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Synopsis

The Diels-Alder reaction of biscj^clopentadieneones with diacetylenes produces color­
less, soluble, phenylated polyphenylenes of high molecular weight (M n ~  40,000) in 
nearly quantitative conversions. The polymers are noncrystalline, form clear films, and 
are stable in air to 550°C. Under nitrogen, the polymers lost approximately half the 
phenyl groups attached to the phenylene main chain to give brown-black insoluble poly­
phenylenes of very low crystallinity.

INTRODUCTION

The synthesis of polymers through utilization of the Diels-Alder re­
action as a means of propagation, has been reviewed.1 The majority of 
the Diels-Alder reactions that are employed as a propagation mode do 
not produce high molecular weight polymers because of the frequency 
of side reactions and the ease with which the reverse reactions take place. 
Therefore, in order to achieve a successful polymerization, a reaction for 
which a perfect stoichiometry can be maintained and which will suffer no 
reversal is highly desirable.

High molecular weight Diels-Alder polymers have been realized2“ 4 
by the reaction of such dienes as tetrasubstituted cyclopentadieneones, 
a-pyrones, and thiophene dioxides with double ethylenic dienophiles 
to produce adducts which eliminate carbon monoxide, carbon dioxide, and 
sulfur dioxide, respectively, at elevated temperatures. This reaction 
affords good monomer balance and prevents reversibility of the initial 
adduction.

The Diels-Alder addition of tetraphenylcyclopentadieneone (tetra- 
cyclone) to acetylenes affords substituted benzenes by the elimination 
of carbon monoxide from the intermediate adduct [eq. (1)]. The re­
action is carried out at elevated temperatures (100-400°C.) with or with­
out solvent. The yields are generally excellent and often quantitative.

The preferred route to the synthesis of tetraarylated cyclopentadi­
eneones is the base-catalyzed condensation of benzils and benzyl ketones 
[eq. (2) ].* Of particular interest to the formation of polymers is the fact 
that many bistetracyclones have been synthesized by this method.5-6 The 
utilization of this Diels-Alder reaction in polymer synthesis requires the 
reaction of suitable diethynyl compounds with the appropriate bistetracy-
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clones, and these requirements are met by the reaction of the bistetracy- 
clones (Ia-c) with m- (II) or p-diethynylbenzene (III) to give phenyl-sub­
stituted polyphenylenes [eqs. (3),(4) ].7-9 Although the Diels-Alder reaction 
can take place to produce either meta or ;para attachments on lire phenyl- 
ated phenylene ring, only para links are depicted.

Ia. X =  nil
b .  X = 0
c. X =  S

b. X = 0
c. X = S

(3)

Va. X =  nil
b. X = 0
c. X = S
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EXPERIMENTAL

Monomers

Bistetracyclones. The bistetracyclones (I) were prepared by the con­
densations of the appropriate bisbenzils with dibenzyl ketone in refluxing 
ethanol.6 The bistetracyclones were further purified by chromatography 
on Woelm neutral alumina with toluene-ether (9:1). A small sample was 
then rechromatographed to assure that only one compound was present.

Diacetylenes. The diacetylenes, m- (II) and p-diethynylbcnzene (III), 
were synthesized by the bromination of divinylbenzenes, followed by dehy- 
drobromination.10 The m-diethynylbenzene was distilled and the p-di- 
ethynylbenzene was sublimed just prior to polymerization.

Solvent

The solvent used throughout for polymerization, membrane osmometry, 
and viscosity measurements was reagent-grade toluene. Xo attempt 
to purify it further was undertaken.

Polymerizations
All polymerizations were carried out by the same method (Table I); 

a typical polymerization to yield the poly(hexaphenylpentaphenylene 
oxide) (Yb) follows. A mixture of 0.1038 g. (0.823 mmole) of p-diethy- 
nylbenzene (III)7'8'10 and 0.G448 g. (0.S23 mmole) of 3,3'-oxydi-p-phe- 
nylene)bis-2,4,.5-triphenylcyclopentadieneone (lb )6 was placed in a 20-ml. 
polymerization tube with 10 ml. of toluene. The contents of the tube 
were degassed by several freeze-thaw cycles at liquid nitrogen temperatures 
and then sealed in vacuo. Toluene (200 ml.) was added to a 600-ml. 
Paar pressure reactor, the tube was placed inside, and the reactor was 
closed and heated to 200°C. for 24 hr. After the reactor had cooled to 
room temperature, the contents of the tube were poured into 200 ml. of 
acetone. The precipitated polymer was filtered and dried in vacuo at 
60°C. for 24 hr. The white polymer, 0.639 g. (91%) was reprecipitated 
from toluene by acetone, [77] =  0.58 (25°C. in toluene). Viscosities were 
obtained with a Cannon-Ubbelohde microdilution viscometer Xo. 75.

Thermal Analyses
Thermogravimetric analyses were carried out on a DuPont 950 ther- 

mogravimetric analyzer. Under an atmosphere of air, at a heating rate 
of 5 °C./min., all polymers showed a major break near 550°C. and rapidly 
decomposed completely (Fig. 1). I11 a nitrogen atmosphere with the
same heating rate, all the polymers rapidly lost about 30% by weight 
near 575°C. and then underwent a very slow weight loss above this tem­
perature (Fig. 1).

Powdered samples of polymers Va and Yb were heated to 750°C. undei 
a slow stream of nitrogen for 30 min., and the volatile product from the 
pyrolysis was caught in a liquid nitrogen trap. Vapor-phase chroma-
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tographv of the liquid at 90°C. on a 2-ft. silicone-on-Chromasorb column 
revealed the presence of benzene vvliich was identified by comparison 
with an authentic sample. Chromatography at 1S5°C. showed the 
presence of biphenyl which was similarly identified. Higher molecular 
weight fragments were not identified.

Polymers Va and Vb were not crystalline, as determined by x-ray 
powder patterns, and the infrared spectra (KBr pellet) showed maxima 
for hydrogens on the aromatic nuclei near 900 (isolated), 825 (2 adjacent), 
755, and 695 c m r ' (5 adjacent) .11 Pyrolyzed samples of powdered Va and 
Vb showed a marked decrease in the intensity of the maximum at 695 
cm.-1. The spectra of a film of Vb before and after a partial pyrolysis 
under nitrogen at 750°C. for 10 min. are shown in Figure 2.
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The differential thermal analyses of the polymers were carried out on 
a DuPont 900 differential thermal analyzer. The transitions reported 
are those at which the slight changes in the slopes of AH versus T were 
observed.

DISCUSSION

One of the most intriguing polymer structures, both with respect to 
physical properties and thermal stability, is the polyphenylene structure. 
Two major synthetic approaches to this structure have been explored 
previously.

The 1,4-addition polymerization of 1,3-cyclohexadiene to afford a 
polymer containing cyclohexene units, and the subsequent dehydro­
genation, [eq. (5)] is one approach which has beem employed to obtain 
poly-p-phenylene.12-15 This method has not been particularly successful 
since the polycyclohexadiene is a somewhat low molecular weight polymer

([r?j = 0.23), the black polyphenylene polymers obtained therefrom are 
either insoluble or have very low solubility, the synthesis is difficult, and 
some of the polyphenylenes do not show quite the good thermal stability 
that would be expected.

The other major approach to the synthesis is the dehydrogenation 
(oxidation) of benzene16-18 or other aromatics19»20 to afford poly-p-phenyl- 
cne and other aromatic polymers, respectively [eq. (6)].

The oxidation of benzene, although relatively easy to carry out, affords 
a brown polymer which is reported to have mainly p-phenylene recurring 
units with some branching or crosslinking. This polymer also suffers 
from insolubility, and a thermal stability that is not as good as might 
be expected. For example, this polyphenvl shows appreciable weight 
loss in air at 4oO°C., while other polyaromatic heterocyclics reveal breaks 
at :>00-5n0°C.

The synthesis of polymers by the Diels-Alder reaction of the bistet- 
racyclones (Ia-c) with the diethynyIbenzeues (II, III) results in polymers 
(IV, V) containing either phenylated polyphenylene units or phenylene 
units linked by groups such as oxygen and sulfur. In addition to the 
fact that these polymers exhibit thermal stability associated with the 
polyaromatic structure, they are colorless and appreciably soluble in 
common organic solvents. Thus, the polymers were studied with respect 
to (I) the effect of monomer balance on molecular weight and other poly-
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TABLE II
Effect of Monomer Balance on Molecular Weight (Polymer Vb)

Mole ratio 
Ib :IIIa hbp, dl./g.b M n X 10“ 4°

1.02 0.61 3.6
1.01 0.64 —
1.00 0 .58d 2.9
0.98 0.38 1.9

a At a concentration of 0.0S mole/1. for each monomer.
b Taken at 25°C. in toluene.
0 Obtained with a Hewlett-Packard high-speed membrane osmometer using a super- 

dense membrane at 29.5°C. in toluene.
d When this reaction was run with a concentration of 0.01 mole/1. for each monomer 

the viscosity was 0.16.

merization conditions, (2) the relationship of structure to some of the 
more obvious physical properties, (3) the thermal stability, and (/) the 
mechanism of thermal degradation.

In order to achieve proper monomer balance, great care in the purifi­
cation of the monomers was taken. The stoichiometry required to achieve 
the highest molecular weight polymer (Table II) required a 1% excess of 
bistetracyclone. This suggests either that there were impurities in the 
bistetracycloue that escaped detection in chromatography, or that some 
side reaction upset monomer balance.

Severe polymerization conditions (350°C., 48 hr.), in fact, gave lower 
molecular weight polymers ([77 ] =  0 .1) and a small amount of black, 
insoluble precipitate. These results suggest that there was considerable 
degradation which interfered with monomer balance. Such degradation 
reactions at elevated temperatures arc known for many tetracyclones.5

The unusual effect of concentration on the molecular weight has also 
been observed. An increase in the concentration of monomer from 
0.01 to 0.08 mole/1. gave an increase in viscosity from 0.16 to 0.58 for 
polymer Vb. Although these results are somewhat difficult to explain, 
they are not without precedent for this type of polymerization.3

The different polymers (IVa-c and Va-c) obtained from these poly­
merizations showed very little differences in solubility. All the polymers 
were soluble to the extent of 10%  in toluene, and clear films could be 
cast from chloroform. The differential thermal analyses of the polymers 
showed minimal changes in the slope of AH versus T lines, and no definite 
conclusions could be drawn as to the nature of the transition (Table I). 
Polymers Ya and Vb showed no crystallinity.

Thermogravimetric analysis of the polymers reveals that the polymers 
rapidly lose weight near 550°C. in air. However, in nitrogen, all the 
polymers show breaks near 575°C., at which temperature the polymers 
lose approximately 30% of their total weight. Above 650°C., the de­
composition was slow (Fig. 1). The fact that all of the polymers showed 
a nearly identical (30%) weight loss under nitrogen at exactly the same
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temperature led us to suspect that the one identical structural feature 
in all the polymers-—the phenylated phenylene ring—was responsible.

Samples of the polymers Va and Vb were pyrolyzed at 750°C. under 
nitrogen to afford benzene, biphenyl, and other higher-boiling hydro­
carbons as volatile products of 30% total weight. The pyrolyzed polymer, 
a black, noncrystalline insoluble material showed a marked decrease in the 
amount of monosubstituted phenyl groups compared to the starting 
polymer as observed by the infrared spectra (Fig. 2). These results 
substantiate the loss of phenyl groups from the phenylated phenylene 
ring.

From these results, several mechanisms for the pyrolysis and the struc­
tures of the pyrolyzed polymers can be postulated. The loss in weight 
of 29% the total weight of polymer is accounted for by the loss on the 
average of only three of the six phenyl substituents per recurring unit. 
It would be expected that because of steric effects, the phenyl group 
between the main chain attachment and the adjacent phenyl substituent 
would be most easily lost as a phenyl radical. This radical could then 
account for the presence of benzene by hydrogen abstraction or biphenyl 
by coupling. The radical thus generated on the chain could abstract 
hydrogen, serve as a crosslinking site, or enter into a series of reactions 
to afford a graphite-like structure at that site [eq. (7)]. It is also possible 
that two adjacent phenyl substituents could crack off to form biphenyl, 
leaving behind a reactive benzyne intermediate. Since the pyrolyzed 
polymer reveals very minimal crystallinity and yet is insoluble, cross- 
linking must have taken place during the pyrolysis.

.CJI , __ y  OIL

Va ,T>

OH '  ( ' l l  C.H H

It is particularly interesting that these polymers have much the same 
properties as those obtained from the oxidation of benzene.16-18 The 
color developed by the polymer during pyrolysis indicates that enough 
phenyl groups have been lost to remove hindrance to phenyl coplanarity in 
the main chain. Yet the polymers are insoluble, apparently because 
of crosslinking and not because of crystallinity or some effect of chain 
stiffness.

A more extensive investigation of the mechanism of thermal degradation, 
polymerization, and the physical properties of other polymer structures 
which can be obtained from this reaction is in progress.

We wish to thank Professor N. C. Baenziger for the x-ray determinations.
The DuPont 900 differential thermal analyzer and the DuPont 950 thermogravimetric 

analyzer were obtained in part through a gift of the Dunlop Research Centre, Sheridan 
Park, Ontario, Canada.
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Résumé
La réaction de Diels-Alder des biscyclopentadiéneones avec les diacétylènes produit 

des polyphenylenes phényles, incolores, solubles, de poids moléculaire élevé (.1/,, = 
40.000) avec des degrés de conversion quasi quantitatifs. Les polymères ne sont pas 
cristallins, ils forment des films clairs et sont stables à l'air jusqu’à 550°C. Sous azote, 
les polymères perdent approximativement la moitié des groupes phényles attachés à la 
chaîne principale phénylénique et. fournissent des polyphénylènes insolubles brun- 
noirs de eristallinité très basse.

Zusammenfassung

Die Diels-Alder Reaktion zwischen Biscyclopentadienonen und Diacetylenen führt 
in fast quantitativer Ausbeute zu farblosen, löslichen, hochmolekularen (M „ ~  40.000) 
phenylierten Polyphenylenen. Die Polymeren sind nicht kristallin, bilden klare Filme 
und sind in Luft bis 550°C. beständig. Unter Stickstoff verlor das Polymere etwa die 
Hälfte der an der Phenylen-Hauptkette befindlichen Phenylgruppen ander Bildung 
schwarzbrauner, unlöslicher, sehr wenig kristalliner Polyphenylene.

Received March 21, 1967 
Prod. No. 106A
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Effect of Oxygen on the 7-Radiation-Induced 
Polymerization of Ethylene
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HOSOI, and TSUTOMU KAGIYA, .Japan Atomic Energy Research 

Institute, Takasaki Radiation Chemistry Research Establishment, 
Takasaki, Gunma, Japan

Synopsis

The effects of oxygen on the 7 -1'adiation-induced polymerization of ethylene were stud­
ied at a temperat ure of 30°C .: the pressure was 400 kg./cm .2, the dose rate was 1.9 X 105 

rad/hr.; and oxygen content was from 1-2000 ppm. The main product was solid poly­
mer, and no liquid product was found. The gaseous products were hydrogen, acetylene, 
higher hydrocarbons, carbon dioxide, aldehydes, and acids. Several kinds of carbonyls 
similar to those formed in y-ray oxidized polyethylene were observed in the polymer. The 
polymer yield and the degree of polymerization decreased markedly with increasing oxy­
gen content, while the amount of carbonyls in the polymer increased. The number of 
moles of polymer chain and the amounts of hydrogen and acetylene were found to be al­
most independent, of the oxygen content. The polymerization of pure ethylene was not 
affected by carbon dioxide and formic acid. On addition of acetaldehyde, the polymer 
yield and the degree of polymerization decreased markedly, while the number of moles of 
polymer chain increased. In the polymerization of ethylene containing oxygen, both the 
rate of oxygen consumption and the carbonyl content of the polymer increased, while the 
inhibition period decreased by the addition of acetaldehyde. It was found that the de­
gree of polymerization after the inhibition period is almost independent of the reaction 
time in the presence of acetaldehyde, while it increases with the time in the absence of 
acetaldehyde.

INTRODUCTION

It has been reported by a few workers that a very small amount of oxygen 
inhibits the 7 -radiation-induced polymerization of ethylene. Hayward et 
al.1 pointed out that the inhibition period is roughly proportional to the 
amount of oxygen added. Steinberg et al.2 reported the induction period 
is practically eliminated when the oxygen concentration is decreased less 
than 60 ppm. More recently, Munari et al.3 found, however, that 10 
ppm of oxygen lowers the yield, and proposed an inhibition mechanism in 
which a stable, long-lived peroxide radical is formed by the reaction of the 
growing radical with oxygen.

The present investigation was undertaken to determine the effect of oxy­
gen on the polymerization in connection with the gaseous products and the 
polymer structure.

2731
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EXPERIMENTAL

The reaction apparatus, ethylene monomer, and molecular weight de­
termination method were the same as described in previous papers.4-5 
Before the reaction vessel was filled with ethylene, the system was evacu­
ated to less than 1 mm. Hg, and desired amount of air or oxygen (99.9% 
pure) was introduced. Commercially available acetaldehyde and formic 
acid of extra-pure reagent grade, and carbon dioxide (99.99% pure) were 
used. The 7 -radiation was from a 5,000 curie 60Co source and the method 
of dosimetry was the same as that reported previously.6

After the irradiation, about 25 liters of residual gas was passed at a rate 
of 200 ml./min. through about 70 ml. distilled "water by use of a glass 
bubbler placed in an ice-water bath. The sample was diluted to 100 ml., 
and used for analysis for aldehydes, acids, ethylene oxide, and hydrogen 
peroxide. Total aldehyde content was determined by the silver oxide oxi­
dation method of Mitchell and Smith,6 formaldehyde by the phenvlhydra- 
zine hydrochloride-potassium ferricyanide method of Tannenbaum,7 acids 
by direct titration with alcoholic sodium methylate,6 and ethylene oxide by 
a colorimetric determination method by conversion to formaldehyde.8 
Hydrogen peroxide was analyzed qualitatively by a method involving de­
coloration of dichromate ion. The analytical method for oxygen, nitro­
gen, hydrogen, methane, ethane, acetylene, and hydrocarbons higher than 
C3 was same as that reported previously.5 Oxygen wras also determined by 
using a micro oxygen analyzer, Model HRL (Horiba Co.). Carbon mon­
oxide and carbon dioxide were determined by using a Shimadzu GC-1B 
gas chromatograph with a 2-m. activated charcoal column (50°C.). A
2-m. polv(ethylene glycol) column (100°C.) was used for alcohols and 
water.

The infrared spectra of the polymer produced were measured with a 
Xipponbunko Model DS 301 infrared spectrophotometer using NaCl 
optics.

RESULTS AND DISCUSSION 

Oxygen Balance

As can be seen in Table I, ethylene containing 1838 ppm oxygen gave 
mainly solid polymer on 7-irradiation, while no liquid products were ob­
tained. Results of analysis of the gaseous products are shown in Table II. 
The main products were found to be hydrogen, acetylene, higher hydro­
carbons, carbon dioxide, aldehydes, and acids. Small amounts of carbon 
monoxide, alcohols, ethylene oxide, water, no hydrogen peroxide, and a 
relatively large amount of oxygen were also observed. The fact that the 
polymerization can take place in spite of the presence of oxygen (395 ppm) 
is very important in contrast with the result that no polymer was formed 
when this amount of oxygen is present at the initial stage.
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TABLE II
Gaseous Products in the 7-Radiation-Induced Polymerization 

of Ethylene Containing Oxygen“

Feed gas Residual gas

ppm 1()5 X mole/l. ppm 105 X mole/1.

Oxygen 1838 2966 395 617
Nitrogen 8 14 9 13
Hydrogen 0 0 433 676
Methane S7 140 94 146
Ethane 213 344 287 447
Acetylene (1 0 559 872
C< hydrocarbons 0 0 52 81
>C6 hydrocarbons 0 0 672 1049
Carbon monoxide 0 0 5 7
Carbon dioxide 0 0 153 238
Alcohols 0 0 83 129

Methyl alcohol 0 0 55 85
Ethyl alcohol 0 0 28 45

Aldehydes 0 0 343 535
Formaldehyde 0 0 33 51

Acids n 0 457 712
Ethylene oxide 0 0 41 64
W at.er 0 0 35 54
Hydrogen peroxide 0 0 0 0

" Reaction conditions: initial pressure, 395 kg./cm .2; final 
temperature, 30°C.; time, 63 hr.; dose rate, 1.9 X KPrad/hr.;

pressure, 364 kg./cm .2; 
reactor volume, 100 ml.

TABLE III
Oxygen Balance“

O2 in reactant O, in product

10s X 
mole /l.b cr/€

105 X 
mole/1.11 % c

Oxygen 2966 1 0 0 . 0 617 20.8
Carbon monoxide 4 0.1
Carbon dioxide 238 8.0
Alcohols 64 2.2
Aldehydes 268 9.0
Acids 712 24.0
Ethylene oxide 32 1.1
W ater 27 0.9
Polymer 982-' 33.1
Total 2966 1 0 0 . 0 2944 99.2

* Reaction conditions: same as given for Table II. 
b Amount given as moles oxygen per reactor volume of 1 liter.
0 Per cent of the amount of oxygen in products to that, in reactants.
11 Estimated as the residual from the results of the elementary analysis of the polymer 

(C, 83.95%; H, 14.17%).
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The material balance of oxygen between the reactants and the products 
is shown in Table III. The fact that more than 30% of the feed oxygen was 
found in the polymer indicates that oxidation of the polymer chain occurs. 
Oxygen in the gaseous products was mainly found as carbon dioxide, acids, 
and aldehydes. Since aldehydes are considered to be primary oxidation 
products of ethylene and growing radical, and acids and carbon dioxide are 
subsequent oxidation products of aldehydes, this result indicates that the 
mechanism of radiation oxidation of ethylene at a normal temperature is 
similar to that of thermal slow oxidation of ethylene at high tempera­
ture.9’10

FREQUENCY (CM '1 )

Fig. 1. Infrared spectrum of polymer C (described in Table I).

Fig. 2. Carbonyl-stretching region of infrared spectra of the polymers described in
Table I.

u  m.
vra-Jitan fmjomnrf'idin« -» ■

v
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TABLE IV
Characteristic Absorption Maxima for Various Types 

of Carbonyl Groups in Polyethylene11'1*

Absorption
Type of carbonyl group maximum, cm. 1

O
I!

R—C H =C  H—-C — C H =C  I-I—R ' 1670
0
II

R — C H = 0  H  —f ! — R 1085
O

„ 4 - o „ 1 70  r,
0
ii
II

R—C—R' 1720
0||

! ; - c - n 1730
0

R—¿H O —R' 1740
0 0
II .11.

R — C — 0 — C — R ' 1765
0
II

R— C—0 —0 —R' 1763
0||

R—C—0 —O—H 1785

Polymer Structure
As is shown in Figure 1, the infrared spectrum of the polymer formed by 

the experiment described above displayed a strong absorption band at 1720 
cm.-1, assigned to the carbonyl group, in addition to typical polyethylene 
bands. Figure 2 shows the infrared spectra in the carbonyl stretching 
region of polymers obtained under the conditions shown in Table I. The 
characteristic absorption maxima for various types of carbonyl groups11’12 
are shown in Table IV. The carbonyls were scarcely observed in the poly­
mer obtained by the polymerization of pure ethylene (polymer A), while 
several kinds of carbonyls were found in the y-ray-oxidized polymer (poly­
mer B) and the polymer obtained by the polymerization of ethylene con­
taining oxygen (polymer C). Since the types of carbonyls in polymer C 
are similar to those in polymer B, it can be concluded that the oxidation of 
the polymer chain also occurs simultaneously in this polymerization.

Effects of Oxygen Content

The results of the polymerization of ethylene containing various concen­
trations of oxygen are shown in Table V. Table V shows that the amount 
ef carbonyls calculated from the peak at 1720 cm.-1 by the method of Rugg 
et al.11 increases with the oxygen content. As is shown in Figure 3, both 
the moles of polymerized monomer M p (that is, polymer yield) and the de-



7-11 ADI AT ION-INDUCED POLYMERIZATION 27,17

s
-  0.5
o
LlI

1.0

INITIAL 0 2 ( PPM )

Fig. 3. Effect of initial oxygen content on the amount of polymerized monomer M,, 
and the degree of polymerization Pn with addition of (O), (• ) air or (9 ), (© )  oxygen. 
Initial pressure, 400kg./cm .2; temperature, 30°C.; time, 1 hr.; dose rate, 1.9 X  105 rad/ 
hr. ; reactor volume, 100 ml.

