 
derivatives as expected from the radical polymerization.1-2 Otherwise, 
the introduction of a /3-methyl group increased the reactivity of n-butyl 
vinyl ether.3 The same conclusion was also obtained in the case of iso­
butyl vinyl ether.4

Therefore, the first purpose of the present study is to elucidate whether 
the introduction of a /3-methyl group in a vinyl ether generally raises the 
reactivity of vinyl ether in cationic polymerization or not.

The reactivity of monomers also depends on the geometric structure of 
the monomers. In the cationic copolymerization of /3-methylstyrene with

2523
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p-ehlorostyrene, the irons isomer was more reactive than the cis isomer.1 
On the other hand, just the reverse relation was found in the cases of /¡-butyl 
and isobutyl propenyl ethers.3''1 Thus, the second object of this paper is 
to determine the effect of the geometric structures of monomers on the re­
activity of propenyl alkyl ethers in cationic polymerization.

EXPERIMENTAL

Materials

Propenyl alkyl ethers were synthesized and purified by the same method 
as mentioned in the previous papers.3’8 Commercial vinyl ethers were 
washed with dilute IvOH aqueous solution, dried with KOH and repeatedly 
distilled over metal sodium. The other materials were also purified as 
reported in the previous papers.3’8

Procedures

A reaction vessel was equipped with a stirrer, thermometer, and stopcock 
in the bottom, and was sealed with a rubber cap. The polymerization was 
initiated at constant temperature by adding a catalyst solution to the 
monomer solution through the rubber cap from a syringe. In this proce­
dure, the reaction system contained a small amount of water (1-2 mmole/1). 
After a specified time, the contents were removed from the vessel through 
the stopcock under dry nitrogen and poured into ammoniac methanol.

To determine the amount of monomer consumed, the amount of residual 
monomer was measured by gas chromatography, as the amount of monomer 
consumed cannot be determined only by analysis of the polymer. The 
conditions of gas chromatographic measurement are summarized in Table I.

TABLE I
Conditions of Gas-Chromatographic 

Measurement of Propenyl Alkyl Ethers*

Conditions of measurement

Monomer

Column Temperature 
of column, 

°C
Carrier gas 

(TI.*), ml/minType1? Length, m

Methyl DNP 2 45 50
PEC 1 i

Ethyl 1 )NP i :,r> 70
PEG •>

Isopropyl DNP i 60 70
PEG 3

¿-Butyl PEG 4C 70 50

» Vinyl ether was measured by the same condition as the corresponding propenyl 
ether.

b DNP = dinonyl phthalate on Celite 545; PEG = poly(et,hylene glycol) 1500 on 
Celite 545.

* PEG 400 (2 m) +  PEG 1500 (1 m) +  PEG 4000 (1 in).
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Methylene chloride was used as an internal standard for gas chromato­
graphic measurement for the polymerization in toluene, and toluene was 
used for the polymerization in methylene chloride. In both systems the 
amount of internal standard used was 5 vol-%. The amount of monomer 
consumed coincided well with the amount of methanol-insoluble polymer, 
except for ferf-butyl propenyl ether. Reactions other than polymerization 
were not observed.

The intrinsic viscosity of copolymers was measured in benzene solution 
at 30°C, and these values were found to be larger than 0.2, except for homo­
polymer and copolymer of ¿erf-butyl propenyl ether.

Polymerization was carried out at --74 to — 78°C, and toluene was used 
as nonpolar solvent and methylene chloride as polar solvent.

RESULTS

Effect of 3-Methyl Group on the Reactivity of Vinyl Ethers

To compare the reactivity of the propenyl alkyl ether with that of the 
corresponding vinyl ether, propenyl alkyl ethers were copolymerized with 
vinyl ethers having the same alkoxy group. Then, the propagating chain 
ends formed from both monomers will have a similar structure as described 
in the case of the copolymerization of /3-methylstyrene.2

Figure 1 shows time-conversion curves for the copolymerization of 
m-ethyl propenyl ether with ethyl vinyl ether. A short induction period 
was observed. Some systems did not show a good straight line in the 
first-order plot of the residual monomer concentration for each comonomer

Fig. 1. Tiine-conversion curve in the »polymerization of ethyl vinyl ether (Mi) with 
cis-ethyl propenyl ether (M2) catalyzed by BF3•OfU-dFA: (O) rri-cth.yl propenyl ether; 
(A) ethyl vinyl ether. [.\I], = 10vol-%, [M i] /[M 2] = 1.24 (mole ratio), [C] = 2 mmole/ 
1, solvent; toluene; —74 to — 78°C.
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Fig. 2. Finenuui-Ross-Sakurada plot for the copolymerization of ethyl vinyl ether (Mi) 
with c/s-ethyl propenyl ether (M 2 ). (Calculated from Fig. 1.)

over the whole range of reaction. The monomer reactivity ratio was 
calculated from the rate of polymerization of each monomer by the l ’ine- 
man-Ross-Sakurada equation, eq. (1). This treatment was previously 
applied to I lie n-butyl propenyl ether-n-butyl vinyl ether system.3

[Mi] _  [Mi]/[M.] = . [Mt]/[M,] [Mi] _
[\U] d [M , ] /d [ M s] 11 dtM rJ/dfM ,] [M s] ' 2

Figure 2 shows the plot of the Fineman-lloss-Sakurada equation calculated 
from Figure 1, where Mi is vinyl ether and M» is propenyl alkyl ether.

The monomer reactivity ratios calculated by the same method are 
summarized in Table II, along with the results reported in other papers.3 4

Effect of Geometric Structures of Monomer Reactivity

Table II suggests that m-propenyl alkyl ether is more reactive than the 
Irans isomer, from the copolymerization with vinyl ether. To compare 
directly the reactivity of the two isomers, the cis isomers were copolymerized 
with the trails isomers, except for ferf-butyl propenyl ether, the trails isomer 
of which could not be synthesized.

Time-conversion curves for the copolymerization between cis- and 
bans-i so propyl propenyl ether are shown in Figure 3. Figure 4 shows the 
first-order plot of the residual monomer concentration calculated from 
Figure 3. The plots were straight lines. Even in a few cases in which the 
plots were not in a straight line over the whole range of polymerization, 
the linearity of the plot was established except for the initial stage of the 
polymerization. This means that the structure of growing chain end pro­
duced from the cis isomer is the same as that from the trails isomer. There­
fore, the ratio of the slope of two straight lines in Figure 4 may be regarded
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Fig. 3. Time-conversion curve in the copolymerization of c/s-isopropyl propenyl ether 
(Mi) with imns-isopropyl propenyl ether (M 2) catalyzed by BF.i ■ 0(C.H-,)2: (O) cis-iso- 
propyl propenyl ether; (A) fran-s-isopropyl propenyl ether. [M]» = 10 vol-%, [M i]/ 
[Ms] = 0.935 (mole ratio), [C] = 2 mmole/1, solvent; toluene; —74 to — 78°C.

Fig. 4. First-order plot for the monomer concentration in the copolymerization of cis- 
and fraws-isopropyl propenyl ether. (O) «s-isopropyl propenyl ether; (A ) trans-iso­
propyl propenyl ether. (Calculated from Fig. 3.)

as the reactivity ratio of cis- and trans-isopropyl propenyl ethers for the 
growing chain end, that is, (kp)cis/(kp) trans­

it  the conformation of growing chain end affects the reaction rate of an 
incoming monomer as observed in the stereo-selective polymerization of 
the iV-carboxy anhydride of an amino acid,6 it is expected that the mono­
mer reactivity of each isomer will be changed by the composition of the 
initial monomer feed. However, as shown in Table III, the relative re­
activity of cis- and irans-ethyl propenyl ether was independent of the ini-

TABLE III
lielative Reactivity of cis- and ¿rans-Ethyl Propenyl Ether at 

Various Monomer Compositions in Toluene3

Mole ratio 
( [M] oh,',/( [M] o)(ra„» ( f o p ) c i s / ( . h p )  tr a n s

66. 6 / 3 3 .4 2 . 4 4
4 7 . 4/r>2.6 2 . 2 3
4 3 . 0 / 5 7 . 0 2 . 3 9

3 [M]o =  10 vol-%, [BF3-0 (C 2H5)2] =  2 mmole/1, - 7 4  to -7 8 °C .
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tial monomer composition. Therefore, it is not necessary to consider the 
possibility of the stereoselectivity by a preformed polymer.

Under the conditions of our experiments, cis isomer was not observed 
to be formed during the polymerization of pure trans isomer and vice versa, 
and the linearity of the first-order plot for a monomer concentration was 
established as shown in Figure 4. It is, therefore, concluded that cis-trans 
isomerization during the polymerization does not take place.

The reactivities of the cis isomers relative to the trans isomers are sum­
marized in Table IV. The cis isomers were more reactive than the trans

«,0-DlSUBSTITl)TED OLEFINS. V

TABLE IV
Relative Reactivity of cis- and irans-Propenyl Alkyl Ether by BF3 ■ OiCUIob“

Monomer Solvent6 ( f c p  ) c i s / ( k p )  tr a n s

Methyl Toluene 3.7
Methylene chloride —

Ethyl Toluene 2.4
Methylene chloride 1.4

Isopropyl Toluene 3.7
Methylene chloride 2.2

n-Butyl Toluene 1.9
Methylene chloride 1.5

Isobutyl4 Ethyl benzene 6.4
Methylene chloride 2.2

» [Ml» =  10vol-% , [C] =  2 -4 mmole/I, -74to 78°C .
b Toluene contains 5 vol-%  of methylene chloride as an internal standard for the gas- 

chromatographic measurement; methylene chloride contains 5 vol-%  of toluene for 
the same reason.

isomers in all systems, as expected from Table II. The difference in re­
activity between the cis and trans isomers decreased with increasing po­
larity of the solvent. This tendency coincides with the general behavior in 
ionic reactions in which the difference in reactivity between a reactive 
reagent and a less reactive reagent decreases in a polar solvent.

The cis and trans isomers were also copolymerized by A^SO^a-HaSOi 
complex. Polymer was produced mainly from the cis isomer and very 
little consumption of trans isomer was observed. This agrees with the 
previous observation6 that high polymer could not be obtained from the 
homopolymerization of the trans isomer with AbiSOds-IUSOi complex.

DISCUSSION

Effect of d-Methyl Groups on the Reactivity of Vinyl Ethers

The introduction of a methyl group in the f$ position of an olefinic double 
bond affected the reactivity of vinyl ethers as shown in Table II. In 
monomer, with a nonbranched alkoxy group at the a carbon such as ethyl 
or n-butvl propenyl ether, the values of l/n and r2 were both larger than 
unity, where Mi was vinyl ether and M 2 was corresponding propenyl alkyl
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ether. This relation was not clear in the irans isomers, but czs-propenyl 
alkyl ether was several times more reactive than the corresponding vinyl 
ether. This means that a /3-methyl group increases the reactivity of the 
monomeric double bond in propenyl alkyl ethers.

In m-ethyl and n-butyl propenyl ethers, r2 was larger than l/i\. This 
result shows that an incoming monomer can approach a growing chain end 
without steric repulsion of the /3-methyl group in a growing chain end 
against the /3-methyl group in an incoming monomer.

Thus, the effect of the /3-methyl group on the reactivity of vinyl ethers 
was just the reverse of that in styrene derivatives whose reactivity was de­
creased by the steric hindrance between substituents. It is not clear, 
however, why the introduction of a /3-methyl group does not decrease the 
reactivity of vinyl ether.

On the other hand, when the alkoxy group was branched at the first car­
bon after the ether oxygen, both /'i and l /r 2 were larger than unity, that is, 
propenyl alkyl ethers (M2) were less reactive than the corresponding vinyl 
ethers (Mi). It is difficult to consider that the electronic effect of /3-methyl 
group on the reactivity of monomeric double bond is reversed by the branch­
ing of alkoxy group. Therefore, the bulky alkoxy group in an incoming 
monomer or a growing chain end may act to repulse sterically the /3-methyl 
group in the growing chain end or incoming monomer, respectively, al­
though steric interactions between an a-substituent and a /3-substituent in 
an addition step have not previously been considered.

Especially, in the case of cis-tert-butyl propenyl ether, r2 was smaller than 
1/ri, and the rate of homopolymerization was much smaller than that of 
feri-butyl vinyl ether.7 These results suggest that the /3-methyl group in a 
growing chain end retards the addition of monomer by steric hindrance. 
However, it was reported that isobutyl propenyl ether was more reactive 
than isobutyl vinyl ether.4 The branching at the second carbon after the 
ether oxygen does not sterically repulse a /3-methvl group in the addition 
reaction.

Thus, steric hindrance in the polymerization of propenyl alkyl ether can­
not be discussed only with respect to the interaction between a /3-methyl 
group in the growing chain end and a 3-methyl group in the incoming 
monomer, as described in the radical polymerization.8

Effect of the Geometric Structures of Monomer on the Reactivity

The reactivities of the cis and trans isomers were directly compared by 
the copolymerization between the geometric isomers. As shown in Table 
IV, the cis isomers were more reactive than the leans isomers, irrespective 
of the kind of alkoxy group and solvent.

In the copolymerization between the geometric isomers, it was assumed 
from Figure 4, that the growing chain end produced from the two 
isomers was kinetically the same. On the other hand, the relative reac­
tivities of the cis and trans isomers of propenyl alkyl ethers (M2) for the 
chain end produced from vinyl ethers (Mi) are shown in eq. (2).



a,ff-DISUBSTITUTED OLEFINS. V 2531

fet) ci s  _  ( k 12) cis 1̂1 0 l) trans

(̂ 12) trans k \ \  (̂ 12) trans O l ) c i s

These values were calculated from the data of Table II summarized in 
the last column of Table V. The corresponding values calculated from the 
copolymerization between the cis and trans isomers are shown in the third 
column of Table V.

TABLE V
Comparison of cis- and irans-Propenyl Alkyl Ether by Two 

Different Methods (Calculated from Tables II and IV)

Monomer Solvent Q^p)cis/ Irans ( f l  )  trans/ ( ? ’ l  ) c i s R

Ethyl Toluene 2.4 2.7
n-Butyl Methylene chloride 1.5 1.6
Isopropyl Toluene 3.7 4.5
Isobutyl Methylene chloride 2.2 3.6

a Calculated from Table II.

In ethyl and «-butyl propenyl ethers, {kv)ci„/(kP) trans calculated from 
Table IV coincided well with (kn)cu/(ku) trans within experimental error. 
This supports the assumption that the relative reactivities of the geometric 
isomers are independent of the existence of /3-methyl group in the growing 
chain end. However, in the branched propenyl alkyl ether, (kP)cts/ (kp) trans 
was different from (n )traM/ (ri)eU.

As already reported in a previous paper,5 in considerations of the differ­
ence of reactivity between the geometric isomers, we have proposed tenta­
tively an explanation based on greater ease of approach of the cis isomer 
to a growing chain end than the trans isomer. Further studies are necessary 
for detailed discussion of the reactivity of geometric isomers.
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Formaldehyde Equilibria: Their Effect on the
Kinetics of the Reaction with Phenol*

ANDREAS A. ZAVITSAS,f Research Department, Plastic Products and 
Resins Division, Monsanto Company, Sprint/field, Massachusetts 01101

Synopsis

The kinetics of the base catalyzed hydroxyméthylation of phenol by aqueous formalde­
hyde are influenced strongly by the equilibria among the hydrated forms of formaldehyde, 
and among the hydrates and the alcoholic function of the products. Apparent peculiar­
ities in the kinetics of the system and seemingly anomalous solvent effects are shown to be 
due to erroneous formulation of the previously accepted rate expression. The correct 
expression is: Rate =  &[Pi_] [F]to, where Pi -  is phenoxide ion, F is unreacted formalde­
hyde, and m is the fraction of formaldehyde in the form of monomeric hydrate. Formal­
dehyde tied up in equilibria as a,u>-poly(oxymethylene) diols, and hemiformals of the 
hydroxymethylphenols, constitutes a potential source of formaldehyde and is detected 
by the usual analytical procedures, but does not contribute to the rate of the hydroxy­
méthylation reaction.

The base-catalyzed hydroxymethylation of phenol by aqueous formalde­
hyde is generally accepted to be a second-order ion-molecule reaction whose 
kinetics follow the general rate expression given by eq. (1) :‘ ~4

Rate =  k[V r][F ] (1)

where P ¡~ depicts phenoxide ion and F unreacted formaldehyde, the latter 
as determined by titrimetric procedures such as the hydroxylamine hydro­
chloride method.5a Our investigation of the kinetics of formaldehyde- 
phenol systems showed eq. (1) to be inadequate in systems containing more 
than a few tenths molar formaldehyde.

RESULTS AND DISCUSSION

The kinetic experiments were performed with various aqueous mixtures 
of formaldehyde and phenol, as well as in the presence of added benzyl 
alcohol. The rate constant for sodium hydroxide catalyzed formation of

* Presented in part at the 151st. National Meeting of the American Chemical Society, 
Pittsburgh, Pennsylvania, March 1966, and at the 153rd National Meeting, Miami 
Beach, Florida, April 1967.

t Present address: Royal Hellenic Research Foundation, 48 Vassileos Constantinou 
Avenue, Athens 516, Greece.
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TAREE I
Hate Constants for the Formation of the Monohydroxy- 

methylphenols According to Eq. (1)

Run
T em p.,

°C
[C6H 50 - ] o,

M
[Flo,
ili

[OoIEOHb,
M

l l b O U ,
M

k X  104, 
1/mole-sec

A 57 0 .0953 9 .4 6 4 .6 5 2 0 .8 5 .3 0
B 57 0 .0462 8 .31 4 . SO 2 1 .3 6 .67
C 57 0 .0489 7 .0 1 4 .9 5 22 2 7 .3 3
I > 57 0 .0449 9 .49 2 .8 5 18 .3 3 .69
E b 57 0 .0449 9 .4 5 1 .90 18.5 3 .0 0
F 57 0 .0124 2 .0 2 0 .9 9 47.1 7.31
G 30 0 .0314 2 .1 2 1 .00 4 6 .9 0 .5 5
H 30 0 .0937 9 .1 9 4 .7 1 20 .9 0 .3 4

“ In the presence of 1.88ilf benzyl alcohol. 
b In the presence of 2.85.11 benzyl alcohol.

the monohydroxymethylphenols was determined from the initial rate of 
disappearance of formaldehyde and the concentration of the reactants at. 
time = 0, according to eq. (1). The concentration of the reactive phenolic 
species (phenoxide ion) was always kept below O.lil/; under these condi­
tions, the large amount of phenol present acts only as a cosolvent, and the 
total concentration of phenol is not involved in the rate expression. The 
results are summarized in Table I. Water constituted about 94 mole-% of 
the system in runs F and G; all other runs were performed in systems that 
were mostly nonaqueous on a weight basis.

Figure 1 shows some of the kinetic plots. It should be noted at this 
point that such plots are normally curved in straightforward second-order 
reactions.

Several irregularities are evident in Table I. The rate constants of

HOURS

Fig. 1. Total unreacted formaldehyde concentration vs. reaction time, at 57°C. 
The lines are labeled according to the entries of Tables I and II. The reasons for the 
unexpected linearity become evident in ref. 15.
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ion molecule read ions are usually noi affected drasl ically by changes of the 
dielectric constant of the medium in mixed solvents, but they usually 
increase as the dielectric constant decreases.6 Runs G and H demonstrate 
an opposite behavior in the phenol-formaldehyde reaction; the rate con­
stant decreased by 38% in going from the high-dielectric system G (94 
mole-% HoO) to system H, in which phenol, with a dielectric constant of 
only 9, is a cosolvent to the extent of about 40 wt-%.* The same unusual 
solvent effect is evident from a comparison of runs F and A. Much less 
drastic variations in the dielectric constant of the medium in runs A, B, and 
C, led to unreasonably large changes in the rate constant. Evidently, the 
general rate expression, as given by eq. (1), is unsatisfactory.

Formaldehyde Equilibria

Equation (1) makes the implicit assumption that the rate is proportional 
to total unreacted formaldehyde. This is questionable in view of the well 
known equilibria of formaldehyde in aqueous solutions.513'7-11

HCIIO +  H,0 HOCHjOH (2)
2 HOCH-.OH ^  HOCH2OCH2OH +  FI-,0 (3)

H 0CH 20(C H 20)„H  +  IIOCH2OH ^  H 0CH 20(C H 20 )„+ iH +  H ,0 (4)

The hydration equilibrium [eq. (2)] lies far to the right; the polymer 
equilibria are quite extensive, with detected values of n [eq. (4) ] exceeding 
10 in concentrated solutions. The usual titrimetric procedures detect the 
total available formaldehyde that has not reacted irreversibly. We 
proceeded on the assumption that the rate is proportional to the concentra­
tion of the monomeric hydrate only, HOCH2OH. There are several 
methods for calculating the fraction of formaldehyde (hereafter denoted by 
m) present in this form, if the total concentration is known.711'12 These 
methods, however, are quite complex in view of the large number of equilib­
rium reactions that must be taken into account, and are, therefore, of 
limited value in providing a convenient estimate of the concentration of 
HOCH2OH, especially in systems where formaldehyde is a reactant and m 
must be calculated repeatedly as a function of the changing overall con­
centration.

We were able to calculate quite accurate values for in by a simple averag­
ing treatment. The average degree of polymerization (excluding monomer) 
of the a, co-poly (oxy methylene) diols [eq. (4)] is nearly 3 for concentrated 
solutions.7,11 Consequently, we treated the overall equilibria of hydrated 
formaldehyde as shown in eq. (5),

Q1
(n +  l)HOCH2OH H 0C H ,0(C H 20)„H  +  nH20, n = 2 (5)

and we investigated the possibility that, with the appropriate choice of 
Qi, contributions from dimers would nearly cancel out contributions from

* The dielectric constant of hydrated formaldehyde, HOCILOIT, is estimated near 4o, 
since for ethylene glycol it is 37.



2536 A. A. ZAVri'SAS

Fig. 2. Fraction of monomeric hydrate vs. wt-%  formaldehyde in water: (-------)
curve calculated according to eq. (6); (O) experimental at 20°C ;U (V ) experimental at 
35°C;7 (A ) experimental at 100°C.7

tetramers, pentamers, etc. A similar equation has been found to fit 
partial pressure data by the appropriate choice of Qi.13 Equation (5) 
implies that, starting from monomer, the initial rate of polymerization 
would be third order in IIOCH.OH. It is interesting to note that, in a 
study of similar equilibria in butyraldehyde-polybutyraldehyde systems, 
the early rates of pressure induced polymerization fit an empirical rate 
equation with third-order dependence on aldehyde.14

Some experimentally determined values for m at 20, 30, and 100°C are 
shown in Figure 2; they all follow a rather smooth pattern. The available 
data are fitted quite well by eq. (6).

Qx = 45 = [H0(CH20hH][H20]7[H0CH20HP (6)

The concentration of water in eq. (6) is obtained from the total stoichio­
metric amount of water placed in the system after subtraction of the amount 
consumed in hydrating formaldehyde [eq. (7) ].

[HsO] = [HiO]fct-  [HOCHjOH] -  [H0(CH20 )sH] (7)

The curve in Figure 2 shows the values for rn calculated from the equiv­
alent of eq. (6) (see Appendix) after conversion from concentrations to weight 
per cent. It is fortunate that m is insensitive not only to temperature,515'11 
but also to pH ;6b only the rate at which the equilibrium value is attained 
is temperature- and pH-dependent.

Our assumption that the reaction rate is proportional to the monomeric 
form of hydrated formaldehyde only, is incorporated in the rate expression 
in eq. (8).

Rate = fc[P, —] [F]m = fc[C6H60 -] [HOCH2OH] (8)

Recalculation of rate constants from the data of experiments A II according 
to eq. (8) gave the values listed in Table II. The fraction of formaldehyde 
present in the form of monomeric hydrate (m) was calculated as shown in 
the Appendix.
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TABLE II
li!ate Constants for tlie T'onnation of the Monohydroxymet-hylpl 

According to Eq. (8)
lenols

Run
Temp,

°C
[IIOCIIjOH]

M
[C JL O -h ,

M
[H20] t o t ,  

M m0

k X 104, 
1/mole-sec

A 57 2.40 0.0953 20.8 0.25 21.2
B 57 2.41 0.0462 21.3 0.29 23.3
C 57 2.38 0.0489 22.2 0.34 21.9
i )» 57 2.18 0.0449 18.3 0.23“ 16.2
E1' 57 2.17 0.0449 18.5 0.23“ 13.0
E 57 1.70 0.0124 47.1 0.84 8.70
G 30 1.76 0.0314 46.9 0.83 0.66
II 30 2.39 0.0937 20.9 0.26 1.31

11 n t he presence of 1.88.1/ bennvl alcohol. 
Ij In the presence of 2.851/ benzyl alcohol. 
c Disregarding hemiformal equilibria.

The average value of the rate constant in runs A, B, and C is 22.1 X 10~4 
1/mole-sec, the average deviation being only 3.5%. This constancy, over 
a 36% variation in mOJ indicates that the method of calculating m is suffi­
ciently accurate and that the rate constants are fairly insensitive to small 
variations in the dielectric constant of the medium, in accord with the 
established behavior of ion-molecule reactions. Comparisons of the rate 
constants for mostly aqueous and mostly nonaqueous conditions both at 
30° C (runs G and H) and at 57 °C (runs F and A) now show a change of 
reasonable magnitude and in the expected direction for ion-molecule reac­
tions.

Complete kinetic investigations including analyses for all products up to 
70% reaction of phenol15 gave a value of k =  22.4 X 10 ~4 1/mole-sec 
under conditions similar to those of runs A, B, and C of Table II, and 8.5 
X 10 4 for the conditions of run F, in good agreement with Table II. 
Under very dilute conditions (m0 =  0.999) at 30°C, a value of 0.69 X 10-4 
has been reported;3 this is in good agreement with run G (m0 = 0.83) and 
attests to the sufficient accuracy of our method of calculating m. The 
value of m in runs A -E  and H shows that the equilibria exert a major 
effect on the rate, in systems composed primarily of phenol and concen­
trated aqueous formaldehyde; e.g., in run A, 75% of the available form­
aldehyde does not contribute to the rate at the start of the reaction. 
The equilibria, therefore, cannot be neglected, except in extremely dilute 
solutions in which m is essentially 1.0.

Hemiformal Equilibria

Runs D and E, in which the dielectric constant of the medium is similar 
to that of runs A-C, demonstrate the effect on the rate of the well known 
hemiformal equilibria between formaldehyde and alcohols, eq. (9)5b

ArCHtOI-I +  nHOCHjOH ^  ArCH20(C H 20)„II +  rJRO (9)
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J1, is now reasonable to expect Unit, any formaldehyde tied up as homi- 
formal is not directly involved in the rate of the hydroxymethylation 
reaction with phenol. The heniiformal equilibria arc quite extensive, and 
the m-correction based on eq. (6) alone is incapable of bringing the rate 
constants for runs D and E into line with those of runs A-C. Benzyl 
alcohol was used as a model for the hydroxvmethylphenols that are the 
products of our reaction; its retarding effect is substantial and it indicates 
that kinetic investigations of the phenol-formaldehyde system that are 
extended beyond a few per cent conversion,1617 or are carried out with the 
individual hydroxvmethylphenols,1'116 cannot give meaningful results 
without accounting for both types of equilibira. This has been accom­
plished in the accompanying paper.16 Failure to account for the equilibria 
has led to a large number of apparently conflicting results among different 
kinetic investigations.16

At the temperatures of our experiments and in the pH range employed,
8.0-8.5, we found no indication that the rate at which the formaldehyde and 
hemiformal equilibria are attained ever became the limiting rate for the 
base-catalyzed hydroxymethylation reaction with phenol.

The rate retarding effect of alcohols has been noted in a high-temperature 
uncatalyzed reaction of formaldehyde with resorcinol;18 evidence for the 
importance of the formaldehyde equilibria has been reported in a reaction 
with urea.19

EXPERIMENTAL

Materials

Phenol was reagent grade, vacuum-redistilled before use. Formaldehyde 
was 50 wt-% aqueous solution, methanol-free commercial material (less 
than 0.9 wt-% methanol) and contained traces of formic acid; it was kept 
warm from the time of its manufacture. Benzyl alcohol was redistilled 
reagent grade material and was used without further purification.

Kinetic Runs

All experiments were performed as follows: phenol, formaldehyde, and 
any water or benzyl alcohol, were weighed into a three-necked flask im­
mersed in a constant temperature bath controlled to ±0.3°C  at. the desired 
temperature. After temperature equilibration, the required amount of a 
standard solution of sodium hydroxide was added with stirring; this 
amount was too small to change the temperature of the mixture apprecia­
bly. The time of completion of the addition of base was taken as time 
zero. An aliquot was removed immediately for determination of initial 
conditions; phenol was determined by GLC15 in duplicate, and formalde­
hyde by titration by the hydroxylamine hydrochloride method.5a Aliquots 
were removed at proper intervals for formaldehyde analyses and the ex­
periments were terminated when about 10% had reacted. The density
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of the kinetic mixture was determined independently on an identical 
mixture of materials at the temperature of the kinetic run. The total 
available water was calculated by difference, from the total weight minus 
the analytically determined weights of phenol and formaldehyde. The 
concentration of benzyl alcohol was calculated from the weight charged. 
The concentration of sodium hydroxide was calculated from the amount 
charged minus the amount required to neutralize traces of formic acid 
present in each batch of formaldehyde (determined independently); it was 
converted to concentrations by the appropriate density corrections. For 
the limited extent of reaction studied the density was found to remain 
essentially invariant.

APPENDIX

Equation (10) is equivalent to eq. (6):

45 = (1 /3 )[F](l -  m) [H20 ]2/ [F ]3»?.3 (10)

Equation (11) is equivalent to eq. (7):

[H20 ] =  [H20]tot -  m[F] -  (1/3)(1 -  m) [F] (11)

[F] in eqs. (10) and (11) denotes the total titrimetric5a amount of formal­
dehyde that has not reacted irreversibly. The above two equations can 
be combined by elimination of one of the unknowns, [H20], and solved 
explicitly for m. We solved eq. (10) by an iterative procedure20 by making 
an initial estimate of m and updating eq. (11) after each iteration; initially 
we set [FLO] = [H20 ]tot. The procedure succeeds because [H20 ] con­
verges fast.

The skillful technical assistance of Mr. K. Kozlowski is gratefully acknowledged; we 
thank Mrs. L. R. Zavitsas for her assistance in the writing of the »¿-function programs, 
and Air. R. D. Beaulieu for many helpful discussions.
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Synopsis

The effects of formaldehyde and hemiformal equilibria on the rales of the base-cata­
lyzed and hydroxyméthylations of phenol b}7 aqueous formaldehyde have been treated 
quantitatively. A kinetic model treating all seven simultaneous, parallel, consecutive, 
and competing reactions, as well as (he equilibria, has been shown to apply to a wide 
variety of conditions and to data from other works. Concentration-induced solvent ef­
fects on the rates and on the oriAo/para-substitution patterns have been studied. The 
temperature dependence of the rate constants, both for dilute systems and systems com­
posed primarily of phenol and aqueous formaldehyde, has been determined.

Previous extensive work on the base-catalyzed hydroxyméthylation of 
phenol by aqueous formaldehyde has failed to establish the kinetic order of 
the reaction under any but extremely dilute conditions. The reaction has 
been described as kinetically first-order, second-order, or of fractional 
orders;1'2 in addition, there have been reports of dependence of the rate 
constants on the ratio of formaldehyde to phenol,3'4 on the concentration of 
phenol,5 and on empirical functions of the concentration of catalyst.3'4 
No plausible explanation has been advanced for these apparent peculiarities. 
At high dilutions and pH not exceeding 10, the established rate expression 
is given by eq. (1) A7

Rate = fc[P<-][F] (1)

where \\~ denotes phenoxide anion, and F unreacted formaldehyde as 
determined by the usual titrimetric procedures, commonly the hydroxyl- 
amine hydrochloride method.8a

All but one of the previous kinetic investigations have been handicapped 
by one or more of the following limitations: only the disappearance of
formaldehyde was followed; the reaction was followed for only a few per

* Presented in part, at the 153rd Meeting, American Chemical Society, Miami Beach, 
Florida, April 9-14, 1967.
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cent conversion, and artificial restrictions were imposed on the ratio of the 
reactants.1-2

The only investigation that followed the rates of appearance and dis­
appearance of all phenolic components (scheme I )9 has been that of Free-

OH

CfhOH 
Scheme I

man and Lewis;10 it has remained as the cornerstone of our understanding 
of the reaction. Under concentrated conditions (phenoxide anion about 
l.SM, formaldehyde about 6M), the general rate expression of eq. (1) was 
used, at high pH. The present availability of high-speed digital com­
puters has allowed us to check the accuracy of the rate constants thus ob­
tained; we found that they would not fit the data from which they were 
derived.

In addition, the ortho to para ratio of initial substitution with sodium 
hydroxide catalysis at 30°C has been reported as 1.1,6 l.S7 and 1.7,10 in 
apparent contradiction.

We can show now that much of the existing confusion can be attributed 
to the unsuspected effect of formaldehyde equilibria on the rate of the re­
action.11

RESULTS

Our kinetic investigation concentrated primarily on the two regions of 
composition that are of major interest and in which most of the previous 
data have been collected; our systems either contained well in excess of 90
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mole-% water, or were essentially mixtures of phenol and concentrated 
aqueous formaldehyde (50 wt-%). The concentration of reactive phe­
nolic species (phenoxide anions) was, in all cases, of the order of O.ld/, usu­
ally less; any additional un-ionized phenols present simply act as cosolvents 
and are not directly involved in the kinetic expressions.

We analyzed for all components in scheme I and for formaldehyde; 
the kinetic runs were terminated when diphenylmethane-type dimers from 
self-condensation of the hydroxymethylphenols, eq. (2), amounted to 2-4 
mole-% of the phenolic components. This limitation did not prove too

2HOC6H4CH2OH — HOC6H4CH2C6H4OH +  HOCH.OH (2)

restrictive, for reaction (2) is slow10 at the temperature of our experiments. 
In all cases, at the termination of the run, the rate of disappearance of 
phenol had decreased to less than one-tenth of its initial value (65-70% 
reaction of phenol).

Kinetic Model

When the rate constants are known, the system of scheme I can be simu­
lated on a computer by a numerical solution of the seven rate equations 
that describe the rate of change of the concentration of each component, 
eqs. (3)-(9). The rate equations involve the concentration of each

-d [C «H 6OH]/di =  [HOCHiOHKii +  fc4)[C.H,0-] (3)

d[2-HMP]/di =  [HOCH«OH]!ki[C6H50 - ]  -  (Jfc, +  fc4)[2-H M P-]} (4)

d[4-HMP]/d< =  [H0CH20H]{fc2lC6H50 - ]  -  fc,[4-HMP-]} (5)

d[2,6-DHMP]/di = [HOCH2OH]{/c3[2-HMP~] -  fc,[2,6-UHMP-]} (6)

d[2,4-DHMP]/d< = [HOCH2OH]{fc4[2-HM P-] +  fc[4-HAIP -]

-  fc7[2,4-DHAIP- ]} (7)

d[2,4,6-THMP]/d<
= [HOCHsOH]{jfc,[2,6-DHMP-] +  ^ [2 ,4 -D H M P -]} (8)

-d[F]/dt = [HOCH,OH]{(A-1 +  fc2) [C6H50 - ]  +  (lc, +  I 4)[2-H.M P1

+  fc,[4-HMP-] +  fc6 [2,6-DHMP- ] +  t 7[2,4-DHM P-]} (9)

phenolic species in the anion form; these are related to total (analytical) 
concentrations by a system of six simultaneous algebraic equations, e.g., 
eqs. (10), (11), (12), etc., which involve the acid ionization constant (Ki)

- [ P i - ] =  (base]

[lb ] A'2 [P2]tut -  [P-2~]
IP, , ' k [ [Pi]t„t -  [Pi-]

[IV ] = Kj [P3]tot -  J 1V ]
[lb- ] K> [P2]tot -  [lb -]

(12)
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of each phenolic component and the total amount of base. The acid con­
stants12 and their temperature dependence have been determined.13* 
The total amount of base would be known in each case.