Fig. 4. Relation between the degee of polymerization P n and the amount of poly­
merized monomer M v for various additives and initial oxygen contents: (O) air, 1 ppm; 
( ® ) air 14 ppm; (0 )  air, 28 ppm; ( © ) oxygen, 19 ppm; (• ) oxygen, 29 ppm. Initial 
pressure, 400 kg./cm .2: temperature, 30°C.; time, 1 hr.; dose rate, 1.9 X  106 rad/hr.; 
reactor volume, 100 ml.

gree of polymerization (Pn) decrease rapidly with increasing the oxygen 
content. The plots of il/p versus P n at various oxygen contents lie on a 
straight line passing through the origin (Fig. 4). Therefore, it is concluded 
that the number of moles of polymer chain Np (defined by the ratio of the 
moles of polymerized monomer to the number-average degree of polymer­
ization, i.e., M v/Pn) is independent of the oxygen content. Further, 
Figure 5 shows that the amounts of hydrogen and acetylene formed are 
independent of the oxygen content. The molar ratio of C2H2 to H2 is 
found to be about 2. From these results (Figs. 4 and 5), it is concluded

0.5 1.0
Mp (MOLE/L)
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Fig. 5. Effect of initial oxygen content on the amounts of hydrogen and acetylene 
formed with addition of (O), (• ) air and (0), ( © ) oxygen. Initial pressure, 400 kg./cm .2; 
temperature, 30°C.; time, 1 hr.; dose rate, 1.9 X 106 rad/hr.; reactor volume, 100 ml.

that the initiation reaction with the mechanism proposed in the previous 
paper6 is not inhibited by oxygen. The conclusion is consistent with the 
result that the carbonyl content in the polymer, which is indicative of the 
oxidation rate, increases with the oxygen content.

TABLE V
Effect of Oxygen on the Polymerization of Ethylene“

Additive

0 2 content, 
ppm

M P,
mole/1.

Pn
X 10~3

Carbonyl 
content 

X 103, %

Gaseous product 
X io\ 

mole/1.

Initial Final h 2 C2H2

None 1 1 0.756 6.32 4.2 0.62 1.38
Air 14 4 0.354 3.14 8.6 0.79 1.58
Air 28 18 0.117 1.07 28.2 0.96 1.60
Air 28 15 0.087 0.91 — 0.80 1.44
Air 45 25 0.000 — — 0.80 1.61
0 2 19 13 0.230 2.11 4.7 0.80 1.27
0 2 29 18 0.080 0.82 — 0.80 1.76
o 2 38 32 0.015 — - 0.80 1.45

“ Reaction conditions; initial pressure, 400 kg./cm .2; temperature, 30°C.; time, 1 
hr.; dose rate, 1.9 X 106 rad/hr.; reactor volume, 100 ml.

Effects of Carbon Dioxide, Acetaldehyde, and Formic Acid

As was described above, the main oxygen-containing by-products in the 
polymerization of ethylene containing oxygen were carbon dioxide, alde­
hydes, and acids. Several experiments were carried out in order to study 
the effects of carbon dioxide, acetaldehyde, and formic acid on the poly­
merization of pure ethylene. As shown in Table VI, the polymerization 
was little affected by the addition of carbon dioxide and formic acid. It is, 
therefore, considered that these compounds formed in the polymerization
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TABLE VI
Effect of Additives on the Polymerization of Pure Ethylene*

Additive

Additive 
concn., 

mmole/l.b
M VI

mole/1.
Pn

X 10 »
A rp X 1 

mole/1

None — 0.666 6.07 1.10
C O ä 30 0.647 5.00 1.29
Cl ECHO 30 0. ISO 0.28 6.64
HCOOH 53 0.630 4.11 1.53

“ Reaction conditions: initial pressure, 400 kg./cm .2; temperature, 30°C .; time, 1

hr.; dose rate, 1.9 X 10s rad/hr.; initial oxygen content, 1 ppm; reactor volume, 100 
ml.

b The amount of additive per reactor volume of 1 liter.

Fig. 6 . Relation between the amount of polymerized monomer M p and the reaction 
time: (• ) in the presence of 36 mmole/l, acetaldehyde; (O) in the absence of acetalde­
hyde. Ethylene, containing 65 ppm oxygen; initial pressure, 400 kg./cm.'2; tempera­
ture, 30°C. ; dose rate, 1.9 X 10“ rad/hr.; reactor volume, 100 ml.

Fig. 7. Oxygen consumed vs. reaction time. Reaction conditions same as given for
Figure 6.
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TABLE VII
Effect of Acetaldehyde on Hip  Polymerization of 

Ethylene Containing Oxygon" 11

C I T iC H O  -V p ( ) s
I'ime, addition, M „ ,  P „  X 101, consumed,

hr. mmole/1 ! ’ mole/1. x  i o - 2 mole/1. c;/o

0 .5 0 0 . 0 0 0 — — 16.9
2 . 0 0 0 . 0 0 0 — — 58.8
2.5 0 0 . 0 0 0 — — 81.7
3.0 0 0.027 — — 90.9
3.5 0 0.089 2 . 8 6 3 . 11 —

4.0 0 0.127 3.36 3.78 93.1
5.0 0 0.456 8.04 5.67 93.1
0.5 36 0 . 0 0 0 — — ‘>Qo o . o
1 . 0 36 0 . 0 0 0 — — 60.6

1 .75 36 0.034 1.71 I .99 93.0
2 . 0 36 0.064 2 . 2 1 2.90 —

2.5 36 0.147 2.79 5.27 93.2
3.0 36 0.259 3.23 8 . 0 2 —

3.5 36 0.380 3.43 11.08 93.1
4.0 36 0.593 2.93 20.24 —

5.0 36 0.783 3.18 24.62 —

11 Reaction conditions: initial pressure, 400 kg./cm.2; temperature, 30°C.; dose rate,
1.0 X I06 rad/hr.; initial oxygen content, 65 ppm; reactor volume, 100 ml. 

b The amount of acetaldehyde added per reactor volume of 1 liter.

of ethylene containing oxygen have no effect on the polymerization of pure 
ethylene. On the other hand, on the addition of acetaldehyde, the polymer 
yield and the degree of polymerization were markedly decreased, and the 
number of moles of polymer chain increased. The result indicates that the 
acetaldehyde formed has a marked effect on the polymerization.

Additional experiments were carried out in order to study the effects of 
acetaldehyde on the polymerization of ethylene containing oxygen. The 
results of the polymerization of ethylene containing 65 ppm oxygen (sys-

Fig. S. Relation between the degree of polymerization / ’ „ and the reaction time. Reac­
tion conditions same as given for Figure 6.



7-RADIATION-INDUCED POLy m e r i z a t i o n 2741

Fig. 9. Relation between the number of moles of polymer chain N p and the reaction time. 
Reaction conditions same as given for Figure 6 .

FREQUENCY (CM- 1 )

Fig. R). Carbonyl-stretching region of infrared spectra of polymers formed by -y-radia- 
tion-induced polymerization of et hylene containing 65 ppm oxygen (upper spectrum) and 
ethylene containing 65 ppm oxygon and 36 mmole/1. acetaldehyde (lower spectrum). 
Initial pressure, 400 kg./cm .2; temperature, 30°C.; time, 5 hr.; dose rate, 1.9 X 106 

rad/hr.; reactor volume, 1 0 0  ml.

tem I), and the ethylene containing 65 ppm oxygen and 36 mmole/1. reactor 
acetaldehyde (system II) are shown in Table VII. Figure 6 shows that 
in both systems no polymer is observed in the early stage (inhibition period), 
that the inhibition period decreases on addition of acetaldehyde, and that 
after the inhibition period the polymer yield increases markedly with the 
reaction time. Figure 7 indicates that the rate of oxygen consumption in 
system II is larger than that in system I. Further, Figures 6 and 7 show
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that, in both systems, after the time when oxygen is almost consumed, the 
polymer yield begins to increase markedly. From these results, in the 
inhibition period, oxygen is considered to be consumed by the reaction with 
ethylene and initiating species to form oxidation products. In addition, 
the role of acetaldehyde is considered to consume predominantly the oxy­
gen.

Figure 8 shows that the degree of polymerization increases with reaction 
time in system 1, while it is almost constant in the system II. As is shown 
in Figure 9, the number of moles of polymer chain increased with time in 
both systems, and the rate of increase in system II was much larger than 
that in system I. From the facts that the polymer yield and the number 
of moles of polymer chain is increased and the degree of polymerization is 
reduced by the addition of acetaldehyde, the acetaldehyde is considered to 
act as an initiator and/or a chain-transfer agent. An increase of the 
amounts of carbonyls in the polymer formed in the presence of acetalde­
hyde (Figure 10) is consistent with those considerations.

On the basis of these results, it is considered that the aldehydes formed 
during the polymerization of ethylene containing oxygen act as an initiator 
and/or a chain-transfer agent after the inhibition period.
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Résumé

Les effets de l’oxygène sur la polymérisation, induite par radiation--)-, de l’éthylène ont 
été étudiés à une température de 30°C; la pression est de 400 kg/em2; la vitesse de
dose était de 1.9 X 105 rad/h; et la teneur en oxygène variait de 1 à 2.000 ppm. Le
produit principal était un polymère solide et il n’ya pas de produit liquide. Comme 
produit gazeux, il y de l’hydrogène, de l’acétylène, des hydrocarbures élevés, du dioxyde 
de carbone, des aldéhydes, et des acides. De nombreuxes sortes de groupes carbonyles 
semblables à ceux qu’on trouve dans le polyéthylène oxydé aux rayons-y ont été ob­
servées dans le polymère. Le rendement en polymères, le degré de polymérisation dé­
croissaient notablement par augmentation de la teneur en oxygène, alors que la quan­
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tité de groupes carbonyles dans le polymère formé croissait. Le nombre de moles de 
chaînes polymériques et les quantités d’hydrogène et d’acétylène étaient pratiquement 
indépendants de la teneur en oxygène. La polymérisation de l’éthylène n’était pas af­
fectée par le CO2 et par l’acide formique. Par addition d’acétaldéhyde, le rendement en 
polymère et le degré de polymérisation décroissaient considérablement alors que le 
nombre de moles de chaîne polymérique croissait. Pour la polymérisation de l’éthylène 
en présence d’oxygène, l’addition d’acétaldéhyde n’avait pas d’effet sur la période d’inhi­
bition et sur la vitesse de consommation de l’oxygen. On a trouvé dans ce système, que la 
vitesse de polymérisation après la période d’inhibition et que le degré de polymérisation 
sont indépendants de la durée de la réaction et que le nombre de groupes carbonyles 
croissait notablement au sein du polymère.

Zusammenfassung

Der Einfluss von Sauerstoff auf die mit 7 -Strahlen angeregte Polymerisation von 
Äthylen wurde bei einer Temperatur von 30°C und einem Druck von 400 kg/cm 2  unter­
sucht. Die Dosisleistung betrug dabei 1,9 X 105  rad/h, der Sauerstoffgehalt lag zwis­
chen 1 und 2.000 ppm. Hauptsächlich bildete sich festes Polymeres und kein flüssiges 
Produkt, als gasförmige Produkte entstanden Wasserstoff, Acetylen höhere Kohlen­
wasserstoffe, Kohlendioxyd, Aldehyde und Säuren. In den Polymeren wurde das Auftre­
ten verschiedener Typen von Carbonylgruppen beobachtet, ähnlich denen, die bei der 
Oxydation von Polyäthylen mit 7 -Strahlen auftreten. Die Polymerausbeute und der 
Polymerisationsgrad nahmen merklich mit steigendem Sauerstoffgehalt ab, während die 
Anzahl der Carbonylgruppen im gebildeten Polymeren zunahm. Die Molzahl der 
Polymerketten und die Wasserstoff- und Acetylenmengen waren, wie gefunden wurde, 
nahezu unabhängig vom Sauerstoffgehalt. Die Polymerisation des Äthylens wurde 
durch Kohlendioxyd und Ameisensäure nicht beeinflusst. Durch die Zugabe von Ace­
taldehyd wurde die Polymerausbeute und der Polymerisationsgrad auffällig verringert, 
während die molare Anzahl der Polymerketten zunahm. Bei der Polymerisation von 
Äthylen in Gegenwart von Sauerstoff war die Zugabe von Acetaldehyd ohne Einfluss auf 
die Inhibitionsperiode und die Geschwindigkeit des Sauerstoffverbrauchs. Darüberhin- 
aus wurde gefunden, dass in diesem System die Geschwindigkeit der Polymerisation nach 
der Inhibitionsperiode und der Polymerisationsgrad von der Reaktionsdauer unabhängig 
waren und dass der Carbonylgehalt im Polymeren deutlich zunahm.
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Arylene-Modified Siloxanes

L. W. BREED, R. L. ELLIOTT, and M. E. WHITEHEAD,
Midwest Research Institute, Kansas City, Missouri 64110

Synopsis

Polyarylenepolysiloxanes with varied .structure can he obtained in condensation reac­
tions of arylenedisilanols and A-methylsiloxazanes. Molecular weights, viscometric 
properties, glass transition temperatures, and thermogravimetric analj'sis data are re­
ported.

Introduction

Poly-p-phcnjdenetetramethyldisiloxane (structure I, x= \ ),

which can be obtained by the dehydration of p-phenylenebis(dimethyl- 
silanol), has been known for a considerable time,1 and its properties have 
been described in detail.2 Methods have also been reported for the 
synthesis of random and block copolymers of p-phenylenebis(dirnethyl- 
silanol) and a,£o-dihydroxypolydimethylsiloxanes.3 In this work, a more 
general method of polymer synthesis has been adapted to the preparation 
of poly-p-phenylenepolydimethylsiloxanes (structure I, x = 2, 3, and 4). 
In addition, the properties of polyarylenesiloxanes with other structural 
modifications (structure II) have been investigated. As the length of the 
chain is increased between arylene groups, the polymer structure can be

f  A
R' R'

-Si— R -
|

-Si— o-lI
R' R' X

R  =  to-C6H4, p-Celli, or ^p'-CsLLOCeEL 
R ' =  CH3 or C6H5
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regarded as a siloxane in which arylene groups replace oxygen atoms at 
regular intervals along the chain.

Method of Synthesis

It has been established that silylamines condense with silanols to form 
siloxanes under conditions in which there is no self-condensation of the 
silanol.4 When applied to the condensation of arylenedisilanols with 
a,w-bis(methylamino)polysiloxanes, this method affords a satisfactory 
approach to the synthesis of arylene-modified siloxanes. Because of 
their greater hydrolytic stability and ease of preparation, X-methyl- 
siloxazanes were used in these polymerization reactions rather than a,u- 
bis(methylamino) poly siloxanes [eq. (1)]

Me Me
1 / -\  1— Si— v  \ — Si— OH +

I
Me

HO— Si
I

Me

Me
I

Me2S K N^SiMe
I I(K s r °

Me,

+ MeNH, (1)

A series of high molecular weight polymers was obtained by heating 
mixtures of the disilanol and the cyclosiloxazane under the conditions 
described in Table I. No attempt was made to optimizh polymerization 
conditions. Some difficulties were encountered in polymerizations in­
volving m- and p-phenylenebisdiphenylsilanol, since an extended heating 
period rendered the polymers insoluble. Elemental analyses of the 
insoluble polymer suggested that the polymers had become insoluble as 
a result of the cleavage of silicon-phenyl bonds and consequent crosslinking.

The polymers were characterized by elemental analyses, which are 
reported in Table II, and infrared spectra. The excellent agreement 
between the calculated results of the analyses and experimental values 
for elemental content confirms that the polymerizations proceed in the 
proposed manner without randomization of groups along the chain.

Infrared spectra of selected monomers and polymers are compared in 
Figure 1. As would be predicted, the strong Si,X asymmetric stretch 
at 900-910 cm.-1 and the CN stretch at 1180-1185 cm.-1, which are 
present in the siloxazanes5'6 are absent in the polymers. Also, the silanol 
OH stretch at 3200 cm.-1 disappears during polymer formation. Char­
acteristic Si-methyl and Si-phenyl vibrations present in the monomers 
persist in the polymers, for example the characteristic Si-phenyl band at 
1120-1130 cm.-1 is present in all the polymers. The intensity ratio of
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the aryl ether band found at 1240 cm.“ 1 in bis(p-dimethyIhydroxysilyl- 
phenyl) ether to the dimethylsilyl band at 1259 cm.-1 would be expected 
to decrease as the length of the dimethylsiloxy segment in the polymers 
increases. This change is easily observed in the spectra and provides 
additional confirmation for the proposed structures.

Polymer Properties

The heat stabilities of the polymers, determined by thermogravimetric 
analyses, are shown in Figures 2 and 3. It is readily apparent that both 
the identity of the arylene group present in the chain and the number 
of dimethylsiloxy groups in the chain segments affect the heat stability; 
however, the regular decrease in heat stability with increase in the number 
of siloxy groups illustrated in Figure 1 is particularly noteworthy. A 
typical commercial polydimethylsiloxane gum undergoes catastrophic 
decomposition under these conditions at 300°C. or below. It is apparent

Fig. 2. Thermogravimetric analysis of polyarylenesiloxanes. Heating rate, 15°C./min.;
N2 atmosphere.

Fig. 3. Thermogravimetric analysis of polyarylenesiloxanes. Heating rate, 15°C./min.;
N2 atmosphere.
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Fig. 4. Reduced viscosity-concentration curves: (.1) polymer 2; (/?) polymer 5.
Polymer numbers refer to Table II.

STRAIGHT CHAIN MOLECULAR LENGTH, ANGSTROMS 

Fig. 5. Gel permeation chromatography of polymer 2 (Table II).

from Figure 2 that chain segments containing considerable numbers of 
dimethylsiloxy groups can be present before the decomposition mechanism 
effective in the polydimethylsiloxanes (randomization and volatilization 
of cyclics) limits the stability of the polymer.

Similarly, changes in the length of the siloxane chain segment could 
be correlated directly with changes in the glass transition temperatures 
of the polymers (Table II). The effect is apparent in the polymers pre­
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pared from p-phenylenebisdimethylsilanol and from bis-p-dimethyl- 
hydroxysilylphenyl ether. Glass transition temperatures were the only 
thermal changes that were observed on differential thermal analyses 
between —110 and 500°C.

Molecular weights, determined in the unfractionated polymers 2 and 
5 by light scattering, were 905,000 and 820,000, respectively. These 
molecular weights and the intrinsic viscosities, 3.52 and 3.60 (Fig. 4), 
fit the molecular weight-intrinsic viscosity relationship established by 
Merker for poly-p-phenylenetetramethyldisiloxane, 77= 1.12 X 10~4 
Mw°-75, reasonably well. The molecular weight distribution derived from 
results of gel permeation chromatograph}7 data (Fig. 5) was 3.7.

Experimental
In a typical preparation of a siloxazane monomer,7 100 ml. of meth- 

ylamine was condensed and subsequently distilled into a mixture of 108 g. 
(0.39 mole) of 1,5-dichlorohexamethyltrisiloxane and 500 ml. petroleum 
ether, b.p. 60-90°C., which was heated to 50°C. prior to the addition. 
The temperature did not rise above 56°C. during the addition. After 
the addition was complete, the mixture was cooled, filtered, and the 
solids were washed with petroleum ether. Distillation of the solvents 
and fractional distillation of the residue through a spinning band column 
gave 56.7 g. (66% ) of heptamethyl-l-aza-3,5-dioxa-2,4,6-trisilacyclohexane, 
b.p. 60-61°C./17 mm., n™ 1.4100.

Decamethyl-l,5-diaza-3,7-dioxa-2,4,6,8-tetrasilacyclooctane, was simi­
larly prepared and purified, b.p. 87-88°C./5 mm., m.p. 27-28°C., n™
1.4321; nonamethyl-l-aza-3,5,7-trioxa-2,4,6,8-tetrasilacyclooctane had 
b.p. 84-85°C./8 mm., n2D° 1.4202.

The difunctional silanols were prepared via organosodium or Grignard 
procedures. Details of the methods and characterization of the compounds 
will be reported in another publication.8 In a typical procedure, a mix­
ture of 43.0 g. (0.131 mole) of bis-p-bromophenyl ether, 39.0 g. (0.282 mole) 
of chlorodimethylethoxysilane, and 13.0 g. (0.564 g. atom) of 1-mm. 
diameter sodium wire in 500 ml. of ether was stirred at reflux for 24 hr. 
The mixture was filtered, and the filtrate was stripped of solvent. The 
residue was distilled on a spinning-band column to obtain 27.4 g. (56%) of 
bis-p-dimethylethoxysilylphenyl ether, b.p. 141-142°C./0.1 mm., 
1.5213.

A solution of 42.8 g. (0.11 mole) of bis-p-dimethylethoxysilylphenyl 
ether in 100 ml. of ethanol was added to a solution of 17.3 g. of sodium 
hydroxide in 12 ml. of water and 80 ml. of methanol. After a few minutes, 
the mixture was treated with a solution of 17.3 g. of sodium hydroxide 
in 80 ml. of water and stored 1 hr. The solution was added to 126 g. of 
potassium hydrogen phosphate in 2 liters of ice and water and stored 
overnight. When the crystallized product was filtered off and dried 
under reduced pressure, 32.5 g. (93%) of crude bis(p-dimethylhydroxy- 
silyl)phenyl ether, m.p. 100-103°C., was obtained. The diol used in the
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Zusammenfassung

Polyarylenpolysiloxane mit variierter Struktur können durch Kondensationsreak­
tionen zwischen Arylendisilanolen und ¿V-Methylsiloxazanen hergestellt werden. Mole­
kulargewichte, Viskositätseigenschaften, Glasumwandlungstemperatur und thermo- 
gravimetrische Analysendaten werden angegeben.
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Synthesis of Polyurethanes from Fluorinated 
Diisocyanales

JEROME HOLLANDER, FLOYD D. TRISCHLER, and 
R EX B. GOSNELL, Narmco Research & Development Division, 

Whittaker Corporation, San Diego, California 92123

A number of polyurethanes based on fluorinated aliphatic diisocyanates, perfluorin- 
ated aromatic diisocyanates, and chlorinated aromatic diisocyanates have been prepared. 
The polyurethane prepared from perfluorotrimethylene diisocyanate and hexafluoropen- 
tanediol was a rubbery solid which hydrolyzed readily in air to a liquid or sticky solid but 
was stable if protected from moisture. The products of hydrolysis were isolated and 
identified. Polyurethanes based on hexafluoropentamethylene diisocyanate were synthe­
sized by reaction of hexafluoropentanediamine with hexafluoropentamethylene bischloro- 
formate and with tetrafluoro-p-phenylene bischloroformate. Polyurethanes were syn­
thesized by reaction of tetrafluoro-p-phenylene diisocyanate with hexafluoropentanediol 
and pentanediol. Other perfluoroaryl diisocyanate-based polyurethanes were synthesized 
by reaction of tetrafluoro-m-phenylene diisocyanate with hexafluoropentanediol and with 
tetrafluoro-p-hydroquinone. Polyurethanes were also synthesized by reaction of tetra- 
chloro-p-phenylene diisocyanate and 2,3,5,6-tetrachloro-p-xyl}dene-a,a'-diisocyanate 
with hexafluoropentanediol.

The synthesis of polyurethanes based on fluorinated diisocyainites 
had not been realized because these fluorinated diisocyanates were un­
available. A series of fluorinated diisocyanates have been synthesized 
by Narmco Research & Development, and the preparation of such poly­
urethanes has been accomplished. The syntheses of perfluorotrimethy­
lene diisocyanate (I), hexafluoropentamethylene diisocyanate (II), per- 
fluoroglutaryl diisocyanate (III), tetrafluoro-p-phenylene diisocyanate 
(IV), tetrafluoro-m-phenylcne diisocyanate (V), and 4,4'-diisocyanato- 
octafluorobiphenyl (VI) were described in a recent paper.1

Synopsis

INTRODUCTION

OCN(CF,),NCO OCNCH2(CF2)3CH2NCO
II

O 0

III IV
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0CNH^ ) _^ ^ ) _NC0
VI

Also described in that paper were two chlorinated diisocyanates, tetra- 
chloro-p-phenylene diisocyanate (VII) and 2,3,5,6-tetrachloro-p-xylylene- 
a.a'-diisocyanate (VIII).