In addition, to obtain the concentration of HOCHoOH, the fraction of 
formaldehyde in the form of monomeric hydrate, m,n must be calculated 
from the total (analytical) concentration at each step of the numerical 
solution of the rate equations.

The equilibria of formaldehyde with itself have been described by eq.
(13), and the method for calculating their effect on in has been given.11

0, =  45
(n +  1) IIOCILOI1 ^  ]IOCTLO(CILO),Jt +  «JLO

n =  2 (13)

In (he presence of the hydroxymethylphenols (scheme I), in will also be­
come dependent on hemiformal equilibria of the type shown in eq. (14).

ArCHiOH +  nHOCH.OH ;=± ArCH,0(CII20)„H  +  »H.O (14)

The following section describes the derivation of a method for calculating 
the effects of both equilibria on m.

Thus, given a set of rate constants, Ay—Ay, and the acid ionization con­
stants, K i~K6, for each compound in scheme I, a numerical solution of the 
rate equations [with simultaneous evaluation of rn and the algebraic equa­
tions (10), (11), (12), etc., at each step] will give the composition of a re­
acting system as a function of time for any combination of initial concen­
trations of phenol, formaldehyde, base, and total available water in the 
system.

Hemiformal Equilibria

Hemiformal equilibria between alcohols and formaldehyde are known 
to be quite extensive.8b'14 The hemiformals of the hydroxymethylphenols 
have been shown to be stable enough to yield acetate derivatives which 
have been analyzed by chromatography and nuclear magnetic resonance 
spectrometry.16’16 We have demonstrated the retarding effect of alcohols 
on the rate of the hydroxymethylation reaction.11

Available information regarding the relative importance of the reactions 
shown in eqs. (13) and (14) indicates that they are roughly comparable, 
the hemiformal equilibria being somewhat more extensive. In experiments 
in which formaldehyde was allowed to partition itself among equal volumes 
of water and immiscible alcohols, usually more than half was found in the 
alcohol layer.17 The heats of solution of gaseous formaldehyde in water 
and methanol are —14.8 and —15.0 kcal/mole, respectively.18

Qualitatively, the effects of the formaldehyde and the hemiformal 
equilibria on m will be in opposite directions in this kinetic system; the 
decrease in the concentration of formaldehyde with extent of reaction will

* No temperature dependence data are available for the 2,6-isomer and the values 
used were obtained from data at 25°C.,12 assuming a temperature coefficient similar to 
that of the other isomers.
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tend to increase in, but the concurrent increase in the concentration of 
hydroxymethyl groups will tend to decrease its value [eq. (14)]. Each 
effect dampens the other and the overall reactivity of phenol-formaldehyde 
systems is kept from changing very drastically during reaction. This 
fortuitous partial cancellation of two major effects has allowed the use of 
apparent rate constants (without m-corrections) in describing the reaction 
without gross discrepancies.8'10

A quantitative description of the hemiformal equilibria can be based on 
(lie obvious similarity between eqs. (13) and (14). The terminal alcoholic 
hydroxy groups are virtually the same, — CH2OCH2OH. Equation (14) 
makes no distinction among ortho and para hydroxymethyl groups or mono-, 
di-, and trihydroxymethylated phenols in terms of their tendency toward 
hemiformal formation. The work of Higginbottom et al.16 on the analysis 
of the hemiformals in mixtures of phenol, the five possible ortho- and para- 
substituted hydroxymethylphenols, and small amounts of formaldehyde, 
has shown, in a qualitative fashion, that the amount of each isomer in the 
hemiformal form depends on its number of hydroxymethyl groups and on 
the concentration of formaldehyde. No hemiformals of the phenolic 
hydroxy were found. We confirmed these findings by quickly freezing a 
similar mixture, acetylating and analyzing by GLPC. We found that the 
fraction of each hydroxymethylphenol present as hemiformal was very 
nearly proportional to its total number of hydroxymethyl groups; the type 
of group, ortho or para, was immaterial. The assignment of equal re­
activity to all hydroxymethyl groups [eq. (14) ] is therefore justified.

Because of the virtually identical endgroups in both equilibria, the 
average degree of polymerization would be expected to be the same and we 
assigned n — 2 in eq. (14), by analogy with eq. (13). The equilibria would 
be expected to behave very similarly, even though the polyoxymethylene 
diols can grow from either end of the molecule, whereas the hemiformals 
cannot; this statistical factor is completely cancelled out by the opposing 
statistical factor for depolymerization. The chemical behavior in terms 
of temperature and pH effects would also be expected to be very similar, 
and these factors have been shown not to be very significant in the equi­
libria of formaldehyde with itself.8b'u

The hemiformal equilibria can now be summarized by a pseudoequi­
librium expression [eq (15)], where ArCH>OH denotes the concentration

=  [ArCH2Q(CH20 )2H][H20 P  
h  [ArCH2OH ] [HOCH2OH ]2 1 ° }

of hydroxymethyl groups. Our extensive kinetic data allowed us to de­
termine a value for Q2.

Early attempts to fit the data with a set of rate constants, without any 
account being taken of the equilibria, had shown an apparent decrease in 
the reactivity of the system with extent of reaction, i.e., numerical solutions 
of the rate equations could be made to fit the data only if the rate constants 
used were arbitrarily but uniformly decreased as the reaction proceeded.
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of Qi.

Quantitative estimates of this decrease were made, and inverted S-shaped 
curves similar to those in Figure 1 were obtained. Apparently, the value 
of m was decreasing during the run. The pseudo-equilibrium equations 
describing the formaldehyde and the hemiformal equilibria were combined, 
and m was calculated at various stages of our reactions as a function of 
arbitrarily chosen values of Q2 (see Appendix). Plots for kinetic run K 
(Table I) are shown in Figure 1. A value of Q2 =  400 accounted best for 
the observed apparent decrease in the reactivity of the system. The pro­
cedure was repeated for runs L and M, and a value of Q2 =  400 ±  .30 was 
obtained. Other values of n in eq. (14) were also investigated, including 
fractional values; the point of inflection was found to be a function of n. 
A value of n = 2 best fits the observed inflection in the apparent reactivity. 
Figure 1 shows that the value of m is not affected much by small uncer­
tainties in Q-2; it is also seen that the opposing nature of the two equilibria 
keeps the value of m from changing more drastically. This partial can­
cellation of two major effects has effectively concealed the importance of 
the equilibria in extensive kinetic studies over the last several decades.1'2

Determination of the Rate Constants

The type of experimental data obtained are exemplified by the points 
in Figures 2-5, corresponding to runs L and _M. An initial estimate was 
obtained for the rate constants by solving the seven simultaneous rate
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TABLE I
Experimental Conditions and Calculated Rate Constants“

Run
I

Run
J

Run
K

Run
L

Run
51

Temp., °C. 30.0 57.0 30.0 57.0 57.0
[F]o 2.119 2.030 9.189 9.456 9.963
[C6H60 - ] o 0.03138 0.01250 0.09369 0.09615 0.2320
[CJ-LOIII, 1.003 0.9583 4.710 4.680 4.815
[H ,0]tot 46.9 47.2 20.9 20.8 21.0
pH, approx. 8.5 8.1 8.3 8.3 8.7
m0 0.83 0.84 0.26 0.25 0.24
fa 0.387 5.10 0.835 14.63 12.86
fa 0.275 3.39 0.479 7.81 2.37
fa 0.482 4.95 0.848 13.50 19.35
ki 0.349 3.60 0.776 10.21 4.82
kf) 0.415 5.58 0.768 13.45 12.38
k& 1.028 10.77 1.552 21.34 9.91
fa 0.246 2.65 0.619 8.43 7.08
ki/kz 1.41 1.51 1.74 1.88 5.43

“ Rate constants in 1/mole-sec X 104. The base was NaOH for runs I L, and MgO 
for run M.

equations in the derivative form; the slopes at each point were estimated in 
conjunction with the two adjacent points. The equations are redundant, 
and they were solved as a set of simultaneous linear regression equations.19 
These rate constants were used as initial values in a nonlinear least squares 
iterative procedure which operates as follows:20'21 the approximate set of 
rate constants is used to simulate the reaction on a digital computer and 
the differences between experimental and calculated values are obtained. 
Then each rate constant is perturbed individually by a small amount 
(2-5%) and the effect of each perturbation on the differences is obtained

Fig. 2. Reactants vs. reaction time, for run L, at 57°C: (O) phenol; (A ) formaldehyde 
The curves were calculated with the corresponding rate constants from Table I.
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H O U R S

Fig. a. Products vs. reaction lime, for run L, at 57°C: (O) 2-HMP; {<)) 4-H.MP; (A ) 
2,6-DHMP; (V ) 2,4-DHMP; (□ } 2,4,6-THMP. Curves calculated as for Fig. 2.

Fig. 4. Reactants vs. reaction time, for run M, at 57°C: (O) phenol; ( A ) formaldehyde.
Curves calculated with the corresponding rate constants from Table I.

and used to derive a new set of improved rate constants. The whole pro­
cedure is repeated until the rate constants are no longer substantially 
affected by further iterations; thus all rate constants are derived simul­
taneously from all the data. The criterion used was maximization of the 
multiple correlation coefficients,19 a procedure that is nearly equivalent to 
minimizing the sum of the squares of the per cent error for all points.

The results of our five complete kinetic experiments are summarized in 
Table I. Runs K, L, and M, were essentially mixtures of phenol and con­
centrated aqueous formaldehyde; I and J were predominantly aqueous 
systems. The curves in Figures 2-5 were calculated by numerical solution 
of the rate equations (incorporating the m function of the Appendix) with 
t he rate constants listed in columns L and M respectively, of Table I.

We investigated the general applicability of the rate constants listed in
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Fig. 5. Products vs. reaction time, for runM, at 57°C: (O) 2-IiM P; (0 )4 -H M P ; (A )
2,6-DHAIP; (V )  2,4-DHMP; (□ ) 2,4,6-THMP. Curves calculated as for Fig. 4.

Table I to a variety of reaction conditions and to several sets of data avail­
able from other works, and we found them successful. The following para­
graphs summarize this phase of our investigation.

The limited sensitivity of the rate constants of ion-molecule reactions to 
small changes of the dielectric constant of the medium11 would indicate 
that the rate constants listed in columns I and J of Table I will be applicable 
to all systems containing more than 90 mole-% water, and those of columns 
K and L to systems catalyzed by sodium hydroxide that are essentially 
mixtures of phenol and concentrated aqueous formaldehyde.

Data on the rate of disappearance of formaldehyde in very dilute systems 
at 30°C are available from the work of Dijkstra and de Jonge.7-22 We 
carried out a numerical solution of the rate equations including the m 
function, with the reported initial conditions and the rate constants of 
run I, Table I. The results are summarized in Table II. The agreement 
between calculated and reported values is excellent. The reported ratio 
of fci/(/ci +  A-2) was 0.59; column I, Table I, gives 0.585. It should be 
noted that our rate constants were determined with less than 2%  of the 
phenolic components neutralized, whereas some of the data of Table II 
were obtained with up to 50% neutralization, in considerably more dilute 
systems, and with an eightfold smaller ratio of phenol to formaldehyde.

Variations in reactant ratio and amount of base were investigated in 
kinetic runs N and O. The rate constants derived from run L were used 
to predict the formaldehyde curve with the following system (run N; 
NaOH catalysis): temp = 57°C, [C6ITO%o = 0.04388M, [F]0 = 7.270M, 
[C6H5OH]c = 4.694M, [H20 ] t<.t = 23.2M ,m a = 0.33. The calculated curve 
and the experimental points are essentially superimposable (Fig. 6).

The rate constants of run K  were used to predict the reaction path in 
the following system (run O ; NaOH catalysis): temp = 30°C, [CeHsO- ]» 
= 0.2861M, [F]0 = 8.470M, [C6H5OH]o = 4.7704/, [H20 ] tot =  21.5M,
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TABLE II
Experimental Values of Dijkstra et al.7.22 aiul Values Calculated 

with the Rate Constants of Column I, Table I.

Series Aa Series Bb

Time,
hr

Formaldehyde, M
Time,

hr

Formaldehyde, M

Exptl Calcde Exptl Calcd'

0.167 0.09527 0.0952 0.0458 0.04999 0.0499
0.333 0.09476 0.0945 0.5153 0.04965 0.0497
0.667 0.09316 0.0930 2.1528 0.04866 0.0487
1.000 0.09156 0.0915 4.6778 0.04713 0.0473
1.500 0.08955 0.0893 6.7500 0.04607 0.0461
2.000 0.08693 0.0872
2.584 0.08472 0.0849
3.100 0.08313 0.0828
3.500 0.08141 0.0812

a Series A : [CriUOH]« =: 0.4000A/; [Flo =  0.09602.U ; [NaOH] = 0.2000.17.
to0 =  0.999.

b Series B: [C,H6OH]„ = 0.2000M ; [Fole = 0.05002M; [KOH] =  0.0500047,
»//., =  0.999.

0 Our computer output format was written to truncate after the fourth decimal.

m0 =  0.28. Analyses for each component after 28.0 hr of reaction gave 
values in good agreement with those calculated, as follows (experimental 
values nparentheses) : [F] = 3.914M (3.96 ±  0.08), [CeEFOH] = 1.84471/
(1.86 ±  0.03), [2-HMP] = 0.965M (0.95 ±  0.02), [4-HMP] = 0.717M (0.71 
±  0.02), [2,6-DHMP] = 0.236M (0.25 ±  0.01), [2,4-DHMP] = 0.609M 
(0.61 ±  0.02), [2,4,6-THMP] = 0.395M  (0.39 ±  0.01).

The reliability of interpolations and extrapolations of the values of the 
rate constants listed in Table I to other temperatures was also tested with 
a run at 45°C and with data from other investigations, as shown below.

Fig. 6. Unreacted formaldehyde vs. reaction time, for run N, at 57 °C. Curve calculated
with the rate constants of run L from Table I.



BASE-CATALYZED HYDROXYMETHYLATION 01' PHENOL 25.j 1

Fig. 7. Products vs. reaction time, for run P, at. 45°C: (O) 2-HMP; (0 )  4-HYIP; 
(A ) 2,6-DHMP; (V ) 2,4-DHMP; (□ ) 2,4,6-THMP. Curves calculated with tem­
perature-interpolated rate constants from runs K and L.

Fig. 8. Unreacted formaldehyde vs. reaction time (data of Debing et al.4): (A )
[Na+]/[P ;o =  0.02, 40°C; (O) [N a+]/[P]0 =  0.02, 50°C; (V ) [Na+]/[P ]„ =  0.01, 
(>0°C; (□ ) [Na+]/[P]o =  0.02, 70°C. Curves calculated with temperature interpolated 
and extrapolated rate constants from runs K and L.

An experiment was performed with XaOH catalysis under the following 
conditions (runP): temp = 45°C [CeH^O- ]o = 0.09370M, [F]0 = 9.3003/, 
[CeHsOIl |o = 4.4203/, [H20 ] tot = 20.9M, m0 =  0.26. The experimentally 
determined concentrations of the products are shown in Figure 7 ; the 
curves were calculated with the rate constants obtained from a plot of 
log kj from runs K and L versus 1/T° K. The agreement is within experi­
mental error; the reactants were also predicted well with the interpolated 
rate constants.

Debing et al. have studied the kinetics of systems composed essentially
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of phenol and aqueous 37 wt-% formaldehyde w ith a few per cent of the 
phenol neutralized by sodium hydroxide at different temperatures.4 The 
available data pertain to the rate of disappearance of formaldehyde at a 
formaldehyde to phenol ratio of 1.00; we made use of their experimental 
data up to the point where dimerization, eq. (2), would be expected to 
become significant.23 Our calculated curves with the reported initial 
conditions and with rate constants obtained from plots of log kt versus 
1/7'° K. from runs K and L are superimposable on their data (Fig. S).

DISCUSSION

The effect of hydroxymethyl substitution on the reactivity of the re­
maining position of phenol can be derived from the rate constants of Table I. 
Contrary to previous reports,5'10'12 we find that para hydroxymethyl sub­
stitution has little effect (compare ki to A-5), as would be expected from the 
small value of the Hammett substituent constant for this group (o> = 
0.06).13 Substitution in the ortho position, however, enhances the reactivity 
of both remaining positions (compare fci/2 to and k-2 to A-5) ; evidently 
ortho hydrogen bonding with the phenolic oxygen in the anion enhances the 
partial negative charge density on the remaining ortho and the para po­
sition.10

The substitution-induced reactivity increase more than compensates for 
the overall loss of available reactive phenolic positions at the early stages 
of the reaction; it contributes, along with the early slight increase in in 
(Fig. 1), to making the rate of disappearance of formaldehyde appear time- 
independent at the early stages of the reaction (Figs. 2 and 4).11

We have shown that, in predominantly aqueous systems, the rate con­
stants obtained with sodium hydroxide catalysis are also applicable with 
great accuracy to systems catalyzed by potassium hydroxide (Table II). 
Lithium hydroxide, under such conditions, is reported to lead to the same 
rates and ortho to para ratios.6 Magnesium hydroxide, under similar con­
ditions, has been reported to lead to the same ortho to para ratio of substi­
tution, within experimental error.22 These results with cations of different 
chelating tendencies and e/r indicate little, if any, involvement of the metal 
in the transition state for hydroxyméthylation in predominantly aqueous 
systems.

In systems of lower dielectric constant, such as those containing large 
amounts of phenol, an increase in the ortho to para, ratio of substitution is 
evident from the values of ki/k2 in Table I (compare runs I and K, and 
J and L). The different solvent effects exhibited by h  and k2 are a clear 
indication of different mechanisms for ortho and para substitution in systems 
of lower dielectric constant. The effect is probably best explained in 
terms of increased likelihood of the existence of ion-pairs between phenoxide 
and metal ions in media of low- dielectric, leading to ortho chelate type 
structures for the transition state of ortho substitution. Such structures 
have been proposed previously;1-2 they are not necessary for the reaction
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to occur, but in media of low dielectric they promote ortho substitution. 
Bivalent metal ions would be expected to exhibit a greater tendency toward 
ion-pair formation and it is generally known that, in industrial systems, 
catalysis by barium, calcium, and magnesium hydroxides leads to higher 
extents of ortho substitution. The drastically different distribution of 
products between sodium and magnesium hydroxide catalysis in such sys­
tems can be seen from a comparison of Figures 3 and 5.

When a 15-fold excess of phenol was used as solvent for the reaction, 
sodium hydroxide catalysis at 80°C gave ki/k2 = 4. In toluene solvent 
with magnesium hydroxide catalysis and paraform (solid formaldehyde 
polymers, about 8 wt-% water content) at steam bath temperature, 
ki/ki increased to 50, or 98% ortho substitution at the early stages of the 
reaction. Qualitative data on higher ortho substitution patterns with acid 
catalysts in organic solvents have been reported.24'25

In view of the involvement of the metal ion in systems containing large 
amounts of phenol, the rate constants for runs K and L (Table I) cannot be 
used to calculate rigorous activation parameters, because they essentially 
include the temperature dependence of the equilibrium constants for ion- 
pair formation; temperature extrapolations of the rate constants are 
successful for this reason. The activation energies that can be calculated 
from the high dielectric runs I and J are all quite similar, as would be ex­
pected for these seven closely related reactions, and they range from 17 
to 19 kcal/mole; log A varies from 8 to 9.4 for the several reactions. 
Because of the relatively small differences and the uncertainties involved in 
calculating activation parameters, it would not be fruitful to attempt to 
derive mechanistic inferences from them.

The often encountered linear correlations between log k and functions 
of the dielectric constant of the medium26 suggest a possible correlation 
between log fc, and the ratio of ortho to para substitution at the early 
stages of reaction, o/p. Such a correlation, if valid, would allow estimates 
of the rate constants to be made for aqueous systems intermediate between 
those studied here in detail, by the relatively easier evaluation of o/p at 
the outset of the reaction.22 The only complete kinetic data available from 
another investigation to date have been obtained by Freeman and Lewis 
under such intermediate conditions (water constituted approximately S2 
mole-%);10 with sodium hydroxide catalysis at 30°C, the data1 indicate 
ki/ki =  1.57.

A plot of log kt versus the initial ortho to para ratio for the rate constants 
of runs I (high dielectric) and K (low dielectric), allows interpolation of 
the rate constants at o/p =  1.57. A numerical solution of the rate equa­
tions, with the initial conditions reported10 and our interpolated rate con­
stants, gave a good fit to the data, considering the high concentration of 
phenoxide ion used (approximately 1.8M) and the scatter of the experi­
mental points. The agreement for the two most critical components 
(phenol and the ultimate product) is shown in Figure 9, along with the 
curves calculated by using the kinetic model and the rate constants of



2551 A. A. Z A \ JTSAS, R. D. B E A U L IK U , J. IS. LEB LAN C

H O U R S

Fig. 9. Data of Freeman and Lewis10 at 30°C: (O) phenol, (□ ) ‘2,4,6-TLIMP; 
(— ) calculated with the rate constants reported ;10 (------ ) calculated with values inter­
polated from plots of log A; vs. o/p (see text).

Fig. 10. Reactive species (anions and HOCHjOH) vs. reaction time, for run L, at 
57°C. Curves calculated with the corresponding rate constants from Table T. The 
phenoxide ion concentration is shown ten times greater than actual.

Freeman and Lewis.* The intermediate products were also predicted 
fairly well, but probably further work would be needed to firmly establish 
the linear relationship between log Ay and the dielectric constant of the 
medium as indicated by o/p.

The behavior of the curves describing the disappearance of phenol in 
seemingly approaching an asymptote at high levels such as shown in

* In experiments with the individual hydroxymethylphenols,10 the individual rate 
constants were determined under conditions leading to widely different values of m<>. 
Combination of these rate constants with the complete experiment starting from phenol, 
with yet a different value of m0, could not give a self-consistent result. Also, the kinetic 
linearization procedure used to derive the rate constants from the data eliminated all 
dependence on formaldehyde and completely obscured the importance of the equilibria.



Figures 2 and 4 lias lrd to speculation that the hydroxymethylation re­
action may be a reversible process.1 Work with model compounds has 
shown that the rate of the reverse reaction is nil.10 The approach of a 
quasi-equilibrium in phenol can be shown now to be due to three factors:
(a) phenol, being the weakest acid,13 cannot compete favorably for the 
limited amount of base available once the concentration of the hydroxv- 
methylphenols builds up; (b) the unreactive ultimate product, the strongest 
acid, in effect removes catalyst from the system; and (c) the overall re­
activity of the system is suppressed at the later stages by the adverse ef­
fect of the hemiformal equilibria on m (Fig. 1).

An insight into the general behavior of the system and into the effects 
of the different acid strengths and the variation in m can be gained from a 
comparison of Figures 2 and 3 with Figure 10; the latter gives the concen­
tration of the reactive species as a function of time for run L.

EXPERIMENTAL 

Materials Used

Phenol was reagent grade, vacuum redistilled before use. Formaldehyde 
was 50 wt-% aqueous solution, methanol-free commercial material (less 
than 0.9% methanol) and it contained traces of formic acid (less than 
0.05%). It was kept warm from the time of its manufacture to avoid 
precipitation of polymers. Standard solutions of sodium hydroxide were 
used for the kinetic runs. The magnesium oxide was reagent grade powder, 
higher than 99% assay. The paraform used assayed at 92% formaldehyde.

Kinetic Runs

All kinetic experiments were performed essentially as described below 
for run I, Table I: 37.6 g phenol, 48.0 g 50 wt-% aqueous formaldehyde,
and 282.0 g distilled water, were mixed and placed in a 500-ml flask equipped 
with stirrer and thermometer and immersed in a constant temperature bath 
thermostatted at 30°C and cycling over a 0.3°C range. After temperature 
equilibration, a 25.00 ml portion of 0.5000-V sodium hydroxide was added 
with stirring. The completion of the addition of the base was taken as 
time zero. An aliquot was withdrawn for determination of the starting 
concentrations and sampling was continued periodically. Each aliquot 
was placed in a vial, was tightly capped, and was immediately frozen in a 
mixture of Dry Ice and acetone; the vials were subsequently kept in a 
Dry Ice chest until they were analyzed. It was not found necessary to 
vigorously exclude air from the system; there was no significant color de­
velopment, indicative of the highly colored quinoid oxidation products, 
during the kinetic runs. Dinuclear species amounted to less than 4% 
at the termination of the kinetic runs.

Analytical Procedures

The concentration of sodium hydroxide was calculated from the amount 
of standard solution added minus the amount needed to neutralize the
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traces of formic acid usually present in our aqueous formaldehyde (deter­
mined independently of the kinetic run).

The density of the reacting mixture did not change appreciably during 
runs I and J; in runs K, L, and M the density increased about 4%  during 
the times studied. For our calculations of concentrations, we assumed that 
the increase was linear with time. Density corrections were applied to all 
calculations. Formaldehyde was determined by the hydroxvlamine hydro­
chloride method8“ as weight per cent, and the values were converted to 
molar concentrations. Duplicate determinations were run for each 
point.

Phenol was determined as weight per cent by GLPC of very dilute solu­
tions of the reaction mixture (not greater than 1%) in acetone containing a 
known amount of p-cresol and one drop of dilute HC1. The analyses were 
performed on a 6 ft X Vs in. copper column packed with 2% Versamid-900 
on 60-80 mesh Diatoport-S, maintained at 140°C (injector at 212°C). 
The instrument was equipped with a hydrogen flame ionization detector. 
At the temperatures employed, phenol can react with the hydroxymethyl- 
phenols and the formaldehyde present subsequent to injection; evidence 
of this is found at high sample concentrations. Values obt ained for phenol 
by this method increase with increasing dilution and reach a plateau in the 
vicinity of 3-5 wt-% sample content. Our use of less than 1% assures 
correct values.27 /^-Cresol was advisedly used as the internal standard 
since its reactivity is similar to that of phenol. We ran an additional 
check on the accuracy of the phenol analyses by determining the phenol 
content of a sample and then adding known amounts of phenol to it and 
analyzing for the increment; the analytical values agreed with those 
calculated. The accuracy was found to be ±2% . Triplicate deter­
minations were run for each point.

The hydroxymethylphenols were determined by GLPC of their acetates. 
The hemiformals present in the aliquots were destroyed with SCL-pyridine 
and the mixture was subsequently acetylated with acetic anhydride-pyri­
dine. Exact details can be found in the literature16 along with proof that 
the composition of the mixture under analysis is not altered by this type of 
handling, The accuracy of the acetate determinations was checked occa­
sionally with the pure model compounds, synthesized essentially by the 
procedures of Freeman,9 as modified by Higginbottam et al.16 Accuracy 
was 2-4%, depending on the compound. Duplicate determinations were 
run for each point; in cases of differences greater than 5% on any one com­
ponent in the duplicates, two more determinations were performed and the 
average of all four was used. The presence of dinuclear materials is de­
tected by this method.

Handling of the Data

The concentrations of phenol and formaldehyde were used as calculated 
from the experimental weight per cent with the appropriate density correc­
tions. The experimental values for each acetate of the hydroxymethyl-



phenols were converted to mole fractions of product. The amount of 
reacted phenol (determined by difference from initial and current phenol 
values) times each mole fraction at each sampling point, gave the concen­
tration of each hydroxymethylphenol. The data for all phenolic com­
ponents are thus normalized; their sum is equal to the initial concentration 
of phenol.

Rate constants were determined as outlined in the section on Results. 
Rigorous statistical analyses could not be performed on the nonlinear 
method. A rigorous error analysis on the regression calculation of the 
initial rough estimates of the rate constants does, however, give the maxi­
mum possible bounds of error. The standard deviations calculated for 
each initial rate constant estimate in run L are typical: ki, 3.7%; fc2, 
5.5%; h , 4.6%; h, 17.6%; h , 24.5%; k6, 9.2%; and k,; 13.0%. From 
the effect of small perturbations of the rate constants on the fitting of the 
data, we estimate that the rate constants derived by our nonlinear method 
probably carry uncertainties about one third as large as the values listed 
above. The kinetic data were extensive enough to allow evaluation of 
eight parameters, i.e., Q-2 and the seven rate constants. Our method evalu­
ates each constant from independent analytical data for several different 
components; as a result, reliable rate constant estimates can be obtained 
despite the complexity of the kinetic system.

The reliability of the rate constants is borne out not only by good internal 
consistency in our sixteen kinetic experiments but also by the excellent 
agreement with data from other investigations. Even though data were 
available only on formaldehyde, our calculation of formaldehyde curves is 
dependent on all rate constants. Despite their generality and overall 
superiority, nonlinear methods20 have not yet been applied widely in 
chemical kinetics.

The reliability of our method of calculating m (see Appendix) is evident 
from the remarkabl.y successful application of the rate constants from 
run I (m0 = 0.83) to the data of Dijkstra et al. (Table II, m0 =  0.999); 
also those of run L (m0 = 0.25) to run N (m0 = 0.33), those of run K (m0 
=  0.26) to run O (m0 = 0.28), and those interpolated from runs K and L 
to the data of Debing et al. (m0 =  0.39, Fig. 8). In an additional check, 
standard linearization methods of calculating the rate constants, which 
eliminate time and formaldehyde dependence,28 were used to calculate 
rate constant ratios. These values are independent of our treatment of 
the equilibria and they were in excellent agreement with the corresponding 
ratios that can be obtained from Table I. For runs K and L the average 
discrepancy in kt/(fcx +  fc2) was 1.9% and the maximum 6.9%.
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CONCLUSION

The same set of rate constants from run I, Table I, has been shown to 
apply to systems varying in base from 2 to 50 mole-% of the phenol initially 
present, over a 40-fold variation in the concentration of formaldehyde, and
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an eightfold variation in the ratio of the reactants. In systems composed 
primarily of phenol and concentrated aqueous formaldehyde, variations in 
base concentration, reactant ratio, and temperature, also have been 
described successfully by our kinetic model. Our rate constants have been 
shown to apply equally well to data from other investigations. The re­
ported peculiarities of the system, as mentioned in the Introduction, can 
now be seen to have been the result of failure to recognize the effect of sub­
stantial changes in concentrations on m, on the rate constants, and on the 
ratio of ortho to para substitution.

APPENDIX

The average behavior of the hemiformal equilibria is described by eq. 
(16) which is equivalent to eq. (15):

( [F]o -  [ F ] ) ( l  -  » ) [ H , O P  
([F]0 -  [F])m([F]?«)2

(16)

where n is the fraction of the total hydroxymethyl groups that are free 
(not tied up as hemiformals) and the other symbols are as described in the 
text.

The equilibria of hydrated formaldehyde with itself in the presence of 
the hydroxymethylphenol products is described by eq. (17).11

Qx — 45 — (V O jjF ] [F ] »t -  2([F]p — [ F ])(1  — n]  J[H2Q ]2
(17)

Combination of eqs. (16) and (17) by elimination of n gives eq. (IS).

f(m) 3QxQ2[Ffrn® +  (3Qx +  Qs) [F]3[H20 ] W  +

Q*C2[F]0 -  3 [F]) [F]2[H20 ]2;/?.'- +  [FJ [H20]*(i» -  1) = 0 (IS)

Equation (18) was solved by the Newton-Raphson method,29 starting from 
some reasonable initial estimate of m. The concentration of water in 
eqs. (16) (IK) does not include water consumed in hydrating formaldehyde, 
eq. (19).

[H,0] = [H20 ] tot -  W[F] -  (VaKl -  m)[F]  (19)

The concentration of water is updated after every iteration around eq. (IS). 
The procedure succeeds because [H20 ] converges fast.

Our thanks are extended to Dr. H. P. ILigginbottom for many helpful discussions, to 
Mr. A. N. MacDonald for calculating the rate constant ratios by linearization, to Mr. 
K. Kozlowski for skillful technical assistance, and to Mr. F. E. Gore for some analog 
computer simulations.
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Autoxidalion of Polypropylene Catalyzed 
by Cobalt Salt in the Liquid Phase

YOSH 10 KAMI Y A, Faculty of Engineering, University of Tokyo. 
Hongo, Tokyo, Japan

Synopsis

The autoxidalion of isotactic polypropylene suspended in the organic solvent was 
found to proceed very rapidly in the presence of cobalt salts. The rate of oxidation 
increases and the induction period decreases as the concentration of cobalt is increased. 
The rate of oxidation depends on solvent and is quite fast in fatty acids. Polypropylene 
has shown a rapid decrease in molecular weight at the initial stage of oxidation, and the 
volatile products were mainly composed of carbon dioxide and small amount of carbon 
monoxide. Other oxidation products were acetic acid-soluble resinous materials, having 
molecular weights of 250-730, with a molar ratio of carbon to oxygen of 3.0-5.4. Atactic 
polypropylene, relatively stable against oxidation, was oxidized easily in the presence of 
cobalt and bromide ion. The difference in the rate of oxidation depending on the tac- 
ticity of polypropylene is attributed primarily to steric hindrance to the intramolecular 
hydrogen abstraction step.

INTRODUCTION

Although the autoxidation of polymers in the liquid phase1’2 is an ad­
vantageous method for the study of oxidation mechanism, there is a 
problem involved, in that organic solvents are also oxidized at high temper­
atures, in some cases even faster than the polymers. Moreover, when such 
a relatively stable solvent as chlorobenzene is used, side reactions, e.g., 
dehalogenating decomposition of the solvent, complicates the reaction 
scheme.

The autoxidation studies on polymers to elucidate the oxidation mecha­
nism should be carried out at temperatures below 100°C.

According to our experiments, the autoxidation of polymers catalyzed 
by metal salts is a very useful method, since it proceeds very rapidly at 
temperatures as low as 80°C.

We intended to clarify the various effects, especially the effect of tactieity, 
on the autoxidation of polypropylene. The effect of tactieity on the rate of 
oxidation of polymer has not yet been clarified, although Duiog el al.1 
suggested that dimeric decomposition of hydroperoxide takes place in the 
oxidation of isotactic polypropylene while monomeric decomposition occurs 
in the oxidation of the atactic polymer in trichlorobenzene at 120°C.

2361
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Fig. 1. Oxygen absorption curves of isotactic polypropylene (1.0 g) suspended in acetic 
acid (10 ml) in the presence of cobalt acetate.

RESULTS

Autoxidation of Isotactic Polypropylene

Typical oxygen absorption curves are shown in Figure 1. The induction 
period decreases and the rate of oxidation increases as the concentration of 
cobalt salt is increased. The oxidation appears to reach a steady state after 
absorption of about 35 ml of oxygen per 1.0 g of isotactic polypropylene(IP) 
and to start decreasing after absorption of about 140 ml of oxygen. Ac­
cording to the following results, the decrease in the rate of oxidation can be 
attributed to the formation of inhibitors in the solution and not to the 
deactivation of metal catalyst.

Although the rate of oxidation of IP with 2 X 10-2 mole/1 cobalt, as 
shown in Figure 1, is decreased by a factor of t wo after 120 min and absorp­
tion of 200 ml oxygen per 1.0 g of IP as compared with the steady rate of 
oxidation, the addition of the same amount of fresh cobalt acetate as ini­
tially added after 120 min has no effect on the rate of oxidation. Furthermore, 
it was found that the acetic acid solution of 2 X 10-2 mole/1 cobalt, after 
120 min of oxidation of IP, is hardly able to oxidize a fresh sample of IP.

The amount of solvent used affects the rate of oxidation until the ratio of 
volume solvent (in milliliters) to weight polypropylene (in grams) reaches 
about 10:1 as shown in Figure 2, but the rate maintains a constant value at 
a ratio above 10:1, showing that the rate is a function of cobalt concentra­
tion and not of the amount of solvent when a sufficient amount of solvent is 
present. The cobalt concentration in the solution at the ratio of 10:1 was 
exactly constant before and after the oxidation, showing that the amount of 
cobalt adsorbed on IP or dissolved in IP is little. The solvent effect is 
quite marked, as given in Table I and Figure 3. In acetic or propionic 
acids, the oxidation proceeds much faster than in neutral solvents.

In acetic acid the rate of cobalt-catalyzed autoxidation appears to reach 
a constant value at cobalt concentrations above 0.1 mole/1 and it is nearly 
of one-half order with respect to cobalt at concentrations below 5 X 10~2 
mole/1.
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Fig. 2. Effect of t lie ratio of volume of solvent to weight of iso tactic polypropylene on the 
rate of oxidation catalyzed by cobalt in acetic acid or in propionic acid.

The activation energy of the overall reaction in acetic acid, according to 
the Arrhenius plot at temperatures from 70 to 90°C, was determined to be 
15 kcal/mole.

The high dependence of the rate of the metal concentration over a wide 
range of concentration seems to suggest that direct initiation by cobalt 
and hydrocarbon occurs. However, in the autoxidation of IP catalyzed by 
5 X 10-2 mole/1 cobalt acetate in the presence of 5 X 10 _3 mole/1 2,6-di- 
ferf-butyl-4-methylphenol, no appreciable oxygen absorption is observed 
within 360 min at 80°C, showing the direct initiation should be very slow.

In the case of neutral solvents (Table I), the rate of oxidation apparently 
tends to increase as the dielectric constant of the solvent is increased. The 
rate of oxidation in neutral solvents has starts to decrease after a shorter 
period at a steady state than in the acidic solvents.

The hydroperoxide concentration in the course of oxidation indicates a 
steady value at a steady state of oxidation as shown in Figure 4.

Nickel, copper, and manganese salts are very weak catalysts as compared 
with cobalt salt in acidic solvent, as reported previously.3 However, 
copper salts are very effective catalysts in a neutral solvent, as shown in 
Figure 5, even though it can be seen that copper becomes an inhibitor at 
high concentrations.

TABLE I

Effect of Solvent on the Rate of Oxidation of Isotactic Polypropylene“

- d [ 0 2]/dl X 104,
Solvent (mole/kg-sec)

Propionic acid 40
Acetic acid 30.5
Dimethyl phi In-date 4.4
Acetophenone 3.0
0-Dichlorobenzene I .8f>
Monochlorobenzene I . 5

» Ratio of solvent to polymer, 10 ml/g; cobalt concentration, 5 X 10 2 mole/1.
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C o b a l t  ( m o l e /  I.)

Fig. il. Raie of oxidation of isotactic polypropylene as a function of cobalt concentrai ion 
in various solvents at the ratio of solvent to polymer of 10 ml/g.

T i m e  (m in . )

Fig. 4. Hydroperoxide concentration in the course of oxidation of isotactic polypropylene 
(10.0 g) in acectic acid (200 ml) catalyzed by cobalt.

The solvent effect in Figure 3 and Table I as well as the catalyst effect in 
Figure 5 are quite unique as compared with the ordinary autoxidation of 
liquid hydrocarbons,4-5 since the oxidation of IP proceeds much faster in 
acidic solution than in neutral solvents and copper salt has shown, a stronger 
activity than cobalt.

When acetic acid solvent is partly replaced by chlorobenzene, the rate of 
oxidation shows only small deviations from a constant value until more than 
90% is replaced (Fig. 6). The rate of oxidation starts to decrease after a 
shorter steady-state period as the concentration of acetic acid is decreased. 
These results indicate that the active form of cobalt can be retained in 
acetic acid but is deactivated easily in a neutral solvent.

Oxidation Products of Isotactic Polypropylene

The molecular weight of oxidized isotactic polypropylene, which is 
insoluble in acetic acid, during the oxidation with 5 X 10-3 mole/1 cobalt
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Fig. 5. Rate of oxidation of isotactic polypropylene (1.0 g) in chlorobenzene (10 
ml) as a function of catalyst concentration with (A) copper decanoate or ( B )  cobalt 
decanoat e.

3

l0-*l------- *----- ■-------*------- *---------1
0  2 0  4 0  6 0  8 0  1 0 0

1 0 0  X A c O H / (  A c O H  +  P h C l )

Fig. 6. Effect of concentration of acetic acid on the rate of oxidation of isotactic 
polypropylene (0.2 g) catalyzed by cobalt in a mixture (2 ml) of chlorobenzene and 
acetic acid.

at 80°C is shown in Table II. According to infrared spectra the oxidized 
polypropylene contains a small amount of carbonyl groups.

Carbon dioxide and smaller amounts of carbon monoxide are evolved 
after the oxygen absorption reaches a steady state, and they reach maxi­
mum values a little later than the oxygen absorption. The ratio of the rate

TABLE II
Depolymerization of Iso tactic Polypropylene in Oxidation Catalyzed by .3 X 10_* 

mole 1 Cobalt Acetate in Acetic Acid

Time, min Molecular weight

0
30
60
90

120

23.5 X 104
13.6 X 104 
7.8 X 104 
2.7 X 104 
1.05 X 104
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T im e  ( min.)

Fig. 7. Comparison of the rate of oxygen absorption with the rate of formation of 
carbon dioxide in the course of oxidation of isotactic polypropylene (10.0 g) in acetic 
acid (200 ml) catalyzed by 5 X 10~3 mole/1 cobalt.

of carbon dioxide formation to the rate of oxygen absorption increases 
gradually as the oxidation proceeds, and the ratio seems to approach a value 
of 1:5 at the later stage of oxidation (Fig. 7).

The surface area of IP after oxidation according to the BET method* 
shows just the same value of 2.o mVg as the feed after 120 min with 
2 X 10_2 mole/1 cobalt in acetic acid.

Various oxidation products other than gaseous products were examined 
by gas-liquid chromatography, but only small amounts of acetaldehyde and 
acetone were found in the condensates recovered from the cold trap. Xo 
appreciable amount of acetic acid could be detected in (he oxidation 
products of IP in propionic acid.

Other important oxidation products are acetic acid-soluble resinous 
materials consisting of neutral and acidic products, as shown in Table III. 
The yields for each product were only several per cent (based on polypro­
pylene) after 2 hr but increased markedly after 4 hr. These products 
showed very strong absorption spectra due to carbonyl and hydroxyl 
groups.

Autoxidation of Atactic Polypropylene Catalyzed by Cobalt Salt

Although the atactic polypropylene is completely soluble in chloroben­
zene or in a 1:1 mixture by volume of chlorobenzene and acetic acid, the 
maximum rate of oxidation is lower than that of isotactic propylene by a 
factor of 3-7 as shown in Table IV. The rate of oxidation of atactic poly- 
propylene(AP) is not so accurate as that of IP, because the oxygen absorp-

* The surface area according to the BET method may be somewhat different from 
the true value, because nitrogen gas might, dissolve in IP.
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TABLE III
Yields and Properties of Acetic Acid-Soluble Products from Oxidation of Isotactic 

Polypropylene in Acetic Acid

Oxidation conditions

Cobalt
concn., mole/1

Time,
min

Products yield, wt-% 

Neutral“ Acidicb

2 X 10-2 120 5.3 3.o
2 X lO -2 240 14.5 5.8
5 X lb “ 3 120 2.2 0.7
5 X 10-;l 360 16.7 5.4

* Neutral products: molecular weight 630-730; empirical formula C3sH6i0 7. 
lj Acidic products: molecular weight 250-400; empirical formula CisIIjjO.-,.

TABLE IV
Effect of Tactieity on the Maximum Pate of Oxidation of 

Polypropylene Catalyzed by Cobalt

Oxidation conditions
— d[02]/'df X 105, mole/kg-sec Cobalt c o n c n . , ----------------------------------------

Solvent, mole/1 Isotactic Atactic

Chlorobenzene 1 X 10-2 10 3.2
Chlorobenzene 5 X 10-2 17 4.2
Acetic acid- 2 X 10-2 205 27

chlorobenzene“
Acetic acid- 5 X 10-2 300 40

chlorobenzene“
Acetic acid- 

chlorobenzene“
2 X 10 “ 2,

NaBr, 4 X IQ-2
245 300

“ 20 ml of a 1:1 mixture by volume of chlorobenzene and acetic acid was used per 
1.0 g of polymer.

tion curve of AP decreases markedly after a small amount of oxygen has 
been absorbed.

However, the autoxidation of atactic polypropylene catalyzed by cobalt 
acetate and sodium bromide in a 1:1 mixture by volume of chlorobenzene 
and acetic acid proceeds very rapidly after a short induction period, and the 
catalyst retains its activity for a long time. The rate of oxidation is exactly 
first-order with respect to polypropylene concentration (Fig. 8) and is 
increased with the increase of cobalt concentration, as shown in Figure 9, in 
which the molar ratio of bromide ion to cobalt is kept 2:1 because the rate 
is confirmed to be constant at the ratio of Br~ to cobalt above 1:1.

DISCUSSION

Mechanisn of Autoxidation of Isotactic Polypropylene

The oxidation of isotactic polypropylene proceeds surprisingly fast in the 
presence of cobalt salts at 80°C, but this result is quite reasonable because
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R H  ( g . /  I.)

Fig. 8. Effect, of concentration of atactic polypropylene on the rate of oxidation 
catalyzed by 2 X 10~* mole/1 cobalt, acetate and 4 X 10- i  mole/1 NaBr in a 1:1 
mixture by volume of chlorobenzene and acetic acid.

C o b a l t  ( m o l e / 1 . )

Fig. 9. Rate of oxidation of atactic polypropylene as a function of cobalt acetate con­
centration at a ratio of solution to polymer of 20 ml/g.

II’ has a tertiary hydrogen, which is located in the preferred position for 
intramolecular chain propagation.

Cobalt salt initiates the autoxidation chain by decomposing hydroperox­
ide as in the case of ordinary metal catalysis, since cobalt is not responsible 
for the direct initiation reaction. The results of Figure 4 indicate that the 
hydroperoxide formed is relatively stable, since the hydroperoxide concen­
tration is still appreciable at, high concentration of cobalt. Also it supports 
the above conclusion that cobalt initiates the chain by decomposing hydro­
peroxide, because the rate of oxidation increases and the steady concentra­
tion of hydroperoxide decreases as the cobalt is increased.

The result that, the rate of oxidation increases with the increase in the 
dielectric constant of solvent, indicates that the propagation step includes 
the dipolar transition stage.7'8

The higher rate of oxidation in acidic solvents than in neutral solvents 
may be due to a highly active form of cobalt in acidic solvents. The
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higher rate of oxidation in propionic acid than in acetic acid can be ex­
plained by the fact that the rate of decomposition of hydroperoxide9 
increases as the molecular weight of acidic solvent is increased.

It is of interest that the acid-soluble products retard the oxidation 
reaction but the partially oxidized polypropylene, which is insoluble in acid, 
can be oxidized faster than the fresh sample of polypropylene.

Since the induction period of oxygen absorption is 75 min at 5 X 10-3 
cobalt, as seen in Figure 1, scission of the carbon-carbon bond at a large 
molecular unit appears to occur rather preferentially at the initial stage of 
oxidation, according to the results of Table II. In the photooxidation of 
polystyrene in chloroform, Lawrence and Weir10 observed that after a rapid 
initial decrease in molecular weight, the rate of chain scission gradually 
decreases.

In this experiment considerable amount of carbon dioxide was found in 
the volatile products, but many workers11-18 found just carbon monoxide 
but no carbon dioxide. Therefore, the formation of carbon dioxide is 
presumably due to the oxidation of intermediate products, such as formal­
dehyde, catalyzed by cobalt salt. It seems also a feature of metal-catalyzed 
autoxidation at low temperatures that very small amounts of acetone and 
acetic acid are produced. Bevilacqua et al.13 regarded the two- or three- 
carbon products to result from intramolecular attack by radicals leading to 
/3-oxidation at high temperatures.

As for acid-soluble products, most of the tertiary hydrogen of polypro­
pylene seems to have been oxidized, since the ratio of carbon to oxygen is 
between 3.0 and 5.4. As can be seen in Table III and Figure 1, the low 
molecular weight products increase at the later stage of oxidation, in spite 
of the decrease in the rate of oxidation.

The fast oxidation of isotactic polypropylene catalyzed by cobalt in 
acetic acid corresponds to the lower activation energy of 15 kcal/mole as 
compared with the values for the gas phase (22 kcal/mole,14 27 kcal/mole16) .

Steric Effect on the Rate of Oxidation of Polypropylene

The steric effect on the oxidation of polypropylene (Table IV) seems to be 
so large that it overcomes the effect of solubility.

However, the higher rate of oxidation of IP may be partly caused by other 
reasons, that is, in a heterogeneous system hydrocarbon concentration is 
very high locally, and inhibitors formed by the oxidation will be removed 
easily.

Since the chain length of the autoxidation of atactic polypropylene initi­
ated by azobisisobutyronitrile in chlorobenzene at 80°C was about three, 
the difference in rates due to the tacticity can be attributed to steric 
hindrance to the propagation step. A similar short chain length of atactic 
polymers was reported by Tobolsky et al.16 Metz and Mesrobian17 suggest 
the relative inertness of polystyrene compared with isopropylated poly­
styrene toward hydroperoxide formation is due to either steric hindrance or 
to a steric inhibition of resonance of the propagation step. In contrast, it
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is well known that the chain length of tertiary peroxy radicals, sueh as
('umyl perox~' radieal,18 is long.

The sterie effeet (~aIl he elucidated by the oxidat,ion eatalyzed by ('obalt
bromide. Ai'i we have i'iuggested previously, III (~obalt monohromide in
aeetic aeid operates as a ehain earrier of autoxidation. With cobalt
hromide eatalysis, the sterie hindranee to the intramole('ular h~'drogen

abstraction is expected to be eliminated completely.
With addition of bromide ion, the rate of oxidation of hydrocarbons

catalyzed by cobalt in acidic solvent increases markedly in the cases of
methylbenzenes and n-paraffins, affecting the rate of hydrogen abstraetion
reaction. However, this effect may be as small in the case of polypropylene
as cumene, because the rate of oxidation of cumene catalyzed by 2 X 10-2

mole/l cobalt increases only by a fador of two in the presenee of 4 X 10-2

mole/l NaBr.
The rate of oxidation of atactic polypropylene with :2 X 10-2 mole/l

cobalt in a 1: 1 mixture by volume of chlorobenzene and aeetic acid increases
in the presenee of 4 X 10-2 mole/l KaBr from 2.7 X 10-4 to :3.0 X 10-3

mole/kg-sec (Table IV), while the rate of oxidation of isotaetic polypropy­
lene under the same conditions increases only from 2.0:j X 10-3 to 2.4;j
X 10-3 mole/kg-see in the presenee of NaBr.

The marked increase in the rate of oxidation of ataetic polymer due to
bromide ion may be due mainly to the elimination of sterie hindrance to
the intramolecular hydrogen abstraction step, since the hydrogen abstrac­
tion reaetion should be independent of sterie eonfiguration. In other
words, it may be said that the chain propagation step of polyprop~'lene

proeeeds mostl~' intramolecularly rather than intermolecularl~·.

Other evidence for the sterie hindrallee to the oxidation can be observed
in the co-oxidation of polypropylene with liquid hydrocarbons. When
small amounts of isotactic or atactie polymers are added to the solution of
ethylbenzene or cumene, the steady rate of oxidation increases in the case of
isotactic polypropylene, but it shows a minimum value in the case of
atactic polypropylene, as shown in Figure 10.

These results demonstrate that the inhibition effe(·t due t.() atactic'
structure is ascribed to the short chain length.

EXPERIMENTAL

Powdered isotaetic polypropylene with molecular weight of 2.3;j X 105

and surface area of 2.5 m 2/g was suspended in organic solvents and treated
by oxygen under vigorous agitation in the presenee of metal catalyst.
The catalysts used were cobalt acetate in aeetie acid and cobalt decanoate
in other solvents.

The oxidation procedure \vas carried out in an oxygen absorption
apparatus4 or by a three-mouthed flask with stirrer; in the latter, 10.0 g of
polypropylene suspended in 200 ml of acetic add was treated with oxygen
at a flow rate of 100 mljmin, and the oxidation products in the gas phase as
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Ph Et 5m l .
A I B N  3 x 1 0  m o l e / l .

0 0 . 5 1.0
P O L Y P R O P Y L E N E  ( g.)

Fig. JO. Rate of oxidation of ethylbenzene in the presence of small amounts of atactic 
polypropylenes catalyzed by cobalt or initiated by azobisisobutyronitrile.

well as in the liquid phase were analyzed by gas-liquid chromatography. 
The oxidation was carried out at S0°C except as noted.

In order to separate the oxidation products, the polypropylene was 
filtered off from the solution after cooling, and the filtrate was distilled to 
dryness under vacuum. The remaining viscous materials were dissolved in 
benzene and washed with an aqueous solution of sodium hydroxide; the 
alkaline solution was acidified with hydrochloric acid and extracted with 
diethyl ether. Thus, the neutral products were recovered from benzene 
solution and the acidic products from ether solution.

Atactic polypropylene with a molecular weight of 104 was dissolved in 
chlorobenzene or in a 1:1 mixture by volume of chlorobenzene and acetic 
acid, and treated with oxygen in the presence of cobalt salt as for the case of 
isotactic polymer.

The molecular weight was determined with a Mechrolab osmometer or 
calculated from the viscosity.6
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Polymerization of 2,2,2-Trifluoroetliyl Vinyl Ether

C. K. CHIKLIS and H. C. HAAS, Chemical Research Laboratories, 
Polaroid Corporation, Cambridge, Massachusetts 02139

Synopsis

The polymerization of 2,2,2-trifluoroethyI vinyl ether by six different catalyst systems 
was examined. Low-temperature studies ( —78°C) with boron trifluoride etherate 
catalyst in hydrocarbon and chlorinated solvents slowly yielded low molecular weight 
polymers which were amorphous and nonerystallizable upon cold drawing. Under 
similar conditions, polymerizations with boron trifluoride gas were spontaneous, quan­
titative, and gave relatively high molecular weight, form-stable, amorphous polymer. 
Heterogeneous polymerizations with chromium trioxide crystals in toluene at 68°C and 
bulk reactions with ethylmagnesium bromide-carbon tetrachloride catalyst at 40°C 
failed to produce polymer. Room temperature runs with triisobutylaluminum-titanium 
tetrachloride catalyst gave amorphous, tacky material. Aluminum hexahydrosulfate 
heptahydrate (AMS) initiated polymerizations conducted at 25 and 60°C gave low yields 
of mixtures of amorphous and crystalline polymers, the ratio depending upon the poly­
merization solvent employed. The infrared spectra and x-ray diffraction intensity 
curves of crystalline and amorphous poly(trifluoroethyl vinyl ether) are reported and 
compared herein for the first time.

INTRODUCTION

The low-temperature polymerization of alkyl vinyl ethers with boron 
trifluoride etherate in hydrocarbon and chlorinated solvents, which gives 
stereoregular and crystallizable polymers, was first reported by Schild- 
knecht and co-workers.1-3 Since that time, a multitude of catalyst systems 
capable of yielding high molecular weight, tactic and atactic polymers over 
a broad range of polymerization temperatures have been reported. From 
a practical standpoint, the complex organic metal sulfate and Ziegler-type 
catalysts disclosed by Vandenberg4-8 and the metal sulfate hydrates of 
(Mosley9 and Lai10 are of particular interest, since they give stereoregular 
polymers at or near room temperature.

Schildknecht11 polymerized 2,2,2-trifluoroethyI vinyl ether with boron 
trifluoride etherate at — 80°C in chloroform and described the product as a 
relatively high molecular weight, nontaeky, rubberlike polymer. Using 
an aluminum isopropoxide-suli'uric acid complex catalyst, Vandenberg and 
co-workers5’6 prepared crystalline, presumably isotactic, poly (2,2,2- 
trifluoroethyI vinyl ether). During t he course of our work with t his mono­
mer, we observed that some of the reported catalyst systems for alkyl vinyl 
were partially or totally ineffective. Based on our investigation, the 
virtues and limitations of six different catalyst systems are reported herein.

2573
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EXPERIMENTAL

Reagents

2,2,2-Trifluoroethyl vinyl ether, obtained from Ohio Chemical, was 
washed three times with aqueous sodium carbonate, water-washed, and 
dried over sodium sulfate followed by calcium sulfate. It was distilled 
over calcium hydride under nitrogen and the fraction coming over at 43.2°C 
collected.

Chloroform and carbon tetrachloride (Mallinckrodt AR grade) were 
washed thoroughly with water, dried over sodium sulfate and then calcium 
sulfate, and distilled under nitrogen. Pentane and heptane (Eastman 
practical grade) were treated with concentrated sulfuric acid, washed 
thoroughly with water and aqueous sodium carbonate, and dried over 
sodium sulfate and calcium sulfate successively. Thereafter, they were 
distilled over phosphorus pentoxide under nitrogen. Benzene (Fisher 
reagent, thiophene-free); toluene, acetone, carbon disulfide (Mallinckrodt 
AR grade); and hexafluoro-p-xylene (Columbia Organic) were dried over 
calcium sulfate and distilled over calcium hydride under nitrogen. The 
above distillations were run on a spinning band column (28 theoretical 
plates) at a reflux ratio of 9/1.

Boron trifluoride-diethyl ether (Eastman white label) was distilled under 
nitrogen through a 10-in. Vigreux column. The main fraction (bp 12(1°C) 
of water-white liquid was collected and the receiving flask capped with a 
serum stopper.

Boron trifluoride gas, obtained from the Matheson Company, was used 
directly from the lecture bottle.

Chromium trioxide crystals (Mallinckrodt AR grade) were used as 
received and after two recrystallizations from water. The melting point of 
the commercial and recrystallized material was the same, 199-200°C.

A freshly prepared 3M  solution of ethylmagnesium bromide in diethyl 
ether, obtained from Arapahoe Chemicals, was used as received.

Aluminum hexahydrosulfate heptahydrate (AHS) was prepared by heat­
ing aluminum sulfate octadecahydrate with concentrated sulfuric acid as 
described by Mosley.9

Triisobutylaluminum was purchased from Texas Alkyls, Inc. and 
titanium tetrachloride from Matheson.

Polymerizations

Polymerization conditions and references are given in Table I.

Polymer Characterization

The x-ray diffraction intensity curves of unstretched films, stretched 
films, and finely ground powders were measured by using nickel-filtered 
copper radiation.

Crystalline melting points were determined by differential thermal
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analysis (DTA). The DTA cell was equipped with a window which 
allowed visual observation of the sample during the melting transition. 
A typical run consisted of heating a sample in the instrument to 15°C 
above the expected (or observed) melting point, cooling and holding it for 
approximately 30 min at a temperature about 5°C below the melting point 
to permit recrystallization, cooling to room temperature, and then reheating 
and recording its thermogram.

Films for infrared studies were cast from acetone on silver chloride disks 
and dried for 30 min in a circulating air oven at 50°C. Crosslinked, 
insoluble fractions were run as potassium bromide pellets.

Inherent viscosities were obtained at 0.5% concentration in acetone at 
25° C.

RESULTS AND DISCUSSION

The polymerization conditions and results for trifluoroethyl vinyl ether 
are given in Table I.

Polymerization in liquid propane at —78°C with boron trifluoride 
etherate was slow and gave a 50% yield of a low molecular weight, tacky 
polymer. Its infrared spectrum is shown in Figure 1 (designated as amor­
phous polymer). Since the rate of polymerization of alkyl vinyl ethers 
catalyzed by boron trifluoride-etherate is greatest when the alkyl group is 
strongly electron-donating,8 it was expected that trifluoroethyl vinyl ether 
would polymerize even more slowly than methyl vinyl ether, and this 
might account for the low yield observed.

Low-temperature polymerizations in “ activating” solvents with boron 
trifluoride etherate catalyst11 gave quantitative yields of somewhat higher 
molecular weight, nontacky polymers. The inherent viscosities are rela­
tively low but are typical of polymers derived from the lower alkyl vinyl 
ethers with boron trifluoride etherate catalyst.12 Their infrared spectra 
were identical to that of the polymer prepared in liquid propane. Okamura 
and co-workers12 have shown that these “ activating” halogenated solvents

Fig. 1. Infrared spectra of: (a) amorphous and (6) crystalline poly (trifluoroethyl vinyl
ether).
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are simply much better solvents than liquid propane, n-hexane, and n- 
heptane for the less reactive monomers, e.g., methyl vinyl ether, and their 
corresponding polymers and that similar results can be obtained in toluene.

The polymerizations conducted with boron trifluoride gas at —78°C in 
chloroform-pentane solvent were instantaneous upon catalyst injection and 
quantitative. This technique is analogous to the flash-type polymeriza­
tion reported by Schildknecht1 and yielded higher molecular weight poly­
mers as compared to the boron trifluoride etherate runs. These polymers 
were soluble in acetone, methanol, tetrahydrofuran, and hexafluoro-p- 
xylene. They were insoluble in monomer, aliphatic hydrocarbons, chlori­
nated hydrocarbons, dioxane, benzene, toluene, dimethylformamide, 
dimethyl sulfoxide, carbon disulfide, and nitrobenzene. A few remarks 
regarding these runs seem appropriate. Upon cooling the monomer- 
solvent system under nitrogen with stirring prior to catalyst injection, the 
solution became slushy as the temperature approached —78°C. If the 
gaseous catalyst was injected at this point, the yield and inherent viscosity 
of the resultant polymer were decreased. The preferred technique involved 
lowering the cooling bath, momentarily thereby allowing the slush to liquify 
and then immediately injecting the catalyst through a hypodermic needle. 
It was also observed that if the chloroform solvent was distilled over 
calcium hydride, after drying over calcium sulfate as reported in the 
experimental section, the flash polymerization did not occur. No polymer 
formation was discernible after 2 hr at — 78°C, however, upon addition of a 
few water droplets from a syringe, a slow growth of polymer was observed at 
the surface of the frozen water droplets. The level of water, or some 
other protonic material, in the chloroform which was dried over calcium 
sulfate was beyond the detectability limits of Karl Fisher titrations orvapor 
phase chromatography but was sufficient to act as co-catalyst with boron 
trifluoride gas.

The infrared spectra of films of poly(trifluoroethyl vinyl ether) prepared 
with boron trifluoride gas and boron trifluoride etherate were found to be 
identical. This was surprising since we expected the latter to be stereoregu­
lar. Our own work (unpublished) and that of Vandenberg8 with solvent- 
cast films of atactic and isotactic poly(methvl vinyl ether) has shown that 
the spectra are quite similar but some of the bands of the fine structure are 
discernibly sharper and slightly shifted for the crystalline polymer. A 
similar observation was reported by Schildknecht13 for crystalline and 
amorphous poly (isobutyl vinyl ether).

The x-ray diffraction intensity curves were measured of unstretched and 
stretched films of polymer prepared with boron trifluoride etherate and 
boron trifluoride gas (runs 1 8 , Table I). None of the films showed 
signs of crystallinity. It was quite difficult to obtain highly stretched 
films of the polymers prepared with boron trifluoride etherate, since they 
lacked cohesive strength and often ruptured during measurement. Schild­
knecht recollected that the poly(trifluoroethyl vinyl ether) prepared by 
him in chloroform at —78°C with boron trifluoride etherate11 did not
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exhibit a crystalline x-ray diffraction pattern upon cold drawing.14 Based 
on the infrared and x-ray data it appears that the polymer discussed thus 
far are all amorphous.

Iwasaki16 reported that isotactic poly(vinyl isobutyl ether) could be 
prepared at 80°C by using chromium trioxide crystals as catalyst and tol­
uene as solvent. The polymerization is heterogeneous and a magnetic 
stirrer, to mill the catalyst during reaction, was found necessary to obtain 
polymer with a high crystalline fraction. This technique was attempted 
by us with trifluoroethyl vinyl ether except that our reaction temperature 
(reflux) was 67.5°C as dictated by the composition of our monomer-solvent 
system. No polymer formation was observed. Numerous additional 
runs were made which encompassed the use of commercially available and 
recrystallized chromium trioxide and stabilizer (2,6-di-ferf-butyl-p-cresol) 
crystals, fresh monomer, and toluene which were distilled over sodium 
directly into the polymerization flask, longer reaction times (24 hr), 
longer initial heating times in dry air at 100°C to activate the catalyst, 
and finally, the use of different sizes of glass- and Teflon-coated stirring 
magnets. No evidence of polymer formation was ever observed. Our 
attempts to reproduce Iwasaki’s work with vinyl isobutyl ether resulted in 
very low yields of polymer (ca. 3% ); therefore, the source of our difficulty 
remains unanswered but probably involves insufficient milling of the hetero­
geneous catalyst.

The bulk polymerization of vinyl isobutyl ether with ethylmagnesium 
bromide-carbon tetrachloride catalyst at 80°C was reported by Iwasaki 
and co-workers16 to give a 69% conversion of high molecular weight poly­
mer. We studied this catalyst system with trifluoroethyl vinyl ether using- 
lower reaction temperatures (bp of monomer is 43 °C) and longer times. 
Runs conducted at 25 and 40°C for 24 hr failed to produce polymer. 
Interestingly, when a control polymerization was conducted with carefully 
purified vinyl isobutyl ether,17 which was distilled over sodium under 
nitrogen immediately before use, the monomer polymerized violently within 
seconds at room temperature.

Trifluoroethyl vinyl ether was polymerized with Mosley’s catalyst,9 
aluminum hexahydrosulfate heptahydrate (AHS), in six solvents for 20 
days at room temperature with the use of monomer-solvent-catalyst ratios 
as reported by Lai and co-worker.18 The yields were very low (Table I) 
but the polymer characteristics are interesting (Table II). The polymers 
prepared in chloroform, acetone, hexafiuoro-p-xylene, and benzene were 
crystalline and gave x-ray diffraction intensity curves as shown in Figure 2. 
Average diffracting distances calculated from 26 values are given in Table
III. The melting points were determined by using differential thermal 
analysis. The fine structure region of their infrared spectra was distinctly 
different from that of the previously prepared amorphous polymers (see 
Fig. 1, crystalline polymer). The principal differences are the appearance 
of a doublet at 968 and 990 cm-1 , the presence of a new band at 890 cm "1, 
and a change (or possibly a shift) in the relative intensities of the bands at
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TABLE II
Characteristics of Poly(trifluoroethyl Vinyl Ether) 

Polymerized with 75% AHS at 25°C in Various Solvents

Crystallinity
of

Polymer- unfrae- Melting
ization Physical donated point,
solvent form Solubility data polymer“ °C

Heptane Syrupy, viscous Sol. in methanol, — —
liquid acetone, etc.

Carbon disulfide Crosslinked Small fraction of Amorphous ---.
powder methanol- and 

acetone-soluble 
material

Chloroform Powder .Methanol-soluble and Crystalline Lit)
-insoluble frac­
tions; latter com­
pletely soluble in 
acetone.

Acetone Powder Methanol-soluble and Crystalline 136
-insoluble frac­
tions; latter in­
completely soluble 
in acetone; small 
fraction of cross-
linked polymer

llexalluoro-p- Crosslinked 5-10% of acetone- Crystalline 130
xylene powder soluble polymer

Benzene Crosslinked 5-10% of acetone- Crystalline 130
powder soluble polymer

• As determined by DTA, IR and X-ray analyses.

S53 and 830 cm-  V These spectral differences are similar to those observed 
by Iwasaki15 for amorphous and crystalline poly(isobutyl vinyl ether). 
The inherent viscosities of the acetone soluble fractions of these powders 
ranged between 0.20 and 0.40 dl/g.

The acetone insoluble fractions also showed signs of crystallinity by 
infrared, x-ray, and differential thermal analyses, but we verified that their 
insolubility was due to crosslinking by heating them in hexafluoro-p-xyleue 
at temperatures above the crystalline melting point (>  136°C), whereupon 
they swelled but did not dissolve. The low yields obtained in the hexa- 
fiuoro-p-xylene, benzene, and carbon disulfide runs might be explained by 
the observation that the polymers formed were coated on the surface of the 
heterogeneous catalyst. This suggests that the competitive crosslinking 
reaction insolubilized the polymer thereby rendering the surface of the 
catalyst inactive. .No mention of this crosslinking reaction has been made 
by Mosley9 or Lalls in their studies of AHS-catalyzed polymerizations of 
alkyl vinyl ethers. Therefore, we feel that this crosslinking reaction is 
peculiar to trifluoroethyl vinyl ether and might involve abstraction of a
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TABLE III
28 Values and Calculai«! Diffracting Distances for Crystalline 

Poly(trifluoroethyl Vinyl Ether)

28 d, A

13.6 6.65
17.4 5.09
18.6 4.75
18.9 4.68
19.4 4.57
24.6 3.62

methylenic proton (alpha to the trifluoromethyl group) by an anionic 
coordination site on the heterogeneous catalyst18 to yield a carbanion 
capable of creating intermolecular crosslinks.

A second series of AHS-catalyzed polymerizations were conducted in 
five solvents at 60°C at higher monomer and catalyst concentrations (Table
I ) . The results were similar to those obtained at room temperature. The 
yields were higher and so was the extent of the crosslinking reaction, but 
more material was available for characterization (Table IV). Although 
the polymers obtained from the heptane and carbon disulfide runs appeared 
to be amorphous, infrared and differential thermal analyses hinted that 
their methanol-insoluble fractions might have contained a very small 
amount (ca. 1%) of crystalline polymer.