We have prepared polyurethanes based on the reaction of these diisocv- 
anates with simple fluorinated diols. These preparations will be the 
subject of this paper.2

NCO

NCO 
V

EXPERIMENTAL

Poly(hexafluoropentamethylene Perfluorotrimethylene Dicarbamate)

Polymer Synthesis. The polymer was prepared by reaction of perfluoro­
trimethylene diisocyanate (3.2 g., 0.0137 mole) with hexafluoropentanediol 
(2.9 g., 0.0137 mole) in dry ethyl acetate with 1 drop of triethylamine as 
catalyst. The polymer solution was mixed at room temperature for 20 min. 
under nitrogen, then the temperature was slowly raised to reflux (87°C.). 
The solution was refluxed and stirred for 1 hr. under nitrogen, then cooled 
under nitrogen. The polymer solution was stripped at 125°C., under 
vacuum for l 1 /•> hr., resulting in a very rubbery opaque polymer. Infrared 
maxima (neat) were observed at 3.2 (m), 5.6 (s), 5.8 (s), 6.0 (s), 6.55 (s), 
6.75 (m), 7.2 (m), 8.35 (m), 8.75 (s), 11.25 (m), 13.3 (w), and 14.75 (w) /u.

The polymer degraded to an oil on exposure to air overnight, while 
a sample stored under dry nitrogen remained unchanged. After the 
determination of the melting point, which was in excess of 300°C., the 
sample was observed to have improved hydrolytic stability and did not 
become liquid after 24 hr. in moist air. This improvement in hydrolytic 
stability was pursued as described in the following section.

Crosslinking of Polymer by Postcure. The polymer prepared above was 
subjected to various degrees of postcure, and the effect on hydrolytic sta­
bility is shown in Table I.

Polymer Degradation Products. The polymer prepared above was ex­
posed to the atmosphere for 1 month in a glass crystallizing dish. During 
this period, the glass was attacked by hydrofluoric acid being formed in the 
hydrolysis. The polymer first became oily, then later became a white solid 
solid mass which could be recrystallized from water to yield a product 
melting at 135-136.5°C. Vapor-phase osmometry indicated a molecular 
weight of 315±15 (calculated 298). By using infrared data and results
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TABLE I
Effect of Postcure on Poly(hexafluoropeiitamethylene 

Perfluorotrimethylene Dicarbamate)

Postcure 
temp., °C.

Time,
hr.

Melting point 
of postcured 

polymer, 
°C.

Softening 
temp, after 

24 hr. in water, 
°C. Remarks'

150-180 1 >300 70 All specimens lost HF at 
about 80-90°C.

200-230 1 >300 80
250-280 1 >300 90 Polymer became brittle 

after postcure
280-330 1 >300 >300 Very brittle after postcure; 

7 days in water gave a 
softening point of 
165°C.

11 All polymers showed degradation after 10 days atmospheric exposure.

of elemental analysis, the identity of the compound was established as 
the dicarbamate of hexafluoropentanediol.

A n a l . Calcd. for C,H#K,Ni0 4: C, 28.2%; II, 2.08%; F, 38.3%; N, 0.40%. 
Found: C, 29.22%; H, 2.71%; F, 37.75%; N, 0.45%.

PoIy(hexafluoropentamethylene Hexafluoropentamethylene 
Dicarbamate)

Solution Polymerization. Hexafluoropentamethylene bischloroformate 
(10.1 g„ 0.03 mole) was added slowly with stirring to hexafluoropentane- 
diamine (6.3 g., 0.03 mole), pyridine (5.2 g., 0.066 mole), and dry ethyl 
acetate (50 ml.) at 22-50°C. under nitrogen. After all the bischloro­
formate had been added, the slurry was a blood red. It was mixed for 
P /4 hr. at 30-50°C., followed by 4 hr. at S0°C., at which time the slurry 
had turned a dark green. When the reaction mixture was poured into 
1 liter of rapidly stirred water, a black oil settled. The water was de­
canted and the black oil dried in a vacuum oven overnight at 90°C. A 
brown, brittle solid, 11.9 g. (84.0% yield), was obtained.

Interfacial Polymerization with Sodium Hydroxide. Into a 250-ml. 
three-necked flask equipped with a stirrer, condenser, dropping funnel, ther­
mometer, and nitrogen inlet, was added hexafluoropentanediamine (4.20 g.,
0.02 mole), sodium hydroxide (1.76 g., 0.044 mole) and 100 ml. of water. 
Hexafluoropentamethylene bischloroformate (6.74 g\, 0.02 mole) in 50 
ml. of methylene chloride was rapidly added to the diamine solution at
0-25°C. The methylene chloride solution was decanted and the polymer 
dried in a vacuum oven at 40-50°C. for 4 hr. to yield a viscous oil.

Interfacial Polymerization with Sodium Carbonate. Hexafluoropenta­
methylene bischloroformate (23.6 g., 0.07 mole) in methylene chloride (100 
ml.) was rapidly added to hexafluoropentanediamine (14.7 g., 0.07 mole) 
and sodium carbonate (14.9 g., 0.14 mole) in 250 ml. of distilled water
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at 0-5°C. with vigorous stirring. The slurry was then stirred for 2‘/ 2 hr. 
at 0-5°C. The water and methylene chloride were decanted and the 
oily residue dried overnight at 80-100°C. in a vacuum oven. A white 
opaque elastomeric polyurethane, weighing 21.4 g. (6% yield) was ob­
tained. The above described polymer was a semisolid when prepared 
at 5-10°C. Infrared maxima (film) were observed at 3.1 (m), 5.8 (s),
6.6 (s), 7.0 (w), 7.85 (m), 8.75 (s), 10.4 (m), 11.25 (w), and 12.85 (w)

Poly(tetrafluoro-p-phenylene Hexafluoropentamethylene Dicarbamate)

Tetrafluoro-p-phenylene bischloroformate (4.S g., 0.01(1 mole) in THF 
(25 ml.) was slowly added to hexafluoropentanediamine (3.4 g., 0.016 
mole) and pyridine (2.7 g., 0.034 mole) in THF (75 ml.) with rapid stirring. 
Pyridine hydrochloride precipitated as the bischloroformate was added. 
After the addition was completed, the mixture was stirred at 60°C. for 
1 hr., then at room temperature overnight. It was then poured into 
dilute hydrochloric acid and boiled for J/ 2 hr. The orange-brown solid 
obtained was suspended in water, boiled for an additional */2 hr., filtered, 
washed with additional water, and dried overnight in a vacuum oven at 
G0°C. The orange-brown product weighed 4.9 g. (69% yield) and had 
a softening point of 175-196°C. (with darkening). Infrared maxima 
(Xujol) were observed at 3.1 (m), 5.75 (w), 6.1 (s), 6.4 (s), 6.7 (s), 8.25 
(m), 8.6 (s), 10.2 (s), 11.0 (w), 13.1 (w), and 14.8 (w) n.

Poly(hexafluoropentamethylene Tetrafluoro-p-phenylene Dicarbamate)

Solution Polymerization. Hexafluoropentanediol (3.02 g., 0.0142 mole) 
was dissolved in 10 ml. of dry ethyl acetate and added to a 50-ml. three- 
necked flask equipped with a stirrer, condenser, dropping funnel, thermom­
eter, and nitrogen inlet. Tetrafluoro-p-phenylene diisocyanate (0.0142 
mole, 3.30 g.) in 12 mi. of dry ethyl acetate was added to the diol solution 
in 5 min. with mixing under nitrogen. The solution was mixed for 24 hr. 
at 80-82°C. under nitrogen, after which practically all of the diisocyanate 
had reacted. One drop of triethylamine was added and the solution 
stirred for one additional hour. The ethyl acetate was removed in a 
vacuum oven to yield 4.0 g. of a light-tan, waxy polymer, m.p. >340°C. 
Infrared maxima (Nujol) were observed at 3.1 (s), 5.75 (s), 6.4 (s), 6.6 
(m), 6.75 (s), 7.65 (m), 7.8 (s), 8.2 (m), S.6 (s), 9.2 (m), 9.75 (m), 10.5 
(m), 12.3 (w), 13.2 (m), and 14.75 (w) ju-

Melt Polymerization. Tetrafluoro-p-phenylene diisocyanate (16.2 g.,
0.07 mole) and hexafluoropentanediol (14.8 g., 0.07 mole) were heated to 
140°C., at which time the temperature increased to 205°C. and the mix­
ture solidified. The polymer was a strong, brittle solid.

Poly(pentamethylene Tetrafluoro-p-phenylene Dicarbamate)

Into a 100-ml. three-necked flask equipped with a stirrer, reflux condens­
er, and addition funnel with a nitrogen inlet was placed 1,5-pentanediol
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(2.1 g., 0.02 mole) dissolved in 10 ml. of ethyl acetate. The system was 
flushed with nitrogen and the polymerization run under a nitrogen atmo­
sphere. Tetrafluoro-p-phenylene diisocyanate (4.6 g., 0.02 mole) dissolved 
in 15 ml. of ethyl acetate was added slowly with stirring over a period 
of 25 min. Almost immediately, a white precipitate came out of solution. 
The mixture was stirred at room temperature for l ' / 2 hr., then at reflux 
(77°C.) for 21/» hr. The white solid was filtered and dried in a vacuum 
oven at 70°C., yielding 6.1 g. (91%) of polyurethane melting at 2S0-2S1°C. 
Infrared maxima (Nujol) were observed at 3.2 (m), 5.85 (s), 6.6 (s), 7.65 
(m), 8.2 (s), 9.15 (w), 9.S (m), 10.5 (m), 13.0 (w), and 14.8 (w) yu.

Poly(hexafluoropentamethylene Tetrafluoro-m-phenylene 
Dicarbamate)

Tetrafluoro-m-phenylene diisocyanate (2.90 g., 0.0125 mole) and hexa- 
fluoropentanediol (2.65 g., 0.0125 mole) were mixed and warmed to 40°C.; 
at this temperature a clear solution was obtained. After stirring a few 
minutes, the stirrer was removed and the temperature raised to 90°C. 
After 1 hr. at 90°C., the polymeric mass solidified. This solid polymer 
could be pressed into thin film at 200°F. Infrared maxima (Xujol) 
were observed at 3.1 (m), 5.8 (s), 6.6 (s), 7.6 (m), S.15 (s), 8.7 (s), 10.0 
(m), 10.3 (m), 11.25 (w), and 13.15 (w) ¡x.

PoIy(tetrafluoro-p-phenylene Tetrafluoro-m-phenylene 
Dicarbamate)

Tetrafluoro-p-hydroquinone (1.8 g., 0.01 mole) was added to tetrafluoro- 
m-phenylene diisocyanate (2.3 g., 0.01 mole) in dry xylene (20 ml.). The 
mixture was refluxed for 24 hr. Since the infrared spectrum of the solu­
tion showed a strong absorption at 4.5 /x indicating excess isocyanate, 
an additional 0.5 g. of tetrafluoro-p-hydroquinone was added and reflux 
continued for 6 hr. The resulting suspension was cooled to room tem­
perature, filtered, and the solids washed with ether. After drying in a 
vacuum oven, the resultant white powder (4.0 g.) was found to be in­
fusible below its decomposition point of 225°C. Infrared maxima (KBr) 
were observed at 3.05 (m), 5.7 (s), 6.15 (s), 7.55 (w), 7.9 (w), 8.25 (s),
8.6 (m), 9.35 (m), 9.9 (s), and 13.3 (w) g.

Poly(hexafluoropentamethylene Tetrachloro-p-phenylene 
Dicarbamate)

To hexafluoropentanediol (10.6 g., 0.05 mole) in 25 ml. of ethyl acetate, 
tetrachloro-p-phenylene diisocyanate (14.9 g., 0.05 mole) in 35 ml. of 
ethyl acetate was added over a 5 min. period with mixing under nitrogen. 
The slurry was stirred for V2 hr. at 30 -35°C., then refluxed at 82°C. for 
i y 2 hr. The ethyl acetate was removed and 40 ml. of o-dichlorobenzene 
was added. The slurry was mixed at 130-140°C. under nitrogen. Tri- 
ethylamine (5 drops) was added and the slurry heated for 3 hr. at 100°C. 
The slurry was then filtered and the polymer residue dried in a vacuum
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oven at 130-140°C. for 4 hr. to yield 16.0 g. of brown polymer, m.p. 
190-196°C. Infrared maxima (Nujol) were observed at 3.1 (m), 5.8 (s), 
6.25 (w), 6.5 (m), 6.7 (m), 7.35 (m), 8.1 (s), 8.7 (s), 9.15 (m), 10.1 (w),
11.3 (w), and 13.15 (w) m-

Poly(hexafluoropentamethylene Tetrachloro-p-xylylene 
Dicarbamate)

To a stirred melt of tetrachloro-p-xylylene a, a'-diisocyanate (8.7 g.,
0.0267 mole) was added hexafluoropentanediol (5.65 g., 0.0267 mole) 
under a nitrogen atmosphere. Stirring was continued for 50 min. while 
the temperature of the mixture was maintained at 130-140°C. At the 
end of this time, the polyurethane hardened to a brittle solid. Infrared 
maxima (IvBr) were observed at 3.1 (m), 5.8 (s), 6.7 (s), 6.9 (w), 7.25 
(m), 7.5 (m), 8.1 (s), 8.9 (s), 9.65 (m), 10.5 (m), and 13.2 (m) /a

RESULTS AND DISCUSSION

Polyurethanes from Aliphatic Diisocyanates

A polyurethane was prepared by reaction of perfluorotrimethylene 
diisocyanate with hexafluoropentanediol in refluxing ethyl acetate solution 
[eq. (1)]. Tricthylamine was used as a catalyst.

OCN(CF2)3NCO +  HOCH,(CF,)3CH.,OH ----- *■

O 0
Il II

-CNH(CF2)3NHC0CH2(CF2)3CH20  - y (1 )

The polymer obtained was a rubbery solid which degraded to an oil on 
exposure to air overnight, but did not undergo any change when stored 
under dry nitrogen. A study was conducted to establish the nature of 
the hydrolytic degradation of this polymer. The polymer was exposed 
to atmospheric moisture for 1 month in a glass crystallizing dish. The 
dish was attacked by HF formed in the hydrolysis. The polymer first 
became oily, then later became a white solid mass which could be re­
crystallized from water to yield a crystalline solid melting at 135-136.5°C. 
This solid was identified as the dicarbamate of hexafluoropentanediol 
by its infrared spectrum, molecular weight (by vapor-phase osmometry), 
and by elemental analysis. It was identical to an authentic sample 
prepared by reaction of hexafluoropentamethylene bischloroformate 
with ammonia [eq. (2)].

0 O O 0
ii 11 ii ii

C1C0CH2(CF2)CH20CC1 +  Nils -*■ H2NCOCH2(CF2)3CH2OCNH2 (2)

A logical intermediate in this degradation is the polyacylurethane 
formed by hydrolysis of the difluoromethylene groups adjacent to the 
carbamate nitrogen atoms [eq. (3)]. This hydrolysis is analogous to
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that occurring in several synthetic routes which would be expected to 
result in perfluorinated amines.3-9

O O O
ll II II H -0

—CNHCF2CF2CF2NHCOCII2(CF2)3CH2OCNnCF2CF2;--------------*
Z  \  /

O O () o  o  o
II II . 1.. II I  II

—CNHCCF2CNIIC0CH,(CF,)3CH,0CNHCCF2— (3)

Hydrolysis of the acylurethane could result in two sets of products, depend­
ing upon which bond to nitrogen proved to be more hydrolytically stable 
[eqs. (4a), (4b)].

0 0 0 0 O O
1  II I! II II 1
CNHCCF2CNHCOCH2(CF,),CTI,OCNHCCF2

h o c c f 2c o h

Path A

o
II

0
+  1 r2NCOCH,(CF,)CH.OCN H, (4a)

O 0  O 0  o  oII II II I II  11 Path B
CNHCCF,CNHCOCH2(CF,)3CH,OCNHCCF,---------►
t t t

O o
II II

H,NCCF2CNH2 +  HOCH.-CF.):,('11.011 (4b)

As would be predicted, the carbonyl carbon atoms adjacent to the di- 
fluoromethylene groups were more susceptible to attack by water mole­
cules due to the strong electron withdrawing effect of the difluoromethy- 
lenes resulting in hydrolysis by path A, reaction (4a). No evidence of 
the formation of difluoromalondiamide could be found. This compound 
has been reported to melt at 201 20d°C., considerably higher than the 
melting point of 135-136.5°C. which was observed for the dicarbamate. 
This hydrolysis path is analogous to that described by Dannley10 for the 
alcoholysis of urethanes prepared from perfluoroalkyl monoisocyanates.

It is interesting to note that this polyurethane exhibited good stability 
if protected from moisture. In fact, fresh polymer was subjected to 
considerable thermal exposures in an attempt to crosslink the system, 
with no serious degradation up to 280°C. However, it was observed 
that hydrogen fluoride was lost at S0-90°C., and it seems that the polymer 
was modified as shown in eq. (5):

0 0
- C-NHCF,CF2CF2NHCOCH,( CF2)3CH,0

o 0
II II

— CN=CFCF2CF=NC0CH2(CF2)3CH20 - (5)
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This treatment gives some improvement in hydrolytic stability, but the 
modified polymer also degrades to the dicarbamate, indicating that the 
remaining fluorine is still labile, much like an imino chloride.

Tluorinated polyurethanes having a methylene group between the ure­
thane nitrogen and the clifluoromethylene groups should possess far better 
hydrolytic stability than the type of polyurethane just discussed. Due to 
difficulties encountered in the preparation of hexafluoropentamethylene 
diisocyanate, this type of polyurethane was prepared by the reaction of 
hexafluoropentanediamine with various bischloroformates.

Poly (hexafluoropentamethylene hexafluoropentamethylene dicarbamate) 
was prepared by reaction of hexafluoropentanediamine with hexafluoro­
pentamethylene bischloroformate, both in solution and interfacially 
[eq. (6)]. The polyurethane prepared in ethyl acetate solution was a 
brown, brittle solid. The polymer prepared interfacially with sodium 
hydroxide as the acid acceptor was a viscous oil. Apparently, the rate 
of hydrolysis of the bischloroformate by this base was much more rapid 
than the reaction of the bischloroformate with the diamine. The poly­
urethane prepared interfacially by using sodium carbonate, a weaker 
base, as the acid acceptor was a tan semisolid which solidified at room 
temperature.

0 0
II IIH,NCH2(CF,);,CH,NH, +  C1C0CH2(CF2)3CH20CC1 — -

0 0
II II-NHCH,(CF, ),CH,NHCOCH,( CF„) ,CH,OC - -= (6)

Poly(tetrafluoro-p-phenylene hexafluoropentamethylene dicarbamate) 
was prepared by reacting hexafluoropentanediamine with tetrafluoro-p- 
phenylene bischloroformate in tetrahydrofuran solution with pyridine as 
the acid acceptor. The polyurethane was a tan solid having a softening 
point of 17o— 179°C.

0 0
H2NCH2(CF2):iCH,NH2 +  cico^ ( f ) V occi

0  ̂ 0
■NHCH,(CF,):,CH2NHCO o c j -

Polyurethanes from Aromatic Diisocyanates
Poly (hexafluoropentamethylene tetrafluoro-p-phenylene dicarbamate) 

was prepared both in solution and in the melt according to eq. (7):

- C N H ^ ® ) -  £NHCOCH2(CF>)aCH2O i-  (7) 
x
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The polyurethane was a white, opaque, highly crystalline, polyurethane 
which melted at 262-265°C.

Poly(pent amethylcno tetrafhioro-p-phenylene clicarbamate) was pre­
pared by reaction of tetrafhioro-p-phenylene diisocyanate and 1,5-pentane- 
diol in ethyl acetate solution [eq. (8)]. The polyurethane was a white 
crystalline solid, having a melting point of 28CU281°C.

NCO +  HO(CH,)5OH

0 0 
- C N H -(^ )-N H C 0 (C H 2)50 - (8)

Poly(hexafluoropentamethylene tetrafluoro-m-phenylene dicarbamate) 
was prepared by reaction of tetrafluoro-m-phenylene diisocyanate with 
hexafluoropentanediol in the melt [eq. (9)]. The polyurethane obtained 
was a clear, colorless solid which could be molded to a clear, brittle sheet.

+  HOCH2(CF2)3CH2OH

0 0
Il II

-CNHV / ^ / NHC0CH2(CF2)3C H ,0--
(? )

L

(9)

A fully fluorinated aromatic polyurethane was prepared by reaction 
of tetrafluoro-m-phenylene diisocyanate and tetrafluoro-p-hydroquinone 
in refluxing xylene solution [eq. (10)]:

The reaction was extremely slow, indicating that the fluorinated phenolic 
hydroxyl groups were very unreactive. The polyurethane obtained 
was infusible below its decomposition point. Tetrafluoro-p-hydroquinone 
was recovered from the decomposition products.

Because of our interest in polyurethanes containing various amounts 
and types of halogens, polyurethanes were prepared from two chlorinated 
aromatic diisocyanates.

Poly(hexafluoropentamethylene tetrachloro-p-phenylene dicarbamate) 
was prepared by reaction of tetrachloro-p-phenylene diisocyanate with 
hexafluoropentanediol in ethyl acetate solution [eq. (11)].
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HOCH2(CF2)3CLLOH ------

•c n h - / ( S ) > - :  11NHCOCH2(CF2)3CHoO - -  (1 1 )

The polymer obtained was a brown, brittle solid melting at 190- 196°C.
Poly(hexafluoropentamethylene tetrachloro-p-xylylene dicarbamate) was 

prepared by reaction of tetrachloro-p-xylylene a , a'-diisocyanate with 
hexafluorop.entaiiediol in the melt [eq. (12)]. The polyurethane obtained 
was a brittle solid.

OCNC11 - ( y C l .^ n i  NCO +  HOCH2(CF2)jCH2OH

0 0
-  -CNHCH,—((C l) )^CH2NHCOCH2(CF2 )aCH,0 - ( 1 2 )

The thermal stabilities of several of the polyurethanes described in 
this paper were studied briefly. The results of thermogravimetric analyses 
run on these polymers are shown in Table II. Also included for compar-

TARLE II
Results of Thermogravimetric Analysis

Polymer decomposition temperature, °C.

Polyurethane In air In helium

Poly(hexafluoropentamethylene hexa-
fluoropent.amet.hylene dicarbamate) 215 ±  1 0 2 0 0  ±  10

Poly(tetrafluoro-p-phenylene hexa­
fluoropentamethylene dicarbamate) 

Poly (hexafluoropentamethylene tetra-
1 0 0  ±  10 2 0 0  sfc 10

fluoro-p-phenj’lene dicarbamate ) 300 ±  10 2S5 ±  10
Poly(tetrafluoro-p-phenylene tetra- 

fluoro-?n-phenylene dicarbamate) 
Polyurethane from toluene 2,4-diiso-

225 ±  1 0 2 0 0  ±  K)

evanate and polytet.rahydrofuran 280 ±  1 0 280 ±  10

ison is the polyurethane prepared from toluene 2,4-diisocyanate and 
poly(tetrahydrofuran). Only one of the fluorine-containing polyurethanes, 
poly(hexafluoropentamethylene tetrafluoro-p-phenylene dicarbamate), ex­
hibited thermal stability as good as or slightly better than the nonfluo- 
rinated polyurethane.

This work was performed under Contract No. NAS 8-11068 for the George C. Marshall 
Space Flight Center, National Aeronautics and Space Administration. The work was 
administered under the direction of the Propulsion and Vehicle Engineering Division, 
Engineering Materials Branch, with J. M. Stuckey and W. E. Hill acting as project offi­
cers.
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Résumé

Plusieurs polyuréthanes à base de diisocyanates aliphatiques fluorés, de diisocyanates 
aromatiques pei fluorés et de diisocyanates aromatiques chlorés ont été préparés. Le 
polyuréthane préparé au départ de diisocyanate de perfluorotriméthylène et de hexa- 
fluoropentanediol était un solide caoutchouteux qui s’hydrolysait facilement à l’air en 
un liquide ou un solide gommeux, mais il était stable s’il était protégé de l ’humidité. 
Les produits d ’hydrolyse ont été isolés et identifiés. Les polyuréthanes à base de 
diisocyanates hexafluoropentaméthyléniques ont été synthétisés par réaction de l’hexa- 
fluoropentanediamine avec le bis-chloroformiate d’hexafluoropentaméthylène et. avec 
le bis-chloroformiate de tétrafluoro-p-phénylène. Le polyurét ânes ont été synthétisés 
par réaction du diisocyanate de tétrafluoro-p-phénylène avec l’hexafluoropentanediol 
et pentanediol. D ’autres polyuréthanes à base de perfluoroaryl diisocyanates ont été 
synthétisés par réaction du diisocyanate de tétrafluoro-m-phénylène avec l’hexafluoro- 
pentanediol et avec la tétrafluoro-p-hydroquinone. Des polyuréthanes ont été égale­
ment synthétisés par réaction de diisocyanate de tétra-chloro-p-phénylène et du a,a'~ 
diisocyanate de 2,3,5,6-tétrachloro-p-xyïylène avec l ’hexafluoropentanediol.

Zusammenfassung

Eine Reihe von Polyurethanen wurde auf Basis fluorierter aliphatischer Diisocyanate, 
perfluorierter aromatischer Diisocyanate und chlorierter aromatischer Diisocyanate 
hergestellt. Das aus Perfluortrimethylendiisocyanat und Hexafluorpentandiol her­
gestellte Polyurethan war ein kautschukartiger Festkörper, der an Luft sogleich zu 
einer Flüssigkeit oder einer klebrigen Festsubstanz hydrolysierte, vor Feuchtigkeit 
geschützt jedoch stabil war. Die Hydrolysenprodukte wurden isoliert und identifiziert. 
Polyurethane auf Grundlage von Hexafluorpentamefhylendiisoeyanat liessen sich durch 
Reaktion von Ilexafluorpentandiamin mit dem Bis(chlorameisensäureester) des Hexa- 
fluorpentamethylendiols und des Tetrafluorhydrochinons herstellen. Auch durch Reak­
tion von Tetrafluor-p-phenylendiisocyanat mit Hexafluorpentandiol und mit Pentandiol 
wurden Polyurethane synthetisiert. Andere Polyurethane auf Basis perfluorierter 
Aryldiisocyanate wurden durch Reaktion von Tetrafluor-m-phenylendiisocyanat mit 
Hexafluorpentandiol und mit Tetrafluor-p-hydrochinon hergestellt. Auch durch Reak­
tion von Tetrachlor-p-phenylendiisocyanat und 2,3,5,6-Tetrachlor-p-xylylen-a,a'- 
diisocyanat, mit Hexafluorpentandiol wurden Polyurethane synthetisiert.
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Polymerization Initiated by an Electron Donor- 
Acceptor Complex. Parti. Polymerization ol’Methyl 

Methacrylate Initiated by Liquid Sulfur Dioxide- 
Pyridine Complex in the Presence of 

Carbon Tetrachloride

MINORU MATSUDA and TAKESHI HIRAYAMA,
Chemical Research Institute of Non-aqueous Solutions,

Tohoku University, Sendai, Japan

Synopsis

The polymerization of methyl methacrylate can be initiated by a charge-transfer com­
plex of liquid sulfur dioxide and pyridine in the presence of carbon tetrachloride. The 
molar ratio of sulfur dioxide and pyridine which participated in the complex was found 
from a spectrophotometric study to be 2:1. The polymerization proceeds through free- 
radical intermediates. The overall rate of polymerization is proportional to the square 
root of the concentration of the complex, and the values of kp/kfC  under the various 
polymerization conditions were satisfactorily consistent with the literature value. For 
the activation energy of the overall reaction, 8 .2  kcal./mole was obtained, and for initia­
tion, 9.7 kcal./mole was evaluated from the values of kp/k,'C-. It was deduced from a 
kinetic mechanism for the initiation that a primary radical may be produced from the re­
duction of carbon tetrachloride by an associated complex consisting of liquid sulfur 
dioxide-pyridine complex and the monomer.

INTRODUCTION

It is well known that liquid sulfur dioxide behaves as an electron ac­
ceptor and forms charge-transfer type complexes with donors such as 
amines, ethers, aromatic hydrocarbons, and some of the olefins.1-3 Pyr­
idine and its derivatives also form complexes with liquid sulfur dioxide,4-7 
and it has been recently reported by the present authors8 that the complex 
of liquid sulfur dioxide and pyridine can initiate the radical polymerization 
of vinyl monomers in the presence of an organic halogen compound such 
as carbon tetrachloride, chloroform, or bromoform. That the organic 
halides play an important role in the polymerization of Y-vinylcarbazole 
in the absence of any initiator has also been reported.9-11

Some of the vinyl monomers also form complexes with liquid sulfur 
dioxide,12'13 and radical polymerization with such complexes yielded 
polysulfones.12-14 On the other hand, the radical polymerization of 
methyl methacrylate15 and acrylonitrile16 gave only poly(methyl meth­
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Fig. 1 . Ultraviolet spectra of pyridine, SO-., and pyridine-SOs complex at 20°C: 
(1) [Py] =  LOG X 10- 2  mole/1. in ra-hexane (ref.: n-hexane); (2) [SOJ =  1.08 X It) -2  

mole/1., [Py] = 1.06 X 10- 2  mole/1. in n-hexane (ref. 1.06 X 10- 2  mole/1. pyridine in 
n-hexane); (3) [SOa] = l.UI X 10- 2  mole/1. in n-hexane (ref.: n-hexane). Optical path 
length d = 3.3 X 10- 2  cm.

complex lies at 263 mp. The molar ratio of liquid sulfur dioxide and 
pyridine which participated in the complex was determined by the method 
of continuous variations.17 As is shown in Figure 2, the maximum 
of the optical density (O.D.) due to the complex lies near 33 vol.-%  pyridine 
solution at every wavelength measured. Therefore, it is clear that the 
complex consists of t w o  moles of sulfur dioxide and 1 mole of pyridine, 
and the complex probably has a structure similar to that shown in eq. (1).

The equilibrium constant K  can be written as shown in eq. (2) :

([S02]„ -  2[(.’ ]) -([Pylo -  [CD

where Py and C represent pyridine and complex, respectively, and the 
concentration of the complex [C] (in moles/liter) can be found from the 
following relation

[C] =  O.D.com„i,.x/  ecd (3)

in which ec and d represent the molar extinction coefficient of the complex 
and the optical path length, respectively. Taking out the terms con­
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taining the third and second order of the complex concentration, eq. (4) 
is easily derived,

[1’ y jo [S 0 2jo3 _  1
O.D. eJC

—  {4 [S02 ]o [ lJy ]o +  [SO,],,2}
Co

(4)

Fig. 2. Continuous variations in methanol at 20°C.: (1) 3275 A.; (2) 3300 A.; (3)
3325 A.; (4) 3350 A .j (5) 3375 A.; (6) 3400 A. [Py] +  [liq.SO,] = 3.0mole/l.

Fig. 3. Plots of eq. (4): (7)3375 A.; (2)3350 A.; (3)3325 A.; (4 ) 3300 A.; (5)3275 A.; 
(6) 3250 A. Optical path length cl =  3.3 X 10“ 2 cm.; 20°C.

Plots of [Py]o[S02]02/O.D. against (4[SO2]0[Py]0 +  [SO2]02) should be 
linear; K  may be obtained from the intercept of the line with the ordinate 
by using the value of e0 from the slope. Figure .3 shows the plots of this 
relation; the equilibrium constant obtained was 0.028 l.2/mole2.
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Effect of Halogen Compounds on the Polymerization of Methyl Meth­
acrylate Initiated by the Complex of Liquid Sulfur Dioxide and Pyridine

Methyl methacrylate monomer at a constant concentration of 2.S2 
mole/1. was heated for ISO min. with 3.71 mole/1. pyridine and 10 vol.-% 
of liquid or 3.0 g. of solid halogen compound. Toluene was chosen as 
a diluent for all the experiments, since it dissolves the monomer, the 
polymer, and the complex, has a low dielectric constant (2.38 at 25°C.), 
and does not affect the overall rate of polymerization. The results of 
the polymerization are summarized in Table I.

From the data for experiments 41, 141, and 16, it is clear that no polymer 
is obtained when either the complex (that is, liquid sulfur dioxide and 
pyridine) or the organic halide is missing from the polymerization systems. 
The most effective system is a mixture of liquid sulfur dioxide, pyridine, 
and carbon tetrachloride.

Inhibitors were used to determine the active center (chain carrier) in 
this polymerization system. The results are shown in Table II.

TARLE I
Polymerization of Methyl Methacrylate Initiated by the Complex of 

Liquid Sulfur Dioxide and Pyridine with Different Organic Halide Systems (50°C.)

Liquid Organic
Pyridine SO-2 halide Conversion,

Expt. (donor), (acceptor), concn., w t.-% /3
no. mole/1. mole/1. Organic halide mole/1. hr.

41 3.71 3.04 — — T race
141 — 3.04 Carbon tetrachloride 1.03 Nil
16 3.71 — Carbon tetrachloride 1 .03 Nil

1 3.71 3.04 Carbon tetrachloride 1.03 17.0
510 3.71 3.04 Chloroform 3.21 Nil
520 3.71 3.04 Dichloromethane 1.55 Nil
523 3.71 3.04 Carbon tetrahromide 0.57 Nil
522 3.71 3.04 Bromoform 1.14 7.3
531 3.71 3.04 Dichloroacetic acid 1 . 2 1 5.1

TABLE II
Effect of Inhibitors on the Polymerization of Methyl Methacrylate 

Initiated by the Complex of Liquid Sulfur Dioxide and Pyridine 
with Carbon Tetrachloride System (50°C.)a

Inhibitor
Expt. concn., Conversion,

no. Inhibitor mole/1. w t.-% /3 hr.

i ---  --- 17.0
3 llydroqninonc 0 . 1 0 17.1
• t DPPIl 0.08 4.3
7 DM F 1.96 57 .8

“ The concentrations of liquid sulfur dioxide, pyridine, MMA, and carbon tetrachlo­
ride were kept constant at 3.04, 3.71, 2.82 and 1.03 mole/1., respectively.
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Fig. cS. Arrhenius plot for values of kp/kt'2-

E p — E,/2 can be evaluated as 3.4 kcal./mole, E P and E, being the acti­
vation energy of propagation and termination, respectively. Therefore, it 
follows that the activation energy of the initiation is 9.7 kcal./mole.

DISCUSSION

It has been reported9-11 that the polymerization of TV-vinylcarbazole 
by an organic electron acceptor can be initiated by using compounds 
which range widely in their electron affinity and is not limited only to 
such stronger acceptors as chloranil, tetranitromethane, and maleic 
anhydride.19 20 Carbon tetrachloride can act as a weak electron acceptor 
molecule, and Davidson et al.21 have shown the existence of solid complexes 
of carbon tetrachloride and various pyridines. Bamford and his co- 
workers22-29 have examined extensively the effect of carbon tetrachloride 
on metal carbonyl-initiated polymerization of methyl methacrylate.

In the present polymerization system, pyridine can act as an electron 
donor for both liquid sulfur dioxide and carbon tetrachloride. The 
existence of the complex of liquid sulfur dioxide and pyridine is confirmed 
by the data of Figures 1 and 2, but a complex of carbon tetrachloride 
and pyridine was not detectable from the spectrophotometric study. 
It is reasonable to consider that the active complex for the initiation 
of the polymerization is the liquid sulfur dioxide-pyridine complex, since 
the electron affinity of liquid sulfur dioxide is much larger than that of 
carbon tetrachloride. From the relationship between the composition 
diagram and the freezing point of the mixture solutions of liquid sulfur 
dioxide and pyridine, Hoffman and Vanderwerf27 have shown that liquid 
sulfur dioxide forms 1:1 addition compounds with pyridine. For 1:1 
complex, the relation of Benesi and Hildebrand28 can be adopted to deter­
mine an association constant, but its application for our spectrophoto­
metric data did not give a linear relation. The molar ratio which is 
obtained from the cryoscopic data implies the molar ratio applies to the
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crystal state of the complex. Therefore, for the calculation of the con­
centration of the complex formed in the present polymerization system, 
the data obtained from the spectrophotometric study must be used.

It is reasonable to consider a radical intermediate in the present poly­
merization system, as the rate of polymerization is retarded by the addition 
of DPPH, the polymerization takes place even when DMF is added, and 
the rate is proportional to the square root of the concentration of the 
liquid sulfur dioxide and pyridine complex which may probably act 
as an initiator. The value of k9/kfn also supports the radical polymer­
ization.

As shown in Table I, no polymer was obtained when either the complex 
or carbon tetrachloride was missing from the polymerization systems. 
The overall rate of polymerization is clearly very sensitive to the con­
centration of carbon tetrachloride at low concentrations of carbon tetra­
chloride, but for a carbon tetrachloride concentration more than 0.15 mole/1. 
it is practically independent of the CC14 concentration. On the other 
hand, the rate is proportional to the square root of the concentration of 
the complex and to two-thirds the monomer concentration. These kinetic 
results can be explained by the reaction scheme shown in eqs. (7) and (8).

C +  M f  (I) (7)

(I) +  OCl4 C18CM- +  Cl +  (II) (8)

The formation of an associated complex (I) consisting of liquid sulfur 
dioxide-pyridine complex and monomer is presumed to be reversible, 
but it could not be confirmed experimentally. The associated complex
(I) enters into a reaction with carbon tetrachloride to (II), which is prob­
ably a radical cation. By assuming a stationary concentration of an 
associated complex (I) we may easily derive the following expression 
[eq. (9)] for the rate of initiation, vt.

H  = {kyk-i [C ] [ A1) [CC h  ] } /  {k-< +  k,[ C C h D  (9)

The overall rate of polymerization Rr can be represented by eq. (10):

Rv = -d\\\ Jdt = ( 10)

By assuming bimolecular termination and stationary 
radicals, the eq. (11) can be obtained:

RP =
_ * > _  r x ,  1 /  /ùfc3[C ][ i\ I ] [CCl4] V A
kì'- \  h  +  h[ C C h ]  J

concentration of

( I D

This type of expression is in qualitative agreement with the experimental 
results: the rate of polymerization is proportional to the square root of 
the concentration of the complex for constant concentration of monomer 
and carbon tetrachloride and to the monomer concentration to two-
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e •© - y — c i3cm  • + CL ( S02) + ( I  )
s o lv a te d
anion

A s s o c ia te d  com plex  ( I )

Fig. 9. Representation of the initiation mechanism.

thirds order for constant concentration of the complex and carbon tetra­
chloride. The relationship between the rate of polymerization and the 
concentration of carbon tetrachloride given in eq. (11) is also consistent 
with the experimental result shown in Figure 6, i.e., the rate initially 
increases with increasing concentration of carbon tetrachloride and finally 
becomes constant when A'3[CC14] »  A2.

From the experimental result shown in Figure 6, the kinetic constant 
at 50°C. can be evaluated as follows: k x = 4.(il X 10-9 1./mole-sec.; 
ki/k-s =  2.24 X 10-2 mole/1. By using these numerical values, the com­
plete rate equation can be obtained as:

R„ = 1.09 X 10-5j [M]3[CJ[CCh]/(2.24 X IQ-2 +  [CCh])}'A (13)

These kinetics mentioned above involve essentially the same treatment 
as for polymerization of methyl methacrylate initiated by metal carbonyl, 
which was extensively examined by Bamford and co-workers.22-26

Figure 9 shows a representation of the initiation step for the poly­
merization of methyl methacrylate by an associated complex (I). The 
associated complex reduces carbon tetrachloride to give a primary radical 
in which liquid sulfur dioxide may assist in the reduction, since the sol­
vation power of liquid sulfur dioxide for the anion stabilizes chloride 
anion.
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For the rate of initiation eq. (14) can lie obtained:

=  5.53 X 10-9 [CCh]/(2.24 X 10-2 +  [CCh]) (14)
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Résumé

On a trouvé que la polymérisation du polyméthacrylate de méthyle peut être initiée 
par des complexes du type transfert de charge obtenus dans le SOs liquide et la pyridine 
en présence de tétrachlorure de carbone. Le rapport molaire du dioxyde de soufre et 
de la pyridine qui participent à la formation du complexe était de 2 : 1  suite à des 
études spectrophotométriques. On a montré que la polymérisation résulte d’ inter­
médiaires radicalaires. La vitesse globale de polymérisation est proportionnelle à la 
racine carrée de la concentration du complexe et les valeurs A:ï,/(fci ) 1/2 qui étaient obtenues 
dans diveres conditions de polymérisation s’accordaient avec les valeurs de la littérature. 
Une énergie d ’activation globale de 8.2 kcal./mole a été obtenue, et pour l’ initiation, 9.7 
kcal./mole a été évaluée au départ des valeurs de k,,/k,112. On déduit, d ’un mécanisme 
cinétique supposé pour l’ initiation, que les radicaux primaires sont probablement pro­
duits par la réduction du tétrachlorure de carbone par un complexe associé formé par­
le complexe dioxyde de soufre-pyridine et le monomère.

Zusammenfassung

Es wurde gefunden, dass die Polymerisation von Methylmethacrylat in Gegenwart 
von Tetrachlorkohlenstoff durch einen Elektronendonor--Acceptorkomplex aus flüssigem 
Schwefeldioxyd und Pyridin angeregt werden kann. Das molare Verhältnis, in dem 
Schwefeldioxyd und Pyridin im Komplex vorliegen, beträgt nach spektrophotometri- 
schen Untersuchungen 2:1. Es wurde gezeigt, dass die Polymerisation über radikalische 
Zwischenprodukte verläuft. Die Bruttogeschwindigkeit der Polymerisation ist der 
Quadratwurzel aus der Komplexkonzentration proportional. Die kp/kd'1-Werte, die 
unter den verschiedenen Polymerisationsbedingungen erhalten wurden, standen in 
befriedigender Übereinstimmung mit dem Literaturwert. Für die Aktivierungsenergie 
der Bruttoreaktion ergaben sich 8,2 Kcal./M ol, aus den fc„//ci1/2-Werten wurde für den
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Start eine Aktivierungsenergie von 7,9 Kcal./M ol ermittelt. Aus einem kinetischen 
Mechanismus für den Start wurde abgeleitet, dass sich wahrscheinlich ein Primär­
radikal durch Reduktion des Tetrachlorkohlenstoffs durch einen assoziierten Komplex 
bilden kann, der aus dem Monomeren und dem Komplex aus flüssigem Schwefeldioxyd 
und Pyridin besteht.
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Anionic Copolymerization of Styrene and 
Isoprene in Cyclohexane

D. J. WORSFOLD, Division of Applied Chemistry, 
National Research Council, Ottawa, Canada

Synopsis

The copolymerization of isoprene with styrene initiated with sec-butyllithium in cyclo­
hexane solid ion has been studied by kinetic methods. The rates of the homopolymeriza­
tion have been measured by normal methods. The rates of the cross-propagation reac­
tions were measured by the rate of appearance or disappearance of the ultraviolet ab­
sorption of polvstyryllithium when the individual chain ends were reacted with the oppo­
site monomer in the absence of the first. The rates of some of the reactions were also 
measured in the presence of the other monomer. It was found that polyisoprenyllithium 
reacted with both monomers with a one quarter-order dependence, and the polystyryl- 
lithium with a one half-order dependence. It was found possible to describe the copoly­
merization in terms of the four individual rate constants and to predict the initial copoly­
mer composition. It was not found necessaiy to resort to explanations based on preferen­
tial absorption of isoprene around the chain ends to explain the high isoprene content of 
the copolymer.

Copolymerization of nonpolar monomers in anionic systems is particu­
larly well suited to experimental investigation because of the long-lived 
nature of the propagating species.1 It is possible to isolate and to measure 
the individual rates of reaction which constitute the copolymerization: 
the two homopolymerization rates and the two crossover rates. The sys­
tems of styrene and butadiene initiated with n-butyllithium in cyclohexane 
and in benzene solution have already been studied in this way.2’3 It was 
possible to demonstrate that the unexpectedly high initial butadiene con­
tent in the copolymer, despite the low butadiene homopolymerization rate, 
is caused by kinetic factors and is not due to preferential absorption of 
butadiene at the active centers as has sometimes been suggested.4

The similar system of styrene and isoprene initiated with sec-butyl­
lithium in cyclohexane has now been studied. Before, study has been 
restricted to copolymer compositions mostly for this monomer pair.8-7 
The homopolymerization propagation rates in this case are comparable, but 
again the copolymer initially formed contains mostly the diene. In the 
butadiene system it was not found possible to measure one of the crossover 
rates because of its great rapidity, although this did not impair the inter­
pretation of the reaction scheme. Here all four rates are measurable, al­
though the reaction of isoprene with polystyryllithium is still very fast.
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Experimental

All the reactions were preinitiated with sec-butyllithium as it has been 
shown that with this isomer the initiation rate is far higher8 than for the 
w-butyllithium used before. This enabled the reactions to be preinitiated 
far more readily and greatly facilitated the measurement of the propagation 
rates.

The sec-butyllithium was obtained as a 12% solution from Foote Mineral 
Co. Before use it was freed from solvent by pumping, and given a short 
path distillation onto a cold finger, under high vacuum in an all-glass ap­
paratus. The distillation was quite rapid at 75°C. The clear, colorless 
viscous initiator was sealed off and diluted with cyclohexane into a number 
of fragile bulbs by techniques described before.9 The bulbs were stored in a 
refrigerator and gave reproducible results over a period of weeks.

The homopolymerization rates were measured spectrophotometrically 
as before2’10 under vacuum conditions with the vessels washed with butyl- 
lithium solution. The crossover rates were studied by taking preinitiated 
solutions of the polymer lithium salts that had been allowed to stand for 
at least 20 half lifetimes of the propagation reaction, to reduce the first 
monomer concentration to negligible amounts. After breaking a fragile 
bulb of the opposite monomer, the reaction was followed by measuring 
spectrophotometrically the appearance or disappearance of the poly- 
styryllithium absorption peak at 328 m/c

The reactions were all done at 40°C. to be above the 9 temperature of 
polystyrene. All rates are given in units of mole, liters, and seconds.

Results and Discussion

The rates of reaction of polyisoprenyllithium (PI) with isoprene and with 
styrene in the absence of the other monomer are shown in Figure 1. It is 
seen that for both monomers the rate is proportional to close to the one- 
quarter power of polyisoprenyllithium given by the lines drawn. The 
order of the propagation step in the homopolymerization is in accord with 
that found by most authors11 at other temperatures and is attributed to 
the fourfold association of this salt, in this solvent. It is thought that only 
a small equilibrium amount of the monomeric form is active in polymeriza­
tion. This interpretation is strengthened by the similar order found when 
the polyisoprenyllithium is reacted with styrene in a much slowrer reac­
tion.

The rates of reaction of polystyryllithium (PS) with both monomers 
are shown in Figure 2. The rate of the propagation reaction in the homo­
polymerization of styrene in cyclohexane is again half order in poly­
styryllithium, as found before with n-butyllithium as initiator.10 The 
rates here are somewhat higher than those found before and are to be 
preferred, as the sec-butyllithium is far preferable as an initiator because 
of its higher activity and ease of purification. The reaction of the poly­
styryllithium with isoprene, a comparatively very fast reaction, is also half
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Log [ pOLYISOPRENYLLITHIUm]

Fig. 1. Rates of reaction of polyisoprenyllithium at 40°C. in cyclohexane with: (©) 
isoprene; (0) isoprene in the presence of ca. 0.15 mole/1. styrene; (•) styrene; (A) 
styrene in the presence of ca. 0.15 mole/1. isoprene.

Log [ p o l y s t y r y i .l it h iu m ]

Fig. 2. Rates of reaction of polystyryllithium at 40°C. in cyclohexane with: ( + )  styrene;
(X )  isoprene.
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TABLE I
Rate Constants for Copolymerization at 40°C.