Lai18 reported that AHS yields stereoregular (isotactic) and crystallizable 
poly(alkyl vinyl ethers) and measured the apparent first order rate con­
stants for a series of alkyl vinyl ethers which decreased in the order: ethyl
>  «-butyl >  «-hexyl = «-octyl. From our qualitative observation of the 
polymerization rate of trifluoroethyl vinyl ether in heptane and the overall 
rate constants given by Lai, we roughly estimate that trifluoroethyl vinyl 
ether is as unreactive as «-hexyl or «-octyl vinyl ether toward AHS, which

Fig. 2. X-ray scattering from (a) amorphous and (b ) crystalline poly(trifluoroethyl vinyl
ether).
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TABLE IV
Characteristics of Poly(trifluoroethyl Vinyl Ether) 

Polymerized in Various Solvents with 75% AHS at 60°C

Polymerization
solvent Polymer characteristics and solubility data

Heptane Rubbery polymer: methanol-soluble (12.8%) and 
-insoluble fractions; latter incompletely soluble 
in acetone (small fraction of crosslinked polymer); 
no evidence of crystallinity in either fraction“

Carbon disulfide Mixture of viscous liquid (61%) and powder; 
powder has methanol-soluble (11.5%) and -insolu­
ble fractions; latter incompletely soluble in acetone 
(small fraction of crosslinked polymer); no 
evidence of crystallinity in either fraction

Chloroform Rubbery powder (mp 130°C), methanol-soluble 
(<5% ) and -insoluble fraction; latter partially 
soluble and largely swollen by acetone (cross­
linked); both fractions show signs of crystallinity

Acetone Mixture of viscous liquid (80%) and powder (mp 
130°C); powder has methanol-soluble (27%) and 
-insoluble fractions; latter incompletely soluble in 
acetone; both fractions show signs of crys­
tallinity

Hexafluoro-p-xylen e Mixture of viscous liquid (50%) and powder
(mp 130°C); powder has methanol-soluble (89%) 
and -insoluble fractions; latter incompletely 
soluble in acetone; both fractions show signs of 
crystallinity

“ As determined by DTA, IR, and x-ray analyses.

further demonstrates the deactivating effect of the trifluoromethyl group.
Vandenberg and co-workers5’6 reported the preparation of crystalline 

(presumably isotactic) poly(trifluoroethyl vinyl ether) by using a group III 
metal alkoxide-sulfuric acid complex catalyst. The polymer had a melting- 
point of 128°C and a higher molecular weight than the crystalline polymers 
prepared by us. A reduced specific viscosity of 0.6 was cited for a 0.1% 
acetone solution at 25°C.

Our triisobutylaluminum-titanium tetrachloride-catalyzed polymeriza­
tion of trifluoroethyl vinyl ether yielded a rubbery and slightly tacky poly­
mer. Infrared, DTA, and x-ray analyses indicated that it was amorphous 
and noncrystallizable. These observations are in general agreement with 
those of Lai,18 who showed that if vinyl isobutyl ether was polymerized 
with triisobutylaluminum-titanium tetrachloride at temperatures above 
—20°C, the polymer produced was amorphous. Natta and co-workers20 
reported that if the polymerization of vinyl isobutyl ether with triamvlal- 
uminum-biscyclopentadienyltitanium dichloride was carried out at — 30°C 
or higher, amorphous polymers were obtained.

In conclusion it can be said that trifluoroethyl vinyl ether is comparatively 
unreactive and polymerizes slowly with boron trifluoride etherate catalyst
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due to the negative inductive effect of the fluoroalkyl group. In hydro­
carbon solvents at — 78°C, low molecular weight, tacky polymers are 
formed presumably due to poor solvency effects. Xontacky, rubbery 
polymers are formed in chlorinated hydrocarbon solvents, but as films they 
lack cohesive strength and rupture easily upon cold drawing. Despite 
this apparent unreactivity, polymerizations with boron trifluoride gas in 
chloroform or chloroform-pentane solvents proceed spontaneously and 
quantitatively to give high molecular weight, form-stable polymers.

The reason for the complete ineffectiveness of the Grignard-oarbon 
tetrachloride catalyst system can only be speculated upon at this time. 
Perhaps the monomer was simply too unreactive toward this catalyst at. 
40°C and higher temperatures are required (pressure polymerizations). 
We intend to study this at a later date. The mechanism of this polymeriza­
tion and the nature of the active catalyst is not known but we assume it to 
be cationic. Kray21 has suggested that when a Grignard reagent dissolved 
in diethyl ether (an etherate) is added to an alkyl vinyl ether, an early step 
in the formation of the active catalyst might involve the replacement of 
the diethyl ether by each of two vinyl ether oxygens (or double bonds). 
It is conceivable that the electron-withdrawing effect of the trifluoromethyl 
group (and not steric effects since isobutyl vinyl ether polymerizes readily) 
could sufficiently reduce the electron density about the vinyl ether oxygen 
atom or double bond so as to inhibit formation of the active catalyst.

As future work we plan to study the factors responsible for the ter­
mination of the chain growth reaction, particularly for the boron tri­
fluoride etherate-catalyzed system (no complicating crosslinking reaction). 
Copolymerization studies would also be desirable to determine Alfrey- 
Price Q and e values in order to assess more quantitatively the deactivating 
effect of the 2,2,2-trifluoroethyl group.

The authors are indebted to Dr. M. Manning for the DTA studies and to Mrs. Mary 
McCann for the x-ray analyses.
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Synopsis

The relative reactivities of a-monosubstituted cyclic ethers having rings of three to 
six members toward a cation were estimated from their copolymerizations with 3,3-bis- 
(chloromethyl)oxetane (Mi) catalyzed by boron trifluoride etherate in methylene chloride 
at 0°C. It was found that the reactivity of these cyclic ethers was dominated by both 
the ring strain and the basicity. The following empirical equation was derived to repre­
sent the relative reactivity of cyclic ethers: log (1/n) = -0.086A.ffiS — 0.31A/J
+  0.57, where Aff<S and AB  are constants, characteristic of ring strain and basicity of 
the cyclic ethers and determined from the differences in free energy of polymerization 
of the corresponding cycloalkanes and in basicity between VIi and M2 monomers, re­
spectively. A good linear correlation was observed between the reactivities calculated 
from this equation and those obtained from the experiments.

Introduction

Although many studies have been made on the homo- and copolymeriza­
tions of cyclic ethers, quantitative and systematic studies of the relation 
between the structure and the reactivity of cyclic ethers to a cation have 
been few. In 1964 Iwatsuki et al.1 reported that the relative reactivities of 
cyclic compounds to a growing polymer cation are correlated with their 
basicities. This treatment was extended to various copolymerization 
systems and discussed in detail.2 Sakai et al.3 also investigated the com­
petitive ring-opening reactions of cyclic ethers with stannic chloride and 
described the correlation between the relative reactivities and the basicities 
of cyclic ethers.

In a previous paper4 we reported that the relative reactivities of a- 
substituted ethylene oxides, which were estimated from copolymerizations 
with 3,3-bis(chloromethyl)oxetane (BCMO), were higher than expected 
from their basicities, and we assumed that the ring strain of cyclic ethers 
might be the cause.

The present work was done to clarify the effects of both ring strain and 
basicity of a-monosubstituted cyclic ethers on their reactivities. The 
relative reactivities to a given cation were estimated from copolymeriza­

2585
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tions with BCMO catalyzed by boron trifluoride etherate as well as from 
those mentioned in the previous paper.4

Experimental

The experimental procedures have been described in previous papers.4'6 
All copolymerizations were carried out under similar reaction conditions. 
The concentration of monomer mixtures was kept constant at 3 mole/1., 
and a suitable concentration of boron trifluoride etherate was used in 
methylene chloride at 0°C. The copolymers obtained were isolated at a 
lower conversion. The composition of the resulting copolymers was 
determined from their chlorine analysis, and the monomer reactivity ratios 
were calculated by the Fineman-Ross method.6

Results and Discussion

The monomer reactivity ratios in the copolymerization of various a- 
substituted cyclic ethers (M2) and BC.MO (Mi) are summarized in Table I.

TABLE I
Monomer Reactivity Ratios in Copolymerization of Various a-Substituted Cyclic 
ethers (Mi) and 3,3-Bis(chloi'omethyI)oxetane (Mi) catalyzed by BF3-0 (C2H.5)2 in

CtLClo at 0°C.

a-Subst.ituent n n 1 I n Ref.

Three-membered
ring:

CTL, 0 .3 2 . 0 3.33 present work
c h 3 0 . 3 0.65 3.33 4
c t l c h . 0.415 1 .1 2 22 present work
H 0.5 0.2 2 . 0 0 4
CH3OCH2 0.7 0 . 1 1 .45 present work
c 6h 5 0 . 8 0 . 8 1 .25 4
c «h 5o c h 2 1 . 1 0.25 0 .91. present work

Four-membered
ring:

c h 3 0.04 3.4 25 present work
H 0 .0 1 1 0 .8 100 present work
C6H3 0.05 2.7 20 present work

Five-membered
ring:

c h 3» — — 0.77 7
Hb 0.82 1 .00 1 .2 2 8
C6H5 2 . 6 0 0.38 present work
C6H5OCHa 3.8 0 0.26 present work

Six-membered
ring:

c h 3 7.2 0 0.14 present work
Ha — — 0 . 6 6 7
c 6h 5 — — very small present work

a Copolymerization was carried out in bulk. 
b Copolymerization was carried out in toluene.
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When the relative reactivities of cyclic ethers to the poly(BCAIO) cation 
Riven in Table I were plotted against their basicities (pKb), which were 
determined by Iwatsuki et al.1 and Sakai et al.,9 no linear relationship was 
observed. As has been known, this might suggest that the reactivity of the 
cyclic ethers was influenced not only by the basicity but also by the ring 
strain.

Then an attempt was made to derive an empirical equation between the 
reactivity and the structure of the cyclic ethers by using these two param­
eters. The free energies of polymerization (AG) of unsubstituted and 
methyl-substituted cycloalkanes, which were estimated by Dainton et al.,111 
might be assumed to be used as a measure of the extent of their ring strains, 
RS; see Table II. Furthermore, it was hypothesized that the free energies of 
polymerization of cyclic ethers are comparable to those of the corresponding 
cycloalkanes11 and that the substituents other than the methyl group have 
only as much effect as the methyl group. Thus, when the contribution of 
ring strain was eliminated from the relative reactivities (1/n) with the 
term of 0.086AG', a fairly good linear correlation was observed, as is shown in 
Figure 1. Therefore, the relative reactivities of cyclic ethers to the poly- 
(BCMO) cation are empirically expressed by

log ( l /n )  =  —0.086AG -  0.31 (pA„) +  C (1)

where C is a constant mainly determined by the Mi used. A similar equa­
tion was also made by using the ring strain parameter ARS, rather than 
AG (see footnote of Table II).

To clarify further the basicity term in eq. (1), the polar effect of the a 
substituents on the reactivity was examined. Figure 2 shows the relation­
ship between the relative reactivities of three- and five-membered cyclic 
ethers and their polar substituent constants a*]'- the relative reactivities 
appeared on different straight lines with the same slope (p* = —0.62), 
except for the values of unsubstituted cyclic ethers. As is shown in Figure 
3, a similar relationship appeared between the pKt values and the a* 
constants; again the slopes of the resulting straight lines were the same 
(tan e = 1.9). In the case of four- and six-membered cyclic ethers similar 
correlations might be predicted, but the available data were limited.

pKb

Fig. 1. Relationship between log l / ) ’i +  0.086AG and pKi of M«: (O) three-membered 
ring; (©) four-membered ring; (9 ) five-membered ring; (•) six-membered ring.
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TABLE II
Values of Atr, A US, and A/h for Cyclic Et hers

King
size Substituent

Afr of cyclo­
alkane," 

kcal/mole a RS"

p I<h of 
«-met hyl- 

subst. 
cyclic ether ABf

3 H - 2 2 . 1 - 8 . 1
QO «-Methyl - 1 8 . 1 - 4 . 1 6.94* 1 . 3
3 « , «-Dimethyl - 1 3 . 7 0.3
4 II - 2 1 . 5 — 7.0
4 «-Methyl - 1 7 . 7 - 3 . 7 2.7 - 3 . 0
4 a,«-Dimethyl - 1 4 . 0 0.0
f) II — 2.2 1 1 .8
5 a-Melhyl 1 . 5 15.5 3.479 — 2.2
5 a,«-Dimethyl 4.8 18.8
6 H 1.4, 15.4
6 «-Methyl 5.5 19.5 3.3 - 2 . 4
6 a,«-Dimethyl 7.8 21 .8

a Data for the polymerization of cycloalkanes.10
b Indicated difference in AG between cycloalkanes and standard 1,1-dimethyl cyclo- 

butane taken as a model of BCMO.
0 Indicated difference in pA’ i, between cyclic ethers and standard BCMO (y>Kb = 5.0.5).1

Fig. 2. Relationship between log l/n and a-* values: (O) t.hree-membered ring; (3)
five-membered ring.

Fig. 3. Relationship between pA'j and a* values: (O) three-membered ring; (9) five-
membered ring.
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From the results of Figure 3 it is considered that the basicity of the cyclic 
ethers may be separated into two terms, in which the first term, B, is de­
pendent on the ring size and second one, /L, on the inductive effect of the 
substituent: pKb =  B — JSi +  B>. Hence, eq. (1) can be transformed 
into the following general equation:

log (1 /n ) = aARS +  I3AB +  C (2)

where AB is given by AB = ABi +  B2, where B2 = p*a*/i3 = 2.0a*
In eq. (2) the constants ARS =  AAG and AB are characteristic of the 

ring strain and basicity of the cyclic ethers used and are calculated from the 
differences in free energy of polymerization and in basicity between Mi and 
M2, respectively (see footnote of Table II). The parameters a and /3 are 
the empirical constants depending on the contributions from, ring strain and 
basicity, respectively, and C is a correction constant. In this equation the 
AB’s of the substituted cyclic ethers are easily obtained from the equation 
AB = A/ii +  2.0o-*. Here eq. (2) may be rewritten in the empirical form

log ( l /n )  = -0.086A&S -  0.31AB +  0.57 (3)

This equation is substantially the same as eq. (1), but it is more useful; 
the relative reactivities of the cyclic ethers whose pK t values are not avail­
able may be predicted from this equation whenever the cr* value of the 
substituent is obtainable from the literatures.

The comparison between the values calculated from eq. (3) and those 
observed (Table I) is shown in Figure 4. The good agreement between 
them emphasizes that the equation may be used under the conditions 
described for expressing the reactivity of cyclic ethers to the poly(BCMO) 
cation.

Fig. 4. Relationship between relative reactivities found and those calculated from eq.
(3): (O) three-membered ring; (C) four-membered ring; (3) five-membered ring; (•)
six-membered ring.
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The results mentioned above suggest that cationic polymerizations of 
cyclic ethers of different ring sizes proceed by similar reaction mechanisms; 
the growing polymer end is an oxonium ion, even in the case of ethylene 
oxides, as it is in oxetanes and tetrahydrofurans.4'13

In the previous paper4 the reactivity of isobutene oxide to the poly- 
(BCMO) cation was found to be lower than that of propylene oxide in spite 
of the increased polar substituent effect. The relative reactivity of iso­
butene oxide calculated from eq. (3) was 2.74, and this value was smaller 
than that of propylene oxide, 3.33. Therefore it was concluded that the 
lower reactivity of isobutene oxide was understandable by its decreased 
ring strain.
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1,5-Polymerization of 1-Thioacylaziridines
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Department of Synthetic Chemistry, Faculty of Engineering, 

University of Tokyo, Bunkyo-ku, Tokyo, Japan

Synopsis
Four thioacylaziridines, l-thioaroyl-, l-(iV-phenylthiocarbamyl)-, l-(aryloxythio- 

oarbonyl)-, and l-(aryldithiooxycarbonyl)azi>'idines, were found to undergo 1,5-poly­
merization to giving polymers of polyiminothioether, polyisothiourea, polyiminothio- 
carbonate, and polyiminodithiocarbonate structure, respectively. The 1,5 polymeriza­
tion ma5r be explained by the kinetic factors rather than the thermodynamic ones.

INTRODUCTION

Aziridin.es possessing an a-unsaturated substituent, at the 1 position are 
able to form polymers by either of two processes:

CHj
/ I

Y— C— N 1 —  YCl t . CI L— or -fC II 2CH 2— N = C — X-)-„
II \ i  I Ix ctr2 c= x  y

|r 1,5 polymerization

1,3 polymerization

where X  is = 0 ,  = S , = X — , etc., and A' is —0 —Ar, —S—Ar, — \H — 
Ar, —Alkyl, etc.

In a previous paper,1 we reported the syntheses and reactions of new 
thioacylaziridines, l-thioaroyl-, l-(aryloxvthiocarbonyl)-, and l-(aryldi- 
thiooxycarbonyl)aziridines. They were unstable and polymerized either 
gradually or rapidly on standing at room temperature.

The 1,3 polymerization of specific 1-acylaziridines, such as the l-(per- 
fluoroacyl)aziridines2 and l-(alkoxycarbonyl)aziridines,s has been reported. 
However, in the case of 1-thioacylaziridines, including l-(A-phenylthio- 
carbamyl)aziridine, the 1,5 polymerization was observed exclusively. In 
view of this difference it seemed to be of interest to elucidate the factors 
governing the polymerization processes.

RESULTS AND DISCUSSION 

Polymerization of 1-Thioaroylaziridines (I)

1-Thiobenzoyl- and l-(p-chlorothiobenzoyl)aziridine, (la) and (lb), 
polymerized explosively when kept at room temperature for several min-

2591



2592 V. 1WAKURA, A. NABJFYA, T. NISHIGUCIli

uics, while l-(p-methylthiobenzoyl)- and I-(p-methoxythiobenzoyl)- 
aziridine, (Ic) and (Id), did so more gently.

In solution (I) polymerized rapidly with nucleophilic initiators such as 
n-butyllithium, triethylamine, and sodium cyanide, and did so very 
slowly without initiators. It was found that the polymers (P-I) from (I) 
had polyiminothioether structure, resulting from 1,5 polymerization.

Cir2/\
At— C—N | — -(-CIRCIR—N=CJ—S-)-»

I! V  I
S CIIj Al­

i i )  ( P - l )

where Ar is (a) phenyl, (1)) p-chlorophenyl, (c) /i-tolyl, or (d) p-methoxy- 
phenyl.

The structure of (P-I) was established from the following facts.
(a) The infrared spectra resemble those of 2-arylthiazolines, which have 

iminothioether linkage, and showed a strong peak ascribable to C==N 
linkage near 1610 cm. :.

Fig. 1. N.Mlt spectra of methylene regions of polymers at (>()0 in o-diclilorobenzene at. 
til) me...see.: (top) polymer (P-Ib); (middle) polymer (P-IIIa); (bottom) polymer
(P-IVa). Tetramethylsilane was internal standard.

(b) In the nuclear magnetic resonance (X.UR) spectra broad peaks of 
methylene protons assignable to the A»B« type4 of structure were observed. 
A part of the spectrum of (P-Ib) is shown in Figure 1 as an example.

(c) Poiy(A-p-methyhhiobenzoyl)ethylenimine (I’-l'c), which would re­
sult from 1,3 polymerization of (Ic), was prepared in (he condensation 
reaction of polyethylenimine and sodium p-melhylthiobenzoylthioglycolate.
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The infrared spectrum and chemical behavior of (P-I'c) were quite different 
from those of (P-Ic).

—(CH TH — N9tt 

C=S

(P -I'c)

The results of the polymerization of (Ia-d) are summarized in Table I.
The results indicate that the smaller the amount of n-butyllithium, the 

higher the viscosities of the resultant polymers. Figure 2 shows reduced 
viscosity versus time for the polymerization of ( lb ) : when 3 mole-% of 
n-butyllithium was added to a 0.3M solution of (lb) in tetrahydrofuran, the 
polymerization was almost complete within 3 hr.

The infrared analysis demonstrated that appreciable polymerization of 
(lb) took place within 1 hr. when 5 wt.-% of (P-I) or IV-methylbenzthio- 
amide was added to a solution of (lb), whereas no polymerization of (lb) 
was observed within 1 day when 2-arylthiazolines or iV,iV-dimethylbenz-

TABLE I
Polymerization“ of 1-Thioaroylaziridines (I)

(I) Solv. Init.
Concn.,
mole-%

Yield,
% Vsp/Cb

P-I m.p., 
°C. (X 103)

(la) d d d d 0.09 55-58 2.8
d d d d 0.55“ 84-98

(lb) TH Ff n-BuLi 5 82 0.11 4
“ l l i 90 0.14 8
t i l l 0.5 94 0.15 90-100
“ l l 0.2 93 0.16
l l 11 0.05 92 0.28
l l Et,N 1 86 0.14

DMF« NaCN 1 74 0.15
l l Noneh 87 0.10

(1c) THF re-BuLi 1 81 0.14 142-153
(Id) ll l l 1 90 0.14 125-127

“ Unless otherwise noted 2.5 mmoles of (I) in 1.5 ml. of the designated solvent was 
allowed to stand for 1 day at room temperature.

b Reduced viscosity in iV-methylpyrrolidone (1%  concn. at 30°).
“ Number-average molecular weight measured by a vapor-pressure osmometer in 

benzene.
d See under “ Experimental.”
e The intrinsic viscosity was 0.45 in iV-methylpyrrolidone at 30°.
[ Tetrahydrofuran.
B Dimethylformamide.
h Substance (lb ) in DM F was allowed to stand for 5 days at room temperature.
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Fig. 2. Reduced viscosity versus time for polymerization of (lb ); 3 mole-% of n- 
butyllithium was added to monomer solution (6 g./dl. in tetrahydrofuran at 30°).

thioamide was added instead. It is noted that the former two have an 
active hydrogen, while the latter two do not.

(d) The assigned structure of (P-I) was further supported by acid- 
catalyzed depolymerization. Substance (P-I) gave the salts of 2-aryl- 
thiazolines in high yields, when they were refluxed with equimolar amounts 
of protonic or Lewis acids in benzene. The results are shown in Table II.

In contrast to (P-I), (P-I'c) was not changed by refluxing with picric 
acid in benzene.

acid

—N— C=s—CH,
I

Ar
\ CH—  N

acid
I

C— Ar — ► —  N— C=S +
I

Ar
Z = H or alkyl

CH,-

CH— N'
1C— Ar

TABLE II
Acid-catalyzed Depolymerization® of (P -I) to 2-Arylthiazolines

N— CII2
/  I

(P -I) +  acid —► Ar— C I -acid
\

S— CH,

(P-I) Ar Acid Yield, %

(P-Ia) phenyl picric 93
p-toluene sulfonic 72
BF3-Et,20 89

OMb) />-chlor<>plieiiyl picric 85
(P-Ic) 7>-tolyl picric 92
(P-Id) p-metlioxyplienyl picric 95

■* Equivalent amount of (P-I) and acids were refluxed in benzene for 1 hr.
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To see whether the acid-catalyzed depolymerization would proceed only 
from that polymer chain end which has an active hydrogen or from any 
place in the chain a comparison was made between the acid-catalyzed 
depolymerization of an alkylated and a nonalkylated (P-Ib). Alkylation 
of (P-Ib) was performed by the ring-opening addition reaction of 1-ethoxy- 
carbonylaziridine with the polymer endgroup, (—SH).

ch2X
(P-Ib) +  I N— C— 0 — C,H — ►

CH^ II 
0

In the reaction of the alkylated (P-Ib), or (P-Ib,B), and picric acid in 
tetrahydrofuran an induction period of 30 min. was observed, whereas in 
the control run of non-alkylated (P-Ib), or (P-Ib,A), no induction period 
was observed; see Figure 3. This fact indicates that the acid-catalyzed 
depolymerization of (P-I) can be initiated not only from the polymer end 
having an active hydrogen but also from the inner part of the polymer 
chain, though with slightly more difficulty. Moreover, NMR analysis and 
vapor-pressure osmometer measurement revealed that (P-I) depolymerized 
slowly even in inert solvents at room temperature.

Fig. 3. Time versus conversion to picrate of 2-(p-chlorophenyl)t,hiazoline for depoly­
merization of (A) nonalkylated (P-Ib) and (if) alkylated (P-Ib) with picric acid.

Cl
(P-Ib, B)

so -

0.5  1.0 1.5 2 .0  2 .5  2 0 .0
1 ilnf. In
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Polymerization of l-(iV-Phenylthiocarbamyl)aziridine (Ila)

1-(JV-Alkyl- or arylthiocarbamyl)aziridines5-9 and their polymers are 
known in the literatures, but no structural study of them has been reported. 
Substance (Ila) polymerized gradually on standing at room temperature, 
and its polymerization was initiated with basic substances such as triethyl- 
amine, ieri-BuONa, and piperidine. The results of this polymerization are 
detailed under “ Experimental.” All the solvents examined dissolved the 
polymer (P-IIa) only incompletely. The infrared spectra of the polymers 
from (Ila) were essentially the same, regardless of the polymerization 
conditions or the solubility.

The tetrahydrofuran-insoluble part of (P-IIa) which was soluble in 
.V-methy [pyrrolidine had a reduced viscosity of 0.2-0.3 in IV-methyl- 
pyrrolidone (1% concn. at 30°). The structure of (P-IIa),

/QH—N—C— Ni I ii \
H S

(Ha)

OH.
I '
CH

-tCH..CH —  N=C— Sfc- or —(CHTH —  N— C— S fr  

NH H rjJ
CfiHr,CcH5

(P-IIa)

was found to be of the polyisothiourea type resulting from 1,5 polymeriza­
tion, according to the following itemized observations.

(a) The infrared spectrum of (P-IIa) exhibited a strong absorption 
assignable to the C = N  stretching band at 1580 c m r 1 (with a shoulder at 
1605 cm.-1).

(b) Poly-A-(A'-phenylthiocarbamyl)ethvlenimine (P-II'a), which would 
result from 1,3 polymerization of (Ila), was synthesized from poly- 
ethylenimine and phenylisothiocyanate. The infrared spectrum and 
chemical behavior of (P-II'a) are quite different from those of (P-IIa).

(c) In the presence of acids (P-IIa) depolymerized, giving 2-anilino- 
thiazoline. For example, (P-IIa) and picric acid gave the picrate of 2- 
anilinothiazoline in 84% yield after a refluxing in benzene for 2 hr. How­
ever, (P-II'a) did not depolymerize under the same conditions.

Polymerization of l-(Aryloxythiocarbonyl)- and l-(Aryldithiooxycarbonyl)- 
aziridines, (III) and (IV)

As mentioned in the previous paper,1 (III) and (IV) were fairly unstable 
at room temperatui’e and rapidly underwent 1,5 polymerization, giving 
polyiminothiocarbonates (P-III) and polyiminodithiocarbonates (P-IV), 
which have an isothiocyanate group at the polymer chain end.

In some cases aniline adducts of 2-aryloxyethyl- or 2-arylthioethyl iso- 
thiocyanates, (IIP) and (IV') respectively, were isolated by treating the 
polymerization mixtures with aniline.
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cri2
Ar— X  - C - 1 \ \

-*■ -fC IL C lb — C = N  
1

—Sd-„CII2C I r,—N = C = SII \
S cu2 x

(III) or (IV ) 1
Ar

(P -III) or (P -IV j +  Ar— X — CITjCHî— N = 0 = S
(III ')  or (IV ')

where

(Ilia), (P-IIIa), (IH 'a): X  = 0, Ar =  p-tolyl 
(IIlb), (P-IIIb), (I ll 'b ) : X  = O, Ar =  p-nitrophenyl

(IVa), (P-IVa), (IV'a) : X  = S, Ar =  p-tolyl
(IV b), (P-IVb), (IV 'b) : X  = S, Ar =  p-chiorophenyl
(IVc), (P-IVc), (IV 'c): X  = S, Ar = p-methoxyphenyl

In the polymerization of 1 - (p-nitrophenyloxythiocarbonyl)aziricline 
(Illb ) the substance 2-(p-nitrophenyloxy)ethylisothiocyanate (I ll 'b ) 
was isolated. Table III reports the results of the polymerization of
(III) and (IV).

The structures of (P-III) and (P-IV) were confirmed by the following- 
facts.

TABLE III
Polymerization“ of l-(Aryloxythiocarbonyl)aziridines (III) and

1-(Aryldithiooxyt arbonvl )aziridines (IV)

Monomer Solv. Initiator
Yield,

(VZo v j c h M „•

Yie!dd of 
(IIP ) and 
(IV '), %

(Ilia ) none none 13 0.08 2800 4
THF n-BuLi 54 0.09 0

U Et,N 58 0.09 0
U “ (e) 57 0.09 0

( n i b ) u re-Hu Li 9 0.08 1(V
u Et,N t race 49f

(IVa) 11 U 33 0.04 14
DMF NaCN 34 0.05 1500 12

U none 5o 0.04 5
(IVb) THF Et.aN ■23 0.09 3100 8
(IVc) none none 0 29

THF Et3N 24 0.08 14
U n-BuLi 27 0.07 24

* Unless otherwise noted, 0.1 mmole (1 mole-%) of initiator was added to 10 mmoles 
of monomer in solvents.

b Reduced viscosity measured at a concentration of 1% in iV-methyl pyrrolidone at 
30°.

0 Number-average molecular weight measured by vapor-pressure osmometer in 
benzene.

d Yield of (III ') and (IV ') was evaluated as adducts of aniline, ArXCILOILNH- 
CSNHCsHj.

e A 5 mole-% amount of initiator was added.
1 A part of (III 'b ) was isolated.
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(a) The infrared spectra and chemical behavior of (P-IIIa) and (P-IVa) 
were quite different from those of ^-substituted polyethylenimines, (P- 
l l l 'a )  and (P-IV'a), which were synthesized by the condensation reactions 
of polyethylenimine with chlorothionformic acid p-tolylester and chlorodi- 
thioformic acid p-tolylester.

(P-III'a); X = 0  
(P-IV 'A); X =  S

(b) The methylene protons of (P-IIIa) appeared as two multiplets 
centered at 6.6 and 6.2 r with equal areas in the XAIR spectrum, in o- 
dichlorobenzene at 60°. Those of (P-IVa) were shown as two strong multi­
plets at 6.8 and 6.4 r and two weak ones at 7.1 and 6.0 r. These absorption 
patterns are assignable to the A2B2 type.4 The NA1R spectra are shown in 
Figure 1.

The fact that the triethylamine-initiated polymers showed a very weak 
triplet at 8.9 r and that triethylbenzylammonium chloride exhibited a 
triplet in the vicinity of 9 r in aromatic solvents suggests that the initiator 
is attached at the end of the polymer.

(c) The infrared spectra of (P-III) and of (P-IV) showed strong peaks 
attributable to C = N  near 1640 and 1580 cm.-1, respectively, and weak ones 
characteristic of the isothiocyanate group in the regions of 2150 and 2240

TABLE IV
Polyiminothiocarbonates (P-III) and Polyiminodithiocarbonates (P-IV)

Polymer 
and formula

Analysis, %
PC=N,

cm .-1
J'-N=C=S, 

cm.-1 (shoulder)C H N

(P-IIIa) (C,0H„NOS)„
Caled. 62.15 5.74 7.25 1640 2150 (2240)
Found 62.26 5.81 7.43

(P-IIIb) (C„H#NsO»S)„
Caled. 48.21 3 60 12.49 1670 2140 (2230)
Found 48.43 3.82 12.60

(P-IVa) (C,„H„NS2)„
Caled. 57.41 5.30 6.70 1580 2140 (2230)
Found 57.79 5.25 6.89

(P-IIIb) (CJLC1N&)»
Caled. 47.05 3.51 6.10 1580 2140 (2240)
Found 46.63 3.69 5.86

(P-IVc) (C,„H„NOS,)>.
Caled. 53.33 4.92 6.22 1590 2150 (2240)
Found 53.47 5.11 6.70
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cm.-1 (shoulder). The analytical and infrared spectral data are summarized 
in Table IV

The higher the molecular weight of the polymers, the weaker the absorp­
tion intensity of the isothiocyanate group. On treating of the polymers 
with aniline the absorption of the iso thiocyanate group disappeared. A 
mixture of (P-IIIa) and picric acid exhibited no change except for the 
disappearance of the peaks of the isothiocyanate group in its infrared spec­
trum, by refluxing in benzene. The existence of an isothiocyanate group 
at the polymer end suggests that the termination reaction of the polymeri­
zation was caused by the elimination of phenols or thiophenols (perhaps 
phenolates or thiophenolates).

— CH*—N = C — S 

X  

Ar

General Discussion

The 3 —► 5 ring-expansion reactions of 1-acyl- and 1-thioacylaziridines 
correspond to 1,5 polymerization in the sense that the keto form is con­
verted to the enol form, and the ring-opening addition reactions are analo­
gous to the 1,3 polymerization, because the carbonyl or the thiocarbonyl 
groups are still maintained.

Since previous studies6'7 revealed that the 1-acylaziridines isomerize less 
readily than the 1-thioacyl derivatives, they were expected to undergo 
1,3, in preference to 1,5, polymerization. With triethylamine as initiator 
l-(p-chlorobenzoyl)aziridine was polymerized and gave polymer of a 
reduced viscosity of 0.22 in 33% yield along with a trace of 2-(p-chloro- 
phenyl)oxazoline. The polymer was found to have the expected structure, 
poly(V-p-chlorobenzoyl)ethylenimine, from the fact that its infrared 
spectrum was essentially the same as that of the sample obtained by the 
acylation of polvethylenimine with p-chlorobenzovl chloride.

Similar examples of the 1,3 polymerization of 1-acylaziridines have 
previously been reported.2,3

It seems to be evident that in amides the keto form (amide form) is 
more stable than the enol form (imino form) thermodynamically, for the 
rearrangement of JV-substituted iminoethers to A^iV-disubstituted amides is

monomer
------------- » p r o p a g a t io n  rea ction

— CTTa— X = C = S  +  Ar— X ", X  = 0  or S
termination reaction



26(H) Y. 1W AKU KA , A. N A B E Y A , T . N IS H IG U C H l

well known (Chapman rearrangement10). Similarly, in benzthioamides the 
keto form (thione form) appears to he more stable than the cnol form 
(imino form) from the following facts.

(а) IV-methylbenzthioamide was found to have the keto form at various 
temperatures in a comparison of its infrared and NMR spectra with those of 
lV,AT-dimethylbenzthioamide and methyl N-methylbenzthioimidate. Most 
workers have concluded that thioamides,11-14 thioureas,15'16 and dithioure- 
thanes17 also exist essentially in the keto form, although some reports18-20 
have described the presence of greater or lesser amounts of the enol form.

(б) It has been reported21 that phenyl IV-phenylbenzthioimidate re­
arranges thermally to lV,JV-diphenylbenzthioamide at 280-290° and that 
the latter compound is recovered unchanged under the same conditions. 
Consequently, 1,5 polymerization of 1-thioacylaziridines might be the 
result of kinetic, rather than thermodynamic, control of the reaction.

It is known that alkylation of thioamides by saturated alkylating re­
agents generally occurs at the sulfur atom (S alkylation),22 although N 
alkylation of benzthioamide by tritylchloride in pyridine has been re­
ported.23

Generally, S alkylation of thioamides may be explained by the kinetic 
factor rather than the thermodynamical one.

EXPERIMENTAL

The melting points and boiling points given in this section are uncor­
rected. The NMR spectra were measured in a specified solution with tetra- 
methylsilane as the internal standard at 60 Ale./sec.

Preparation of 1-Thiobenzoyl aziridine (la) and Its Polymerization

Thiobenzovlthioglycolic acid (21.2 g., 0.1 mole) was neutralized with 
sodium bicarbonate (9.2 g.) in 50 ml. of water. To the aqueous solution a 
cold solution of 6.5 g. (0.15 mole) of aziridine in 50 ml. of water was added 
at 0-5°, and the mixture was stirred for 5 min.

The mixture was extracted with n-hexane, and the organic layer was 
washed with ice water several times, filtered from solid impurities, and 
cooled in a Dry Ice-acetone bath. Yellow needles (la) of low melting 
point (ca. 5°) were collected on a filter in a cold chamber and dissolved in 
dimethylformamide. The solution was allowed to stand for 3 days at room 
temperature. Polymer (P-Ia) was precipitated by addition of the solution 
to methanol and weighed about 8 g. (50% based on thiobenzoylthioglycolic 
acid); m.p. 55-58°. The reduced viscosity was 0.09 measured at a 
concentration of 1% in IV-methylpyrro 1 idone at 30°. .Molecular weight 
was measured by vapor-pressure osmometer in benzene and was found to 
be 2.8 X 10s. After the polymer was washed with methanol in a Soxhlet 
extractor for 3 hr., the residue weighed 3.2 g. (20%), m.p. 84-98°, and 
had an intrinsic viscosity (in Y-methylpyrrolidone, at 30°) of 0.45.



] ,5-POLYMER1ZAT10N OF 1-TIUOACYLAZ1RID1YES 260 i

Polymerization of 1-Thioaroylaziridines (I)

Substance I was prepared by the procedure previously reported.1 To a 
solution of l-(p-chlorothiobenzoyl)aziri dines (lb) (0.49 g., 2.5 mmoles) in
1.5 ml. of dry tetrahydrofuran was added 0.025 mmole (1 mole-%) of 
n-butyllithium in n-heptane with a syringe under cooling in an ice-salt bath. 
The operation was carried out quickly to avoid exposure to moisture. The 
solution was allowed to stand for 2 days at room temperature and poured 
into methanol to precipitate the polymer (P-Ib). The polymer was dis­
solved in tetrahydrofuran, reprecipitated again in methanol, and dried in 
vacuo, giving 0.45 g. (90%) of yellowish powder melting at 90%-110°. 
The reduced viscosity of the polymer was 0.14 at 30° (1% solution in N- 
methylpyrrolidone), and the molecular weight measured by a vapor- 
pressure osmometer in benzene was about 8 X 103. The polymerization 
of (I), shown in Table I, was carried out in the same manner as in the case 
of (lb) described above. The analytical data of (P-I) are summarized in 
Table V.

TABLE V
Polyiminothioethers (P-I)

Analysis, %

Polymer and 
formula

Calcd. Found
P C = N ,
cm .- lC H N C H N

(P-Ia), (C9H 9NS)„ 66.22 5.56 8.65 66.25 5.75 8.55 1612
(P-Ib), (C9H8C1NS)„ 54.68 4.08 7.00 54.39 4.16 7.05 1612
(P-Ic), (C,0H „N S)„ 67.76 6.26 7.90 67.90 6.26 7.93 1608
(P-Id), (CjoHnNOS)* 62.15 5.74 7.25 62.26 5.72 7.15 1605

Polymerization of (lb) in a Viscometer

An Ubbelohde viscometer containing 1.20 g. (ca. 6 mmoles) of (lb) and 
20 ml. of anhydrous tetrahydrofuran was flushed with nitrogen and closed 
to air with rubber tubes. To the viscometer kept at 30° was added 0.18 
mmole (3 mole-%) of n-butyl lithium in n-heptane with a syringe, and the 
reduced viscosity was measured at appropriate time intervals. The 
results are shown in Figure 2.

Synthesis of PoIy(iV-p-methylthiobenzoyI)ethylenimine (P-I'c)

A commercially available aqueous solution of polyethylenimine (molecular 
weight ca. 2 X 103) was dehydrated by repeated azeotropic distillations 
with benzene. 1-p-Methylthiobenzoylthioglycolic acid (2.26 g., 10 
mmoles) was neutralized with sodium hydroxide (0.4 g.) in methanol, and 
the solvent was evaporated. To the residue was added 0.3 g. of polyethyl­
enimine dissolved in 10 ml. of dimethylformamide, and the mixture was 
stirred for 8 hr. Polymer (P-I'c) was precipitated by addition to water,
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re-precipitating from tetrahydrofuran to methanol, and it weighed 0.27 
g. (22%); imp. 94-98°.

Anal. Ciilnl. for O10Il,iNS C 07.70, IT 6.26, N I'Vmml (%) :  C 65.SS,
II 7.34, N 7.1)!).

Acid-Catalyzed Depolymerization of (P-I)

(а) Substance (P-Ia) (1.63 g.) and picric acid (2.29 g., 10 mmoles) were 
heated under reflux for 1 hr. in 10 ml. of benzene. After cooling, the yellow 
crystals were collected on a filter and washed with benzene. The dried 
picrate weighed 3.64 g. (93%); m.p. 170-173° (lit.24 172.0-173.5°).

Anal. Calcd. for C,,H„XS (% ): N 14.28. Found (%) :  N 14.46.

Other reactions between (P-I) and picric acid were carried out in the 
same manner as that described above.

Substance (P-I'c) and picric acid were heated in a manner similar to that 
described above, and benzene was removed. The infrared spectrum of the 
residue was lacking in absorption bands characteristic of the picrate of
2-tolylthiazoline and showed those of the unchanged (P-I'c) and picric acid.

(б) Substance (P-Ia) (1.63 g.) and p-toluenesulfonic acid (1.72 g., 10 
mmoles) were refluxed in benzene (10 ml.) for 1 hr. From the reaction 
mixture, benzene was removed, and the residue was washed with acetone 
to give 2.41 g. (72%) of white crystals melting at 131-133°. Recrystal­
lization from tetrahydrofuran raised the melting point to 132-135°.

Anal. Calcd. for C,6H17N 0 3S2 (% ): C 57.31, H 5.11, X  4.1S. Found (% ): C 
57.46, H 5.32, N 4.07.

(c) A mixture of 1.63 g. of (P-Ia) and 1.42 g. (10 mmoles) of boron 
trifluoride etherate in 10 ml. of benzene was refluxed for 1 hr. The oily 
product solidified after being left overnight, and the product was filtered 
and washed with a small quantity of tetrahydrofuran to give 2.05 g. (89%) 
of white powder melting at 103-106°. Recrystallization from tetra­
hydrofuran gave 1.42 g. (62%) of white needles melting at 109-110°.

Anal. Calcd. for C»H„BF,NS (%) :  C 46.70, It 3.93, X  6.06. Found (% ): C 
46.81, H 4.48, X  5.83.

Alkylation of Polymer Chain End of (P-Ib) with 1-Ethoxycarbonylaziridine

Method A. Substance (lb) (3.95 g., 20 mmoles) dissolved in anhydrous 
tetrahydrofuran (10 ml.) was cooled in a Dry Ice-acetone bath, and 1 
mmole of ?i-butyllithium in n-heptane was added with a syringe. The 
solution was left at room temperature for 1 day and divided into two equal 
portions. One portion was precipitated into methanol and gave non- 
alkylated (P-Ib,A). To the other portion 2 g. of 1-ethoxycarbonyl­
aziridine26 was added, and tetrahydrofuran was removed at reduced pres­
sure from the solution. After 3 days the reaction mixture was poured into 
methanol to precipitate the alkylated (lJ-Ib,B). Both of the polymers 
(A and B) were washed with pentane-ether in a Soxhlet extractor for 10 hi’.
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They had the same reduced viscosity, 0.08, at 30° (1% solution in N- 
methylpyrrolidone). The infrared spectra of (P-Ib,B) had a very weak 
C = 0  stretching band at 1700 cm.“ 1.

Method B. To 1.5 g. of the isolated (P-Ib) was added 2 g. of 1-ethoxy- 
carbonylaziridine. The mixture was allowed to stand for 3 days at room 
temperature and then was poured into methanol. The precipitate was 
filtered, washed with methanol, and dried in vacuo, giving 1.3 g. of al­
kylated (P-Ib,B).

Depolymerization of Non-alkylated (P-Ib,A) and Alkylated (P-Ib,B)
with Picric Acid

In 5 ml. of tetrahydrofuran 1.06 g. of (P-Ib,A) or (P-Ib,B) and 1.22 g. of 
picric acid were dissolved. The two tetrahydrofuran solutions were 
combined, and the precipitated picrate was separated by filtration from 
the reaction mixture at appropriate time intervals and weighed. The 
results are shown in Figure 3.

Polymerization of l-(fV-Phenylthiocarbamyl)aziridine (Ha)

To a solution of 0.59 g. (3.3 mmoles) of (Ila)5 in 5 ml. of tetrahydrofuran 
a specified initiator was added, and the solution was allowed to stand at 
60° for 3 days. The white polymer (P-IIa) that precipitated was filtered, 
dried in vacuo, and weighed. Then the polymer was washed with acetone, 
to remove polymer of low molecular weight. The organic solvents ex­
amined, such as m-cresol, chloroform, dimethylformamide, dimethylaceto- 
amide, methylcellosolve, dimethylsulfoxide, benzene, toluene, and pyridine, 
did not dissolve the polymer completely. The V-methylpyrrolidone- 
soluble part, which was insoluble in tetrahydrofuran, had a reduced viscos­
ity of 0.2-0.3 in V-methylpyrrolidone (1% concn. at 30°). See Table VI.

TABLE VI

Initiator Amoun 1

Tetrahydrofuran- 
insoluble part

Acetone- 
insoluble part

Yield,
0 7
/ o

M.p.,
°C.

Yield,
%

M.p.,
°C.

ieri-BuONa 2.3 mg. 93 145-153 64 184-188
Et3N 2 drops 95 145-155 66 167-177
Piperidine 1 drop 51 36

Synthesis of PolyiN-Phenylthiocarbamyljethylenimine (P-ITa)

To the dehydrated polyethylenimine (2.15 g.) dissolved in 50 ml. of 
anhydrous benzene 11 g. of phenylisothiocyanate was added portionwise 
with stirring. After additional stirring for 5 hr. the solvent (benzene) was 
removed at reduced pressure, and the residue was washed with methanol in
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a Soxhlet extractor for S hr. The purified (P-II'a) weighed 7.9 g. (S9% ); 
m.p. 155-172°.

A n a l . Caled. for C 9Ui«NtS ( % ) :  N 15.72. Found (% ): N 16.10.

Depolymerization of (P-IIa) with Picric Acid

A mixture of 5.34 g. of (P-IIa) and 6.S7 g. (30 mmoles) of picric acid in 
30 ml. of benzene was refluxed for 2 hr. After cooling, the yellow precipi­
tate was filtered, washed with benzene, and dried. The crude picrate 
weighed 10.14 g. (84%) and melted at 19S to 203°. Two recrystallizations 
from ethanol gave an analytical sample; m.p. 204-206°. (lit.6 206-207°).

Anal. Calcd. for C i6H13N 50 7S (%): N 17.20. Found (%): N 17.52.

Polymer (P-II'a) and picric acid were heated in the manner described 
above, and benzene was removed. The infrared spectrum of the residue 
was lacking in absorptions characteristic of the picrate of 2-anilinothiazo- 
line and showed peaks due to unchanged (P-II'a) and picric acid.

Polymerization of l-(p-Tolyloxythiocarbonyl)aziridine (Ilia)

Substance (Ilia) was prepared by the method previously reported.1
(a) When (Ilia) (3.16 g., 18 mmoles) was dried at room temperature in 

a desiccator over calcium chloride, it polymerized exothermically and gave 
glassy material. The polymeric substance was dissolved in tetrahydro- 
furan and poured into methanol. The resultant precipitate was separated 
by decantation and dried, giving glassy polymer (P-IIIa), which was 
purified further by washing with methanol in a Soxhlet extractor for 5 hr. to 
give 0.48 g. (13%) of (P-IIIa), melting at 45-48°. The supernatant 
solution was evaporated, and the oily residue was washed with 30 ml. of 
hot n-hexane. After addition of 0.5 g. of aniline to the washings the mix­
ture was refluxed for 3 hr. and cooled.

The precipitated crystals were filtered and gave 0.24 g. (5%) of 1-phenyl­
s’ [2'-(p-tolyloxy)ethyl]thiourea, melting at 126-129°.

Recrystallization from benzene and ?t-hexane gave the analytical sample 
of m.p. 129-130°.

(b) To a solution of (Ilia) (1.93 g., 10 mmoles) in 3 ml. of anhydrous 
tetrahydrofuran 14 /¿l. (0.1 mmole) of triethylamine was added with a 
microsyringe under cooling in an ice-salt bath. The solution was left in a 
refrigerator for 1 day and at room temperature for an additional 3 days and 
was poured into methanol to precipitate the polymer (P-IIIa).

The purification of (P-IIIa) and an attempt to obtain 1-phenyl-3-[2'-(p- 
tolyloxy)ethyl Jthiourea were carried out in a way similar to that described 
in (a) above.

(c) Polymerization of (Ilia) initiated with 5 mole-% of triethylamine 
and 1 mole-% of n-butyllithium was carried out in a manner similar to that 
described in (b) above.
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Polymerization of l-(p-Nitrophenyloxythiocarbonyl)aziridine (Illb)

Substance (Illb ) was prepared by the published method.1 To a solution 
of (Illb) (2.24 g., 10 mmoles) in 10 ml. of dry tetrahydrofuran 14 /*1. (0.1 
mmole) of triethylamine was added under cooling in an ice-salt bath. The 
solution was allowed to stand in a refrigerator for 1 day and at room tem­
perature for an additional 3 days and was then poured into hot n-hexane.

The oily precipitate, which was separated by decantation, was dissolved 
in tetrahydrofuran and poured into methanol to precipitate the polymer 
(P-IHb). Polymer (P-IIIb) was filtered and dried in vacuo; it weighed 
0.04 g. (2%) and had a melting point of 77-84°. 2-(p-Nitrophenyloxy)- 
ethylisothiocyanate (III 'b ), which was separated out by cooling the hot 
n-hexane layer, was filtered, and it weighed 0.02 g. (1%), melting at 77- 
80°. Recrystallization from n-hexane raised the melting point to 80-82°.

The infrared spectrum of (I ll 'b ) showed peaks assignable to the iso thio­
cyanate group at 2220 and 2280 cm.-1 (shoulder).

Anal. Calcd. for C9H8N20 3S (% ): C 48.21, H 3.60, N 12.49. Found (% ): C 
48.41, H 3.56, N 12.35.

The two filtrates (methanol and n-hexane) were combined, and the 
solvents were removed under reduced pressure. Substance (III 'b) was 
extracted with hot ether from the residue and after removal of ether was 
heated with 0,8 g. of aniline in 5 ml. of refluxing acetone for 8 hr.

After cooling of the mixture the precipitate was filtered and washed with 
a small quantity of acetone. It weighed 1.53 g. (48%); m.p. 166-169°.

Polymerization of (Illb) initiated by n-butyllithium was carried out 
in a manner similar to that described above.

Preparation of l-(p-Tolyldithiooxycarbonyl)aziridine (IVa)

Chlorodithioformic acid p-tolyl ester was prepared in 68% yield by the 
method described1’26 the synthesis of p-clilorophenyl- or p-methoxyphenyl 
ester; and had b.p. 94-105° at 1 mm.

Substance (IVa) was prepared from chlorodithioformic acid p-tolyl ester 
and aziridine in 66% yield by the methods described for (IVb) and (IVc).1 
It melted at about 43°, and its NMR spectrum (in CCl4) showed two 
singlets, at 7.58 (CH2) and 7.53 (CH3), with 3:4 area ratio.

Anal. Calcd. for CioHhNSj (% ): C 57.41, II 5.30, N 6.70. Found (% ): C 57.13, 
II 4.99, N 6.63.

Polymerization of (IVa)

(a) The polymerization of (IVa) (2.09 g., 10 mmoles), which was 
initiated with 0.1 mmole of triethylamine, was performed in a manner 
similar to that of (Ilia). The polymerization mixture was poured into 
methanol. The oily precipitate was separated from the supernatant layer 
by decantation and purified by reprecipitation from tetrahydrofuran to 
methanol, yielding 0.63 g. (33%) of sticky polymer (P-IVa). From the
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supernatant solution solvents were removed at diminished pressure. To 
the residue 0.5 g. of aniline was added, and the mixture was allowed to 
stand for 2 days. To the mixture ether and n-hexane were added, and the 
precipitate was filtered and dried; it weighed 0.63 g .; m.p. 120-122°. 
Recrystallization from ethanol gave 0.47 g. (14%) of l-phenyl-3-(2'-tolyl- 
thioethyl)thiourea, melting at 124-125°.

(ib) To 2.09 g. of (IVa) was added 4 ml. of dimethylformamide contain­
ing 4.9 mg. (0.1 mmole) of sodium cyanide under cooling in an ice-salt 
bath. The solution was kept in a refrigerator for 1 day and at room 
temperature for 3 days. The purification of (P-IVa) and the isolation of 
the aniline adduct of (IV'a) were carried out described as in (a).

(c) A solution of (IVa) in 4 ml. of dimethylformamide was allowed to 
stand at room temperature for 5 days. The purification of (P-IVa) and 
the isolation of the derivatives of (IV'a) were carried out in the way 
described above.

Polymerization of l-(p-Chlorophenyldithiooxycarbonyl)aziridine (IVb)

Polymerization of (IVb) (2.23 g., 10 mmoles) initiated with 0.1 mmole of 
triethylamine was carried out as described for (IVa). The polymerization 
mixture wasp°ured into methanol. The precipitate (P-IVb) was collected 
on a filter, and it weighed 0.73 g. (33%); m.p. 116-125°. Polymer 
(P-IVb) was washed with methanol in a Soxhlet, extractor for 3 hr. to give 
0.51 g. (23%) of purified (P-IVb) melting at 122-127°. From the 
filtrate methanol and tetrahydrofuran were removed, and 0.5 g. of aniline 
was added to the residue. After 2 days 10 ml. of ether was added, and the 
resultant precipitate was collected on a filter. Recrystallization from 
ethanol gave 0.23 g. (8%) of l-[2'-(p-chlorophenylthio)ethyl]-3-phenyl- 
thiourea melting at 148-149.3°.

Polymerization of l-(p-Methoxyphenyldithiooxycarbonyl)aziridine (IVc)

The polymerization of (IVc) and the treatment of the products were 
carried out in essentially the same way as for (IVa), except that P-IVc 
was purified by being washed with methanol in a Soxhlet extractor.

In the other polymerizations of (IVc) the purification of (P-IVc) and 
the isolation of the aniline adduct of (IV'c) were performed as described 
above.

The analytical data on (P-III) and (P-IV) are summarized in Table IV; 
those of the aniline adducts of 2-aryloxyethyl- and 2-arylthioethyliso- 
thiocyanates, (III') and (IV '), in Table VII.

Synthesis of (P-III'a)

Into a solution of 1.09 g. (10 mmoles) of chlorothionformic acid p-tolyl- 
ester in 15 ml. of benzene was added a solution of 0.3 g. of dehydrated poly- 
ethylenimine and 1.0 g. (10 mmoles) of triethylamine in 15 ml. of benzene 
with stirring. The mixture was allowed to stand overnight, and triethyl-
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¡uniue hydrochloride was removed by filtration. From the filtrate ben­
zene was removed, and the residue was dissolved in tetrahydrofuran. The 
solution was poured into methanol to give 0.5 g. (24%) of (P-III'a) melt­
ing at 111-115°.

Anal. Calcd. for (C,„H,,NOS)„ (% ): C 62.15, H 7.54, X  7.25. Found (% ): 
C 61.30, If 5.01, X  7.42.

Synthesis of (P-IV'a)

Polymer (P-lY'a) was prepared from chlorodithioformic acid p-tolyl- 
ester and purified polyethylenimine in the presence of trielhy lamine in the 
same manner as for (P -llI 'a). It melted at 78-S5°.

Anal. Calcd. for (C10H11NS2)» (% ): C 57.41, II 5.33, X  0.70. Found ( '< ) ; C 
50.59,115.23, N 0.90.

Polymerization of l-(p-Chlorobenzoyl) Aziridine
To a solution of l-(p-chlorobenzoyl)aziridine27 (1.82 g., 10 mmoles) in 

tetrahydrofuran was added triethylamine (0.03 g., 0.3 mmole), and the 
resultant solution was kept at 30° for 2 days. The solvent was evaporated 
under reduced pressure, and the residue was washed with methanol in ¡1 
Soxhlet extractor for 10 hr.; it yielded 0.60 g. (33%) of white polymer 
melting at 185-220°. The reduced viscosity of the polymer was 0.22 in 
dimethylformamide (1% concn. at 30°). The infrared spectrum (Nujol) 
showed a C = 0  stretching band at 1638 cm.-1.

Anal. Calcd. for (C dHsCINO) (% ): C 59.52, H 4.44, X  7.71. Found (% ): 
C 59.18, H 4.59, N 7.70.

Methanol was removed from the washings, and the residue was washed 
with ether to give 0.59 g. of white powder melting at 110-160°. The 
infrared spectrum of the powder was essentially identical with that of the 
methanol-insoluble polymer. Adding of picric acid to the ether-soluble 
liquid gave 0.09 g. (2%) of the picrate of 2-(p-chIorophenyl)oxazoline; m.p. 
186-187° (lit.28"9190-191°, 180-182°).

Anal. Calcd. for C,,II„C1X,(F (% ): C 43.86, H 2.70, N 13.69. Found (% ):
C 43.69, H 2.79, X  13.59.

The authentic sample of poly [fV-(/>-chlorobenzoyl) ]ethylenimine was 
synthesized in the following way. A solution of dehydrated polyethylen­
imine (0.8 g.), p-chlorobenzoylchloride (5.3 g.), and triethylamine (3 g.) 
in 50 ml. of dimethylformamide was stirred for 3 hr., and the solution was 
concentrated under reduced pressure. On pouring of the concentrated 
solution into water a white polymer precipitated. It was filtered, dried, 
and washed with ether in a Soxhlet extractor. The infrared spectrum was 
quite identical with that of the polymer obtained from l-(p-chlorobenzoyl)- 
aziridine.

The authors wish to thank Xlppon Soda Company, Lid., for the generous supply of 
thiophosgene.
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Polymerization of Isocyanates. V. Thermal 
Degradation of Polyisocyanales
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Synopsis

Thermal degradation of polyisocyanates was investigated. The oidy degradation 
products were monomer and trimer. The main product was trimer for most aliphatic 
polymers, and monomer for aromatic polymers. Poly(cyclohexyl isocyanate) gave 
only its monomer on account of steric requirements. The apparent activation energy 
was calculated for aromatic polymers by using TGA and DTA curves.

INTRODUCTION

It is known that polyisocyanates are thermally unstable. Shashoua and 
co-workers have reported that aliphatic polyisocyanates degraded to mono­
mer and trimer when heated to their melting points.1 In relation to a 
previous paper dealing with degradation of polyisocyanates in solution,2 
we have investigated thermal behavior of polyisocyanates. In the present 
paper, differential thermal analyses (DTA) and thermogravimetric analyses 
(TGA) of polyisocyanates will be described.

EXPERIMENTAL

The polymers were prepared with sodium cyanide in DMF by the method 
described by Shashoua.1 DTA and TGA curves were obtained by the use 
of the Rigaku Denki differential thermal and thermogravimetric analyzers.

RESULTS AND DISCUSSION 

Thermal Degradation of Aliphatic Polyisocyanates

Most of the aliphatic polymers gave DTA and TGA curves of a similar 
type. Figure 1 shows the DTA and TGA curves for poly(n-butyl isocya­
nate) as a representative aliphatic polymer. For this study, approximately 
50 mg of sample was heated in a stream of nitrogen at a programmed 
heating rate of 2.5°C/min. Table I summarizes the TGA data and DTA 
data.

2611
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Fig. 1. TGA and DTA curves of poly(n-butyl isocyanate) and trimer of n-butyl iso­
cyanate under nitrogen; </> =  2.5°C/min.

These polymers exhibited a small weight loss (A to B in Fig. 1) ranging 
from 7 to 17% of the original weight within a relatively narrow temperature 
range with a sharp endotherm which indicates the decomposition tempera­
ture. A second step occurred in the TGA curve successively (B to C), 
during which almost all of the residue was lost up to 262-427°C.

When poly(ft-butyl isocyanate) was kept at 190°C in air, the sample was 
liquefied in a few minutes. rz-Butyl isocyanate was isolated by distillation 
of the reaction mixture, and the residue was only the trimer of n-butyl 
isocyanate. This is the same observation as that of Shashoua and co-

TABLE I
Summary of DTA Data and TGA Data for Aliphatic Poly isocyanates

11

D TA peak Weight loss

Temp, °C Type Temp, °C %

C2H5— 170 Exotherm 151-177 14
177-202 86

C4H9— 190 Exotherm 184-202 10
202-315 90

CsHn— 184 Exotherm 181-188 7
I8S-341 93

Cell. ('I I; 181 Exotherm 170-210 17
216-427 S3

G g Hu—• 212 Endotherm 177-311 89
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workers.1 The amount of isocyanate was smaller than that of the trimer. 
Thus it would be reasonable to suppose that the first, weight loss (A to B) 
corresponds to a loss of monomer and the second weight loss (B to C) to a 
loss of trimer.

Furthermore, when trimer of n-butyl isocyanate, 1,3,5-tri-n-butyl 
isocyanurate, was subjected to thermogravimetric analysis, the sample has 
lost approximately 100% of its original weight from 204 °C up to about 
320°C. The TGA curve of the trimer is also shown in Figure 1. This 
temperature range corresponds to that of the second weight loss (B to C) 
for poly (n-butyl isocyanate). This fact supports the above assumption.

Accordingly, TGA curve and DTA curve of most aliphatic polymers are 
interpreted as shown in scheme I.

A — B exothermic
Polymer —/

endothermic

• Trimer (liq.) 

►Monomer (liq.)

(main reaction)

endothermic
‘ Monomer (gas)

B —*• C endothermic
Trimer (liq.) ---------------► Trimer (gas)

Scheme I

The main product was trimer. Depolymerization to monomer should be an 
endothermic reaction, since polymerization is exothermic. Then degrada- 
tive trimerization would be exothermic because the net reaction is exother­
mic as shown in DTA curve.

Thermal behavior of poly (cyclohexyl isocyanate) is very different from 
those of common aliphatic polymers. Figure 2 shows TGA and DTA 
curves of poly (cyclohexyl isocyanate). For this polymer, a rapid loss in 
weight occurred at 175°C, and the sample has lost approximately 80% 
of its original weight at 245° C. The weight loss continued at a much slower 
rate up to 310°C, and the polymer exhibited a broad endotherm which 
peaks at 212°C. When the polymer was heated at 220°C for 10 min, it 
degraded completely; the products were monomer and a small amount of 
resin which could not be identified. Thus the weight loss mentioned above 
would correspond to a loss of monomer. This anomalous behavior of 
poly(cyclohexyl isocyanate) could be ascribed to steric factors, since there 
are steric limitations in trimerization of isocyanates. Brauner has reported 
that tertiary butyl isocyanate did not trimerize even with triethyl phosphine 
as a catalyst.3 Although we have succeeded in polymerization of cyclo­
hexyl isocyanate to low conversion by using sodium cyanide as a catalyst,4 
attempts to prepare 1,3,5-tricyclohexyl isocyanurate, the trimer of cyclo­
hexyl isocyanate, were unsuccessful. Possibly steric factors may exert 
much more influence upon trimerization than upon homopolymerization. 
Thus, it could be said that thermal degradation of poly (cyclohexyl iso­
cyanate) to its trimer is impossible.
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Fig. 2. TGA and DTA curves of poly(cyelohexyl isocyanate) under nitrogen; <p =
2.5°C/min.

Thermal Degradation of Aromatic Polyisocyanates

Figure 3 shows TGA and DTA curves of aromatic polyisocyanates. 
They were obtained under the same conditions as employed for aliphatic 
polymers. TGA and DTA data are summarized in Table II.

All of these polymers exhibited a large weight loss, ranging from 76 to 
87% of the original weight from 17()°C up to about 2dO°C. This weight 
loss is believed to correspond to a loss of monomer formed by thermal 
degradation of the polymer. After the loss of monomer no weight loss was

Summary of DTA
TABLE II

I lata and TGA Data for Aromatic Polyisocyanates

DTA peak Weight loss

Temp, °C Type Temp, °C C7/c

204 Endotherm 170-238 87
331-385 13

190 Endotherm 171-224 83
309-400 17

184 Endotherm 181-233 76
349-431 24

177 Endotherm 170-242 80
359-428 14
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T e m p .  ( ° C . )
Fig. 3. TGA and DTA curves of aromatic polyisocyanates in nitrogen; 4> =  2.5°C

m i n .

seen up to a temperature range of .‘110 -360°C; above these temperatures a 
small loss in weight occurred and continued up to approximately 390- 
430°C.

All the polymers exhibited a sharp endotherm, which, according to 
Akita’s theory,5 coincides with the maximum rate of the reaction. For 
poly(phenyl isocyanate), the peak value of the DTA curve coincides with 
the maximum rate of weight loss. Then the TGA curve can be considered 
to express the extent of the reaction. For other polymers, however, the 
DTA peak was already observed at an earlier stage of weight loss. Name­
ly, the peak of DTA curve does not coincide with the maximum rate of 
weight loss. This is a rather unusual phenomenon. This fact suggests
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Temp. ( “C. )

Fig. 4. Effect, of heating rate on the DTA curves of poly(p-chlorophenyl isocyanate).

that the rate of depolymerization is very fast, and the TGA curve no longer 
expresses the extent of the reaction. In the case of poly(/>-c111oropheny 1 
isocyanate) there appeared endotherms, one corresponding to the maximum 
rate of reaction and the other to maximum rate of weight loss. When the 
heating rate was raised, the latter peak became more distinct, as shown in 
Figure 4.

When poIy(phenvl isocyanate) was subjected to thermal degradation 
at 205°C, only monomer and trimer were obtained, and the yield of mono­
mer was more than 80%. This value is very close to that of the first weight 
loss (see Table II). Then it can be said the first weight loss in the TGA
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TABLE III
Summary of DTA Data and TGA Data for Trimer»

R

DTA peak Weight loss

Temp, °C Type Temp, °C %

o 2S0 Endotherm 336-459 100

CH - 2(59 Endotherm 349-400 100

Cl- 0‘>0OOO Ibudolherm 359-518 90

CjHa— — — 204-324 100

curve corresponds to the loss of monomer, and the subsequent trimeriza- 
tion of monomer produced is negligible under the present conditions, if any. 
Stollé has reported that thermal degradation of 1,3,.5-triphenyl isocyanurate 
at 300°C gave carbon dioxide and diphenyl carbodiimide.6 However, when
1,3,5-triphenyl isocyanurate was heated up to 400°C in a stream of nitrogen 
at a heating rate of 2.5°C/min, formation of neither carbon dioxide nor 
diphenyl carbodiimide was observed, and only sublimation of trimer oc­
curred. Furthermore, trimers of aromatic isocyanates were submitted to 
thermogravimetric analyses, and differential thermal analyses under the 
same conditions as those employed for polymers. Table III lists the 
results. All of these trimers exhibited a simple weight loss in the tempera­
ture ranges which correspond to those of the second weight loss of polymers, 
and they showed an endotherm at a temperature corresponding to their 
melting points.

From these facts it would be concluded that thermal degradation of 
aromatic po^dsocyanates gives only monomer and trimer. The second 
weight loss corresponds to loss of trimer.

Accordingly, TGA and DTA curves of aromatic polymers would be 
interpreted as shown in scheme II.

First Step:
endothermic

!------------- vMonomer (liq.) (main reaction)
Polymer-/ ''̂ '̂-'̂ êndothermic

'------------- > Trimer (liq.) Monomer (gas)
exothermic

Second St ep :
endothermic

Trimer ( liq .)---------------- > Trimer (gas)
Scheme II

Unlike aliphatic polymers, aromatic polymers give their monomers as a 
main product, so the net reaction is endothermic. Trimer would be 
formed as liquid, since there is no endotherm corresponding to fusion of 
trimer in the DTA curve of polymer.
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Factors Influencing the Mode of Depolymerization

As described above, thermal degradation of polyisocyanates gives 
generally both monomer and trimer. Depolymerization would be initialed
by abstraction of hydrogen attached to nitrogen atom at the chain end or by 
cleavage of the main chain.* Since the activation energy is low as de­
scribed later, the reaction would not be homolytic. Then dissociation to 
monomer and degradative trimerization would occur competitively as 
shown in scheme III.

R—N = C = 0  
R

°Y (W N\(W 0
I I

R/N ^C ^N\ r

0

Scheme III

The results shown in Tables I and II indicate that there are some factors 
which influence the mode of depolymerization. They can be classified as 
either the electronic character of the JV-substituent or steric factors. The 
latter plays an important role in depolymerization of poly(cyclohexyl 
isocyanate), which does not give t.rimer when subjected to thermal degrada­
tion.

In Figure 5, yields of monomer in thermal depolymerization of aromatic 
polymers are plotted against Hammett’s a values, along with the data 
in depolymerization by di-n-butylamine in DMF at 30°C.2 There seems 
to be an optimum a region for the highest yield of monomer in both series of 
reactions. Although close discussion is impossible at present since only a 
few data are available, it could be said that monomer yields are influenced 
to some extent by the electronic character of fV-substituents. There seem 
to be two types of electronic factors which act in the opposite direction. 
As shown in scheme III, nucleophilicity of the nitrogen anion (N1), the 
electron density on carbonyl carbon at the 6 position (C6), and carbon- 
nitrogen bond (C2 — N 3) strength may influence the mode of depolymeriza­
tion. These factors would be affected by electronic character of N- 
substituents in various ways.

* The referee suggested that it is possible to imagine a bond reorganization mecha­
nism not involving an endgroup.

R  0  R 0  R

0 = C \

N— C—N— C—N -/

N— C—N—C-
I II ! II

R O R 0

R 0 R1\ // Ov
N --C V 1

-N -/ \ c-
C N—R +
\
N -

/
R I

N -
/

R
- c -

0
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Fig. 5. Correlation between monomer yield and a value: (1) thermal degradation of poly­
isocyanates; (2) degradation of polyisocyanates by di-n-butyl amine in DM F at 30° C.

A similar relationship is also observed between monomer yields in the 
thermal degradation of aliphatic polymers and Taft’s a* values.

Determination of Kinetic Parameters by TGA and DTA

In the pyrolysis of poly(phenyl isocyanate) the peak value of the DTA 
curve coincides with the maximum rate of weight loss as mentioned above. 
Then, reaction order n, activation energy E, and pre-exponential factor k0 
were determined for pyrolysis of poly (phenyl isocyanate) by means of TGA 
and DTA following the method given by Akita and Kase.5 Results were 
obtained from four different TGA and DTA curves having different heating 
rates <£. They are summarized in Table IV. The average of n is nearly 
equal to unity, so the pyrolysis reaction is considered to be first order with 
respect to the weight of the residual polymer. The activation energy E

TABLE IV
Kinetic Parameters for Pyrolysis of Poly (phenyl isocyanate)

Heating 
rate ¡t>, E, log k0,

No. °C/min n lccal/mole min-1

1 1.0 1.06 24.9 10.6
2 2.5 1.08 25.9 10.6
3 5.0 1.13 24.4 10.7
4 10.0 1.08 24.5 10.5

Average 1 .09 24.9 10.6
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TABLE V
Activation Energies for Pyrolysis of Aromatic Polyisocyanates

It
K,

kcal/mole

and the pre-exponential factor of Arrhenius equation k0 are independent of 
heating rate and the averages are 24.9 kcal/mole and 1010-6 min-1, respec­
tively. The activation energy for poly(phenyl isocyanate) was also ob­
tained by the differential method,7 and the value obtained is 24.4 kcal/ 
mole, which is in good agreement with the above result.