Rate constant, sec. 1 a

fcn' = 3.41 X 10 
AW = 2.29 X I()—-.1 / ! 
kis ' = 2.37 X lO -W 1/ 4 

A-si' = 5.13 X 10 U / i;-

'  An' = K i1' 4,Am and km  = A s 1' 2 Ass, etc.

order in the salt. Both half orders are in accordance with the dimeric 
nature of polystyryllithium found in hydrocarbon solvents. The four rate 
constants derived from the lines drawn through the experimental points 
are in Table I.

The dimerization of the sec-butyllithium-initiated polystyrenes was 
confirmed by light-scattering measurements on 1% solutions in cyclo­
hexane at the 9 temperature on first the living polymer and then the dead 
polymer as was done before,10 but with the use of a Sofica instrument. 
The greater association of the polyisoprenyllithium chain end was con­
firmed by adding sufficient isoprene to the polystyryllithium solutions in 
cyclohexane to add a few monomer units to each chain. In all cases the 
light scattering increased greatly, but the degree of association found was 
between 3 and 4, usually nearer 3. On killing with butanol the molecular 
weight fell to the calculated kinetic value, so the increase in apparent 
molecular weight of the associated living polymer was not due to cross- 
linking. There is a possibility of an equilibrium between a tetrameric and 
a dimeric form, but the experimental difficulties could well account for the 
found association being less than 4.

In preinitiated conventional copolymerization, with comparable amounts 
of both monomers initially present, there is no measurable ultraviolet ab­
sorption of the polystyryl carbanion in the early stages of reaction, and 
virtually all the chains end in polyisoprenyllithium. This is because of 
the slow rate of reaction of styrene with the polyisoprenyllithium chain end 
to give polystyryllithium (Fig. 1), and the very rapid reaction of isoprene 
with the polystyryllithium when it does form to give back polyisoprenyl­
lithium (Fig. 2).

Under these conditions the major reaction is the reaction of isoprenyl- 
lithium with isoprene. The rate of consumption of isoprene in the presence 
of comparable amounts of styrene, as measured by vapor-phase chroma­
tography is in fact close to the normal homopolymerization rate, as is 
shown by two points in Figure 1. The rate of incorporation of the styrene 
into the copolymer would be governed initially by the comparatively low 
rate of addition of styrene to the isoprenyllithium and accounts for the low 
styrene content in the copolymer. In the later stages of the reaction when 
the isoprene has been consumed, the rate becomes that of the homopoly­
merization of styrene.
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The low styrene content of the initial copolymer has at times been 
attributed to the preferential absorption of isoprene around the active 
chain end.4-6 If this were so, the rate of reaction of the isoprenyllithium 
with styrene would be lower in the presence of isoprene than in its absence. 
The rate in the absence of isoprene is given by the crossover rate measured 
above. The rate in its presence is closely given by the rate of consumption 
of styrene in the initial stages of an actual copolymerization, as the major 
chain end present is the polyisoprenyllithium. Some such rates of styrene 
consumption in the presence of severalfold excess of isoprene are shown in 
Figure 1, and are in fact somewhat higher than in the straight crossover 
reaction, and preclude the possibility of preferential absorption of isoprene. 
The higher rates are possibly due to the build up of a small amount of poly- 
styryllithium. The presence of less than 0.1% of the chain ends in this 
form would account for this rate if the normal association occurred.

The possibility of absorption of monomers in large amounts around 
chain ends in homogeneous ionic polymerization has been suggested several 
times.12 If this were true, the internal kinetic order of reaction of the 
monomer would tend toward zero at high monomer concentration, or 
deviate from first order when the monomer concentration fell below that 
of the initiator, according to the details of the schemes proposed. The 
close adherence to first-order kinetics is easily demonstrated for isoprene 
in its homopolymerization as the reaction may be followed spectrophoto- 
metrically for many half lifetimes. Several reactions were so followed, but 
none were found to deviate from first order. The two furthest followed 
were followed for twelve half lifetimes, and the rate constants measured 
over four successive periods of three half lifetimes are given in Table II.

The reactions are first-order in monomer from 250 times the chain-end 
concentration to V® of its concentration. Thus the number of chain ends 
with isoprene absorbed on them if any, must be very restricted and not 
kinetically significant.

From the knowledge of the four rate constants it is possible to calculate 
that the initial copolymer should contain 13% by weight of styrene if the 
initial concentrations of isoprene and styrene are equal. Literature values 
for hydrocarbon solvents are 12, 15, and 17%, and that found in cyclo­
hexane was 15%.

TABLE II
Propagation Rate in the Polymerization of Isoprene

[Isoprene]

[PI],
mole/1. 
X 103

Initial,
mole/1.

Lowest 
measured, 

mole/1. 
X 104

IO4 X  Rn for half-lifetime, sec. 1

1-3 4-6 7-9 10-12

4.13
3.26

1 .03 
1.22

1.6  
3 .6

7.42 7.49  
7.15 7.09

7,56 7.56  
7.02 6.82
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Thus the early parts of the copolymerization can be described in terms 
of the four reactions and two equilibria:

Ki
[PI]4 — 4PI (1)

ku
pi  +  I -------- > p i (2)

PI +  S — PS (3)
Ks

[PS]2;=± 2PS (4)
/css

PS +  S --------- > PS (5)
ksi

PS +  I --------- * PI (6)

The reactions controlling the rate of consumption of monomer are those 
in the first half of the scheme. However this simple scheme is almost 
certain to fail somewhat later in the reaction as the isoprene concentration 
falls, because an appreciable fraction of the chains will begin to end in 
polystyryllithium, and cross-association between the two types of chain end 
may be important and complicate the association equilibria.

The reactivity ratios may be calculated from the found rate constants, 
and where styrene is Mi, n  =  0.046, and r2 =  16.6, thenrp^ = 0.76. The 
product of the reactivity ratios is somewhat less than one, and suggests a 
slight tendency for the crossover reactions to be preferred over homopoly­
merization. This method might have its shortcomings, however, as 
penultimate effects could occur in true copolymerizations which are not 
measured here.

In reactions with both polystyryl and polyisoprenyl chain ends, isoprene 
is very much more reactive than styrene. This is a far truer reflection of 
the reactivities of these monomers under these conditions than is a com­
parison of the homopolymerization rates where the association effects are 
not cancelled. It is interesting to note that the reactivities of styrene and 
isoprene are the reverse of those found in ether solvents by copolymer 
composition7 when lithium is the counterion.

The polyisoprenyllithium chain-end reaction rate is far less than that of 
polystyryllithium with either monomer in the range covered here, but since 
comparison of the rates of different chain ends incorporates consideration 
of the unknown equilibrium constants, it is not possible to say which un­
associated chain end has the higher reactivity.
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Résumé

La copolymérisation de l ’isoprène avec le styrène, initiée par le sec-butyllithium, en 
solution dans le cyclohexane a été étudiée par des méthodes cinétiques. Les vitesses 
d ’homopolymérisation ont été mesurées par les méthodes habituelles. Les vitesses des 
réactions de propagation croisée ont été mesurées par la vitesse d’apparition ou de dis­
parition de l ’absorption ultraviolette du polystyrylithium lorsqu’on fait réagir chacune 
des fins de chaînes avec le monomère opposé en absence du premier monomère. Les 
vitesses de certaines réactions ont également été mesurées en présence de l ’autre mono­
mère. On a trouvé cpie le polyisoprényllithium réagissait avec les deux monomères 
suivant un ordre-0.25 et le polystyryllithium suivant un ordre-0.5. On a pu décrire la 
copolymérisation sur la base de quatre constantes de vitesse individuelles et prédire la 
composition du copolymère initial. Il n’est pas nécessaire de faire usage d’explications 
basées sur l’absorption préférentielle d ’isoprène autour des fins de chaînes pour expliquer 
la teneur elevée en isoprène au sein du copolymère.

Zusammenfassung

Die mit see-Butyllithium in Cyclohexanlösung gestartete Copolymerisation von Iso­
pren und Styrol wurde mit kinetischen Methoden untersucht. Die Geschwindigkeiten 
der Homopolymérisation wurden mit den normalen Methoden gemessen. Die Gesch­
windigkeit der gekreuzten Wachstumsreaktion wurde durch die Geschwindigkeit des Auf­
tretens oder Verschwindens der UV-Absorption von Polystyryllithium bei Reaktion der 
individuellen Kettenenden mit dem entgegegnesetzten Monomeren in Abwesenheit des 
gleichen bestimmt. Die Geschwindigkeiten einiger Reaktionen wurde auch in Gegenwart 
des anderen Monomeren gemessen. Es wurde gefunden, dass Polyisoprényllithium mit 
beiden Monomeren mit der Ordnung ein viertel und Polystyryllithium mit der Ordnung 
ein halb reagiert. Es war möglich, die Copolymerisation mit den vier individuellen ( lesh- 
windigkeitskonstanten zu beschreiben und die Anfangs-Copolymerzusammensetzung 
vorherzusagen. Es war nicht notwendig zur Erklärung des hohen Isoprengehaltes des 
Copolymeren eine preferentielle Absorption des Isoprens um die Kettenenden anzuneh­
men.
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Revised May 2, 1967 
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EXPERIMENTAL

Cellulosic Materials

Commercial absorbent cotton (cotton), bleached kraft pulp (KP),
bleached sulfite pulp (SP), and bleached semichemical pulp (SCP) were
used untreated; SP was also treated as shown in Table I to prepare
reduced as well as oxidized cellulosic materials.

TABLE I
COllditiollS of Oxidative and Reductive Treatment 011 ~ulfite PilIp

Temper-
Concentration Ratio of pH of ature, Time,

Reagent of reagent bath bath °C. hr.

Ceric salt O.OlM in 0.035M 70 1.7 25 24
nitric acid

Potassium O.05N in 2N 40 25 :>
dichromate sulfuric acid

Sodium 0.02N in buffer 40 7.0 2ii ,!j

hypochlorite solution
tiodium 0.02N in buffer 40 10.0 2;; "hypochlorite solution
Sodium boro- O.05M in IN sodium 70 12.2 25 4~

hydride hydroxide
_._----- ----

Analytical Methods

Carboxyl Groups. 2 The cellulosic material was washed with O.IN
hydrochloric acid, then with distilled water, and treated with a 0.3 mN
calcium acetate solution. The cation adsorbed on the sample was deter­
mined from the calcium ion concentration in the filtrate and the carboxyl
content calculated.

Aldehyde Groups.3 The cellulosic material was oxidized with a 0.01111
sodium chlorite solution (pH = 3.52) at 40°C. for 3 hr., the increase in
carboxyl content due to the oxidation determined, and the aldehyde con­
tent calculated.

Total Carbonyl Groups.4 The cellulosic material was allowed to react
with a hydroxylamine hydrochloride solution (50 g./I.) whose pH was ad­
justed to 5.2 by IN sodium hydroxide for 2 hr. at 55°C. and the liberated
hydrochloric acid was determined. The pH for standardization was ad­
justed to 3.2.

Number of Grafted Chains. This was determined from the weight of
grafted chains calculated from the per cent grafting B (in grams/lOO g.
cellulose) and the average molecular weight of grafted chains M according
to the equation:

Number of grafted chains (mmole/lOO g. cellulose) = B/M

Copper Number. This was determined by Tappi standard method
T2I5m-50.
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Weight-Average Molecular Weight o f Grafted Chains. Grafted poly­
mer was isolated with 72% sulfuric acid, dissolved in acetone, and the 
weight-average molecular weight determined from the viscosity of the 
acetone solution by using the same equation (fa] =  0.90 X 10_4d/°-69) as 
in the previous report.1

Graft Copolymerization

The polymerization procedures are the same manner as reported pre­
viously.1 A 2.5-ml. portion of methyl methacrylate was emulsified 
with 25 ml. of distilled water and 0.127 g. of non-ionic emulsifier, and 
0.5 g. of cellulosic material was placed in the reaction vessel together 
with the emulsified solution. A solution containing a known amount of 
ceric salt in 15 ml. of 0.1 N nitric acid was then added.

The polymerization reaction was carried out at 45°C. for 60 min. in 
nitrogen atmosphere and stopped with hydroquinone solution.

RESULTS AND DISCUSSION

Copper Number and Carbonyl and Aldehyde Contents 
in Cellulosic Materials

The relationship between the copper number expressed as reduction 
equivalent and the total carbonyl content for various cellulosic materials 
is shown in Figure 1. Liedman-Safwat and Theander5 reported that 
the relationship between copper number and carbonyl content is linear, 
but the slope of the line varies depending upon the degree of oxidation. 
Linear relationships are seen for the untreated samples in Figure 1, but 
no definite relationships are recognizable when oxidized or reduced samples 
are included.

Figure 1.
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Figure 2.

The relatiollship between the total carbollyl content and the reactive
portion,l which is determined from the rate of consumption of the ceric
salt, is shown in Figure 2 for these samples. Linear relationships are
obtained, and the molar ratio of the two is approximately 1:1.6. Samples
reduced by sodium borohydride deviate from the linear relationship,
and this is probably due to a low reactivity of carbonyl groups present
in the samples t;:nvards the ceric salt.

TABLE II
Aldehyde and Total Carbonyl Group Content of Cellulosic :Material

Cellulosic material

CottOll
KP
81'
SCI'
81' oxidi~ed with potas­

sium dichromate
SP oxidized with sodium

hypocWorite at pH 4, 4 hr.
81' oxidized with sodium

hypochlorite at pH 4, 18 hI'.
81' oxidized with sodium

hypochlorite at pH 7
81' oxidized with sodium

hypochlorite at pH 10

CHO, Total C=O,
mmole/l0D g. mmole/100 g.

cellulotie cellulotie

D.ll 2 . .')0
0.61 .') . .')5
0.73 14.0
2.9.1 23.2
139 16.7

0.95 21. .')

1. 69 18.6

1.00 27.7

0.23 24.2
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Aldehyde groups are more reactive than carbonyl groups towards 
an oxidizing agent and seem to exert more influence on the graft copoly­
merization. Morrow3 determined aldehyde and carbonyl contents in 
commercial pulps and noticed an almost linear relationship between the 
two groups. The relationships between the total carbonyl content and 
the aldehyde content in various celluloses are shown in Table II. The 
aldehyde content is less than about 1/i0 the carbonyl content, and no 
well-defined relationship is seen between the ratio of the two groups and 
the conditions for treating pulps.

Relationship Between Maximum Grafting 
and the Carbonyl Content

The relationship between the ceric salt concentration and the per cent 
grafting is shown in Figure 3 for graft copolymers on various celluloses 
obtained under standard polymerization conditions.1 As other investi­
gators reported previously,1’6-8 there is a maximum per cent grafting 
at a certain concentration of ceric salt for each sample. Ide and co­
workers7 explained this phenomenon as follows: a backbone polymer
radical is oxidized secondarily by the free ceric ion, and this oxidation 
takes place with more ease at the ceric salt concentration which will 
show the maximum per cent grafting. However, as will be described 
below, the number of grafted chains keeps increasing with the ceric salt 
concentration, even beyond the concentration showing the maximum 
per cent grafting, and secondary oxidation alone appears insufficient to 
explain this phenomenon. We reported previously that the ceric salt 
concentration showing the maximum per cent grafting roughly agreed 
with the reduction equivalent corresponding to the copper number. For 
the samples examined in the present study, a definite correlation is seen

Figure 3.
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TABLE III
Relationship of Total Carbonyl Group Content to Ceric 

Salt Concentration at Maximum Per Cent Grafting

Ceric salt concentration at
. c.- Total C=maximum per cent grafting 

----------------------------------------------------- mole/

Cellulosic material mmole/l.
mmole/ 1 0 0  g. 

cellulose
1 0 0  g.

cellulose

Cotton 0 .5 -1 .0 4.25-8 .5 2.50
KP 0 .5 -1 .0 4 .25-8 .5 5.55
SP 1 .0- 2 . 0 8.5 -17.0 14.0
SCP 2 .5 -3 .5 21.2-29.8 23.2
SP reduced with sodium 0 .5 -1 .0 4 .25-8 .5 7.53

borohydride
SP oxidized with ceric 2 .0 -3 .0 17.0-25.5 2 0 . 0

salt
SP oxidized with 2 .0 -3 .0 17.0-25.5 16.7

potassium dichromate
SP oxidized with sodium 2.5 -3 .5 21.2-29.8 27.7

hypochlorite at pH 7
SP oxidized with sodium 

hypochlorite at pH 10
2 .0 -3 .0 17.0-25.5 24.2

between the ceric stilt concentration showing the maximum per cent 
grafting and the total carbonyl content in the cellulosic material, as 
shown in Table III. It is apparent here that the cellulosic material with 
a higher total carbonyl content requires a larger quantity of ceric salt, 
but the per cent grafting of the graft copolymer does not necessarily 
depend upon the total carbonyl content in the sample. A possible ex­
planation for this is that, as Sihtola and Neimo9 pointed out, carbonyl 
groups with varying degrees of reactivity are produced in cellulose, de­
pending upon the method of oxidative treatment.

No definite quantitative relationship was found between the maximum 
per cent grafting and the aldehyde content.

Weight-Average Molecular Weight o f Grafted Chains

It is widely recognized1’10 that the average molecular weight of grafted 
chains increases with decreasing ceric salt concentration and increasing 
monomer concentration. The ceric salt concentration is plotted against 
the reciprocal of the average molecular weight for various cellulosic mate­
rials in Figure 4. Each sample gives a broken line composed of two lines 
of different slope in a certain region of ceric salt concentration, and the 
ceric salt concentration at the inflection point roughly agrees with that 
which gives the maximum per cent grafting.

It is inferred from the linear relationship between the ceric salt con­
centration and the average molecular weight of grafted chains that the 
termination of the graft copolymerization proceeds mainly by the re­
action of ceric ion with a growing radical. A similar mechanism of ter-
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TOTAL C =0  CONTENT (mmoles/IOOg ce l l . )

Figure 5.

ruination is reported for the graft copolymerizations involving acryla­
mide and cellulose,11 acrylonitrile and ethylene glycol,12 and acrylamide 
and dextran.1*

The effects of the ceric salt concentration on the average molecular 
weight of grafted chains are large in the region of the straight line with 
a steep slope in Figure 4. However, the differences among the various 
celluloses are slight, and this indicates that the total carbonyl content
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[m] (m o I e s /  I)

Figure (i.

does not appreciably influence the average molecular weight of grafted 
chains.

On the other hand, when the ceric salt concentration exceeds the point 
which gives the maximum per cent grafting, the slope of the line becomes 
less steep, and the differences among the cellulosic materials show up 
distinctly, although the effects of the ceric salt concentration on the 
average molecular weight of grafted chains are small.

When a ceric salt concentration which is slightly higher than the one 
giving the maximum per cent grafting was used, a linear relationship 
was noticed between the reciprocal of the average molecular weight of 
grafted chains and the total carbonyl content as shown in Figure 5. It is 
apparent that the average molecular weight of grafted chains formed 
tends to decrease as the total carbonyl content in cellulose and the ceric 
salt concentration increase. It is also seen from Figure 6 that there is 
a linear relationship between the average molecular weight of grafted 
chains and the monomer concentration.

Number o f Grafted Chains

The number of grafted chains in graft copolymers increases with the 
ceric salt concentration, as shown in Figures 7 and 8. As was mentioned 
in our previous report, a plot of the logarithm of the ceric salt concentration 
against the number of grafted chains gave an inflected line which changed 
slope at the ceric salt concentration giving the maximum per cent grafting 
for each cellulosic material. Since the total carbonyl content is closely 
related to the ceric salt concentration giving the maximum per cent 
grafting, the relationship between the total carbonyl content and the 
number of grafted chains is shown in Figure 9.

The number of grafted chains shown in Figure 9 is obtained at a ceric 
salt concentration higher than the one giving the maximum per cent
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Figure 7.

Figure 8 .

grafting, and it is clear that a sample with a higher total carbonyl content 
shows a larger number of grafted chains. However, the number of grafted 
chains and the total carbonyl content differ greatly from each other as 
the molar ratio of about 1:50 indicates, and it is considered that some of 
the carbonyl groups participate in formation of grafted chains.

The aldehyde group is more reactive than the carbonyl group and it 
has been considered more closely related to the formation of grafted 
chains. However, a comparison of the aldehyde content with the number 
of grafted chains in graft copolymer with nearly maximum per cent grafting- 
does not show the presence of a definite relationship, and there is no 
conclusive evidence indicating the aldehyde group is a main cause for 
the formation of grafted chains.
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Figure 9.

Per Cent Formation o f Grafted Chains

The number of grafted chains is proportional to the ceric salt concen­
tration in the region of low concentrations (Figs. 7 and 8). It is con­
ceivable that the straight line portion is the region where the reactive

l o g  [ c h o ]

Figure 10.
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aldehyde groups participate, and the slope of the line is different for each 
cellulosic. material. The per cent ratio of the number of grafted chains 
formed (mmole/100 g. cellulose) to the aldehyde content in the cellulosic 
material (mmole/100 g. cellulose) when a unit amount of the ceric salt 
is used is defined as the per cent formation of grafted chains, and the 
relation of this value to the aldehyde content in the cellulosic material 
was studied. The results indicated that a sample with a higher aldehyde 
content shows a smaller per cent formation of grafted chains, that is, a 
good linear relationship was found between the logarithm of the per 
cent formation of grafted chains and the logarithm of the aldehyde content 
in the cellulosic material (Fig. 10).

As is apparent in Figure 9, the number of grafted chains in the graft 
copolymers varies considerably, depending upon the cellulosic material 
at ceric salt concentrations higher than the concentration giving the 
maximum per cent grafting. In this case as well, a linear relationship 
was obtained as shown in Figure 11 when the per cent formation of grafted 
chains based on the carbonyl content in the cellulosic material is plotted 
against the reciprocal of the carbonyl content at a given ceric salt con­
centration.

Mechanism o f Graft Copolymerization

The reciprocal of the average molecular weight of grafted chains formed 
by graft copolymerization changes linearly with the ceric salt concentration 
and also with the total carbonyl content in the cellulosic material (Figs. 
4 and 5). Furthermore, there is a linear relationship between the molec­
ular weight and the monomer concentration (Fig. (>). Consequently 
the elementary reactions (l)-(G) were assumed for the graft eopolymeriza- 
tion.
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Initiation:
k ka

C e+4 +  Cell— IT y .. -M Complex -----------> Cell- +  C e+3 +  H + (1)
ki

Cell • +  M ---------- > Cell— M • (2)
ki'Ce+4 +  M --------- > M- +  Ce+3 +  TI + (3)

Propagation:
kp

Cell— M „• +  ¡VI---------- > Cell— M „ + ,■ (4)

M , n ■ +  M  ^  > M m  + i • ( 4 ' )

Termination:
k t

Cell— M„- +  C e+ 4 ----------> Cell—M , +  Ce+ 3 +  11+ (5)

M m- +  C e+ 4  ► Mm +  C e+3 +  H + (5 ')
ko

Cell- +  C e+ 4 -----------> Oxidative products +  Ce+3 +  I I + (6 )

Here, Cell—H denotes a reactive group in cellulose; AI is monomer; 
K  is the equilibrium constant; and kit k/, kv, kp', kt, k/, and fro are rate 
constants.

Equations (4') and (5') are, respectively, propagation and termination 
reactions for homopolymers, and eq. (6) is the stabilization of a cellulose 
radical by ceric ion. It is assumed that the homopolymer and graft 
copolymer show the same rate constant, that is, kv =  fr/ and k, =  k/.

By applying steady-state conditions to the concentrations [Cell-] and 
[Cell—M-] in reactions (l)-(fi), the overall rate of polymerization can 
be expressed by eq. (7).

RP
fc, |  _ f r rfK [C cll: r H] 1
kt 1 J l [M] +  (fro/frd [Ce+4]f

(7)

Katai and co-workers12 reported that eq. (7) can be applied to the 
ethylene glycol-acrylonitrile system. On the other hand, the number- 
average molecular weight of polymers,1 P n, can be represented by eq. 
(8). This equation treats the sum of grafted polymers and homopolymers, 
but in this paper only the grafted polymers are considered.

1 =  [Ce+4] [ /  / | fr/' kd iv [Cell—H ] 1 
Pn frJM] L ' +  kf{ [M] +  (fro/frq) [Ce+4] } .