For other aromatic polymers, Akita’s method can not be employed since 
the peak value of DTA does not coincide with the maximum rate of weight 
loss. Thus Kissinger’s method8 was used to calculate the activation energy 
for these polymers. They are shown in Table V. It may be said that there 
is some relationship between activation energy and electronic character of 
(V-substituent. However, it must be noted that the activation energy 
obtained here is an apparent value, and it is very difficult to know the real 
value on account of following two reasons. First, in the thermal degrada­
tion of polyisocyanates there are two competitive reactions, one is 
dissociation to monomer and the other degradative trimerization. Sec­
ondly, TGA curves do not express the rate of degradation for most aromatic 
polymers. The latter prevents the isolation of competing reactions.
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Cupric Sull'ale—Hydrazine System as au Initiator 
of Vinyl Polymerization. II. Polymerization 

of Methyl Methacrylate in Aqueous Solution 
in the Absence of Oxygen

JOAN BOND and P. I. LEE, The University of SalJ'uni, 
Salford, Lancashire, England

Synopsis

The cupric sulfate-hydrazine system has been used to initiate the aqueous solution 
polymerization of methyl methacrylate at pH 9.25 in the absence of oxygen. There is 
no decomposition of hydrazine on the surface of the reduced cupric hydroxide until a 
flocculant precipitate is formed (cupric sulfate concentration of about 10" 3 mole/1). 
Below this concentration, the initiating reaction occurs solely in solution, the rate of 
polymerization decreasing when the reaction mixture becomes depleted in cupric ions. 
When a suitable surface area of the precipitated polymer is attained, adsorption and de­
composition of hydrazine occurs on its surface, causing further initiation of polymer­
ization.

The polymerization of methyl methacrylate in aqueous solution, initiated 
by the cupric sulfate-hydrazine system in the presence of oxygen, was 
described in Part I of this series.1 The work discussed in this paper deals 
with the polymerization which occurs in the absence of oxygen and of which 
there is very little mention in the available literature, Menon and Kapur2 
simply quoting the fact that the rate of polymerization of methyl meth­
acrylate increases with increasing initial concentration of cupric ions.

Experimental

The experimental techniques were identical to those described in Paper 
I of this series,1 except that all solutions were prepared in water which had 
previously been boiled and then cooled while nitrogen was bubbling through 
it. The reaction mixtures were further deoxygenated by bubbling nitro­
gen through them for 2 hr, after which polymerization was initiated by the 
addition of hydrazine. The British Oxygen Company’s oxygen-free 
nitrogen was used, and this was further purified by passing it first through 
a solution of alkaline pyrogallol and then through distilled water.

Results

The results are expressed graphically (Figs. 1-4).
2621
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Fig. 1. Dependence of (a) the amount of hydrazine decomposed in 30 min and (6) 
the initial rate of polymerization on the initial hydrazine concentration. Methyl 
methacrylate, 0.02 mole/1; cupric sulfate, 5 X 10-5 mole/1.

Discussion

At an initial cupric sulfate concentration of 5 X 10~5 mole/1, the rate of 
hydrazine decomposition and the corresponding rate of polymerization 
both increase with increasing alkalinity and reach a maximum at pH 9.5. 
At this pH value there is no detectable decomposition of hydrazine over a 
2 hr period in the absence of cupric sulfate, while in its presence the rate of 
hydrazine decomposition is directly proportional to the initial concentra­
tion of cupric ions (Fig. 2) until aflocculant precipitate of cupric hydroxide 
forms (10-3 mole/1). The rate of decomposition then increases appreciably 
and some hydrazine is removed instantaneously from the solution as a 
result of its adsorption onto the surface, the amount adsorbed increasing 
with increasing amount of precipitate.

Below 10“ 3 mole/1 cupric sulfate there is some instantaneous disap­
pearance of hydrazine; this is 0.4 X 10-3 mole/1 (at an initial cupric 
sulfate concentration of 5 X 10 *“ mole/1) compared with 2 X 10-3 mole/1 
in the presence of oxygen.1 A comparison between Figure 1 of the present 
report and Figure 4 of the previous paper1 shows that the reaction between 
the initial cupric ions and hydrazine takes place in solution in the absence of 
oxygen. It would thus appear that the small particles of cuprous hydroxide 
sol which have been formed as a result of the original adsorption and oxida-
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Fig. 2. Dependence of the initial rate of the decomposition of hydrazine on the con­
centration of cupric sulfate. Hydrazine, 0.08 mole/1; methyl methacrylate. 0.02 
mole/1.

Fig. 3. Dependence of (he initial rate of polymerization on the concentration of cupric
sulfate. Hydrazine, 0.08 mole/1; methyl methacrylate, 0.02 mole/1.
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Fig. 4. Kate curve for the polymerization of methyl methacrylate. Hydrazine, 0.08 
mole/1; methyl methacrylate, 0.02 mole/l; cupric sulfale, 5 X 10~5 mole/1.

tion of hydrazine, do not present a suitable surface for further hydrazine 
adsorption. At cupric sulfate concentrations >10-3 mole/1 the increased 
rate of hydrazine decomposition indicates that decomposition must take 
place on both the initial cupric, and resultant cuprous, hydroxide pre­
cipitates.

Since there is no oxygen present in the system to convert cuprous ions to 
cupric ions, a given reaction mixture becomes progressively depleted in 
cupric ions; the initiating reaction is therefore not maintained, and a de­
crease in the rate of decomposition of hydrazine is observed with a re­
sultant slowing down of the polymerization when a plateau is produced in 
the rate curve (Fig. 4). The increased rate of polymerization which occurs 
after the plateau can be attributed to the adsorption and subsequent de­
composition of hydrazine on the surface of the polymer which is of a 
suitable nature and area. This effect was verified qualitatively by observ­
ing the decomposition of hydrazine in solution when a finely divided sample 
of purified polymer was added to it.

The graph of initial rate of polymerization versus monomer concentration 
is of the same form as that of percentage conversion versus time and can 
be interpreted in a similar manner, because a change in the initial monomer 
concentration represents a change in the total surface area of polymer 
produced.

At cupric sulfate concentrations below the saturation solubility of cupric
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hydroxide, the rate of polymerization is directly proportional to the initial 
concentration of cupric ions in solution, as was observed by Menon and 
Kapur.2 At cupric sulfate concentrations above the saturation solubility 
of cupric hydroxide, the rate of polymerization decreases in a similar manner 
to that observed in the presence of oxygen,1 and this again is probably the 
result of adsorption and recombination of initiating radicals at the surface 
(Fig. 3).

The authors wish to thank Gcigv (U.K.) Lid., Manchester 22, England, for a grant 
to one of us (P.I.L.) which allowed this work to be carried out.
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Polymerization Studies on Allylic Compounds. 
III. «(Substituted Methyl)styrenes

M. G. BALDWIN and SAMUEL F. REED, JR., 
Rohm and Haas Company, Redstone Research 

Laboratories, Huntsville, Alabama 35807

Synopsis

The free-radical polymerization of a series of «-(substituted methyl (styrenes was in­
vestigated. These compounds were found to be inactive in homopolymerizations but 
copolymerized with methyl methacrylate and styrene with a retarding effect. Co­
polymerization characteristics were followed by rate and viscosity measurements.

INTRODUCTION

This series of papers describes the free-radical polymerization char­
acteristics of 2,3-disubstituted propenes having the general form ula I.

CI -ClbY

X
I

Previous papers in the series were concerned with compounds of type II
CH*=C—CHoY

I
CO..Et
II

where Y  was varied over twelve common functional groups. The present 
paper extends the study to include «-(substituted methyl)styrenes of the 
general structure III, where Y substituents are H, OH, OCH3, OCOCHs,

CIL=C—CH2Y

Crib
III

F, Cl, and CN, and thus affords a comparison of the effects of the carbo- 
ethoxy and phenyl groups in the 2 position on the polymerizability of 3- 
substituted propenes.

Homopolymerization of the compounds HI was attempted, and copoly­
merizations with methyl methacrylate and styrene were studied. In the 
copolymerization studies emphasis was placed on the effects of small con­
centrations of the monomers III on the polymerization rate and on the 
intrinsic viscosity of the resulting polymers. Only in the case of the fluoro

2627
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compound were the actual copolymer compositions determined. The 
eyano compound could not be obtained in pure form, so polymerization 
data concerning it were not obtained.

RESULTS

Homopolymerization

None of the monomers polymerized to a detectable extent with either 
azo or peroxide initiators (azobisisobutyronitrile and benzoyl peroxide). 
Samples containing no solvent, when heated in the absence of air at BO­
NO0 C with as much as 2% of the initiators, failed to increase in viscosity, 
and no solids were precipitated in hexane. Dilatometric studies with a- 
(acetoxymethyl)styrene with benzoyl peroxide at 2%  concentrations at 
80° for 16 hr led to shrinkage corresponding to polymerization of less than 
1 %  of the monomer.

Three of the monomers underwent unexpected reactions during at­
tempted homopolymerization. These were the fluoromethyl, methoxy- 
mcthyl, and chloromethyl derivatives.

a-Fluoromethylstyrene. From analogy with the series of compounds 
II it was thought that the a-fluoromethylstyrene would have the least 
retarding effect on polymerization of methyl methacrylate and styrene, 
and in fact, it was expected to homopolymerize. As shown below, however, 
it had as great or greater retarding effect in copolymerizations than any 
of the other compounds except the a-chloromethylstyrene.

This observation led to repeated experiments with the fluoro compound 
and to extra care in its purification, as described in the Experimental sec­
tion. Although the samples used in the polymerization studies are con­
sidered to have been of high purity, they underwent an unexpected de­
composition during homopolymerization attempts which were carried out 
in glass containers. For example, when the monomer, containing 1% 
AIBN, was heated in the absence of air at 70°C, no visible change in the 
sample occurred for 72 hr, but in the ensuing 8 hr period it changed to a 
dark green, viscous oil, evolved about 3 cc of gas per gram of sample, and 
severely etched the glass container. Previous experiments had shown that 
the same behavior occurred in the absence of AIBN.

Apparently, a strongly autocatalytic fluoride ion elimination occurs, 
perhaps initiated by impurities on the glass surface or by trace impurities 
in the sample. In the copolymerization experiments to be described there 
was no evidence of any degradation. AVe believe that the kinetic results 
obtained represent the free-radical behavior of the fluoro compound and 
that the decomposition j ust described is a separate phenomenon. However, 
the results obtained in experiments with the fluoro compound must remain 
in doubt until the cause of the decomposition is better understood.

The fact that significant amounts of fluorine were incorporated in the 
copolymer with both methyl methacrylate and styrene further supports 
the conclusion that the fluoro monomer is not an active terminator or
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transfer agent, but rather, is an active comonomer. The retarded co- 
polymerization rate in the ease of methyl methacrylate is due to the rela­
tive stability of the propagating radical derived from the fhtoro compound. 
The reason for the relative sluggishness of the fluoro compound in this 
series of monomers (III) compared with its high reactivity in the carbo- 
ethoxy series (II) is not understood.

«-Methoxymethylstyrene. In homopolymerization experiments in which 
benzoyl peroxide was the initiator, fairly rapid evolution of gas was ob­
served, presumably due to a reaction between the peroxide and the ether 
portion of the molecule.

a-Chloromethylstyrene. This compound reacted rapidly with the ex­
posed mercury surface within the dilatometer during the rate experiments; 
therefore, all polymerization rate studies involving it were carried out in 
sealed NMR tubes by a technique previously described.1

Copolymerization

The effects of the monomers III on the polymerization of methyl mettr 
acrylate and of styrene were investigated. Copolymerizations were car­
ried out at bO°C, and the rates of copolymerization were observed dilato- 
metrically2 for all except the chloro compound, which was studied in sealed 
NMR tubes. Results are given in Tables I and II where Rp0 refers to the 
rate of polymerization of methyl methacrylate and styrene in the absence 
of comonomer, otherwise under the same conditions as those employed in 
the copolymerizations.

In the case of the chloro compound, polymerization of methyl meth­
acrylate was completely inhibited (no detectable decrease in the MMA vinyl 
proton area from NMR after 48 hr). Copolymerization of the chloro 
compound with styrene was not attempted.

In a separate series of experiments the monomers III were copolymerized 
with methyl methacrylate and with styrene and the intrinsic viscosities of

TABLE I
Effect of «-Methylstyrene Derivatives on the Rate of 

Polymerization of MMA at 60 °C in Benzene*

Y substituent 
in monomer

Concentration of 
monomer, 

mole/1

Initial
polymerization

rate
R p, %/min R p / ll,»

Blank1* — 0.74 (R p,) 1.00
—OH 1.49 0.064 0.086
—OCHs 1.23 0.058 0.079
—H 1.69 0.035 0.047
—OCOCH, 1.14 0.031 0.041
—F 1.24 0.013 0.018
—Cl 1.5 0 0

* [MMA] = 7.54 mole/1; [AIBN] = 0.049 mole/1. 
h Benzene replaced comonomer.



2630 M. G. BALDWIN AND S. F. REED, JH.

TABLE II
EIl"eet of a-:\Iethylstyrene Derivatives on the I1Me of

PoJ~'lIleri7,[ll ion of 81 )Tene at· 60°C in Bemr,ene"

y ~uusti t uen t
in monomer

Blank
-OCR"
-OJ[
-OCOCH"
-R
-F

COIJI·clJl.rnLioli of
Jllonomer,

mole/l

1. 23
1.49
1.14
1.69
1. 24

Initial
]H,lymerizn.t.ioll

rate
R p , %/min

0.))3 (R",)
0.089
0.079
0.065
0.061
0.054

1.00
0.79
0.71
0 ..58
0 ..54
0.48

" [Styrene1 = 6.96 mole/I; [AIBN] = 0.049 mole/I.

the resulting C'opolymers determined. Lower concentrations of the comono­
mel'S III were used then ill the polymerization rate studies to assure forma­
tion of C'opolymer with moleeular weight high enough to permit isolation
and purifieation. In the copolymerization experiments, the reaetion
mixtures were precipitated in hexane after about 10% reaction, and the
intrinsie viscosities of the ('opolymers were measured in acetone solution
at 30°C. Results are shown in Tables III and IV. In these tables [1/10
refers tD the intrinsic viscosity of homopolymers of methyl methacrylate
and styrene prepared under the same C'onditions as the eopolymers listed.

Analysis of the eopolymcrs eontaining the fluoro monomer were per­
formed ane! the resulting eopolymer C'ompositions caleulated. The co­
polymer of O'-fluoromethylstyrene and methyl methacrylate (Table III)
contained 22 wt-% of the f1uoro monomer, which corresponds to a mole
ratio of 4.R: 1 of ::vIMA to fluoro monomer. The comonomer mole ratio
in the copolymerization mixture was 28.9: 1; hence, the fluoro monomer is
shown to be an active comonomer although it greatly retards the rate of
polymerization of methyl methacrylate.

The copolymer of styrene with O'-fluoromethylstyrene contained 38.9
wt-% of the fluoro monomer. This gives a styrene to O'-fluoromethyl­
styrene mole ratio of 2.1: 1 compared to a value of 28.0: 1 for their mole

TABLE III
Effect of a-:'vlethylstyrenes on the Intrinsic Viscosity of :.vIMA Copolymers

Concentration of
Y substituent monomer,
in monomer mole/l [,,] [,,1/[")0

Blank 0.41 ([,,10) 1.00
-OCR, 0.37 0.17 0.41
-OR 0.31 0.20 0.48
-OCOCR" 0.42 0.13 0.31
-R 0.29 0.15 0.36
-F 0.31 0.15 0.36
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TABLE IV
Effect of a-.MethylsI yrenes on the Intrinsic Viscosity of Styrene Copolymers"

V substituent
Concent ration of 

monomer,
in monomer mole/l lui W /W o

— — 0.28 (W„) 1.00
—OCR, 0.37 0.26 0.93
—OH 0.31 0.25 0.89
—OCOCH, 0.42 0.22 0.79
—H 0.29 0.25 0.89
—F 0.31 __b —

"[Styrene] = 8.67 moles/1; [AIBN] = 0.049 moles/1.
b Copolymer was insoluble in acetone, so viscosity was not. obtained. Copolymer 

was soluble in benzene.

ratio in the copolymerization mixture, and further emphasizes the reactive 
nature of the fluoro monomer in these copolymerizations.

From the above tables it is noted that addition of a relatively low con­
centration of the «-(substituted methyl)styrenes retards the polymeriza­
tion of both methyl methacrylate and of styrene, but has a much greater 
effect of MIMA than on styrene. Correspondingly, the viscosities of the 
resulting polymers were lower than those obtained in the absence of added 
comonomer. The degree of lowering of [j?] was not great (except in the 
case of the chloro compound) however, and reflects retarded polymerization 
rate rather than extensive chain transfer. Except for the halogens, the 
nature of the Y  group is seen to have a rather small effect on the degree of 
retardation of both ALMA and styrene polymerizations.

DISCUSSION

The retarding effect of the compounds studied in this work (except the 
chloro compound) results from the low energy of the radical 1V

CFLY
/

R—CH2—C •
\

C6I1 6
IV

derived from the comonomer through attack by a growing polymer chain 
radical It •. Radical IV is stabilized by resonance associated with the 
phenyl group and by steric effects caused by the two bulky substituents 
on the central carbon atom. The combined effects of these properties 
cause the addition of IV to another monomer unit to occur much less 
readily than is the case for chain radicals derived from MMA or styrene.

In the case of the chloro compound degradative chain transfer occurs as 
shown in eq. (1 ),
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in which R-, an initiator fragment or a growing chain radical, abstracts 
a Cl atom from the chloro monomer and forms a stable allylic radical, 
which, does not. initiate another chain. The difference in bond energy 
between C ('1 and C -II is sufficient to make loss of Cl much easier than 
loss of H. This was discussed3 for compounds II1.

Since the monomers do not exhibit homopolymerization under free 
radical initiation it can be concluded that radical IV does not add to a 
monomer molecule of the same type. In the case of methyl methacrylate, 
addition of IV to MMA must occur, since the polymerization is not com­
pletely stopped by addition of the monomers studied here, but addition 
to MMA is slow. In the case of styrene, addition of IV to styrene monomer 
occurs readily, as shown by the minor retardation that was observed.

Although the monomers studied contain labile allylic hydrogen atom, 
none of the radicals in the system studied were sufficiently reactive to 
abstract them readily; addition to the stabilized double bond is favored. 
The nature of the Y group, therefore, had little effect on the system, as 
was shown to be the case of monomers II, as long as the C—Y bond is 
not appreciably weaker than the corresponding C— H bond. For weaker 
bonds, such as C—Cl, chain transfer involving the substituted atom occurs. 
The apparent stability of the radical derived from the fluoro derivative 
(V), as shown by its retardation of the rate of polymerization of M M A

R—CH2—C—CHjF

C6H6
V

compared to the other nonhalogen derivatives is not understood.

EXPERIMENTAL 

Monomer Preparation

«-Methylstyrene was obtained from a commercial source and distilled 
just prior to use in the polymerization studies. The method of Hatch and 
Patton3 was employed for the preparation of «-acetoxymethylstyrene and 
«-hydroxymethylstyrene. The reaction of a-bromomethylstyrene with 
sodium methoxide gave «-methoxymethylstyrene. Each of the monomers 
was doubly distilled through an 18-in. semimicro spinning band column and 
checked for purity by vapor-phase chromatography. These compounds 
were considered to be of greater than 99.5% purity.

«-Acetoxymethylstyrene. This was prepared by the selenium dioxide 
oxidation of «-methylstyrene; bp 94-94.5°C/0.9 mm; nj," 1.5281.

Anal. Caled for C«FT1,0 2: C, 75.00%; TI, 6.80%. Found: C, 74.87%; IT, 
6.95%.

«-Hydroxymethylstyrene. This derivative was prepared by the hy­
drolysis of «-acetoxymethylstyrene with aqueous sodium hydroxide; 
bp 94-95/1.0 mm; n\5 1.5672.
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Anal. Calcdfor C9Hi„0 : C, 80.6%; II, 7.5%. Found: C, 80.52%; II, 7.41%.

a-Bromomethylstyrene. This was prepared by the Ar-bromosuccin- 
imide bromination of a-mcthylstyrene;4 bp 90-91°C/5 mm; no 1.5917.

A n a l . Calcd for C9H9Br: C, 54.82%; Ii, 4.57%; Br, 40.61%. Found: C, 
54.71%; H, 4.52%; Br, 40.37%.

a-Methoxymethylstyrene. To a mixture of 58.0 g. (0.29 mole) a-bromo- 
methylstyrene in 150 ml of ethanol was added in increments 16.2 g (0.3 
mole) sodium methoxide over a period of 30 min with rapid stirring. After 
standing for 1 hr, 150 ml ether was added and the total mixture was filtered 
to remove solids. The filtrate was thoroughly washed with water, dried 
over anhydrous magnesium sulfate and the ether removed at reduced pres­
sure. The resulting residue was distilled through an 18-in. spinning band 
column to give 33.62 g (75.7%) of a-methoxymethylstyrene; bp62-63°C/ 
2 mm; n“  1-5410.

Anal. Calcd for C9II120 : C, 79.41%; H, 8.82%. Found: C, 79.53%; H, 8.86%.

Preparation of a-Fluoromethylstyrene. A mixture of 18.6 g (0.094 
mole) of a-bromomethylstyrene and 25.2 g (0.2 mole) silver fluoride in 
200 ml dry acetonitrile was stirred at ambient temperature for a period of 
12 hr. After filtration to remove solids, the filtrate was added to 500 nd 
of water and extracted with three 100 ml portions of ether. The ether 
extracts were combined, washed thoroughly with water and dried over 
anhydrous magnesium sulfate. Ether was removed by evaporation and 
the residue distilled through an 18-in. semimicro spinning band column 
to give 9.63 g (36.5%) of a-fluoromethylstyrene, bp 50°C/2.7 mm; nr,“
I. 5283. It was observed that this compound attacks glass, since both the 
distillation column and glass containers become etched on contact. It 
could be stored for extended periods in glass containers at 0°C after distilla­
tion without etching, however. Final purification was accomplished by 
preparative gas chromatography employing a 5'-dinonyl phthalate on 
Chromosorb column in an Aerograph Model A-100-C instrument.

A n a l . Calcdfor C»H,F: C, 79.42%; H, 6.63%; F, 13.95%. Found: C, 79.14%;
II , 6.74%; F, 13.70%.

Attempted Preparation of a-Cyanomethylstyrene. A mixture of 39.2 g 
(0.2 mole) a-bromomethylstyrene, 19.5 g (0.3 mole) potassium cyanide, 
and 100 ml of dry acetonitrile was introduced into a 200-ml three-necked 
flask fitted with magnetic stirrer, condenser, thermometer, and dropping- 
funnel (all outlets covered with Drierite-filled drying tubes). This 
mixture was stirred at ambient temperature over a period of three days 
and then examined by gas chromatography, which indicated the presence 
of only a trace of the unreacted bromide. The reaction was poured into 
500 ml of water, extracted three times with 100 ml portions of ether, the 
combined ether extracts washed thoroughly with water, and dried over 
anhydrous magnesium sulfate. After evaporation of the ether, the liquid
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residue was distilled to give 18.0 g (63%) of cyano compounds; hp 84°C/ 
0.65 mm; •«“  1-5824. Identification was based on elemental analysis and 
the proton NMR spectrum. The H 1 N.MR spectrum* showed the follow­
ing signals: a-methyl-/3-cyai instyrene was characterized by a doublet at 
2.32 ppm (CH3) ,./ ~  1 cps, a quartet at 5.55 ppm (vinyl proton) and phenyl 
protons at 7.36 ppm, a-cyanomethylstyrene displayed a quartet at 3.35 ppm 
(— CH2— ), a multiplet centered at 5.48 ppm (vinyl protons), and phenyl 
protons at 7.30 ppm. The two compounds were present in approximately 
equal quantities.

Anal. Calcd for C,oH„N: C, 83.90%; H, 6.29%; N, 9.78%. Found: C, 83.85%; 
II, 6.57% ; N, 9.70%.

In the course of several attempts to prepare a-cyanomethylstyrene, 
mixtures of it with a-methyl-/3-cyanostyrene were obtained as shown by 
NMR spectra of the reaction product. Suitable techniques were not found 
to separate the two isomers. In still other experiments, the vinyl cyanide 
was the only product isolated. Our failure to isolate the desired a-cyano­
methylstyrene is attributed to its ease of isomerization under either thermal 
or base catalyzed conditions. Gas chromatography of the crude or distilled 
product showed only one peak representing the a-methyl-/3-cyanostyrene. 
Apparently the a-cyanomethylstyrene contained in the mixture undergoes 
complete isomerization on the chromatographic column and during distilla­
tion.

Polymerization Studies

The dilatometrie and viscometric techniques used in this study were 
described previously.3

SUMMARY

Comparison of the effects of the carboethoxy and phenyl groups in the 
X  position in I leads to the general observation that those compounds with 
the phenyl group are much less reactive in homopolymerization than those 
with the carboethoxy group, but, generally, are active comonomers with 
MM A and styrene. This is due to the low energy of the chain carrying- 
radical from the phenyl substituted monomers compared with those derived 
from the carboethoxy monomers. Increased resonance stabilization and 
steric hindrance associated with the phenyl group give rise to this effect. 
All of the a-methylstyrene derivatives retarded the polymerization of 
methyl methacrylate and of styrene, and decreased the molecular weight of 
the resulting polymers. The molecular weight decrease is not great except 
in the case of the chloro compound, however, and probably does not reflect 
significant chain transfer. The fluoro derivative was shown to undergo

* All H1 NMR spectra were obtained in 10-15% carbon tetrachloride solutions with 
tetramethylsilane as external standard and with the use of a Varian Associates A-60 
instrument with 40 Mcps probe.
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autocat alytic decomposition with elimination of fluoride ion when stored 
in glass, but it copolymerized extensively with methyl methacrylate and 
styrene to form the copolymers. The cyan« derivative could not be 
prepared because of isomerization to /3-cyano-a-methylstyrene.

This work was performed under the sponsorship of the U. S. Army Missile Command, 
Redstone Arsenal, Alabama, under Contract DA-01-021. ORD-11878 (Z).
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X-Ray Degradation of Penton and Its Potential Use 
as a Dosimeter for the 4 -1 5  keV Range

BARBARA J. AIALLON, Lawrence Radiation Laboratory, University of 
California, Livermore, California 9Jfi50

Synopsis

Exposure of poly-3,3-(bischloromethyl)oxetane (Penton) to x-rays produces a linear 
reduction of the molecular weight, heat of fusion, and melting point with increasing 
absorbed dose. Optical density measurements fit a smooth curve with absorbed dose. 
Exposures were made with 25, 50, and 100 cal/cm2 integrated incident energy at 50 peak 
kV with and without zinc and titanium-aluminum filters. Because the molecular 
weight of Penton is relatively uniform from lot to lot, and because it is difficult to obtain 
spectral measurement in the 4-15 keV range to which Penton is particularly sensitive, 
it is believed that the data contained in this report can be used with an iterative com­
puter code to determine the spectrum and intensity of radiation in this region.

INTRODUCTION

The fact that poly-3,3-(bischloromethyl)oxetane (Penton, Hercules, 
Inc., Wilmington, Delaware) degrades by chain scission with absorption 
of y-rays has been shown by Golden and Hazell.1 Although, according to 
their report, the decomposition products change somewhat with increasing 
weight was found to hold. They also report a decrease in softening temper­
ature with increasing dose.

Absorbed dose on exposure to x-rays is very spect-rum-dependent, in 
contrast to that due to exposure to y-rays. In the x-ray spectral region, 
the mass absorption coefficients are changing rapidly, whereas in the 7 
region they are nearly constant. This makes dosimetry of x-rays from 
commercial machines more difficult because the spectrum must be known 
to determine tire absorbed dose in different compounds. The few spectra 
available in the literature2’3 do not resolve the spectral region below 10 
keV. Penton is an ideal candidate for the study of this region, since it is 
relatively transparent to radiation above 15 keV and it becomes increas­
ingly absorbant below this energy (see Fig. 1). Successive layers of stacks 
of Penton disks would be expected to be graduated in radiation damage for 
two reasons: first, each layer absorbs a fraction of the energy incident 
upon it and thereby decreases the amount incident upon the next; second, 
the lower-energy x-rays are preferentially absorbed, creating a less damag­
ing spectrum of higher-energy x-rays for the next layer.

2637
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ENERGY -keV

Fig. 1. Mass absorption coefficient (kappa) as a function of energy.

A preliminary study4 made with x-rays and a measured spectrum5 
showed linear relationships between calculated absorbed dose and the 
experimental melting points and heats of fusion. The relationships held 
even though the exposures and filters were varied. These promising 
results prompted further investigation of the degradation and dosimetric 
possibilities.

EXPERIMENTAL

Fenton 9215G (Hercules, Inc., Wilmington, Delaware) was used in this 
study. The material used in the melting points and heat of fusion experi­
ments was prepared by Battelle Memorial Institute from sheet and ma­
chined to the specified thickness. Samples were then punched from the 
sheets to give ' / 2-in. diameter disks which were assembled into layered 
stacks for irradiation. The sample temperature during irradiation was 
61°C at the front surface, with a gradient of o°C for each 2 mm depth in 
the sample. [Temperatures were measured by the melting points of 
various waxes (Will Corp. and Subsidiaries, Rochester, New York) placed 
between disks in a calibration run. A wax which melted at 61-62°C 
softened slightly but did not melt at the front surface, and a 56-56.0°G 
wax did the same between disks 2 mm back. ]

After irradiation, samples to be used in intrinsic viscosity measurements 
were dissolved in cyclohexanone (Matheson, Coleman, and Bell, Ruther­
ford, New Jersey) which contained 0.5% antioxidant 2246 (American 
Cyanamid Company, New York, New York). This was accomplished by 
heating to 125°C. Viscosity measurements were made at 50 ±  0.01°C. 
(Model H-l high temperature bath, Cannon Instrument Co., State College, 
Pa.) with Cannon-Ubbelohde viscometers (Cannon Instrument Company, 
State College, Pa.) with constants of approximately 0.02 cS sec.
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Measurements of the heats of fusion and melting points of Penton sam­
ples were made with the calorimeter module of the duPont 900 Thermal- 
analyzer (E. I. duPont de Nemours and Co., Wilmington, Delaware). 
The instrument plots the temperature of the reference against the difference 
in temperature between the reference and the sample. The reference and 
sample are heated simultaneously in isolated cups in a dual-chamber oven. 
The area of the endotherm obtained with melting is proportional to the 
heat of fusion,

Hf = ACTAT/WR

where A is the area of the endotherm, C is a calibration coefficient, T is 
the scale of the abscissa, AT is the scale of the ordinate, W is the weight of 
the sample, and R is heating rate.

After irradiation, each sample was heated under nitrogen to 230° C in 
the calorimeter, allowed to cool until it crystallized, and then annealed. 
Annealing was done by reheating and holding the sample for 15 min at 
8 ±  1 °C below the peak of the highest temperature endotherm of a sample 
which had cooled naturally (cooled in the calorimeter from 230 to 25 °C by 
gradual heat loss). After annealing, the sample was shock-cooled with Dry 
Ice to prevent transition to the (¡-crystalline form.6 (It was found that 
slow cooling after annealing caused this transition to occur.)

Precision between individual runs is better than ±  3%. Accuracy should 
also be in the same range since the instrument is calibrated with pure metals 
whose heats of fusion are well established. Precision on the more severely 
damaged samples was poorer because the gradient of damage is sharper in 
these samples and the endotherms are broader, making the determinations 
more difficult.

Melting points are either the intersection of the extrapolated highest 
melting endotherm to the base line or the peak of the highest temperature 
endotherm. These are referred to as “Mp (extrap)” and “Mp (peak),” 
respectively.

The need for better surface characteristics and thinner samples for optical 
measurements resulted in the development of special samples for these 
experiments. These 10 mil-thick samples were prepared from Penton 
powder (generously donated by Dr. Frank H. McTigue, Hercules Research 
Center, Wilmington, Delaware) pressed between two polished metal plates 
with 10-mil thick shims at 400°F.

Optical density measurements were made with a Carey Model 14 record­
ing spectrometer (Applied Physics Corp., Monrovia, Calif.) at 580 run 
and a slit width of 0.14 mm.

Zinc and titanium-aluminum filters were prepared and loaned by Dr. 
Nancy del Grande of this Laboratory.

An XRD-G x-ray machine (General Electric Co., Milwaukee, Wise.) 
was operated at 50 peak kV and 50 mA. The sample of Penton was
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RESULTS AND DISCUSSION

After irradiation, the disks of each exposed sample were spread on a 
white sheet of paper. The change of color with depth was striking: the
slice closest to the source was nearly black, and the colors of the others 
graduated with depth to the pale beige of the control. In exposures at 
100 cal/cm2, at 100 cal/cm2 with a zinc filter, and at 50 cal/cm2, the 
surface of the first disk was foamed. The amount of foaming decreased in 
the order listed. In the exposures at 25 cal/cm2, at 25 cal/cm2 with a 
zinc filter, and at 100 cal/cm2 with a titanium-aluminum filter, the surfaces 
were not foamed but merely darkened. Foaming is easily explained by the 
lowering of the melting point of the front of the surface disk below 61 °C by 
radiation deposition.

It is necessary to investigate the effect of the 5°C temperature gradient 
for each 2 mm depth on the amount of damage as measured by viscosity, 
melting points, heats of fusion, and optical density. There is some question 
in the literature8-18 as to whether temperature below that at which the 
compound flows significantly affects the amount of decomposition per 
given dose in poly(methyl methacrylate), polyethylene, and polyisobutyl­
ene. The most logical compound of the three to compare with Penton is 
polyethylene since it, like Penton, is between its glass transition point and 
its melting point at 61°C. While Taubman and Ianova11 and Turner12 
claim no effect to polyethylene with temperature until melting, Charlesby 
and Davison8 and Black10 claim the opposite. Using the data of Black10 
one finds that an increase in temperature from 56 to 61°C increases the 
absorption coefficient, G (crosslinks), a measure of absorbed dose, by only 
0.14%. This would be indeed a negligible effect in this study.

The dependence of absorbed dose with depth changes with a change in 
spectrum. Figure 2 is a theoretical plot of absorbed dose versus depth for 
two assumed spectra; in one case a rectangular band from 5 to 7 keV and in 
the other another such band from 15 to 17 keV. After comparing these 
curves, one can see that the steeper the damage gradient, the less energetic 
the spectrum. Presumably, one could determine the spectrum from 4 to 
15 keV from the depth results in Penton, using a property such as molecular 
weight which has a theoretical relationship with dose.1 Since there was 
already a proposed spectrum,5 the author decided instead to test that spec­
trum against a theoretical molecular weight relationship and to study the 
dose depth effect on such properties as heat of fusion, melting point, and 
optical density.

Molecular Weight

The best test for the proposed spectrum is to plot the calculated absorbed 
dose against a theoretical relationship. Chapiro14 derives the relationship

1
Mn

1 D
AI»„ +  EdN ( 0
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Fig. 2. Log calculated absorbed dose of Peuton as a function of deptli for two assumed
spectra.

where M„  is the number-average molecular weight, D is the absorbed dose, 
E,i is the average energy absorbed per main chain scission, N is Avogadro’s 
number, and Mm is initial number-average molecular weight.

Substituting the relationships given in eqs. (2) and (3)

M  =  K '  M “  (2)

where [rj] is the intrinsic viscosity and M, is the viscosity-average molecular 
weight, and

Tlv = [(« +  1) (r(a +  1 )) ]1/aMn =  CMn (3)

where F is the gamma function and C a constant, eq. (1 ) becomes

Mr,]/ “  \m )  +  CEtN (4)

'l'herel'ore, the absorbed dose should be a linear function of the reciprocal of 
the intrinsic viscosity to the 1 /a power. The value of a was obtained from
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the unpublished work of Chiang15 by least squares of log [?/] in cyclohexa­
none at 50°C as a function of log Mw obtained by light scattering. A 
value of 0.83 for a was obtained. Substituting in eq. (3), yields

Mv =  1.92 Mn

Although Chiang’s values of M  were of unfractionated Penton samples, 
they have a consistent linear relationship between log [>7 ] and log Mw. 
According to Flory17 the value of a obt ained should be valid and any error 
from least-squares fit should reside in K'  instead.16

Intrinsic viscosity and absorbed dose values for various samples obtained 
in this study are shown in Table I. A plot of the reciprocal of the intrinsic 
viscosity to the 1/a power as a function of absorbed dose is shown in Figure 
3. The linearity of this plot is taken as strong support of the Taylor 
spectrum.5* *

TARLE I
Experimental Intrinsic Viscosity and Calculated 
Absorbed Doses of Penton with Taylor Spectrum

Exposure Thickness, Absorbed dose, Intrinsic
cal./cm.2 Sample mm cal/g viscosity

100 (air)
4 0.719 83.88 0.120
0 0.70 34.83 0.230
9 0.70 15.37 0.356

100 (helium)
O 0.716 62.24 0.158
4 0.716 40.47 0.220

50 cal/cm.2
4 0.437 28.71 0.249
6 0.66 20.03 0.390

10
O X

0.66 10.31 0.465
¿O
4 0.701 10.52 0.490
8 0.701 3.49 0.788

Control 0.712 0 1.188

On correcting Chiang’s molecular weights by the relationship

Mv =  (1.92/2.0)MW

the value of K '  is corrected from 3.61 X 10-8 to 3.74 X 10 _8. By sub­
stituting this value into eq. (4), a value of 35.4 eV per scission is obtained. 

Charlesby et al.® prefer to rearrange eq. (4) to the form

(l/r;)1/“ = constant (D +  D0).

* When the Erlich spectrum2 is used to calculate absorbed dose, a curve with more 
scatter is obtained for this plot. These effects are greatest for the surface disks because 
the effect of the incident spectrum is greatest (see Introduction).
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Fig. 3. Reciprocal of the intrinsic viscosity to the 1 ¡ a  power as a function of x-ray ab­
sorbed dose (Taylor spectrum6): (A) 100 cal/cm2, in air; ( +  ) 100 cal/cm2, in helium; 
(O) 50 eal/cm2; (□) 25 cal/cm2; ( X ) control.

Fig. 4. Log-log plot of intrinsic viscosity as a function of D  +  D„. (A) 100 cal/cm2,
in air; ( +  ) 100 cal/cm2, in helium; (O) 50 cal/cm2; (□) 25 cal/cm2; (X ) control.

From the slope obtained from a least-squares lit of the reciprocal of the 
intrinsic viscosity to the 1 /a power as a function of dose (Fig. 3) and the 
intrinsic viscosity of a nonirradiated sample, a value of 6.0 cal/g was
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DEPTH AT CENTER OF DISC -  mm

Fig. 5. Heat of fusion for Peuton as a function of depth for samples exposed to 100 oal/ 
cm2: (A) in air; (O) in helium.

calculated for D0. A log-log plot of intrinsic viscosity as a function of 
1) +  Do is shown in Figure 4. Again, a linear relationship with a slope of 
—0.83 is observed as required.

Heat of Fusion

A specimen exposed at 100 cal/cm2 in air showed a marked decrease of 
the heat of fusion with depth, as shown in Figure 2. Another sample with 
thicker disks near the surface was exposed to 100 cal/cm2 in helium to 
confirm that results are independent of sample thickness and atmosphere. 
These results also are shown in Figure 5.

A linear relationship between heats of fusion of annealed samples and 
calculated absorbed dose was found (see Table II and ref. 4, Fig. 2). The 
equation obtained by least-squares fit of these values is

AH =  -0.910 D +  10.68

where AH and D are in calories per gram. When the samples were not 
annealed, much more scatter of the data was observed. This is reasonable 
in view of the fact that the naturally cooled samples have varied proportions 
of the a and (3 crystalline forms, whereas the annealed samples are all the 
higher melting, a-crystalline form.

Melting Points

Melting points were obtained simultaneously with heat of fusion values. 
The values basically provide the same correlation as the heats of fusion 
(see Fig. 6).

The best correlation, surprisingly, is obtained from the melting points 
of the samples which cooled naturally (see Fig. 6). It is surprising in that 
these samples were mixtures of the a and /? forms of Fenton which have 
melting points approximately 20°C apart, and the errors on these determina­
tions were larger than in the other three cases shown in Table II. (The
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Fig. 6. Melting point values for naturally cooled Fenton samples as a function of ab­
sorbed x-ray dose (Taylor spectrum5): peak values filled, extrapolated values unfilled; 
(V) 100 cal/cm2, unfiltered; (A) 100 cal/cm2, Zn filter; (□) 100 cal/cm2, Ti-Al filter, 
(O) 50 cal/cm2, unfiltered; (/>) 25 cal/cm2, unfiltered.

relative amount of Fenton in the high-melting form tended to shift its 
melting point.) Equations for these relationships are

Mp (extrap) = — 0.1799/D +  169.6

and

Mp (peak) = — 0.1610Z) +  175.9

The only major discrepancy is in the melting points for the annealed top 
disks of the specimens exposed at 50 cal/cm'2 unfiltered and at 100 cal/cm2 
with a zinc filter (Fig. 7). The fact that these values are so high is easily 
explained. The damage gradient in the top disk is the greatest. In these 
samples the top disk is 0.44 mm thick; therefore, although the average dose 
is about 300 cal/g, the top of the disk received much more radiation and the 
bottom of the disk received considerably less. The high melting point is, 
therefore, the melting point of the less damaged bottom of the top disk; this 
appeared as a peak near the end of the broad melting endotherm in the 
naturally cooled samples. The samples were, therefore, annealed 8°C 
below this temperature (see experimental section). Better data for surface 
disks would have been obtained if they had been thinner.

It is interesting to compare x-ray damage with y-ray damage for an 
equivalent absorbed dose. Golden and Hazell1 report that a dose of 100 
Mrad of 7-radiation linearly reduces the softening temperature from 148°C 
to 125-126°C, and 200 Mrad lowers it to 89 -90°C, Converting the 100
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Fig. 7. Melting point extrapolated values for annealed Pen ton samples as a function 
of absorbed x-ray dose (Taylor spectrum6): (V) 100 cal/cm2, unfiltered; (A) 100 cal/ 
cm2, Zn filter; (□) 100 cal/cm2, Ti-Al filter; (O) 50 cal/cm2, unfiltered; (0 )2 5  cal/ 
cm2, unfiltered.

and 200 Mrad to the units cal/g absorbed dose, one obtains 240 and 4S0 
cal/g, respectively. Further comparison of the results of Golden and 
Hazell1 and the present results is difficult because rads in the above-cited 
study are evidently a measure of absorbed dose in tissue which is not quite 
equivalent to that in Ponton, and the softening point of 14S°C is difficult 
to translate into melting point. However, it is noteworthy that both the 
x-ray and y-ray absorbed doses do produce roughly the same degree and 
type of damage. The approximate linearity of the above-cited softening 
points with dose lends credence to the linearity of the relationship between 
melting points versus dose obtained in this study. Golden and Hazell1 
also state that Penton degrades up to doses of 500 Mrad by chain scission 
with no evidence of crosslinking, as determined by solubility and viscosity 
studies.

Although no other reports of decrease in melting point and heat of fusion 
with dose in Penton were found, similar results were observed for other 
compounds. A linear decrease in melting point with dose was observed by 
Charlesby17 for n-dodecane, CsXho, and C36H74. Although these compounds 
crosslink as well as degrade by chain scission, the linear reduction in melting 
point is attributed to production of lower paraffins by main-chain fracture.

A similar observation on the behavior of poly(methyl methacrylate) with 
both 7 - and pile radiation is reported by Ross and Charlesby.19 The 
“bubbling” temperature (probably glass transition temperature) is shown
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to lower as a linear function of radiation dose. Poly(methyl methacrylate) 
is known to degrade like Penton by random chain scission.

Optical Density

Since all the irradiated Penton samples were graduated in color with 
depth, optical measurements seemed an obvious means to establish a 
correlation with absorbed dose. The change in optical density with depth 
was examined on the specimen exposed at 100 cal/cm2 in air. A smooth 
curve was obtained. However, further disks were cut from a second sheet 
of Penton which was thicker (0.44 mm as compared to 0.35 mm) and had a 
much rougher, less regular surface. Optical measurements on samples from 
a latter sheet were very irregular because of uneven scattering by ( lie rough 
surface. Comparison would have been difficult anyway, since Penton, 
being partially crystalline, is somewhat opaque and therefore does not obey 
Beer’s Law. Therefore, special 10-mil thick samples were prepared from 
Penton powder, as described in the experimental section.

Optical measurements on these samples after exposure at 25 cal/cm2 
both with and without the zinc filter (see Fig. 3 of the previous communica­
tion4) are listed in Table III. Deviations are more likely due to imperfec­
tions in the sample than in resolution of the instrument or in error in the 
spectrum. This premise is supported by the fluctuations of the data for

TABLE Til
Optical Density and Absorbed Dose Calculated with the XRD-6 Spectrum

Exposure 
cal/cm2 Sample

Thickness,
mm

Adsorbed
dose,
cal/g

Optical density 
at 580 mm

Disk 1 0.254 235 1.520
Disk 2 0.254 89 1.050
1 >isk 3 0.254 52 0.727
Disk 4 0.254 30 0.702
i >isk 5 0.254 27 0.645
Disk 6 0.254 20 0.595
Disk 7 0.254 17 0.592
Disk 8 0.254 14 0.540
Disk 9 0.254 13 0.533

Disk 1 0.254 98 1.049
Disk 2 0.254 41 0.065
Disk 3 0.254 26 0.565
1 )isk 4 0.254 20 0.560
Disk 5 0.254 16 0.552
Disk 6 0.254 14 0.532
Disk 7 0.254 12 0.520
Disk 8 0.254 10 0.552
Disk 9 0.254 9 0.546

0.254 0 0.525

25, unfiltered

25, 0.0139-mm. Zn filter

Control
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The fact that Teuton powder is of relatively uniform molecular weight 
from lot to lot18 definitely increases its value as a dosimeter. To test the 
above statement, the intrinsic viscosity of the powder (donated by T)r.
K. H. McTiguc of Hercules Research) was measured. This was found to 
be 1.124 in contrast to the intrinsic viscosity of 1.188 of the machined 
Penton sheets supplied by Battelle. The values of (l/y)1/0 of these 
samples are 0.8684 and 0.8333, respectively. This corresponds to a 
difference in absorbed dose of 0.25 cal/g. This dosage would be lost in the 
experimental error of the heat of fusion and melting point measurements.

CONCLUSIONS

The potential use of a stack of Penton disks as a dosimeter for 4-15 
keV x-rays appears promising. Theoretical molecular weight dependence 
upon absorbed dose was observed. Equations for absorbed dose, based on 
melting points and heats of fusion, have been experimentally derived. The 
relationship between absorbed dose and optical density also appears prom­
ising. It is believed that the above relationships will provide calibrations 
which could be used for determining the spectra of other x-ray sources.

The author would especially like to acknowledge the assistance and encouragement 
given by Grover Taylor who not oidy ran the XRD-6, but also provided the flux and 
the spectrum.3 In addition, the loan of the zinc and titanium-aluminum filters by Dr. 
Nancy L. del Grande, plus several beneficial conversations, is deeply appreciated. The 
author also wishes to thank Harry Conrad for preparing the samples for the optical, 
measurements, Dr. Roman Bystroff for the use of his Carey spectrometer, and Dr. 
Lyman E. Lorensen for many helpful discussions. Appreciation is also expressed for 
generous donation of information and material by Dr. Frank McTigue of Hercules 
Research.

This work was performed under the auspices of the U.S. Atomic Energy Commission.
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Syudiotactic and Isotactic 
Poly(ierf-butylethylene Oxide)
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Synopsis

The rale of polymerization of i-BnEO by i-BuOK in DMSO is about one-tenth that of 
propylene oxide. The slow rate of propagation was accompanied by considerable chain 
transfer. In the absence of solvent, the polymer obtained was crystalline, different 
from the isotactic form and therefore must be syndiotactic. The NMR spectra indicate 
the isotactic polymer exists in solution preferentially in the skewt form, while syndio­
tactic is about 60% skewi, 40% skew2. Amorphous polymer accompanying isotactic 
exists about 50% in the trim s conformer, by NMR data.

There have been very few reports of the polymerization of tert-butyl- 
ethylene oxide (f-BuEO).1-4 Because of the extra bulk of its alkyl group, 
and the absence of reactive a-hydrogens leading to chain transfer,3 because 
of the earlier observations of very low molecular weight and also solid 
apparently crystalline polymer by base catalysis,3 and the report of isotac­
tic polymer by coordination catalysts,4 we felt a more careful study of the 
polymerization of terf-butylethylene oxide was of interest.

RESULTS AND DISCUSSION 

Relative Rates of Polymerization

Earlier reports have indicated that ¿-BuEO polymerizes more slowly than 
EO or propylene oxide (PO).1-3 We have found that the kinetics of base- 
catalyzed polymerization in DMSO (dimethyl sulfoxide) were easily fol­
lowed by NMR. Both monomer and polymer have sharp singlets at 9.1 
t, but the monomer multiplet centered at 7.45 r (7.25-7.8 t) shifts to a 
complex set of broad peaks between 5.5 and 7.25 r for the polymer. Con­
version was thus readily estimated from the integrated areas in these two 
regions of the NMR spectra. The data are summarized in Table I.

The rate constant at 26°C indicates a rate of about one-tenth that re­
ported for PO in DMSO.* The activation energy, estimated from an 
Arrhenius plot of the values for />'2 in Table I, was 24 kcal/mole. This

* In other solvents, the rate constant for KOH-catalyzed polymerization of PO is re­
ported6 to be 1.2 X 10~4 and for ethylene oxide ~ 5  X 10-3. Snyder6 reports % = l.S X 
10-6 and \ H \  = 17.6 for ueopentylethylene oxide polymerization by i-BuOK.

2653
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TABLE I
Rate of Polymerization of i-BuEO (0.1 g) in D M 80 (0.3 g) 

Catalyzed by 4.7 X 10_2ill ¿-BuOKa

Temperature, °C Time, min. Conversion, % hi, sec lb k-i, 1/mole-sec

o o 5 50 2.0 X 10~3 4.3 X 10 -2
12 74

75 10 26 3.2 X 10“ 4 6.8 X 10“ 3

60 63
60 60 21 5.8  X 10"5 1.23 X 10“ 3

120 34
26 6 days 31 5.8  X  10~7 1.23 X 10~5

14 days 46

“ Potassium ¿erf-butoxide.
b ki' [i-BuEO] = hi [f-BuOK] [¿-BuEO]; rate constants were estimated graphically.

value, which is considerably larger than those for EO (17.4) and PO 
(17.8),7'8 undoubtedly is due to increased steric hindrance from the bulky 
tot-butyl group.

Molecular Weight and Chain Transfer

Since the molecular weight of poly(propylene oxide) (PPO) is limited by a 
chain-transfer reaction involving the methyl hydrogens a to the oxirane 
ring,3 it was not expected that chain transfer would be a major factor in 
polymerization of /-BuEO, since it has no such hydrogens. However, the 
polymer formed in base-catalyzed polymerization has had low molecular 
weight.3 The results of experiments changing monomer-catalyst and 
monomer-DiMSO ratios are summarized in Tables II and III. respectively.

At a catalyst-monomer ratio of 200 to 1. the expected molecular weight 
without chain transfer would be 20 000, compared with only 1040 observed. 
That chain transfer could involve DMSO in this case is shown by the data 
in Table III.

o  o
t /-BuEO f

— Oe +  DMSO —► — Oil +  CIIS— S— CIl2e ---------» CIR— S— CILCILCHO9 (1)
I
i-Bu

Effect of Changing M>
TABLE II

onomer-Catalyst. Ratio on Molecular Weight of Poly (¿-BuEO):‘

¿-BuEO, mmole f-BuOK, mmole M b-Lyj- n

20 2.0 630
20 0.4 1030
20 0.2 1020
20 0.1 1040

* Tempera 1 lire 6(I°C, 1 week, 6.0 ml of DMSO ; all conversions were essentially quanti-
tative.

b Number-average molecular weight measured by vapor osmometer.
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TABLE III
Effect of Changing Monomer-DMSO Ratio on Molecular Weight of Poly(t-BuEO)a

D M S O /
i-BuOK, mmole DMSO, ml i-BuEO M b■iVJ n s, %

0.2 3 2.1 1270 0.70
0.2 6 4.3 1020 0.84c
0.2 12 8.5 910 1.03
2.0 0.5 0.35 1310 —
2.0 6 4.3 630 0.85

* Temperature 60°C, 1 week, 20 mmole of i-BuEO; all conversions were over 90%. 
b Number-average molecular weight measured by vapor osmometer.
0 The small peak at 7.55 r indicated about 1% sulfur as sulfoxide in the polymer.

The presence of a sulfoxide endgroup was confirmed both by sulfur 
analyses and by a small NMR peak at 7.55 r for poly(f-BuEO) prepared in 
DMSO.

Extrapolation of the data in Table III to zero DMSO concentration 
indicated a molecular weight of only about 2000, in excellent agreement 
with observed values without solvent (Table IV) but still much lower than 
expected.

TABLE IV
Polymerization of i-BuEO in Bulk and in Diglyme'1

i-BuEO/
i-BuOK

(M e0CH2CH2)20 ,
ml

Temper­
ature, °C Time, days Yield, % M n

50 6 75 14 98 690
50 6 too 14 ~100 750
50 0 75 10 81 1900b

110 0 90 21 ~100 2200b'°

“  ( C H 30 C H 2C I I s)20 .
** These polymers were solids, mp ~ 5 0 °C ; polymers of lower molecular weight were oils. 
c Calculated from [ifi = 0.038, others by vapor osmometer.

The low molecular weights observed in diglyme, (CH3OCH2CH2)20, 
suggest there is some kind of transfer possible with this solvent also. 
Perhaps it may be related to the base cleavage of diglyme reported by 
Snyder.9

160°C
/-BuO® +  (MeOCILCILLO -----------> f-BuOII +  CH3O C H =C H , +3 hr

CH3OCH2CH2O C H =C H 2 +  GIRO9 +  CH3OCH2CH,Oe (2)

Even in bulk, the molecular weight of 1900 observed is appreciably below 
the value of 5000 expected, if no chain transfer were possible. Perhaps the 
molecular weight limiting reaction is one involving a similar attack on the 
polymer chains, but we have no evidence* to offer at 1 his time on this possi­
bility.
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TABLE V
Physical Properties of Poly(i-BuEO) Prepared by f-BuOK Catalysis

M  a hi mp, °C

630 0.0185 <  room temp
690 — < room temp
750 — <  room temp

1040 0.0245 —30
1120 — <  room temp1“
1270 0.0255 —30
1270 — 42
---- 0.03 IP'
1900 0.035 51

(—2000) 0.038 53

* By vapor osmometer, except last value was calculated from [rj] =  3.2 X 10 s 
d/„°-9;, the best line defined by M„ data in Tables V and VI. This equation compares 
with [,] = 6.4 X lO"5 #.«•»» for PEG in water at 35°C>° and fo] =  1.2.) X  10 “ ‘ M v0-11 
for PPO in benzene at 25°C.U

b Data of Carmelite.3

The fact that the higher molecular weight samples of poly(i-BuEO) 
prepared in bulk were solid and crystalline (see Table V), suggested some 
stereoregular polymerization was occurring. For comparison, we prepared 
samples of isotactic poly(f-BuEO) by two different coordination catalysts 
(Table VI). The benzene-insoluble material was also crystalline but of 
much higher molecular weight and melting point than that from base. The 
x-ray patterns were also distinctly different (see Fig. 1).

The comparison of these two crystalline polymers is summarized in 
Table VII. Certainly some differences might be expected from the large 
difference in molecular weight. Even the melting point difference, how­
ever, was too great to be explained by molecular weight differences and the 
x-ray and NMR data are conclusive evidence that I and II are indeed of 
different crystalline form. Since there is no reason to doubt that the 
coordination catalysts would give isotactic polymer (I),2 this suggests that 
II must be the syndiotactic form.

TABLE VI
Polymerization of /-BuEO by Coordination Catalysts“

Yield, %  [n]

Catalyst Coordination cat
Benzene- 

alyst insoluble
Benzene-
soluble

Benzene-
insoluble11

Benzene- 
1 soluble“

EtaZu II20, 0.11 g 8.0 30.9 3.82 0.083d
EtiZii Amyl alcohol, 1.115 ml 3.8 — 0.42 —
Et2Zn d-Borneol, 2 g 4.2 ---- — ----
¿Bu3A1 ILO, 0.11 g 13.4 55.0 2.53 0.099

“ i-BuEO, 4 g; C«H«, a ml; oritalyst, 6.5 mmole; 3OOO

1 day.
b 90°C in letralin. 
c 30°C in benzene. 
d -l/„ (osmomet.ric) =  2780.
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Fig. 1. X-ray powder scattering for (--)  isotactic and (------ )syndiotacticpoly(i-BuEO)

The formation of a crystalline syndiotactic polyepoxide by base catalysis 
is unique, although there are several reports of crystalline isotactic poly- 
(phenyl glvcidyl ether) (PPGE) by base catalysis.12-15 In this case, it 
seems reasonable to assume that the tert-butyl group will provide consider­
able steric hindrance to polymerization. This view is supported by the 
high activation energy reported above as well as the NM R data (Fig. 2) 
which clearly indicate the presence of one (I) or two (II) preferred confor­
mations at the carbon-carbon bonds in the polymer chain.

For both I and II the backbone hydrogen atoms separated into three 
regions of absorption, 5.8- 6.3 r, 6.3-6.85 r, and 6.85-7.15 r  in the ratio of

TABLE VII
Comparison of Crystalline Polymers from i-BuEO

Crystal I Crystal II

Catalyst
M n
M
Melting point, °C 
X-ray d spacing, 

A
NM R, t 
Solubility 

Soluble in

Coordination 
20 000-170 000 
0 .42-3 .8  
130-150
7.81, 5.39, 4.86, 4.64, 3.89, 3.49 

6.0, 6.6, 7.0 

Tetralin at 90°C

Swollen by C«Hc, C H C 13, CCL, Celliz 
Insoluble in C H 3O H , C H 3 C O C H 3 , EtjO, LI20, 

DMSO, DM F

i-BuOK
1200-2000
0.025-0.038
42-53
5.43, 5.10, 4.76, 3.65

6.0, 6.65, 7.0, 6.25, 6.5, 7.0

C«H,, C H C L ,  CCh, C J I12, 
C H 3 C O C II3  

C H 3 O I I  

HiO, DMSO
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Pig. 2. N.M1! spectra of poly(f-BuEO): ( I ) isotactic; (II) syndiotactic and curve for 
amorphous polymer from triisobutylaluminum-waler catalysis. The vertical lines 
represent absorption predicted by the chemical shifts and splitting constants in Table 
VIII. The experimental curves represent data in CCU at 50°C. In chlorobenzene at 
120°C the curves for syndiotactic and amorphous polymer were essentially unchanged, 
while the curve for isotactic in polymer the peaks were much sharper.

1:1:1. The three backbone hydrogens in the polymer consist of two secon­
dary (H a and H b) and one tertiary hydrogen (H c ). The latter should be 
shifted further downfield than the former, as is indicated in Table VIII. 
One secondary hydrogen in both skew 1 and skew 2 is remote from oxygen 
and shifts upheld to 7.0r, while in the trans conformer both secondary 
hydrogens are adjacent to the /3-oxygen. In skew 2, the tertiary hydrogen 
is similarly remote from oxygen and shifted upheld. For the isotactic 
polymer, the NMR spectra at 00 or 100 Mcps can be readily explained by a 
single skew conformation (skew 1), as indicated in Figure 2 and Table VIII.
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TABLE VIII
Conformations, r Values, and Coupling Constants J  for Poly(i-BuEO)“ 

Conformation T ops

skew 1

skew 2

trams

IIa 7.0
Hb 6.6 (6.65)b 
He 6.0

H a 6 .5  
LI„ 7 .0  
He 6.2-6.3

Ha 6.6 Hb 6.5 
He 6.0

•Tab 7.5 
•Tac 3 
J Be 9 • 5

•Tab 9 
•Tac 3 
•Tbc 4

J ah  7 .5-9 
J ac  9.5 
•Tbc 3

* The values are those estimated to give the best fit to the experimental NM R curves. 
b The figure in parenthesis is for syndiotaetic isomer, the other for isotactic.

For the syndiotaetic polymer, the XAIR spectra at 60 and 100 Mops 
require, in addition to skew 1 , the presence of skew 2 in an approximate 
60:40 ratio (see Fig. 2 and Table VIII).

For the amorphous polymer from isobutylaluminum-water catalysis, the 
XM R  spectrum was less resolved, and the ratio of absorbance in the three 
regions was in the approximate ratio 1:1:0.7. These relative intensities 
indicate that, in the amorphous polymer, about half the backbone carbon 
bonds are in the tram conformation, with chemical shifts and splitting 
constants about as indicated in Table VIII. Such a distribution of con- 
formers would predict the ratio of 1:1.5:0.5.

The NAIR spectra of the samples made in DAISO (Table III) most 
closely resembled the spectrum of II, suggesting that the low molecular 
weight oils formed under these circumstances contained mainly syndiotaetic 
sequences.

In contrast to a statement from an earlier publication,2 indicating that 
models of syndiotaetic poly(f-BuEO) could not be made without straining 
bond angles or distances, we found the skew 1 and skew 2 conformations 
were essentially strainless. For the isotactic models, skew 1 and tram  
were easily assembled with no major strain.

In view of earlier reports on the formation of isotactic poly(phenyl 
glycidyl ether) by bases,13'15 we have prepared PPGE by reaction in bulk 
catalyzed by i-BuOK. The polymer was of relatively low molecular weight 
( [77 ] = 0.1) but 16% was insoluble in acetone, mp 90°C, and showed an
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x-ray pattern identical with that of isotact.ic polymer prepared by coordina­
tion catalysts.12'14

Tsuruta16 has shown that steric control of isotact.ic polymer formed by 
coordination catalysts is the result of “catalyst site” control, rather than 
“polymer end” control.

For the case of PGE and i-ISuEO we wish to suggest a mechanism involv­
ing polymer end control and chelation of the countercations by adjacent 
ether groups.* In the case of the polymer of /-BuEO, the only ether group 
eligible for chelation is that of the adjacent backbone unit. For the case of 
PPGE, the oxygen of the phenoxyl is available for this purpose. The 
proposed geometry of the transition states is indicated by eqs. (3) and (4),

i-Bu
\

H— C—CHs kp
/», \ — -—*- syndiotactic placement (3)

0. -.0-polym er
K'

respectively.

II

f-Bu— C------CH,
\ /

0

H

CsH5OCH2-“ C------CH,
\ /  “ 

o

CH? 0  polymer
v

H— C— CH2 k/  \ " _
0.

K ’

isotactic placement (4)

There are three important steric conditions indicating the preferred 
nature of the geometry proposed.

(.1) The SN'2 inversion occurring at each step in epoxide ring-opening18 
requires that the epoxide oxygen, the oxirane methylene carbon and the 
chain-end oxyanion be essentially linear.

(2) The importance of the newly formed oxyanion associating as easily 
as possible with the counter cation requires that the substituted oxirane 
carbon be oriented away from the chain-end cation. This will favor the 
bending of the newly formed oxyanion on the oxirane oxygen so that it may 
chelate with the cation.

{3) The bulky groups, i.e., ieri-butyl, CeFPOCEF- , and polymer, on the 
chelate and oxirane rings should be on opposite sides of the common plane 
containing the chelate and oxirane rings.

This scheme requires that once the propagation has occurred for PGE, the 
chelate ring prefers to rearrange from backbone ether to side-chain phenyl 
ether oxygen.

We have further work under way to determine the structure of amor­
phous polymer from coordination catalysis and to test the hypothesis 
advanced above for polymer end control in base-catalyzed systems.

* The ability of cyclic ethers to coordinate with alkali metal ions has been recently 
reported by Pedersen.17
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EXPERIMENTAL

Materials

/erf-Butylethjdene oxide (i-BuEO) was prepared from pinacolone by 
bromination19 to yield the bromoketone in 80% yield, bp 5S.5-61°C/3.5 
mm. Reduction with sodium borohydride20 gave the bromoalcohol in 60%  
yield, bp 55-58°C/8 mm, which was cyclized with IvOH20 to ieri-butyl- 
ethylene oxide in 75% yield, bp 96-97.5°C. The NMR spectrum showed a 
singlet at 9.1 r and a multiplet centered at 7.45 r in the proper 3:1 ratio. 
The purity was >  99% by vapor phase chromatography.

Phenyl glycidyl ether (PGE) was dried and distilled, bp 99°C /4 mm. 
DMSO was refluxed over calcium hydride and distilled, bp S8.5 89°C / 
25 mm. Benzene, heptane, and diglyme were also dried and distilled 
before use.

Polymerizations

In NMR Tubes. For the small-scale runs, 0.1 g of f-BuEO, 0.3 g of 
2H 6-DMSO and 2 X 10~5 mole of /-BuOK (Aceto Chemical Co.) were 
heated under nitrogen. At specified times, CCLi was added to stop the 
reactions; this gave homogeneous solutions for NMR measurement.

Larger-Scale Experiments. Solvent, monomer, and catalyst were intro­
duced into 20 ml Pyrex tubes, flushed with nitrogen and capped with rub­
ber serum stoppers; these were cooled in an ice bath and sealed with an 
oxygen flame. After heating for a specified time, the tubes were cooled in 
Dry Ice, opened, neutralized with Dry Ice and extracted with cyclohexane. 
The solution was washed, dried, and evaporated to give polymer.

By Coordination Catalysts. The procedure was similar to that above. 
The polymer, swollen in benzene, was precipitated and washed with 
methanol and HC1 in methanol. The polymer was separated into frac­
tions soluble and insoluble in benzene at room temperature.

Polymerization of Phenyl Glycidyl Ether. The same procedure as 
described for larger-scale experiments on f-BuEO was used. The PPGE 
was precipitated by methanol and separated into fractions soluble and 
insoluble in acetone at room temperature by centrifugation.

Characterization

Number-average molecular weights were measured at 30°C in benzene 
solution by a Mechrolab vapor pressure osmometer, Model 301A.

Viscosity measurements were run in an Ubbelohde viscometer in benzene 
solution at 30°C, except for high melting poly(f-BuEO) (I) which was run 
in tetralin at 90°C.

Melting points of polymers were determined by the capillary method. 
NMR spectra were determined on Varian instruments, Models HA-60 or 
A-60-A. We are indebted to Dr. Kermit C. Ramey, Atlantic-Richfield 
Refining Co., for the 100 Mops NMR spectra. The x-ray powder spectra 
were obtained with nickel-filtered CuKa radiation by Mr. Henry Katz.
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Synopsis

The rate of hulk polymerization of methyl methacrylate and styrene was determined 
directly, continuously and over the whole range of conversion with a differential scanning 
calorimeter (DSC) operated isothermally. At the later stages of the accelerated poly­
merization of methyl methacrylate, a previously unknown inflection or peak in the rate 
of polymerization was observed. The variation of the rate after the onset of the gel 
effect, including this peculiar inflection, was interpreted on the basis of the diffusion 
behavior of monomer molecules and polymeric radicals in the polymer-monomer sys­
tem, their diffusion rates being predicted from the free volume theory. The final con­
version at which no further polymerization proceeds was determined for both monomers. 
It was affirmed quantitatively that the final conversion has a close relation with the trans­
ition of the polymer-monomer system from a viscous liquid to a glassy state.

INTRODUCTION

The gel effect in free-radical polymerization has been studied by many 
investigators since Schulz1 and Trommsdorff.2 A sudden increase in the 
rate of polymerization observed in the later stages of polymerization was 
shown to be due to the diffusion control of the termination process.

For the bulk polymerization of methyl methacrylate, which shows a 
marked gel effect, Hayden and Melville3 have evaluated apparent rate 
constants for the termination and propagation reactions up to 80% con­
version by a thermocouple method. North and Reed4 have suggested 
that the rate-controlling process in termination is not a translational diffu­
sion of macroradicals but a segmental diffusion of the radical chain end in 
the coiled polymeric free radical. Burnett and Duncan6 have explained 
the autoacceleration effect of the polymerization rate as a radical accumu­
lation phenomenon. For the polymerization of styrene, a little acceleration 
in the rate has been observed by several investigators.6-8 In recent years 
several efforts have been devoted to the application of the theory of Kuhn 
and Kuhn on the diffusion of polymeric chain ends9 to the termination 
mechanism of diffusion-controlled polymerization. 11’ 11 However, there has 
been no quantitative discussion as to the diffusion-controlled propagation 
step at very high conversion.

2663
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Rabinowitch12 derived the rate constant of a second-order reaction in the 
viscous system as a function of diffusion coefficients of the two reactants. 
The diffusion coefficient of polymeric segments in the system consisting of 
polymer-diluent mixture was successfully formulated by Kelley and 
Bueche13 on the basis of the free volume theory with the assumption of 
additivity of the free volume of each constituent. As to the diffusion 
behavior of penetrant molecules in the polymer, several efforts have been 
devoted to relate the diffusion coefficient of the penetrant with its volume 
fraction in the mixture.14'“  In order to apply these results to a quantita­
tive discussion on the mechanism of the whole process of diffusion-controlled 
polymerization, it was necessary to eliminate the experimental difficulties in 
determining the rate of polymerization and other parameters over the whole 
range of the conversion.

For the measurement of the rate of diffusion-controlled polymerization, 
several methods have been proposed. A disk-shaped dilatometer or other 
modified dilatometers5'6'16 is convenient for following the rate of polymeriza­
tion in a liquid phase. A thermocouple method3 is applicable for the 
measurement of the rate of exothermic polymerization even in a soft solid 
phase. The former method, however, gives a change in polymerization rate 
with conversion indirectly through the differentiation of the time-conver­
sion curve, and therefore it is impossible to detect delicate variations of the 
rate of polymerization. In fact, Anderson,17 using an isothermal kinetic 
calorimeter method, has revealed several previously overlooked changes in 
the rate of polymerization in emulsion polymerization. By the thermo­
couple method it is impossible to get a continuous relationship between the 
rate of polymerization and time, since the method consists of the measure­
ment of a small temperature rise at a certain instant. Differential scanning 
calorimeter (DSC),18 differing from the above methods, may be used to 
determine the rate of polymerization directly, continuously and even in a 
gel or solid state. It has been already reported that DSC is useful for 
investigating the curing reaction of diallyl phthalate resin.19

The present paper is concerned with the kinetics of the diffusion-con­
trolled bulk polymerization of methyl methacrylate and styrene throughout 
the whole conversion. It was found that the DSC is very effective for 
such a study. By isothermal operation a previously unknown feature in 
the rate of polymerization of methyl methacrylate was observed, and it was 
interpreted in relation to the diffusion behavior of monomer molecules and 
polymeric radicals in the polymer-monomer system. Values of the final 
conversion at which no further polymerization occurs were determined and 
discussed in connection with the glass transition temperature of the system.