Equation (8) is derived by taking into account participation of a cel­
lulose radical in the termination reaction, as is shown in eq. (o").

kt"
Cell— M „- -T Cell - ---------- » Stabilization (5")

In their study of the ethylene glycol-acrylonitrile system using a ceric 
salt as an initiator, Katai and co-workers12 estimated that ka/kt =  50,
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and reported that the rate constant for the oxidation of radicals formed 
is considerably larger than the rate constant for the initiation. Assuming 
that (*:,/*.) [Ce+4] »  [AI ], ccp (7') and (S') are obtained.

Rv =
k,

[M]2
kf kd K  [Cell—H]) 

*o[Ce+4] /

1 = /i'JCe+4J k k aK[ Cell- Id]
Pn A-JIVI] kv U  M]

(7')

(SO

Equation (SO should hold approximately even when the weight-average 
(P„.) is used in place of P„,  and this equation explains quite well the linear 
relationship between the carbonyl content and the reciprocal of the average 
molecular weight of grafted chains (Fig. 5) and that between the monomer 
concentration and the average molecular weight of grafted chains.

In the graft copolymerization, the initiation reaction mainly proceeds 
via eq. (5). However, since the effect of the total carbonyl content in 
the cellulosic material on the molecular weight of grafted chains is apparent, 
the termination reaction (5") docs not seem negligible.

On the assumption that the number of grafted chains in graft copolymers 
is proportional to R p/P,„ eq. (9) can be derived from eqs. (7') and (S')-

Number of grafted chains «■

k/k/' +  kjc

Rv = kdK  [M ]
P n  A'o

'A-0fc/[Ce+4] 
. kdK

k.
[Cell—H ] +

kjk/'kJ-C [Cell— II]2 
k,k0[Ce+i] (9)

As linear relationships are observed between the number of grafted 
chains and the ceric salt concentration as well as the total carbonyl content 
(Figs. 7-9), the third term in eq. (9) is negligibly small, which leads to 
eq. (90-

Rv = kdK [M] I- k0k/ [Ce+4]
Pn A'o _ kdK

k/k tr
t

kt
k ik t [Cell—H ] (90

Division of both sides of eq. (90  by [Cell— H] gives the per cent formation 
of grafted chains:

Per cent formation of grafted chains
)A'/[Ce+4][.AI] 
I [Cell—II ] +

kdK(k/kt" +  kt kt)
kokt } X 100 (10)

The region where the number of grafted chains increases with the 
ceric salt concentration in Figures 7 and 8 is regarded as the region where 
aldehyde groups in cellulose participate in the reaction. The linear 
relationship in Figure 10 can be explained if [Cell—H] is replaced with the
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aldehyde content and the second term is negligibly small compared with 
the first term in eq. (10).

It is already clear that all the carbonyl groups in the cellulosic material 
participate in the reaction when the ceric salt concentration used is higher 
than that which gives the maximum per cent grafting. The molar concen­
tration of total carbonyl groups is more than ten times that of aldehyde 
groups, and in this case the first term in eq. (10) may assume a slightly 
smaller value. When the second term is not negligible compared with the 
first, the per cent formation of grafted chains becomes proportional to the 
reciprocal of the total carbonyl content; this relationship is clearly 
shown in Figure 11.
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Résumé

La copolymérisation greffée du méthacrylate de méthyle sur des matériaux cellu­
losique à des teneurs variables en fonctions carbonyliques et aldéhydes en utilisant des 
sels cériques comme initiateurs a été étudiée. On a prouvé que la concentration de sels 
cériques qui donne le maximum de pourcentage de greffage est en accord avec un équiva­
lent de la teneur totale en fonction carbonylique (I) du matériaux cellulosique, et le 
nombre de chaînes greffés dans le polymère, est approximativement proportionnel à 
(I). Toutefois, le rapport molaire du nombre de chaînes greffées à (I) est faible, étant 
approximativement égal à 1:50, et la copolymérisation greffée peut être expliquée 
cinétiquement en admettant que le nombre des radicaux produits sur la cellulose au 
moyen du sel cérique amenant à ramification est beaucoup plus petit que le nombre de 
radicaux détruits par le sel cérique; les radicaux en croissance peuvent être stabilisés 
par une réaction de terminaison entre le sel cérique et un radical cellulosique. Bien que 
les groupes aldéhydes et carbonyliques contribuent à la fois à la formation de chaînes 
greffées, le premier est en moyenne le plus effectif aux faibles concentrations en sel 
cérique; les deux groupes qui participent à la production de copolymères greffés mont rent 
un maximum de pourcentage de greffage.

Zusammenfassung

Die unter Verwendung eines Cer(IV)-Salzes als Starter durchgeführte Pfropfcopoly- 
merisation von Methylmethacrylat auf Cellulosematerialien verschiedenen Carbonyl- 
und Aldehydgehalts wurde untersucht. Es wurde gefunden, dass die Konzentration
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des Cersalzes, die die maximale prozentuelle Pfropfausbeute ergibt., in guter Überein­
stimmung mit dem Äquivalent an Gesamtcarbonylgehalt (I) im Cellulosematerial 
steht; die Zahl der aufgepfropften Ketten ist (I) ungefähr proportional. Das molare 
Verhältnis von gepfropften Ketten zu (I) ist jedoch ausnehmend niedrig und beträgt 
etwa 1:50. Die Pfropf Copolymerisation kann kinetisch auf Grund der Annahme 
erklärt werden, dass die Zahl der durch das Cersalz an der Cellulose produzierten Radi­
kale, die zu einer Verzweigung führen, sehr viel kleiner als die Zahl der durch das 
Cersalz zerstörten Radikale ist, und dass wachsende Radikale durch Abbruchsreaktion 
mit dem Cersalz oder mit einem Celluloseradikal stabilisiert werden können. Obwohl 
sowohl Aldehyd- als auch Carbonylgruppen zur Bildung von gepfropften Ketten beit­
ragen, sind bei niedrigen Cersalzkonzentrationen vornehmlich erstere wirksam. An der 
Bildung von Pfropfcopolymeren nehmen beide Gruppen teil, wobei sie die maximale 
prozentuelle Pfropfung zeigen.

Received March 27, 1967 
Revisecl June 7, 1967 
Prod. No. 117A
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Role of /mra-Substituted Phenols in Curing 
Resole-Type Phenolic Resins*

JACOB S. RODIA.f
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235

Synopsis

Certain para-substituted phenols, namely, those phenols without orlho substituents 
and containing an electron-attracting atom or group in the •para position, e.g. p-nitro-, 
p-bromo-, and p-chlorophenol, hasten gelation of etherified phenolic resoles. A mecha­
nism involving cleavage of dibenzyl ether linkages in these resins is proposed to explain 
gelation.

INTRODUCTION

It is known in the art of phenolic resin manufacture that resoles or the 
so-called one-stage resins contain methylol groups and require heat and/or 
acids, e.g. sulfuric phosphoric, hydrochloric, oxalic, and p-toluenesulfonic 
acid, for cure.1 A typical resole is illustrated by the structure I.

OH OH

Because the use of heat alone requires rather long curing cycles, strong- 
acids generally have been employed to effect cure of these resins. How­
ever, Hoyt et al.2 have demonstrated that such strong acids, particularly 
nonvolatile ones like sulfuric and phosphoric, cause degradation when left 
unneutralized in the resin.

EXPERIMENTAL

Chemicals used were commercial products of high purity.

Dianisyl Ether

This ether was prepared according to Pratt and Erickson3 from p-me- 
thoxybenzyl alcohol with p-toluenesulfonic acid as a catalyst. Efforts to

* Presented before (he Polymer Division of the American Chemical Society, 140th 
National Meeting, Chicago, 1961.

f Present address: Chemistry Department, Saint Joseph’s College, Renssalaer,
Indiana.
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Figure 1.

Figure 2.

distil under reduced pressure the crude ether after neutralization of the acid 
catalyst produced only two small fractions, (1) b.p. 90-92°C./1.5 mm. 
Hg and (2) b.p. 161“ 176°C./1.5 mm. Hg. The residue after distillation 
was a brittle solid whose infrared spectrum showed the absence of an 
absorption band at 9.2 ¡x which is characteristic of the — CH2OCH2— 
grouping. (Figs. 1 and 2). Fraction 1 was identified as anisaldehyde by 
its 2,4-dinitrophenylhydrazone derivative, m.p. 253.6-254.0°C.; fraction 2 
after purification was characterized as bis(p-methoxyphenyl)-methane, 
m.p. 46-48°C., which showed no depression when mixed with an authentic 
sample and whose infrared spectrum was identical to that of a synthetic 
sample.

Reaction o f Dianisyl Ether and p-Bromophenol

Dianisyl ether and p-bromophenol were reacted each in 0.1 molar quan­
tities at 130-140°C. for 3 hr. Reaction set in at 80°C. with a splitting- 
out of water. Subjecting the reaction mixture to distillation under re­
duced pressure yielded 0.05 mole of unreacted bromophenol and a brittle
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Figure 3.

polymeric material as a residue. This resin by chemical analysis contained 
10.8% bromine; its infrared spectrum (Fig. 3) with a band in the 2.8 v 
region indicated the presence of hydroxyl groups. The absence of a band 
in the 9.2/r region indicated that dibenzyl ether linkages were destroyed in 
reaction.

Reaction of p-Methoxybenzyl Alcohol and p-Bromophenol

A charge of 0.8 mole of p-methoxybenzyl alcohol and 0.1 mole of p-bromo- 
phenol was heated at 140°C. for 3 hr. A slight vacuum was applied to the 
system which was set for distillation to remove water formed during reac­
tion. Yield of water was 8.0 g. Extraction of the reaction mixture with 
10%  sodium hydroxide followed by neutralization with dilute hydrochloric 
acid failed to yield any unreacted p-bromophenol. Distillation under re­
duced pressure of the liquid reaction mixture produced a fraction, b.p. 
159-160°C./0.2 mm. solid, m.p. 124-125°C. The yield was 7.8 g. A 
second recrystallization from n-hexane gave a product melting at 125.8- 
126.4°C.

Figure 4.
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Anal. Calcd. for p-methoxybenzyl-jp-bromophenyl ether, CuIIuOjBr: Br, 27.8%. 
Found: Br, 27.5%.

Its infrared spectrum (Fig. 4) showed a strong para-substitution band in 
the 12 n region and the absence of a hydroxyl band. A subsequent fraction 
distilling at 148-159°C./0.1 mm. Hg and weighing 35.3 g. was obtained 
which yielded additional phenyl ether when extracted with hot petroleum 
ether (40-60°C.).

RESULTS AND DISCUSSION

It has been found that phenols with electron-withdrawing groups in the 
para position are capable of curing resole-type phenolic resins; examples 
include p-nitropheuol, p-bromophenol, and p-chlorophenol. The use of 
such phenols has a distinct advantage over using strong acids, in that no 
base is required for neutralization to prevent degradation of the polymer, 
as the substituted phenols become part of the polymer chain by reaction 
with dibenzyl ethers in the resole.

Phenols without ortho substituents are essential for cure of these resins, 
as atoms or groups substituted ortho to the phenolic hydroxyl group, e.g.,
2,6-dibromophenol, interfere with the curing ability of the phenol. The 
fact that only certain para-substituted phenols (p-nitro- and p-bromo- 
phenol, but not p-cresol, 2,4-dimethylphenol, and 2,6-dibromophenol) 
are effective suggested the importance of ionization constant and function­
ality of the phenols. A plot of pK a of para-substituted phenols versus 
gelation time of resin reveals a direct relationship (Fig. 5). This, as will 
be seen, is in good agreement with the findings that gelation occurs through 
cleavage of dibenzyl ether linkages by the acidic phenols.

Figure 5.
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In an effort to gain insight into the mechanism by which these phenols 
cure resole-type resins, model compounds similar in chemical structure 
and reactivity to those present in the resins were prepared and studied 
under similar experimental conditions. Since these modified phenolic 
resins contain an excess of methylol groups (formaldehyde:phenol 
ratio of 1.5:1), p-methoxybenzyl alcohol was chosen as a representative 
model and studied in its reaction with p-bromophenol. When reacted in 
a ratio of eight molecular equivalents of p-methoxy benzyl alcohol to one 
of p-bromophenol, a 25% yield of p-methoxybenzyl-p'-bromophenyl ether 
was obtained (see Experimental section).

Because reaction between methylol groups and phenolic hydroxyls to form 
phenyl ethers could not possibly explain curing of the resins, the possi­
bility of splitting dibenzyl ether linkages by para-substituted phenols was 
investigated. Additional impetus was given to this study when it was 
learned that methyl- and allyl-etherified phenolic resins contain the di­
benzyl ether linkage as a principal bond (approximately 50%). The data4 
for an ally 1 etherified resin are shown in Table I.

TABLE I

Functional
group

Ratio functional 
groups/

Functional groups/ phenolic nucleus
100 g. resin (155)

Total hydroxyl (A) 0.276
Methylol and dibenzyl 0.372

ethers (B)
Phenolic hydroxyl (C) 0.172
Methylol (D) =

(A-C)
Dibenzyl ethers (B-D)

0.43 ±  0.01 
0.58 ±  0.2

0.29 ±  0 . 0 1  
0.16 ±  0 . 0 2

0.42 ±  0.04

These analytical data coupled with the experimental finding that reaction 
between dianisyl ether and p-bromophenol gives a polymeric material indi­
cate that these particular para-substituted phenols hasten the cure time of 
resole-type etherified phenolic resins by cleavage of dibenzyl ether linkages 
in the resin.

One explanation of the above data is that the particular phenol, either 
through association or hydrogen bonding with an electron pair of the ether 
oxygen atom, causes a weakening and ultimate cleavage of the carbon- 
oxygen bond of the ether into benzyl alcohol and a benzyl cation. The
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latter, because of its strong electrophilic nature, attacks the phenol at its 
position of high electron density (ortho and para) with formation of a 
methylene bridge. A second methylene linkage is formed by conversion 
of benzyl alcohol into another benzyl cation which then proceeds to attack 
another phenolic nucleus. These reactions can be depicted with dianisyl 
ether and p-bromophenol as shown in eq. (2).

OH

Polymer (2)

Formation of bis(/;-methoxyphenyl)methane by thermal decomposition of 
dianisyl ether also can be explained according to this mechanism. After 
decomposition of ether into benzyl cation and p-mct.hoxybenzyl alcohol, 
attack by a benzyl cation at amethylol site with its displacement as form­
aldehyde would give the diphenylmethane [eq. (3)].

This process gains support from the work of Fraser et al.,5 who found by 
paper chromatography that bis(2-hydroxybenzyl) ether when heated at 
150°C. with phenol yielded o-hydroxybenzyl alcohol (saligenin), 2,2 '- 
and 2,4'-dihydroxydiphenylmethane, and tri- and tetranuclear novolacs. 
In addition, displacement of a methylol group from methylol phenols is a 
well known process in phenolic resin chemistry.6-8 The reaction of dia- 
zonium salts with phenol alcohols is an example of such an aromatic sub­
stitution. Considerable experimental evidence has been accumulated 
supporting an ionic-type mechanism in which the diazonium cation has 
been proposed as the reactive species.

Results of the effect of a number of phenols on gelation time of methyl- 
and allyl-etherified phenolics and ammonia-catalyzed resole-type phenolics
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are shown in Tables II, III, and IV, respectively. The methyl- and allyl- 
etherified resins were prepared by condensation of phenol and formalin 
having a molar ratio of formaldehyde to phenol between the limits 1.0- 1.5 
to 1.0 with one molecular equivalent to sodium hydroxide followed by 
etherification with dimethyl sulfate and allyl bromide.9 In each experi-

TABLE II
Effect of Certain Phenols on Gelation Time of Met.hyl- 

Etherified Phenolic Resins

Phenol added

Resin
(52.5% solids), 

wt.-%
Time

to gel, min.

None 87
p-Nitrophenol 9.5 36
p-Bromopherol 9.5 68

2,4-Dimethylphenol 9.5 87
2,6-Dibromophenol 9.5 1 0 0

TABLE III
Effect of Certain Phenols on Allyl-Etherified Phenolic Resins

Resin
(52.5% solids), Time

Phenol added wt..-% to gel, min. pK a

None Control 107
p-Nitrophenol 14.25 44 7.16
p-Nitrophenol 9.5 44
p-Nitrophenol 4.75 81
p-Bromophenol 9.5 77
p-Bromophenol 4.75 94
2,4-Dimethylphenol 9.5 127
2,6-Dibromophenol 9.5 107
p-Chlorophenol 9.5 89 9.39
p-Hydroxyphenol 9.5 91
Phenol 9.5 1 0 0 1 0 . 0 0

p-Methylphenol 9.5 103 10.17

TABLE IV
Effect of Certain Phenols on Ammonia-Catalyzed Phenolic Resins

Phenol added

Resin
(56.0% solids) 

wt.-%
Time

to gel, min.

None Control 2 2

p-Nitrophenol 8.9 15
p-Bromophenol 8.9 24
p-Chlorophenol 8.9 23
o-Chlorophenol 8.9 30
Phenol 8.9 27
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ment, 10 g. of resin solution (ca. 50% solids) and 0.5 g. (unless stated other­
wise) of particular phenol were mixed in an aluminum foil dish and placed
in an oven at 150°C. until gelation occurred. Gelation time was taken aH

the point where resin was no longer fluid but spongy and elastic.

The anthor is grateful to Dr. Harold Lady, formerly of the Technology Departmellt,
Westinghouse Research Laboratories, Pittsburgh 3.'), Pennsylvania, for his assistance
with the infrared phase of this work.
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Resume

On pent hater la gelification de resoles phenoliqnes etherifies par l'nt.ilisation de cer­
t·ains phenob para-substitutes, notamment les phenols ne portallt pas de sllbstituants en
position ortho- et eon tenant llIl atome ou un groupe electro-capteur en position para­
tel que paranitre, brome et chIOl·e. Un mecanisme comportant.le clivage des liens ethers
dibenzyliqnes dalls ces resines est propose pour expliquer la gelification.

Zusammenfassung

Gewisse para.·mhstitniert,e Phenole, namlich jene, die keine ort ho-Snbstit,nentell nllrl
in del' para-St,elhlllg ein elektrollenanziehendes Atom odeI' eine elekt.ronenanziehende
Grnppe enthalten wie z.B. p-Nitro-, -Brom- und -Chlorphenol, beschlellnigen die Ge­
lierung veratherter phenolischer Resole. Zur Erklarung diesel' Uelierllng wird ein
::vlechanismus vorgeschlagen, del' auf del' Spaltnng del' Dihenzyliu.herhindnngen in
diesen Harzen beruht.
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Influence of SeOCl2 on the Polymerization of 
Propylene by TiCl3-A l(C 2H5) 3

KAZUO SOGA, YOSHIJI TARANO, SHIGEO GO, 
and TOMINAGA KEII, Department of Chemical Engineering, 

Tokyo Institute of Technology, Meguro, Tokyo, Japan

Synopsis

The influence of SeOCL on the polymerization of propylene by TiCI3-A l(C 2H5)3, and 
the temperature dependence of the stereospecificity of the catalyst, TiCl3-A l(C 2H»)s, 
have been investigated. SeOCL decreases the rate of polymerization and increases the 
stereospecificity of the catalyst, which could be explained on the basis of a decrease of 
the concentration of A1 Cd 1 .,u accompanied by a reaction between A1(C2H 5)3 and Se­
OCL. On the other hand, the stereospecificity of the catalyst, TiCl3-A l(C 2H5)3, in­
creases gradually with a decrease in polymerization temperature from 40 to 0°C. 
From these results, we conclude that SeOCL exerts no essential influence on the poly­
merization of propylene by TiCL-Al(C2H5)3, and that the stereospecificity of the catalyst 
is attributed mainly to the reducing ability of the organometallic compound.

INTRODUCTION

In the polymerization of propylene by Ziegler-Natta catalysts, it is gen­
erally recognized that some electron donors increase the stereospecificity 
of the catalysts. However, the detailed mechanism has remained rela­
tively obscure, because most of the investigations have been made for a 
practical use.

In the present study, we have selected SeOCL as an electron donor and 
kinetically examined the influence of it on the polymerization of propylene 
with TiCh-AK^H.Os-1 Then, with T i('l:, Al(Cdl;:):i as a catalyst, the 
temperature dependence of the stereospecificity of the catalyst has been 
investigated to ascertain whether the stereospecificity of the catalyst 
depends upon the surface heterogeneity of TiCL or upon the reducing 
ability of the organometallic compounds employed.

EXPERIMENTAL

Polymerizations were carried out with the same apparatus as reported 
previously.2 Polymerization was quenched after 75 min. with a methanol- 
1N  hydrochloric acid solution. After adequate washing with methanol 
and water, the polymers were dried overnight at room temperature in a 
vacuum oven. The intrinsic viscosity was measured at 135°C. in decalin

2815
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containing 0.1% phenyl-/3-naphthylamine under a nitrogen atmosphere. 
Molecular weight was calculated by Kinsinger’s equation3:

v =  1.07 X  10-M?„“'8 (1)

For the determination of the isotacticity of the polymer, we used the 
method of infrared spectroscopy with a Shimadzu IR-27A infrared 
spectrometer at 36°C.4 Propylene was from Mitsubishi Petrochemical 
Co., purity 99.5%. Toluene (Wako Pure Chemical Industries Co., C.P. 
grade) was purified by refluxing over sodium metal after distillation. 
TiCl3 was from Stauffer, AA grade, and A1(C2H5)3 was from Ethyl Corp. 
SeOCF (Kishida Chemical Industries Co., C.P. grade) was used as a 10 
wt.-% solution in toluene.

RESULTS

Since it is expected that the order of the addition of TiCb, A1(C2H3)3, 
and SeOCb exerts some influence on the kinetical behavior of the poly­
merization, polymerizations were carried out with the following two cases: 
case I: {SeOCb +  A1(C2H.,)3} +  TiCl3; case II: {SeOCl2 +  TiCl,} +  Al- 
(C2H6)3.

Case I

After 3.2 mmole of A1(C2H5)3 and a given amount of SeOCl2 were in­
jected into a four-necked, 500-ml. glass flask containing 250 ml. of refined 
toluene, the mixture was agitated for 40 min. at the polymerization tem­
perature under a nitrogen atmosphere. Then, 3.2 mmole of TiCl3 was 
added, and propylene was introduced after the nitrogen in the flask was 
pumped out.

The rate of polymerization changes markedly at first, then it arrives at 
a steady-state value, the kinetic behavior of which is well expressed by 
eqs. (2) or (3).5

r, =  r„( 1 +  fe~tl) (2)

or

In (r, -  =  In r„f  -  kt (3)

where l is the polymerization time, r, the rate of polymerization at t, r„ 
the stationary rate of polymerization which is determined by a trial-and- 
error method from the linearity of eq. (3), and/and k are constants. The 
stationary rates, r„, obtained with the various concentrations of SeOCb 
at 31, 41, and 61 °C. are shown in Figure 1. It can be seen from Figure f 
that polymerization can no longer proceed when the concentration of Se­
OCb reaches 1.6 mmole, where it corresponds to half of the concentration 
of A1(C2Hs),.

To explain these results, the reaction (4) has been assumed.

Al,(C2H5)r, +  SeOCb ^  X (4)
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Fig. 1 . Stationary rates of polymerization with various concentrations of SeOClj- 
and 3.2 mmole TiClj, 3.2 mmole Al(CsIi&)j, 250 ml. toluene at various temperatures.
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Fig. 2. Plots of ( C \ °  — 2Cs,)/r* vs. Cs°.

where X  is an inactive complex. [The catalyst is written as AL(0; ll.!c, 
since A1(C2H.-j)3 exists as a dimer under the experimental conditions.6] 
Then the stationary rate of polymerization may be expressed by eqs. (5) 
and (6) [or (7) ].

__________ M T aC a
1 +  K , \ C a +  K s C s  +  K  \ (  \

___  IcpK a ( C a° -  SC's0)
1 +  X a ( C a ° -  2Cs°) +  K xCs°

(o)

(6)

0 __ o r  0 1 //v x  \ „ 1
■ - 2  •Csn +  -

Ay A a / /,•
l f  1

Ay \K A +  C  A1 (71
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with

CA =  CA0 -  2  C g°

Cs = 0 
Cx = Cs°

Here is the polymerization rate constant, C'A, Cs, and Cx are the equi­
librium concentrations of A l((’2lh )3, SeOCl2, X, respectively; and K A, A's, 
and K x are the corresponding adsorption constants; and C\° and C'su 
are the initial concentrations of A1(C2H5)3 and SeOCl2, respectively.

Although there is some discrepancy in the case at 31°C., it may be said 
that the validity of eq. (7) is confirmed from the linearity in Figure 2.

The values of kv (which are considered equal to the values of ?•„ at 
Cs° = 0 in Figure 1, because K AC\ in eq. (5) is much greater than unity), 
K a, and K x  (calculated from the slopes and the intersections in Figure 2) 
are given in Table I.

TABLE II
Dependence of Molecular Weight M, on Initial 

Concentration of SeOCfi; Cs°, at 41°C.

CV,
mmole/250 ml. M v X RR*

0 4.7
0.50 5,0
0.75 5.2
1.25 5.0

?0 -© -° -_0 iI'C
It o
g o

70 8 P e v
i r e

ts O
SO£

•—5
?o -© -o~ ■ut

o OIt O O--
g o o

? 1 2 3
C/J (  m rr,oP jl/ 2 $ -0 m d .}

F i g .  3 .  D e p e n d e n c e  o f  t h e  i s o t a c t i c i t y  o n  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  S e O C L  a n d
A l ( C d L ) 3: ( O )  3 . 2  m m o l e  T i C l j ,  3 . 2  m m o l e  A l ( C 2TIr,)s, 2 5 0  m l .  t o l u e n e  in  t h e  p r e s e n c e  o f
S e O C L ;  ( © )  3 .2  m m o l e  T i C L ,  2 5 0  m l .  t o l u e n e  in  t h e  a b s e n c e  o f  S e O C L .
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Table 11 shows the dependence of the molecular weight on the initial 
concentration of SeOCb; it is seen that SeOCb exerts no influence on the 
molecular weight.

On the other hand, the dependence of the isotacticity on the initial con­
centration of SeOCb is shown in Figure 3. The isotacticity increases with 
increasing concentration of SeOCb.

Case II

After 3.2 mmole of TiCh and a given amount of SeOCb were added to a 
flask containing 250 ml. of refined toluene, the mixture was agitated for 
40 min. at the polymerization temperature under a nitrogen atmosphere. 
Then 3.2 mmole of A1(C2II5)3 was injected, the flask was evacuated, and 
propylene was introduced. Polymerizations were carried out only at 41 °C.

TABLE III
Results for Case II Polymerization at 41 °C.

Cs°,
mmole/250 ml.

TV, g. O H , /  
g. TiCL-hi'.-at.m. X ©

Isotacticity
( I . h ) ,  %

0 3 2 4.7 81
0.20 12 4.6 82
0.40 4.0 5.1 81
0. SO 0 4.9 —

The rate of polymerization in this case is also well expressed by eq. (2) 
or (3). The results, for the stationary rate of polymerization, the molecu­
lar weight, and the isotacticity (I.I.) are summarized in Table III. The 
stationary rate in this case is very small as compared with that in Case I 
and neither the molecular weight nor the isotacticity is affected by SeOCb. 
The small rate in this case may be attributed to the strong adsorption of
SeOCb.

DISCUSSION

As shown in Figure 3, the isotacticity increases with increasing concen­
tration of SeOCb in Case I. Ingberman7 found with the polymerization 
of propylene by TiCl3-A l(C 2H5)s that the isotacticity of the polymer pro­
duced increases with decreasing concentration of A1(C2H5)3. Soga and 
Iveii also found a similar result with the polymerization of propylene by 
TiCb-Zn (C2H5) 2.®

Accordingly, the present results may be explained on the basis of the 
concentration change of A1(C2H6)3 according to eq. (4). This view has been 
confirmed by the polymerization with lower concentrations of A1(C2H5)3 
in the absence of SeOCb (see Fig. 3).

Concerning the differences in the isotacticity at 31, 41, and 61°C. in 
the absence of SeOCb at [A1(C2H5)3] = 3.2 mmole, a proposal has boon
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made in the previous paper.9 From above, it may be concluded that SeOCl2 
exerts no significant effect except to act as a poison.

The question is now, why does the isotacticity increase with decreasing 
concentration of the organometallic compound.

Boor10“ 14 concluded on the basis of his series of investigations with the 
catalytic system, TiCl3-Zn(C 2H6)2 with some electron donors, that there 
exist various sites having different abilities to coordinate and orient the 
olefin on the crystal component of the catalyst. According to Iris conclu­
sion, the present results will be grasped as follows: A1(C2H3)3 adsorbs 
preferentially on the site which affords higher isotactic polymers.

However, we are somewhat doubtful of his conclusion, mainly because 
those electron donors which exert a significant influence on the isotacticity 
in the presence of TiCl3-Zn(C 2H5)2 often do not exert any influence in the 
presence of TiCl3-A l(C 2H5)3.15 We have previously reported9 that the 
lower isotacticity of a polypropylene produced by TiCl3-A l(C 2H5)3 as 
compared with that produced by TiCl3-A l(C 2H6)2Cl is attributed to the 
stronger reducing ability of A1(C2H5)3, i.e., the weaker the reducing ability 
of the organometallic compound, the higher the isotacticity of the polymer. 
The present results will be well explained on the basis of the concept that 
the lower the concentration of A1(C2H5)3, the weaker the reducing ability 
and therefore the higher the isotacticity.

TABLE IV
Dependence of Isotacticity on Polymerization Temperature“

Temperature, Isotacticity
°C. (I.I.), %

0 90, 85b
1 0 87
20 86

30 84
40 80

“ Conditions except as otherwise noted: 3.2 mmole TiCL; 3.2 mmole A1(CjH s)j; 
250 ml. toluene.

b With 7 mmole AffCffhh; 3.2 mmole TiCfi; 250 ml. toluene. The stationary rate 
in this case is almost the same as that with 3.2 mmole A1(C2H6)3, is support of our con­
cept (see text).

To confirm the validity of this concept, polymerizations were carried out 
with a rather high concentration of A1(C2H5)3 (i.e., 13 mmole/1.) and at 
varying polymerization temperatures from 40 to 0°C., and the isotacticity 
of the produced polymer was measured. The results are shown in Table 
IV. The isot acticity increases with decreasing polymerization temperature, 
although the coverage of A1(C2HS)3 is almost unity under the experimental 
conditions.16 This result strongly supports our idea, Concerning the reac­
tion between A1(C2H5)3 and SeOCl2 [eq. (4)], further study must be done.
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CONCLUSIONS

SeOCl‘2 exerts no significant- influence on the polymerization of propylene 
by TiCl3-A l(C 2H6)8.

The isotacticity of polypropylene produced by Ziegler-Natta catalysts 
is mainly attributable to the reducing ability of the organometallic com­
pound.
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Résumé

On a étudié à la fois l’ influence de SeOCl2 sur la polymérisation du propylène au moyen 
de TiCl3-A l(C 2H5)3, et la dépendance thermique de la stéréospécificité du catalyseur, 
TiCIr Ali Ü2I l,).vSet K.'b provoque une diminution de la vitesse de polymérisation et un 
accroissement de la stéréospécificité du catalyseur ce qui pourrait être expliqué sur la 
base d ’une diminution de la concentration eu AlfCzIIsh accompagnée par la réaction 
entre A1(Ç2H5)3 et SeOCl2. Par ailleurs, la stéréospécificité du catalyseur TiCh-Al- 
(C2H5)3 croît graduellement avec une diminution des températures de polymérisation 
entre 40 et 0°C. Au départ de ces résultats, on a trouvé que SeOCb n’exerce pas d’influ­
ence essentielle sur la polymérisation du propylène an présence de TiCb-AlfCoIIsh, et 
que la stéréospécificité du catalyseur doit être attribuée principalement au pouvoir 
réducteur du composé organo-métallique.

Zusammenfassung

Sowohl der Einfluss von SeOCl2 auf die Polymerisation von Propylen mittels TiCl3-  
A1(CjH s)j, als auch die Temperaturabhängigkeit der Stereospezifität des Katalysators 
TiCl3-A l(C 2H5)3 wurde untersucht. SdOCl2 setzt die Polymerisations-geschwindigkeit 
herab und erhöht die Stereospezifität des Katalysators. Dies konnte auf der Basis 
einer Abnahme der Konzentration von Al(C2H5)3erklärt werden, die im Gefolge der
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Reaktion zwischen A 1(C2H5)3 und SeOCI2 auftritt. Andererseits steigt die Stereo­
spezifität des Katalysators, TiCh-AlfCiHsh, allmählich mit abnehmender Polymerisa­
tionstemperatur (von 403C auf 0°C) an. Auf Grund dieser Ergebnisse haben wir ge­
schlossen, dass SeOCF keinen wesentlichen Einfluss auf die Polymerisation von Propylen 
mittels TiCh-AFCsHsls ausübt und dass die Stereospezifität des Katalysators haupt­
sächlich der Reduktionsfähigkeit der organoinetallischen Verbindung zuzuschreiben 
ist.

Receivcd June 7, 19(57 
Prod. No. 119A
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Kinetics of 7-Ray Polymerization of Formaldehyde 
in the Presence of Carbon Dioxide*

HISAO YOKOTA and YOZO OTSUKA.f
Takarazuka Radiation Laboratory, Sumitomo Atomic Energy Industries 

Ltd., Takarazuka, Japan, and TSUTOMU KAGIYA and 
KENICHI FUKUI, Faculty of Engineering, Kyoto University, Kyoto, Japan

Synopsis

A kinetic study of the 7 -ray polymerization of formaldehyde in toluene solution in the 
presence of carbon dioxide was carried out at temperatures of + 13  to — 17°C. Two modes 
of the polymerization, spontaneous and 7 -ray polymerization, occur in this system. The 
7 -ray polymerization, experimentally separated front the spontaneous polymerization, 
was investigated. The rate of 7 -ray polymerization increased slightly with the square 
root of carbon dioxide concentration. The rate of polymerization was also found to be 
proportional to the dose rate and the square of monomer concentration. The molecular 
weight of polymer formed was independent of the reaction condition. The apparent ac­
tivation energy was estimated to be 10.3 kcal./mole. The kinetics of the 7 -ray poly­
merization in the presence of carbon dioxide are explained quantitatively by a cationic 
mechanism, and the role of carbon dioxide is as an action of retardation for neutralization 
of the cationic initiating species, which was produced by 7 -radiation, by means of a re­
verse reaction with an electron. Physical and mechanical properties of the polymer ob­
tained by 7 -ray polymerization were also investigated.

INTRODUCTION

Ionizing radiation may be used for the polymerization of formaldehyde 
monomer.1-5 Okamura et al.8 reported that whether the polymerization 
in organic solvent at — 78°C. proceeds by an ionic or anionic mechanism 
depends on the solvent used. Chachaty et al.5 suggested a radical con­
tribution to the mechanism of this polymerization reaction at temper­
atures above — 80°C. As described by Walker,® monomeric formaldehyde 
polymerizes easily and spontaneously without any catalyst or ionizing 
radiation, even at a low temperature such as — 80°C. Most investigations 
on the radiation-induced polymerization of monomeric formaldehyde 
were carried out at a temperature below — 50°C. in order to avoid spon­
taneous polymerization.

It has been already reported in our previous paper7 that the spontaneous 
polymerization of formaldehyde proceeds by anionic initiation and the

* Paper presented at Hie 6 th Meeting of the Japan Atomic Industrial Forum, Tokyo, 
1964.

f Present address: Sagami Chemical Research Center, Sagamihara, Japan.
2825
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rate of polymerization is inversely proportional to the square root of 
the carbon dioxide concentration. The spontaneous polymerization has 
been also found to be substantially inhibited at 0°C. by addition of carbon 
dioxide at concentrations above 2 mole-%. Based upon this research, we 
have developed a new 7 -ray polymerization process for forming high molec­
ular weight polyoxymethylene at a higher temperature, such as 0°C., which 
is considered to be a more economical condition. The purpose of the 
present investigation is to determine the influence of carbon dioxide on the 
7-ray polymerization of formaldehyde and to elucidate the kinetics of poly­
merization in the presence of carbon dioxide.

EXPERIMENTAL

Preparations of formaldehyde monomer and toluene and the viscosity 
study of the polymer followed the same procedure as described in the 
previous paper.7

The liquid monomer was distilled in vacuo, and a middle fraction (10- 
60%) was simultaneously condensed into a number of glass ampules. 
Dried toluene and carbon dioxide were introduced into the system by 
using syringes through a rubber stopper fltted into the ampule. The 
sealed ampules were kept in a temperature-controlled bath during the 
reaction. Irradiation was carried out by 7 -rays from a 2000-curie 60Co 
source. The intensity of the radiation was determined by Fricke do­
simetry (G =  15.5). After the polymerization, the polymer was separated, 
washed with cold diethyl ether, and dried in vacuo.

Infrared spectra obtained by the film and KBr pellet methods were 
measured by using a Hitachi EPI-2 infrared spectrometer. Physical 
and mechanical properties such as impact and tensile strengths, elongation,

0 1 2 3 ^
COj, moles/l.

Fig. 1 . Influence of carbon dioxide on die total and spontaneous polymerization:
(•) total rate; (O) spontaneous rate. [Mol = 16.2 mole/1. in toluene solution at
U°C.; I  = 1.6 X 103 r./hr.
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heat distortion, folding endurance, and dielectric properties of the ob­
tained polymer were also investigated by the usual methods. The thermal 
stability of the capped polymer was determined by measuring the first- 
order reaction rate constant, fc222, for thermal degradation in a nitrogen 
atmosphere under constant heating at 222°C. in a methyl salicylate vapor 
bath.

Gas-phase components of the reaction system were analyzed by using 
a Hitachi RMU-5B mass spectrometer. Two samples of 50% toluene 
solution of formaldehyde containing 0 .1%  carbon dioxide were prepared 
at —7S°C. in reaction vessels which were equipped with stopcocks and 
magnetic stirrers. One of the samples was stirred for 10 min. at — 7S°C., 
and the gas-phase components of the system were analyzed by mass 
spectrography at a total pressure around 20 /an. Hg. The other was 
subjected to 7-irradiation at a dose rate of 2000 r./hr. at —7S°C.; 
gas-phase components were analyzed under the same conditions. The 
degree of conversion of the monomer was approximately 16%.

RESULTS AND DISCUSSION

Effect of Carbon Dioxide on the Polymerization 
of Formaldehyde

The polymerization of formaldehyde in toluene solution at 0°C. was 
carried out under no irradiation (referred to as spontaneous polymer­
ization) and with 7-irradiation, with increasing concentration of carbon 
dioxide in the system. The influence of carbon dioxide concentration 
on the polymer yield of both polymerizations is shown in Figure 1.

As shown in Figure 1, formaldehyde monomer which is kept at 0°C. 
and at a carbon dioxide concentration below 1.5 mole/1. undergoes spon-

Fig. 2. Influence of carbon dioxide on (•) the rate of 7-ray polymerization and (O)
inherent viscosity of the product. [M„] = 15.2 mole/1. in toluene solution at 0°C.; /  =
1.3 X 103 r./hr.
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taneous polymerization. The polymerization yield of true 7-ray poly­
merization must therefore be defined as the polymer yield calculated by 
subtracting the polymer yield of the spontaneous polymerization from 
the total yield obtained under irradiation. The polymer yield was thus 
determined as the difference between the yields of total and spontaneous 
polymerization which were simultaneously carried for each set of ex­
perimental conditions. By separating the 7-ray polymerization from 
the spontaneous polymerization, better reproducibility of experiment 
and a simple kinetic pattern were obtained.

Figure 2 shows the plots of the rate of y-ray polymerization and of 
the inherent viscosity of polymer produced against the square root of 
carbon dioxide concentration. It was found that the initial rate of 7 -ray 
polymerization increased with the square root of carbon dioxide concen­
tration, but the molecular weight of polymer was not significantly changed.

In order to elucidate the role of carbon dioxide in the 7-ray poly­
merization of formaldehyde, the variation of the gaseous components in 
the reaction system was determined by mass spectrography before and 
after the polymerization. As shown in Table I, the greater part of the

TABLE I
Gas-Phase Components of the Reaction System3

Component Initial

Mole ratio components'1 

After
polymerization0

h 2 0 . 1 0.4
o 2 1.7 1 . 0

CITO 3.4 30.8
C 0 2 1.3 1.5
n 2 1 0 . 0 1 0 . 0

a [M0] =  50 vol.-%  in toluene solution; 0 .1 %  C 0 2 added to the monomer. 
b Standardized by calculating N2 as 10.0.
c I  =  1.3 X 1 0 3 r./hr.; reaction time, 30 min.; temperature, —78°C.; conversion, ca. 

16%.

added carbon dioxide was dissolved in the liquid phase of the system and 
was not consumed during the polymerization reaction. A slight in­
crease of hydrogen was also noted after polymerization. The infrared 
spectrum, as shown in Figure 3, shows 110 absorption band originating 
from the ester C = 0  bond in the range of 1650-1780 cm.-1. It was, 
therefore, concluded that carbon dioxide does not copolymerize with 
formaldehyde monomer under the conditions used.

From the results that the rate of 7 -ray polymerization is proportional 
to the square root of carbon dioxide concentration and the molecular 
weight of the resulting polymer is not affected by carbon dioxide, the 
effect of carbon dioxide was considered to be attributable neither to a 
decrease in termination nor to an increase in propagation, but to an increase
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Fig. 3. Infrared spectra of polyoxymethylene obtained by 7 -ray polymerization 
in the presence of carbon dioxide: (7) KBr pellet; (II) film specimen.

in initiation of polymerization. This was contrary to the results for the 
spontaneous polymerization of formaldehyde7 in the presence of carbon 
dioxide.

Effect of Reaction Conditions on the Polymerization 
of Formaldehyde in the Presence of Carbon Dioxide

Influence of Monomer Concentration. The 7-ray polymerization at var­
ious monomer concentrations was carried out at constant carbon dioxide 
concentration. The results are shown in Figure 4. The rate of polymeriza­
tion was proportional to the square of monomer concentration, while the

Fig. 4. Influence of monomer concentration on (O) the rate of 7 -ray polymerization 
and (•) inherent viscosity of the product in toluene solution at 0°C.; /  = 1.3 X 10” 
r./hr.; [CO]2 = 0 . 1  mole/1.

molecular weight of resulting polymer was independent of the monomer 
concentration.

Nakashio et al.4 reported that a rate equation of third order with respect 
to monomer concentration was applicable to the 7-ray polymerization in 
toluene solution at — 78°C. in the absence of carbon dioxide. The dis­
crepancy between these two results is probably due to the presence of
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spontaneous polymerization, since an increase of the monomer concen­
tration causes an increase in spontaneous polymerization.

The result that the molecular weight of polymer was independent of 
the monomer concentration seems to suggest that an increase in monomer 
concentration causes an increase in the initiation reaction.

Fig. 5. Influence of dose rate on the rate of 7 -ray polymerization: (o )  [CO>] = 0.2
mole/1.; (•) [CO2] =  1.5 mole/1. [Mo] = 15.2 mole/1. in toluene solution at 0°C.

Fig. 6 . Arrhenius plot of the rate of 7 -ray polymerization. [Mu] = 15.2 mole/1.; [C02] 
=  1.5 mole/1.; /  =  1.5 X  103 r./hr.

Influence of Dose Rate. The rate of y-ray polymerization was propor­
tional to the dose rate; the slope of the plot of polymerization rate versus 
dose rate was almost unity, as shown in Figure 5. Therefore, it is considered 
that the y-ray polymerization proceeds according to an ionic mechanism.

Influence of Polymerization Temperature. Temperature dependency 
on the rate of polymerization was observed in the range of — 17°C. to
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+  13°C. The Arrhenius plot is shown in Figure 6 , from which an activation 
energy of 10.3 kcal./mole for the overall polymerization was obtained.

Kinetic Consideration on y-Ray Polymerization 
in the Presence of Carbon Dioxide

Okamura et al.3 studied kinetically the y-ray polymerization of formal­
dehyde at — 78°C. and concluded the reaction in toluene solution was 
cationic. We have also assumed cationic y-ray polymerization of form­
aldehyde in the presence of carbon dioxide, the effect of carbon dioxide 
on the y-ray polymerization also being explained by a cationic mechanism 
as follows.

The formaldehyde monomer is ionized by y-ray irradiation to produce 
the cation, a part of which is neutralized immediately by recombination 
with an electron to produce the monomer. The amount of cation, that 
is, the initiating species of polymerization is, therefore, obtained as the 
difference between the reaction of ionization and recombination [eqs.
(1) and (2)].

ki
M vw-> M - -r  e (1)

M + +  e — M (2)

On the other hand, carbon dioxide added reacts with water in the system 
to produce protons, the concentration of which is proportional to the square 
root of the concentration of carbon dioxide, as described in the previous 
paper.7

A ' i K  2FLO +  C 02 v= ILCO* v i II + +  FICOj- (3)
[IT +] = A.’,1. AY. •,(’< h!!' 1 lFAh ‘-N (4)

At a constant concentration of water,

[H+] = «[COTA (5)

where a is equal to A iI/Ti21/ ! [H20 ]1/!. Assuming that the inorganic 
anion, HGO3-, does not initiate the polymerization of formaldehyde mo­
nomer, the proton existing in the system retards reaction (2) by decreasing 
the concentration of electrons according to reaction (6):

« -  H - — l.MI- (6)

Therefore, the extent of retardation of reaction (2) by carbon dioxide 
is equal to /3[CO2]1 2, where /3 is a constant. According to the above 
assumption, the overall concentration of the initiating species M+ pro­
duced by y-ray irradiation becomes fci[M ]/(l +  ^[COa]1 where Ay 
is a rate constant of initiation by y-ray irradiation in the case of no addition 
of carbon dioxide to the system and I  is the dose rate of y-rays. This 
assumption is supported by the increase of the concentration of hydrogen 
in the system, as shown in Table I.
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The elementary reactions (7)—(10) of the polymerization 
postulated.

kp
Propagation M+ +  M M2+

M i_ i +  M —► M„+

Termination

Transfer

P
A'lr

M»+ +  M P +  M+

have been

(7)

(8) 

(9)

( 10)

Here M„+ and P represent the active and “ dead” polymers with the 
degree of polymerization of n, respectively, and kp, kt, and klr are the 
rate constants of propagation, termination, and chain transfer, respec­
tively.

The rate of monomer consumption and the rate of concentration change 
of the active species, i\l+, are given by eqs. (11) and (12).

-  d[M]/dt = kp[M][M+] (11)
d[M+]/dt = fcJMJ/il +  /3[C02],a) -  k ,[M.+] (12)

Using the steady-state assumption with respect to M +, we have
-  d\M]/dt = (kjcp/kt)l [M]*(l +  diC02]'A) (13)

Hence,

1 /[M ] -  1 / [Mo] =  (ktk,/kjl( 1 +  /3[C02]'A)i (14)

where [Mo] and t are the initial concentration of monomer and the re­
action time, respectively. The values of the constant, ktkv/kt, calculated 
from Figures 2 and 4, which were obtained in separate experiments, were 
3.4 X 10~s and 3.9 X 10~5 l./mole-r., respectively, and thus show good 
agreement. And the value of ¡3 was calculated as 1.9 X 10~5 
mole -r. from Figure 2.

Properties of the Polymer

Polymers obtained under various polymerization conditions were 
acetylated with acetic anhydride by means of a conventional procedure,8 
and the resultant polyoxymethylene diacetate was molded into film or 
sheet after mixing in 1% of 4,4'-butylidene-bis(3-methyl-6-ieri-butyl- 
phenol) as antioxidant.9 The physical and mechanical properties of 
one of these stabilized polymers is shown in Table II, compared with 
those of a commercial product (Delrin 500 NC-10). The result shows 
that the polymer obtained by the 7 -ray polymerization at a temperature 
around 0°C. had the approximately similar properties to the commercial 
product, although the folding endurance was eleven times larger.