EXPERIMENTAL

Materials

Methyl methacrylate was freed of inhibitor, dried, and purified by rectifi­
cation under nitrogen at a reduced pressure. The middle fraction was
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collected and stored in an icebox. Styrene was purified and stored in the 
same way. Benzoyl peroxide (BPO) and 2,2,-azobisisobutyronitri!e 
(AIBX) were of guaranteed reagent quality.

Procedure

Polymerization of methyl methacrylate or styrene was carried out in a 
modified sample pan of a Perkin-Elmer differential scanning calorimeter 
(DSC-1) operated isothermally.

The modified sample pan was made of two standard aluminum pans, 
bonded face-to-face by a heat-resistant adhesive, Araldite AA,r-S. The 
sample was injected into the closed pan with a syringe, then the hole pro­
duced by the syringe was closed with a cellophane tape. The weight loss of 
the sample due to vaporization of liquid monomer was held to several 
per cent by the use of the modified sample pan, while with the standard 
open pan it amounted to 20-30%.

It was found that the baseline of the DSC charts obtained in the isother­
mal operation did not show a substantial drift in spite of a small change in 
the specific heat of the sample due to its transformation from liquid mono­
mer to solid polymer. By addition of a trace of benzoquinone to the sam­
ple it was possible to obtain a baseline during the induction period, namely, 
before the onset of polymerization. This is shown in Figure 1. This

Fig. 1. DSC thermogram of bulk polymerization of styrene at 100°C with 0.10 mole/1 
BPO and S.4 X 10~3 mole/1 benzoquinone.

initial baseline coincided perfectly with that after the polymerization had 
finished. Therefore in subsequent experiments, the baseline was estab­
lished by the extrapolation of the asymptotic flat line at the final stage of 
polymerization. The deflection of the curve from the baseline corresponds 
to the rate of polymerization. For the calibration of exothermic energy 
the transition at 125°C. of ammonium nitrate (1.01 kcal/mole)20 was used 
as a standard.

Determination of Residual Monomer Content

The content of a residual monomer was determined both calorimetrically 
(by DSC) and spectrometrically.
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After h ii isothermal polymerization, the sample wtis heated from ambient 
to 200°C at a constant heating rate. An exothermic peak due to the poly­
merization of the residual monomer appeared in the case of methyl meth­
acrylate.

The residual monomer content was determined also by ultraviolet 
spectrometry. A Shimadzu IV-50A type spectrophotometer was used for 
determining the absorbance at 212  mg for methyl methacrylate monomer in 
ethanol-acetone (99:1) mixture and at 2S2 mg for styrene monomer in 
chloroform.

Molecular Weight Measurements

Intrinsic viscosities of poly (methyl methacrylate) in chloroform at 
30°C and polystyrene in benzene at 30°C were measured, and the average 
molecular weights were obtained from the Mark-Homvink equation,

M  =  K M a

where K  X 104 and a for poly (methyl methacrylate) were 0.(12 and 0.N0, 
and for polystyrene 1.78 and 0.71, respectively.8

RESULTS AND DISCUSSION 

DSC Thermograms

Figure 2 shows DSC charts of methyl methacrylate polymerization. 
The gel effect in bulk polymerization of methyl methacrylate is clearly 
observed. As the polymerization proceeds, the rate of polymerization 
Rp increases up to eightfold the initial rate of polymerization R,,u. Subse­
quently it decreases and finally becomes practically zero. In the course of 
its decrease, a previously unknown shoulder in the rate curve is noticed in 
every experiment. This shoulder increases with the decrease in poly­
merization temperature and in a run at 70°C appears as large as the main 
peak.

Fig. 2. DSC thermograms of isothermal bulk polymerization of methyl methacrylate. 
Polymerization temperatures are indicated beside the curves.
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Fig. 3. DSC thermograms at rising temperature scanning of poly(methyl methacrylate) 
polymerized isothermally at the temperatures indicated beside the curves.

When the isothermal polymerization was completed, a scan at 8°C/min 
was carried out, the temperature being increased to 180°C. This is illus­
trated in Figure 3. The exothermic peak due to the polymerization of the 
residual monomer began just when the temperature of the system exceeded 
the temperature of isothermal polymerization. No exothermic peak was 
observed during increased temperature scanning of polystyrene. This 
suggests that styrene polymerizes completely under isothermal conditions.

The values of reduced initial rate of polymerization (R„a/ [l} ‘(j2[M]o) and 
heat of polymerization (AH) are given in Table I. The Arrhenius’ plots of 
the reduced initial rate of polymerization against reciprocal temperature are 
shown in Figure 4 together with the data recalculated from the literature 
values.21-25 The values obtained from the DSC data are a little smaller 
than those from the literature values. It may be due to the higher concen­
trations of the initiator used and to the influence of oxygen because of the 
difficulty of getting rid of air in the sample pan. The heat of polymeriza­
tion calculated from DSC data shows a fairly good coincidence with values 
in the literature,26 which are 13.0-13.9 kcal/mole for methyl methacrylate 
and 10.1-16.7 kcal/mole for styrene. It is clear from the above results that 
the polymerization reaction can be successfully followed by DSC.

Final Conversion

The final conversion (Xf) in an isothermal polymerization was calculated 
as a fraction of the exothermic energy at the isothermal run to the sum of 
the energies at the isothermal and rising temperature runs. The calcula­
tion is based on the assumption that during the rising temperature scanning 
the residual monomer polymerizes completely. As shown in Table I, this
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l/T x|03
Fig. 4. Log (/¿„o/[I]o1/![M]o) vs. l /T  for the polymerization of methyl methacrylate 

and styrene: (O) results by DSC; other results recalculated from the data of (•)
Baysal et, al.,21 (■) Arnett,22 (A)  Horikx et. al.,23 (▼) Lowell et ah,24 (♦) Mayo et al.25

assumption is confirmed by the spectroscopic measurements of the residual 
monomer. The final conversion in the polymerization of methyl meth­
acrylate comes near by ft) completion for the isothermal polymerization at 
higher temperatures. This fact must be related to the glass transition 
phenomenon of the system.

According to Fox and Flory,27 the effect of molecular weight of a polymer 
(M) on its glass transition temperature (Tep) can be represented by eq. (1),

T „  =  Tgm -  2PN8/(apM)  (1)

where Tga is the glass transition temperature of the polymer with infinite 
molecular weight, p is the density of the polymer, N  is Avogadro’s number, 
ap is the difference between the volume expansion coefficients of the poly­
mer in melt and in a glassy state, and d is the contribution of a chain end to 
the free volume. Tgp values listed in Table II were obtained by substitut­
ing M  values calculated from the viscosity data and setting p = 1.1 
g/cm3, d =  (SO A3, ap = 0.48 X 10~3/°C  according to Bueehe,28 rl\ „  for

TABLE, II
Glass Transition of the Polymer—Monomer Systems

Polymer­
ization
temper-
ature, M ,

Monomer °C dl/g
M M A 70 1.82
M M A 80 1.18
M M A 90 0.64
St 90 0.173
St 100 0.158

,1/ Tm>, {< t> v )T a , (A f)„,

X 10 > °C (■',0 o z
/ ( .

38.3 113.4 89.0 89
22.3 113.0 92.6 93
10.3 111.9 95.2 95

1.52 87
1.37 85
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poly (methyl methacrylate) was evaluated as 114°C29 and for polystyrene 
as 100°C.27 The calculated Top values for polystyrene were lower than 
their polymerization temperatures; in other words, in our experimental 
conditions the polymerization of styrene proceeded at temperatures higher 
than Top of the final polystyrene. This is the reason for the complete 
conversion of styrene in isothermal polymerization. On the other hand, the 
calculated T„p’s of poly(methyl methacrylate) were all higher than the- 
experimental temperatures; therefore, the polymerization of methylmeth­
acrylate did not reach 100% conversion. In this case, however, there must 
be a proper composition where the glass temperature of the polymer- 
monomer mixture is just equal to the polymerization temperature.

The glass transition temperature of a polymer-monomer mixture can be 
calculated by eq. (2) derived by Kelley and Bueche, 13 assuming the addi­
tivity of the free volumes of each constituent,

Tg =  {a p<t>pTop +  am(l — </>p) Tgm}/ {aP4>p +  am(l -  4>P) } (2)

where <f> is the volume fraction in the system and the subscripts p and m 
represent polymer and monomer, respectively. On setting Tg in eq. (2) 
equal to the polymerization temperature and using a value of Tgm =  
— 106°C.30 together with am =  1 X 10~3/ ° C ,28 the volume fraction of the 
polymer at which the system shows a transition from viscous liquid to 
glass {(0p)r„} was calculated. The calculated values of {<t>P)Tg agree quite 
well with the final conversion values obtained from the DSC data, as is 
shown in Table II.

Thus it is concluded that the diffusion-controlled polymerization of 
methyl methacrylate ceases at a conversion where any translational diffu­
sion of monomers and segmental diffusion of the polymeric chain ends are 
suppressed because of the transition of the polymer-monomer system from 
a viscous liquid to a glassy state.

Rate of Polymerization

The ratio of polymerization rate to its initial value (Rp/Rp0) at various 
conversions X  is illustrated in Figure 5. In the polymerization of methyl 
methacrylate, the gel effect due to the diffusion-controlled termination 
reaction appears at a 15-20% conversion and reaches a maximum at the 
onset of the diffusion control of the propagation reaction, i.e., at ca. 40%, 
conversion. The rate curve shows a shoulder at the later stage of conver­
sion. In the polymerization of styrene, the gel effect is also observed 
clearly, but the shoulder observed in methyl methacrylate is not seen in this

In older to discuss the change in polymerization rate with conversion, ¡1 
is convenient to express Rv/Rpn by eq. (d), which holds good hot li in stat ion- 
arv and in nonstationary state throughout the whole polymerization pro­
cess,

R p/ Rpu (3)% [P-j[M  i/(%„[P-JolMJo)
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CONVERSION (% )

Fig. 5. Dependence of polymerization rate on conversion for the polymerization 
of methyl methacrylate and styrene. Polymerization temperatures are indicated beside 
the curves.

where kp is the propagation rate constant which, however, is not a true 
constant but affected by diffusion; [P- ] and [M] are the concentrations of 
polymeric radicals and monomer, and the subscript zero indicates the 
initial state. As [M] is easily calculated from conversion and [M ]0 is 
known, fcj,[P- ] / (/cp0[P- ]o) is calculated from R p/Rp0 by reducing the factors 
concerning the concentration of monomer. In Figure 6, the logarithms of 
this value are plotted against conversion, the variables are kp and [P ■ ], 
since kPo and [P ■ ]0 are constants. Between 20 and 40% conversion log (k„ 
[P-]) increases by unity; its behavior between 40 and 80% conversion 
depends on the polymerization temperature, and its value suddenly drops 
at 80% conversion. A minimum is observed at 55% conversion in a poly­
merization at 90°C and becomes less distinguishable for the lower poly­
merization temperatures.

The mechanism of these remarkable changes in polymerization rate with 
conversion may be explained tentatively by means of the diffusion-con- 
trolled changes in log kp and log [P- J with conversion.

liabinowitch’s equation for the rate constant of a second-order reaction 
in a viscous system is given as follows, 12

k -  P  exp { -E . 'R T  }/[l +  Q exp { - E / R T ) /(¿)a +  D h)] (4)

where P  and Q arc constants, Z)a and D h are the diffusion coefficients of the 
reactants A and B, and E  is the activation energy of the reaction. In the 
case when Z)a +  D b is much greater than Q exp { —E/RT), k becomes equal
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CONVERSION (% )

Fig. G. 'Hie observed dependence of log &,,[P-]/(Aj>o[P-]o) on convereion for methyl 
methacrylate polymerized at various temperatures.

to P  exp { — E/RT] the rate of reaction depending only on P  and E. 
However, when Da +  D b becomes much smaller than the exponential 
factor, the rate of reaction is proportional to Z)a +  D h and the reaction is 
controlled by diffusion. As far as the propagation rate constant fcp is 
concerned, the diffusion coefficient of propagating polymeric radicals 
(Dp) is much smaller than that of monomer (.Dm), and therefore, kp is 
proportional to D m.

The self-diffusion coefficient of the penetrant such as solvent or monomer 
in the polymer (D,„) was given empirically to be proportional to exp 
\<p„ }, where </>„, is the volume fraction of the monomer. 14 In recent years 
Fujita et. al. derived the self-diffusion coefficient of penetrant in the polymer 
as eq. (5) on the basis of the free volume theory, 15

D m =  D m0 exp {Bd/3'<j>m/(vf2 +  vtf3'<t>m)} (5)

where D mo is D m in pure polymer, vi is the free volume of pure polymer, 
/S' is related to the free volume increment due to the penetrant, and B d is of 
the same nature as the parameter B in the WLF equation.31 The validity 
of eq. (5) was supported at temperatures above the Tg of the pure polymer 
by Fujita et al. for various poly(methyl acrylate) -penetrant systems15 and 
by Moor and Ferry for a p<>lyisobutylene-cetane mixture system.32 How­
ever, for the diffusion coefficient of penetrants in a polymer at tempera­
tures below the rL\ of the pure polymer, eq. (5) becomes invalid, since the 
excess local free volume in the immediate vicinity of the penetrant molecule 
cannot be disregarded.32 Though a suitable formulation for the diffusion 
coefficient of this range has not yet been provided, a tendency of the change 
in D m with <j>p is estimated approximately from the graphical data (Fig. 7)
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Fig. 7. Changes in self-diffusion coefficient of solvents with volume fraction in the 
polymer-solvent system:33 (la) polystyrene-benzene, 50°C.; (lb) polystyrene- 
benzene, 3o°C; (lc) polystyrene-benzene, 20°C; (2) poly (vinyl chloride )-methyl ethyl 
ketone, 30°C; (3) polyisobutylene-benzene, 20°C.

according to Chalykh and Vasenin.33 From Figure 7 it is affirmed that 
log D m changes linearly with <j>p in the range of <j>p =  0.3-0.7 and decreases 
significantly at <j>v >  0.8. The gradient of the linear range is reported to 
be independent of the temperature.33 This is consistent with the con­
stancy of the apparent activation energy observed for the self-diffusion of 
cetane in the same range of volume fraction.32 As kp is proportional to 
D m, the log kj, versus conversion curve shown in Figure 9 in a dotted line is 
obtained from the above estimates together with the fact that the propaga­
tion reaction is not controlled by diffusion up to 40% conversion.

The change in the logarithmic concentration of polymeric radical (log 
[!’ •]) with conversion X  is evaluated as follows.

The polymerization behavior is expressed both in stationary and non- 
stationary states by eqs. (0) and (7),

/%  =  U P - ] [ M ]  (0)

cl[P -]/ d t = J k d[l) -  /c « [P -P  (7)

where k, and kd are the rate constants of termination and initiator decom­
position an d /is the initiator efficiency. In the range of X  <  80%, where 
the bimolecular termination process of polymeric radicals is predominant, 
<l[P- ]/dt is much smaller than each of the two terms in the right side of eq.
(7); in consequence, the quasi-steady state holds, and [P-] is reciprocally 
proportional to a half power of kt. In diffusion-controlled polymerization 
it is derived from eq. (4) that k, is proportional to the diffusion coefficient of 
the polymeric radicals (Z),,).
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the final conversion and to the diffusion behavior of polymeric radicals, but 
the effect of excess local free volume in the immediate vicinity of a monomer 
must be considered in the case of the diffusion behavior of monomers in the 
polymer-monomer system. This effect causes the previously unknown 
change in the rate of polymerization in the course of bulk polymerization of 
methyl methacrylate.
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N O T E S

Observation of Gel Formation in Pen ton 
with Low-Energy X-Rays

The accepted mechanism for radiation degradation of Penton (Hercules Inc., Wil­
mington, Del.) is chain scission1 with absorbed radiation doses to above the equivalent 
of 1000 cal/g .1 Gel formation has been observed recently in the surface disk, 0.0458 cm 
thick, of a stack of Penton disks irradiated with 50-pkV x-rays at several total energy 
levels. These levels were 5 cal/cm 2, 10 cal/cm 2, 25 cal/cm 2, and an aluminum-filtered 
20 cal/cm2 with average absorbed doses of 35.0, 70.1, 131.7, and 111.7 cal/g, respectively. 
The amount of gel formed is approximately 10% by weight (slightly less in the alu­
minum-filtered specimen). No gel was found in the subsurface disks of exposures up to 
100 cal/cm 2 total incident energy except for perhaps a trace in the second disk. The 
gel formation does not appear to be dose-dependent, therefore, but rather position- 
dependent, which means spectrum-dependent. (The surface disk preferentially absorbs 
the lower-energy x-rays which are closer to the chlorine K-edge.) The gel formation 
appears to be a function of more intense excitation than is caused by higher energy x-rays 
or 7-rays.

The intrinsic viscosity of the dissolved portion of the sample was measured, and a plot 
of ( l / [ y ] ) 1/a as a function of absorbed dose was found to bear the same linear relation­
ship as had been obtained for specimens with no observable gel formation (see Fig. 3 
of the previous work2). This indicates that chain scission proceeds independently of 
gel formation, as is suggested by Charlesby’s data on polyethylene.3 Melting point 
measurements2'4 do bear the same linear relationship with absorbed dose with or -without 
gel formation. The observation that heats of fusion of annealed samples have a linear- 
relationship with absorbed dose in both surface and lower disks2.4 suggests that this 
amount of gel formation does not interfere, to an observable extent, with the ability of 
Penton to crystallize.

This work wTas performed under the auspices of the TJ.S. Atomic Energy Commission.
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Ozonolysis of Natural Rubber

A paper by Ohakravarly and Sircar1 repealed llieir finding2 (hat ozonolysis of natural 
rubber yielded 23% of levulinic acid, together with breakdown products accounting for 
80% of the original hydrocarbon chain. The classical work of Harries3 and Pummerer4 
described levulinic acid yields of 26% and 46%)( respectively. A recent note by Bcvilac- 
qua5 emphasized that inferences regarding structure based on ozonolysis and oxidative 
hydrolysis should be derived only from products formed in high yield. It seems, there­
fore, appropriate to draw at tention to a method of rubber ozonolysis that has been suc­
cessfully used in these laboratories for a number of years and which gives a high yield 
(up to 85% ) of levulinic acid as its 2,4-dinitrophenylhydrazone (LADNP).

The method is based on that of Bailey,6 who prevented the formation of intractable 
polymeric peroxides and ozonides during the ozonolysis of cyclohexene by including al­
cohol in the ozonization solvent. The method to be described involves dissolution or sus­
pension of the raw rubber in dry chloroform and the addition of ethyl alcohol, usually the 
maximum amount possible while still avoiding precipitation of the rubber. The resultant 
ozonization products are submitted to oxidative degradation with performic acid.

Control experiments, in which levulinic acid itself was submitted to the oxidative hy­
drolysis and subsequent treatment, gave an 86% yield of LADNP, indicating that the 
ozonolysis is virtually stoichiometric but that some of the levulinic acid formed is simul­
taneously decomposed.

A few experiments have shown that sulfur-vulcanized and peroxide-cured rubber can be 
ozonolyzed, giving LADNP yields of 52 and 75%. The method is capable of being used 
on milligram amounts of rubber, with a decrease in yield (e.g., 0.020 g. rubber gave 50% 
yield).

EXPERIMENTAL

The apparatus was a simplified form of that described by Barnard.7
Oxygen was passed via a tube of self-indicating silica gel through a Rotameter flow­

meter at a constant flow rate of about 5 1/hr and thence through a Towers silent-dis­
charge ozonizer. The emergent stream of ozonized oxygen was directed by a three-way 
tap to a potassium iodide analyzer (in which liberated iodine was titrated with sodium 
thiosulfate), to waste, or to the ozonolysis vessel.

Raw Rubber

A solution of rubber (0 .1 g) in All chloroform (dried over Linde molecular sieve) was 
transferred to the vessel, and ethyl alcohol (10 ml) was added dropwise with stirring. If 
t he rubber precipitated, addition of alcohol was stopped and sufficient chloroform added 
to effect dissolution. The vessel was cooled to — 30°C and ozonized oxygen passed 
through. It was found that ozone could be detected in the exit stream at precisely the 
theoretical end point of the reaction.

The theoretical time is given by the equation:

2000 X wt. rubber sample (g)
1 tme =  — —-----------------------------------------

68F X Normality of Na thiosulfate

where V is volume of Na thiosulfate required to titrate the iodine liberated by passage of 
ozone for 1 min. In practice, ozone passage was continued for a further 10% of the 
theoretical time. The solution was allowed to warm to room temperature, transferred
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to a 100-inl round-bottomed flask, and evaporated at about 1()°C/I5 nun. The resul­
tant syrup was treated with !R)%,formic, acid ( I ml), and completely wetted by rotation of 
I lie flask. Hydrogen peroxide solution (30%, 0.3 ml) was added and t he solution allowed 
to stand for 1 4 hr. A small amount of polymeric material was occasionally apparent at 
this stage.

The mixture was heated under rellux on a water bath, the temperature of which was 
slowly raised to 100°C and held at this value for */« hr. The level of the water was kept 
about the same as that of the flask contents. Occasionally the latter became dark in 
color, in which case heating was stopped.

After refluxing, the solution was allowed to cool, and a crystal of ferrous sulfate was 
added to destroy any remaining peroxide. The condenser and flask were washed down 
with a little water and a solution of 2,4-dinitrophenylhydrazine (DNP) in 2.Y HC1 (30 
ml) added. [Reagent was prepared by dissolution of 2,4-DNP (1.5 g) in 2.Y IIC1 (100 
ml) at 100°C with filtration immediately after cooling.]

The orange precipitate was allowed to stand 1 hr or more and collected in a sintered- 
glass Gooch crucible. The precipitate was dissolved in 5.V ammonium hrpdroxide and the 
dark-colored solution filtered through the crucible, any residue being washed with a little 
water. Acidification of the filtrate with hydrochloric acid produced pure levulinic acid
2,4-dinitrophenylhydrazone, which was collected in a weighed sintered-glass Gooch 
crucible and washed well to remove ammonium chloride. The yield was 75-85% of the 
theoretical.

The product was recrystallized from dimethvlformamide-water to give needles (nip 
and mixed mp 205 °C).

The unrecrystallized product was substantially pure as shown by paper chromatog­
raphy and thin-layer chromatography (TLC) on silica gel. The Solvent for paper chro­
matography was «-butanol/ethanol/0.5.Y ammonium hydroxide, 70/20/10, and for TLC 1, 
benzene/methanol, 85/15.

Vulcanized Rubber

The sulfur- or peroxide-cured rubber was milled (five passes, tight nip), extracted over­
night in cold AR acetone and dried at 0.1 mm. About 0.1 g .  was weighed, cut into small 
(0.1 X 0.5 cm) pieces, and allowed to swell overnight in chloroform (30 ml) in the ozonolv- 
sis cell. Ethyl alcohol (30 ml) was added, and the stream of ozone was passed through 
until about 90% of the rubber had dissolved (about 1 hr). Unreacted rubber was re­
moved by filtration through a weighed sintered-glass filter and the solution evaporated 
and treated as above. In one experiment, ozone passage wras prolonged (3 hr) in an at­
tempt to bring the residual material into solution. Two layers were apparent in the 
ozonization solution and on evaporation of the chloroform/ethanol mixture to a syrup, a 
violent explosion occurred. This may have been due to reaction between the ozone and 
the alcohol, yielding explosive peroxides.

This work forms part of the research program of the Natural Rubber Producers’ 
Research Association.

Thanks are due to Dr. i). Barnard for helpful discussion and criticism and to Miss V. 
Bate for technical assistance.
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Copolymérisation of 2-Isopropenyl-4,4-dialhyl-5-oxosolones with
Styrene

In our preceding paper,1 the synthesis and (ho copolymerization of 2-isopropenyI-5- 
oxazolone (2-isopropenyl-4-isopropyl-2-oxazolin-r>-one, I) with styrene was reported in 
connection with the study of preparation of heterocyclic isopropenyl monomers,5’3 
which are reactive towards nucleophilic reagents. However, compound I, which has a 
hydrogen in the C4 position, was unstable on storage, and several side reactions were 
proved to be involved in preparation: (a) isomerization to pseudoxazolone (II) by pro­
ton abstraction with basic solvents;4 (b) acylation at the C4 position with acetic anhy­
dride to give fV-acyl-a-amino ketone (III) through the 4-acetyl-5-oxazolone derivative;5 
(c) equilibration of the 5-oxazolones with mesoionic oxazoles which may be regarded as 
azomet hine ylides. Azomethine ylides were known to take part in cycloaddition of 1 ,3- 
dipoles with alkene evolving carbon

Basic solvent

( IT2= C — Me
J
C

/  \
N 0
I I

1!. CM ..- 0 = 0
Cl i2= C —Me

I
C

AcsO #  \
I  >■ N 0

I IIt,—c-----c=o
I

Ac

Moreover, the active methinyl hydrogen at C4 would participate in chain transfer in radi­
cal polymerization.

In this paper, in order to obtain more information about the copolymerizability of 2-iso- 
propenyl-5-oxazolone derivatives which have no hydrogen at the C4 position, synthesis 
and radical copolymerization of 2-isopropenyl-4,4-dialkyI-2-oxazolin-5-ones (IV ) with 
styrene and methyl methacrylate were accomplished.

CH2= C — Me
Ic

/  \
N O
! I

It,—C------- C = ()

R 2
IV

a-Aminoisobutyric acid was prepared from acetone, sodium cyanide, and ammonium 
chloride.7 a-Amino-a-methyl-n-butyric acid, a-amino-a,y-dimethyl-ii-valeric acid, 
and a-amino-a,a-pentamethyleneacetic acid were obtained via hydantoin8 from the cor­
responding ketones, potassium cyanide, and ammonium carbonate. a,a-Disubstituled

ide.6

Me Me
\  /

C

è
/  \  

x  o
il I

R,— 0 --------C = 0
II

Me R,
! I

CH2=CCONH CH COM e
— >
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Mole fraction of the monomer (M2) in each feed
Fig. I. Composition (turves for styrene copolymers.

Mole fraction of the monomer (Mz) in each feed

Fig. 2. Composition curves for styrene copolymers.

a-amino acids9 were acylated by methacryloyl chloride.10 The melting points and ele­
mental analyses of -Y-methaeryloyl derivatives are shown in Table I. These Y-mel h- 
acryloyl-cr,a-dialkyl-a-amino acids were treated at, 100-110°C. with an excess of acetic 
anhydride, and then the reaction mixtures were fractionated in vacuo. The structure of 
these new reactive monomers were confirmed by elemental analyses and infrared spectra. 
The principal characteristics of the infrared spectra are given in Table II; the yields, 
physical properties, and elemental analyses are summarized in Table III.

Bulk copolymerization of these monomers with styrene and M.MA was carried out at 
60°C. Monomer reactivity ratios were determined from the general copolymerization 
equation by using the method of Fineman and Ross plots.11 The results are summarized 
in Table III and composition curves for the copolymers are shown in Figures 1-3. IV was 
well incorporated into the copolymers with styrene at the region rich in charged styrene 
monomer. The Alfrey-Price equations were used to calculate Q and e values listed in 
Table IV. From the results reported here, it can be seen that o-oxazolone ring is elec­
tron-attracting in the copolymerization reaction as well as 2-isopropenyl-4,5-dimethyl- 
oxazole.12 The copolymers of IVd with M M A have a larger amount of IVd than that 
originally charged as can be seen from the high r2 (3.22) and low n  (0.0.5) values (Fig. 3).

The copolymers were soluble in benzene, tetrahydrofuran, dioxane, chloroform, ace-



NOT I'IS 2683

Fig. 3. Composition curves for copolymer of M M A and IVd.

Fig. 4. Infrared spectrum of styrene-IVa copolymer.

tone, and ethyl acetate, but were insoluble in methanol, re-hexane, carbon tetrachloride 
and water. The infrared spectrum of the copolymer obtained from IVa and styrene 
is shown in Figure 4. Absorption bands which were assigned to the carbonyl and the 
C==N groups appeared at 1820 and 1660 cm ."1, respectively, and a band assigned to the 
phenyl group also appeared at 1600 cm ."1.

The copolymers reacted readily in solution with nucleophilic reagents such as re-butyl- 
amine. Increase in absorption intensity of the infrared spectrum of the reacted copoly­
mer at 1660 cm.-1 and disappearance of rC=o at 1820 cm ."1 would indicate the change of 
copolymer structure in the course of polymer reaction as shown in eq. (1).

Ale
j n-Butylamine

t o n — c  h — c it2- -O j n -------------->-
! L

Ph c
/  \
N O

Ale
I

(OH.— CH— CTT—C)„

Ph
I
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TABLE II
Assignment of Infrared Spectrum of IV

Absorption band, cm. 1 Assignment

1825
16(30
1610

rC-0
rC -N
vC-C.

TABLE IV
Copolymerization Data of 2-Isopropenyl-5-oxazolones with Styrene

Compound n r2 e2 Qi

I Va 0.31 ±  0.06 1.00 ±  0.09 0.28 1.35
IVb 0.27 0.70 0.49 1.31
IVc 0.24 0.69 0.54 1.42
IVd
2-Isopropenyl-

0.12 0.82 ---- —

4,5-dimethvl-
oxazole“ 0.15 2.20 0.24 2.83

14 Data of Iwakura et al.12

EXPERIMENTAL

iV-Melhacryloyl-a.a-dialkyl-tt-amino Acids

Ar-Methacryloyl-a,a-dialkyI-a-amino acids were prepared by the same method de­
scribed in the literature.10

2-Isopropenyl-4,4-diaIkyI-2-oxazolin-5-ones

A solution of A'-methaeryloyl-o',«-dialkyl-«-amino acids in acetic anhydride was added 
to acetic anhydride heated previously to 100-110°C. and the mixture was kept for 5-10 
min. at the same temperature.1 After removal of excess acetic anhydride and acetic 
acid under reduced pressure, the products were obtained by vacuum distillation. The 
crude monomers were distilled again giving pure product in yields shown in Table II.

The NM R spectra showed for I Va: 4,4-Me2, r7.87; = C — Me, t 8.51; CII2= ,  t-3.70,

o.98; for IVb: 4-Me, r 7.99; 4-MeCH2, r9 .1 9 (t ); 4-MeCI_I2— , r 8.21 (q); = C — Mo, 
r 8.50; CH2= ,  t 4.0/, 4.38.

Copolymerization

Polymerization experiments were carried out at 60°C. in sealed tubes under nitrogen 
atmosphere. All experiments were initiated by AIBN (0.01 g.). The experimental 
methods of copolymerization were essentially those described by Mayo and Lewis.13 
About 3 g. of a mixture of precisely weighed styrene (or M MA, Mi) and 2-isopropenyl-5- 
oxazolones (M i) was kept at 60°C. for 1-3 hr. Conversions were below 15%. The co­
polymers obtained were reprecipitated twice, benzene being used as a solvent and meth­
anol as a nonsolvent. The purified polymers were dried in vacuo, and the composition 
of the copolymers w7as determined by nitrogen analyses.
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Reaction of Copolymer with Amine

A sample (440 mg.) of copolymer of IVc with styrene (content of IVc = 57.6 mole-%, 
tjinh =  0.55 at 30°C., c = 0.2 g./dl. in THF) was dissolved in 5 ml. of dioxane. After 
addition of five times the equimolar amount of /i-butylamine, the polymer solution was 
kept at 80°C. for 12 hr. The reaction mixture was poured into petroleum ether and the 
precipitated polymer was collected by filtration and subjected to nitrogen analysis. 
Inherent viscosity of the reacted polymer was 0.46 (in THF at 30°C. at the concentra­
tion of 0.2 g./dl.), iVfounet = 7.79%, ring-opening 89%,. Reacted polymer was soluble 
methanol and ethanol, but insoluble in benzene.
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BOOK REVIEW

Progress in Physical Organic Chemistry. Volume 4. Andrew Streit- 
wieser, Jr. and Robert W. Taft, lids., Interscience, 19(17. 303 +  ix pp. 
$15.50.

The opinion that physical organic chemistry has become more “ physical”  as the field 
has matured can be amply documented. The array of sophisticated physical methods 
for investigating structure and reaction mechanism continues to grow rapidly, and the 
typical investigator must devote much of his time to learning the new techniques. At 
the same time this field has become more “ organic,”  as judged by the willingness of 
present-day physical organic chemists to tackle complex reactions and large molecules, 
including enzymes. In short, the field has grown in many directions until, today, very 
little of chemistry is outside the province of the physical organic chemist. He refuses 
to recognize limits on either the chemical systems he will study or the physical techniques 
he will use.

The volumes of this Interscience series reflect the diversity to be expected. Some 
chapters are devoted principally to a specific physical method, with illustrations of its 
use in widely different chemical systems. Other chapters review a particular reaction 
or group of reactions without detailed discussion of the many techniques involved. The 
present volume contains five chapters: (1) Mechanism and Catalysis for the Hydrolysis
of Acetals, Ketals, and Ortho Esters, by E. H. Cordes; (£) Ionic Reactions in Aceto­
nitrile, by J. F. Coetzee; (3) Nucleophilic Displacements on Peroxide Oxygen and Re­
lated Reactions, by E. J. Behrman and John 0 . Edwards; (J) Conformation and Struc­
ture as Studied by Electron Spin Resonance Spectroscopy, by David II. Geske; and (5) 
Solvolysis in Water, by R. E. Robertson. In a number of passages throughout the book 
the reader would have been assisted by more critical editing, but the quality of the writing 
is generally satisfactory.

Like many recent volumes, the present one contains numerous references to unpub­
lished results, usually from the laboratory of the author. The temptation must always 
be great for an author who is active in the field to use such data to support his arguments 
and to enhance the up-to-date nature of the book. One regrettable incident in this vol­
ume may illustrate some of the hazards associated with reviewing work in progress. 
On pages 106-108 there is a discussion of the oxidation of nitrite by peroxydisulfate, 
based upon unpublished data which support a rather complicated mechanism, the novelty 
of which is emphasized. At the end of the chapter the authors have appended (or 
should one say hidden?) a note to say that additional experiments by the same investi­
gators (also unpublished) have shown that the mechanism proposed earlier in the chap­
ter cannot be correct. Surely the authors, editors, and publishers might have found a 
better way to dispose of the problem! If it was really impossible to alter the text to 
conform to the latest progress report, then a disclaiming footnote on page 108 would 
have been far better than the existing one.

Progress in Physical Organic Chemistry is a useful series of which some chapters will 
be valuable chiefly for reference, others as convenient summaries of current develop­
ments. Any good reference library will want to own the series. Individuals may prefer 
to consider the volumes one at a time, because of the amount of ground covered.

Marlin Miles
Department of Chemistry 
University of Michigan 
Ann Arbor, Michigan 48104
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