The authors wish to express their gratitude for the guidance and encouragement re­
ceived from Dr. K. Fujimura, Director of Takarazuka Radiation Laboratory. This work 
was greatly assisted by the continued efforts of Mr. H. Sakai.
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Résumé

En présence de dioxyde de carbone une étude cinétique de la polymérisation par 
rayons-Y du formaldéhyde en solution toluénique a été effectuée à des températures 
de +13 à — 17°C. Deux modes de polymérisation, à savoir la polymérisation spontanée 
et une polymérisation due aux rayons-Y se présentent dans ce système. La polymérisa­
tion aux rayons-Y a pu être séparée expérimentalement de la polymérisation spontanée 
et a été soumise à une investigation. La vitesse de la polymérisation par rayons-Y 
croissait lentement avec la racine carrée de la concentration en anhydride carbonique. 
La vitesse de polymérisation est également proportionnelle à la dose et au carré de la 
concentration en monomère. Le poids moléculaire du polymère formé était indépendant 
des conditions de reactions. L’énergie d’activation apparente était estimée à 10.3 kcal./ 
mole. La cinétique de la polymérisation-Y en présence d’oxyde de carbone a été dis­
cutée quantitativement sur la base d’un mécanisme cationique. Le rôle du dioxyde de 
carbone a été expliqué comme une action de retardement de la neutralisation d’une 
espèce cationique initiante produite par irradiation aux rayons-Y au moyen de la réac­
tion inverse avec un électron. Les propriétés physiques et mécaniques du polymère 
obtenu par polymérisation aux rayons-Y ont également été étudiées.

Zusammenfassung

Die Kinetik der y-Strahlen-Polymerisation von Formaldehyd in Toluollösung in 
Gegenwart von Kohlendioxyd wurde bei Temperaturen von +13 bis — I7°C untersucht. 
In diesem System verläuft die Polymerisation auf zwei Wegen, und zwar treten in diesem 
System eine spontane und eine durch y-Strahlen ausgelöste Polymerisation auf. Die 
Y-Strahlen-Polymerisation wurde experimentell getrennt von der sponaten Polymerisa­
tion untersucht. Die Geschwindigkeit der Y-Strahlen-Polymerisation nahm geringfügig 
mit der Quadratwurzel der Kohlendioxydkonzentration zu. Ausserdem war die Poly­
merisationsgeschwindigkeit, wie gefunden wurde, der Dosisleistung und dem Quadrat 
der Monomerkonzentration proportional. Das Molekulargewicht des gebildeten Poly­
meren war von den Reaktionsbedingungen unabhängig. Die scheinbare Aktivierungs­
energie wurde zu 10,3 kcal./M ol bestimmt. Die Kinetik der durch Y-Strahlen ausge­
lösten Polymerisation in Gegenwart von Kohlendioxyd wurde quantitativ auf Grundlage 
eines kationischen Mechanismus diskutiert. Der Einfluss des Kohlendioxyds wurde 
durch eine verlangsamende Wirkung auf die Neutralisation der kationischen startwirk­
samen Spezies durch Elektronen erklärt, die in Umkehrung zu ihrer Bildung bei der 
Bestrahlung mit Y-Strahlen erfolgt. Die physikalischen und mechanischen Eigenschaf­
ten des durch Polymerisation mit y-Strahlen erhaltenen Polymeren wurden ebenfalls 
untersucht.
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Gel Permeation Chromatography: Effect of Pore' 
Size Distribution*

MANFRED ,1. R. CAXTOW and JULIAN F. JOHNSON,
Chevron Research Company, Richmond, California 9f802

Synopsis

The pore-size distributions of various grades of porous glass were determined by gas de­
sorption and mercury porosimeter measurements. This allowed the calculation of elu­
tion volumes as a function of pore diameters. The coil sizes of polystyrenes in toluene 
were obtained for a series of molecular weights from hydrodynamic theory and matched 
with pore diameters. In this manner, expected calibration curves for gel permeation 
chromatography could be calculated. Good agreement was found with experimental 
data.

INTRODUCTION

The process of gel permeation chromatography has been shown to 
give useful separations of polymers permitting rapid determination of 
molecular weight distributions.1 This procedure employs a column 
packed with small particles, usually of rigid gels, with pores of various 
sizes. The column is filled with a solvent that enters both the void spaces 
and the pores. The sample is added at the head of the column and trans­
ported through the column by the solvent. The larger molecules emerge 
first, followed by progressively smaller molecules, thus effecting separation. 
Applications and technique have been the subject of review articles.2'3

The exact mechanism of the separation is not well understood, although 
it is generally agreed that some measure of molecular size is primarily 
involved in the separation process.4 In theory, the retention volume 
of any molecule is given by eq. (I).5

VRi  =  V j  +  K R i I p (1)
Here, VRi is the elution volume of the ?th species, V t is the volume in 
the interstices of the column, Vv is the volume in the pores, and K Ri is 
the fraction of accessible pores with sizes as big as, or bigger than, the 
size of the fth species. There appear to have been few, if any, experimental 
studies to attempt to confirm this equation by independent experimental 
techniques. This is because of the major difficulty in determination of 
K Rl, the pore-size distribution, of gel particles.

Recently, glass packings covering a wide range of porosities have become 
available. Thus, independent pore-size distributions can be determined.

* This paper is Part XII of a series on column fract¡«nation of polymers.6
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This report compares elution volumes on polystyrenes computed from 
molecular dimensions and experimental pore-size distributions with 
directly measured elution volumes.

EXPERIMENTAL

The porous glass, trade name Bio-Glas, was obtained from Bio-Rad 
Laboratories, Richmond, California, USA. Four grades were used, 
with nominal exclusion diameters of 200, 500, 1000, and 1500 A. The 
columns were 0.8 cm. inside diameter, 120 cm. in length. The polystyrene 
fractions were narrow molecular weight distributions obtained from 
Pressure Chemical Company, Pittsburgh, Pennsylvania, USA. The 
solvent used was toluene at room temperature. Flow rates were 1 ml./ 
min. and were controlled by a constant-volume pulseless pump.6 The 
detector was a differential refractometer, and the volume measuring 
syphon has been previously described.7 Sample sizes were 1.7 mg. in 
all cases. Results of log molecular weight versus elution volume are 
shown as circles in Figures 1-4. Figures 1, 2, and 3 are for single 120-cm. 
columns; Figure 4 is for four 120-cm. columns in series.
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Determination of Pore-Size Distributions

Two standard methods of experimentally determining pore-size dis­
tributions in the porous glass were used: that involving gas desorption 
isotherms and mercury porosimetry. The gas desorption isotherms 
were measured by using an automated isotherm apparatus (American 
Instrument Company, Silver Springs, Maryland) based on a design of 
Ballou and Doolen.8 Since the pioneering work of Wheeler,9 an ex­
tensive literature devoted to the subject of calculation of pore size dis­
tributions from gas adsorption data has emerged.10'11 This material 
is outside the scope of this paper, but it must be emphasized that various 
geometrical models of the pores may be selected and that film thickness 
expressions vary from author to author; hence, results cannot be con­
sidered to be exact. The cylindrical model and film thickness constants 
used by Lippens et al.12 were used for the computations reported here.

The mercury porosimeter measurements were made using an Aminco- 
Winslow porosimeter, and results were lurnishcd by Bio-Rad Laboratories. 
Again, results are not absolute because of assumptions including a cir­
cular cross-section geometry for the pores and a contact angle of 140° 
for mercury and glass.13'14
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Results from both techniques were computed as cumulative cubic 
centimeter per gram as a function of pore diameter.

Determination of Polymer Coil Size

The dimensions of the polymer molecules in solution were determined 
by using the hydrodynamic theory of Ptitsyn and Eizner.15 These authors 
improved the model of Kirkwood and Riseman16 by assuming a non- 
Gaussian distribution for the monomer units in the chain. This approach 
accounts for the rigidity of short segments within the chains and, more 
importantly, for excluded volume effects between remote portions of the 
chain. They arrive at the expression (2) for the intrinsic viscosity [tj] 
of a polymer solution:

M = '»(<) V ' - f V M  (2)
Here h2 is the mean-square end-to-end distance of the polymer chains 
and M  their molecular weight. The Flory coefficient, 0 (e), can be ap­
proached by the following series:

$(e) = 2.S6 X 102:f (1 2.63e +  2.86e'2) (3)
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'ig. 5. Flory coefficient T>(e) as a function of the Mark-Houwink exponent a.
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with
e = (2a -  l)/3

where a is the exponent in the respective Mark-Houwink relation. Equa­
tion (2) expresses the fact that the polymer coil volume increases faster 
with increasing solvent power than the intrinsic viscosity. In Figure 5, 
the quantity $(e) as a function of a is given by the solid line. The points 
represent experimental values, obtained from light-scattering measurements 
of /?2and determination of [77] for sharp polystyrene fractions of molecular 
weights ranging from 166,000 to 2,400,000 in the indicated solvents.17 
In case of polydisperse samples, the function cI>(e) should be divided by 
a factor, g, which can be approximated by15

g = + 2e (4)

This correction has been neglected above because very sharp fractions 
were used.

RESULTS AND DISCUSSION

The experimentally determined cumulative pore volumes per gram of 
porous glass were multiplied with the known weight of glass per column, 
giving the available cumulative internal volume as a function of pore 
size. To this the experimentally determined interstitial volume was 
added, resulting in the total respective elution volumes. By trial and 
error, good agreement with the experiments was obtained by assigning 
to each pore size a polymer molecular weight with a calculated coil size 
of one-half of the pore diameter. In this manner, the solid lines in Figures
1-4 were arrived at. The above assumption allows all possible cases 
between the following two limits: Any polymer molecule can completely 
utilize the internal volume of all pores of diameters larger or equal than 
twice the polymer coil size; and it can, in the average, penetrate into 
25% of the pore volume with a diameter equal to its own. This latter 
case might well be explained by the non-uniformity of the pores, which 
was observed on micrographs of the porous glass.

Figure 1 shows the expected calibration curve for porous glass 200 
on the basis of gas desorption measurements. The high molecular weight 
cutoff point is well confirmed by the experimental points, while the ex­
pected lower limit is overestimated. The results from the porosimeter 
curve are not sensitive enough at the smaller pore sizes. In Figure 2 
the porosimeter data on porous glass 500 were used for the calculation, 
since the gas desorption method is not optimal in this region. The same 
applies to Figure 3 on porous glass 1000. Again, the expected higher 
limit is in better agreement with the experimental values than the lower 
limit. Figure 4 shows the composite expected calibration curve for the 
column combination described in the experimental part. The agreement 
with the measured data is quite satisfactory.

The underlying simple model allows prediction of the experimental
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elution curve over a molecular weight range from -1000 to 2,000,000. The 
fact that an equivalence factor of two had to be used could be caused 
by assumptions made in calculating the pore size distribution. It has, 
however, no effect on the general shape of the calculated calibration curve, 
which is in good agreement with the experimental data.
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Résumé
Les distributions des grandeurs de pore de différents verres poreux ont été déterminées 

par désorption gazeuse et par mesures au porosimètre à mercure. Ceci permet le calcul 
du volume d'élution en fonction du diamètre des pores. Les grandeurs des pelottes de 
polystyrène dans le toluène ont été obtenues pour une série de poids moléculaires au 
départ de la théorie hydrodynamique et évaluées au moyen des diamètres des pores. 
De cette façon des courbes de calibrage attendues pour la chromatographie par perméa­
tion sur gel ont pu être calculées. Un bon accord a été trouvé avec les résultats expéri­
mentaux.

Zusammenfassung
Die Porengrössenverteilungen in verschiedenen Sorten porösen Glases wurden durch 

Gasdesorption und durch Messungen mit dem Quecksilberporosimeter bestimmt. 
Dadurch war eine Berechnung der Elutionsvolumina als Funktion der Porendurchmesser 
möglich. Die Knäuelgrössen von Polystyrolen in Toluol wurden für eine Reihe von 
Molekulargewichten aus der hydrodynamischen Theorie ermittelt und mit den Poren­
durchmessern in Übereinstimmung gebracht. Auf diese Weise konnten die erwünschten 
Kalibrierungskurven für die Gelpermeationschromatographie berechnet werden. Es 
ergab sich gute Übereinstimmung mit experimentellen Daten.
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Synopsis

The derivatives of poly-3,3-bis(chloromethyl)oxacyclobutane were prepared by the re­
action of the chloromethyl group with organic alkali salts at 100-130°C. in dimethyl sul­
foxide. Various reagents were used, including sodium cyanide, sodium acetate, sodium 
thiophenolate, sodium phenolate, sodium methoxide, sodium diethyl malonate, and po­
tassium phthalimide. For all the substitution reactions, the infrared spectra and ele­
mentary analyses substantiated the structures of the designated products. The intrinsic 
viscosities of the derivatives decreased with increasing the reaction time. It was found 
that the ions of these salts are strong nucleophiles in dimethyl sulfoxide.

INTRODUCTION

Polyoxacyclobutanes bearing various functional groups at the 7 -position 
have been synthesized by t he ring-opening polymerization of the corre­
sponding monomers:

R .CH,

X >
R CE,

R
I

■CE—C - C E - O
I
R

U)

where R is H, CH,, CH,C1, CH2F, CH,CN, CH-,OH, etc.1- 3
In the course of the investigation of chemical reactions of the poly­

mers in our laboratory, we expected that poly-3,3-bis(chloromethyl)ox- 
acyclobutane (PBCAIO) would undergo substitution reactions at the 
chloromethyl group with various reagents, e.g., organic alkali salts, because 
of the moderate reactivity of its primary chlorine atom towards several 
reagents.

CE,Cl CER
1 M— R 1

-CH,—C—CH,—0 - in DMSO> - ch 2- c - c h , - o -
1

CEjCl n CER

(2)

The organic alkali salts, AI—R, in the eq. (2) may be sodium cyanide, 
sodium acetate, sodium thiophenolate, etc. In these reactions it was
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expected that the corresponding derived polymer would be obtained 
through the elimination of the alkali metal halide. Many polar solvents, 
such as alcohols, acetic acid, dimethylformamide (DMF), and acetone 
have so far been used in this type of metathesis between organic halides 
and alkali salts. Although the synthesis of nitriles by the action of 
alkali cyanides on alkyl halides is most difficult even in a polar solvent, 
recent investigators4-5 have shown dimethyl sulfoxide (DMSO) to be a 
suitable solvent for these reactions.

In this work therefore the seven reactions shown in Scheme 1 were 
carried out in DMSO.

EXPERIMENTAL

Materials

Poly-3,3-bis(chloromethyl)oxacyclobutane (PBCMO) supplied by the 
Hercules Co., was purified by dissolving it in cyclohexanone, precipitating 
with methanol, and drying. Analysis showed C, 3S.73%; H, 5.20%; 
Cl, 45.74%. [jj ] of this polymer in cyclohexanone at 30°C. was 1.07 
dl./g.

Dimethyl sulfoxide (DMSO) was dried completely by heating to 150°C. 
with calcium hydride and then distilling under reduced pressure.

Commercially available sodium cyanide, potassium phthalimide, and 
sodium acetate were used without further purification, and sodium 
methoxide was prepared by dissolving metallic sodium in anhydrous 
methanol and removing the excess methanol. Sodium ethyl malonate, 
sodium thiophenoxide, and sodium phenoxide were obtained by the 
reactions of sodium methoxide with ethyl malonate, thiophenol, and 
phenol, respectively. Sodium benzylmercaptide was prepared by the 
direct reaction of metallic sodium with benzyl mercaptan in benzene.

Reaction of PBCMO with Sodium Cyanide

Sodium cyanide (1.9 g., 0.04 mole) was placed in a 100-nil. three-necked 
flask equipped with a stirrer, a thermometer, and a reflux condenser, 
under a nitrogen atmosphere. It was heated under nitrogen until the 
absorbed moisture in the sodium cyanide was completely removed. Then 
the contents were left to stand at room temperature, while flushing con­
tinuously with nitrogen. Anhydrous DMSO (SO ml.) was added, and 
the mixture was heated with stirring and maintained at 120-130°C. Then
1.5 g. of PBCMO was added, and a pale yellow solution was obtained 
after 1 hr., then a white precipitate appeared, indicating that the reaction 
of sodium cyanide was taking place. The contents became yellowish 
brown after 2 hr. and brown after 3 hr.; at this time the sodium chloride 
was completely deposited. The supernatant solution was cooled to room 
temperature and poured into 200 ml. of methanol. The precipitate at 
the bottom of the flask was dissolved immediately in a small amount of 
water and was thought to be NaCl.
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The reprecipitated polymer was collected, washed with hot water 
repeatedly and then with methanol, and dried in vacuo. A hard, tough, 
brownish polymer was obtained which was soluble in DMSO, DMF, 
cyclohexanone, and THF, but insoluble in benzene, ether, chloroform, and 
carbon tetrachloride. The film deposited from a cyclohexanone solution 
on a glass plate adhered tightly and it was impossible to strip off. The 
infrared spectrum of a film on a salt plate was taken. The sharp band 
due to —C = N  was observed at 2250 cm.-1 and a broad band due to the 
associated OH band at about 3550 c m r 1. [77] in cyclohexanone at 30°C. 
was 0.622 dl./g. Analysis showed C, 62.67%; H, 6.08%; N, 14.75%; 
Cl, 4.68%. The extent of the reaction calculated from the Cl content 
was 90.9%.

Reaction of PBCMO with Sodium Acetate

Sodium acetate (3.3 g.), dried in an oven at 100-110°C. and ground 
quickly, was placed in a flask similar to that used in the reaction of sodium 
cyanide with PBCIVIO. DMSO (60 ml.) was added, and the mixture 
was heated with stirring. At 130°C., sodium acetate seemed to be in­
soluble in DMSO. Polymer (1.5 g.) was added to the mixture, and 
heating and stirring were continued for a further 24 hr. at 130-140°C. 
The mixture became yellowish brown and formed a gel at room temper­
ature. The resulting polymer could not be precipitated with methanol 
or with water. The polymer was collected by salting out and washed 
well with hot water and methanol. When it was separated from DMSO 
and once it had coagulated, it was no longer soluble in methanol. After 
drying in vacuo, a brownish, slightly transparent, rubberlike polymer was 
obtained in 1.5 g. yield. Its infrared spectrum was taken with a film 
deposited on a salt plate. A strong band due to C = 0  at 1740 cm.-1 
and a band due to the associated OH at about 3500 cm.-1 were present. 
[?7] at 30°C. in cyclohexanone was 0.290 dl./g. Analysis showed G, 
48.34%; H, 6.79%; Cl, 7.7%. The extent of the reaction calculated 
from the residual Cl content was 78.8%.

Reaction o f PBCMO with Sodium Thiophenolate

The apparatus used was the same as that used in the above experiments. 
Sodium thiophenolate (3.2 g., 0.024 mole) and DMSO (50 ml.) were 
placed in the flask and heated with stirring. The mixture became trans­
parent immediately. PBCMO (1.5 g.) was added at 110-120°C. The 
reaction occurred rapidly, as could be seen by the formation of sodium 
chloride. After 5 hr. heating arid stirring, the mixture was cooled and 
poured into methanol. The polymer precipitated was collected, washed 
with hot water and methanol, and dried in vacuo.

A slightly soft and gray-colored polymer (3.0 g.) was obtained, and its 
absorption spectrum was taken with a film deposited on a salt plate. 
The absorptions due to the stretching and bending of an aromatic C- H at 
3060 and 1583 cm.-1 and of a monosubstituted benzene at 2200 and
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1730 cm.-1 were observed distinctly and an absorption due to S—C at 
690 cm.-1 was also present. Analysis showed (1, 63.26%; H, 6.23%. 
[77] at 30°C. in cyclohexane was 0.688 dl./g.

Reaction o f PBCMO with Sodium Phenolate

Sodium phenolate (4.6 g., 0.04 mole) was dissolved in 80 ml. of DMSO 
with stirring and heating. At 120-135°C. 1.5 g. of PBCMO was added. 
After 5 hr. the resulting mixture became dark and was poured into water 
after cooling. The polymer was collected by salting out with sodium 
chloride and washed with hot water and then with methanol, and dried. 
A 2.9-g. yield of a gray, rubberlike polymer was obtained. A11 infrared 
spectrum of the film was obtained which showed bands at 3060, 2200-1700, 
and 1595 cm.-1, indicating the presence of an aromatic substituent. 
[77] in cyclohexane at 30°C. was 1.00 dl./g. Analysis gave C, 53.4%; 
H, 6.7%; Cl, 8.5%. The extent of reaction calculated from the resid­
ual Cl content was 71.2%.

Reactions with the use of 1 equiv. sodium phenolate to PBCMO were 
also carried out similarly.

Reaction o f PBCMO with Potassium Phthalimide

Potassium phthalimide (4.4 g., 0.024 mole) and 70 ml. of DMSO were 
mixed and heated with stirring. To this transparent solution was added 
with stirring 1.5 g. of PBCMO. After 10 hr. heating at 130-140°C. the 
yellowish-brown mixture obtained was cooled and poured into water. 
The coagulated polymer was collected by salting out, and washed with 
hot water and then with methanol, and dried. A pale yellowish powder 
polymer, which was insoluble in most solvents and swelled only in cyclo­
hexanone, dioxane, DMF, and DMSO, was obtained in 2.2 g. yield. 
Analysis showed C, 57.53%; PI, 5.32%; X, 4.18%; Cl, 10.40%.

Reaction o f PBMCO with Sodium Methoxide

Anhydrous DMSO (60 ml.) and 1.6 g. of sodium methoxide (0.03 mole) 
were mixed in a three-necked flask and heated with stirring. Sodium 
methoxide was insoluble. PBCMO (1.5 g.) was then added. The polymer 
seemed to dissolve in the mixture but deposited on the wall of the flask 
a few minutes later as a rubberlike material. After 1.5 hr. the mixture 
was treated with water and the resulting polymer was washed repeatedly 
with hot water and dried. A white polymer which was insoluble in all 
solvents was obtained in 1.9 g. yield. Analysis showed C, 39.16%; 
H, 6.93%; Cl, 19.41%.

Reaction o f PBCMO with Benzylmercaptide

Anhydrous DMSO (80 ml.) and PBCMO (1.5 g.) were placed in a 
100-ml. three-necked flask and heated at 120°C. with stirring. After 
the polymer was dissolved, the mixture was kept at 100°C. Sodium 
benzylmercaptide (5.9 g., 0.04 mole) was added rapidly, and the reaction
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was carried out for 5 hr. at 100 110°C. The mixture became dark after 
5 hr. The cooled mixture was treated with water, and a sticky polymer 
coagulated. It was washed with hot water several times and with methanol 
and dried. A slightly elastic brown polymer was obtained in 1.9 g. yield. 
The infrared spectrum of its film on a salt plate, deposited from a cyclo­
hexanone solution, showed absorption bands at 3050, 2000-1700, and 
1603 cm . -1 due to the aromatic substituents and a band at 690 cm .-1 
due to the C—S bond. The extent of the reaction calculated from the 
residual Cl content was S4.6%. [rj] in cyclohexanone at 30°C. was
0.56 dl./g. The resulting polymer was readily soluble in various solvents 
such as toluene, chloroform, THF, dioxane, anisóle, AIEK, and cyclo­
hexanone, in contrast to the original polymer.

Reaction o f PBCMO with Sodium Diethyl Malonate

Anhydrous DMSO (SO ml.) and sodium diethyl malonate (5.5 g., 
0.03 mole) were mixed in a 100-ml. three-necked flask and heated at 
120°C. with stirring. The sodium salt dissolved in DMSO. PBCMO 
(1.5 g.) was added to the mixture at 130-140°C. The polymer dissolved 
immediately and the mixture became brown. After 24 hr. the mixture 
was poured into water, and the polymer coagulated. It was washed well 
with hot water and with methanol and dried. The brownish polymer 
showed a band in its infrared absorption spectrum at 1740 cm .-1 due to 
C = 0 . [77] in cyclohexanone at 30°C. was 0.59 dl./g. Analysis showed
C, 41.5%; H, 5.5%; Cl, 36.4%. The extent of the reaction cal­
culated from the residual Cl content was S.S%.

Saponification o f Acetoxylated Polymer

The acetoxylated polymer (residual Cl 1.55%, extent of reaction 87.6%) 
was dissolved in a mixture of 50 ml. THF and 3 g. methanol, and 1-2 
drops of 5% sodium methoxide solution in methanol were added to this 
solution from a dropping funnel with stirring. A white precipitate ap­
peared immediately, and after 3 ml. of sodium methoxide solution had 
been added, the mixture was heated at 60°C. for 30 min., poured into 
four times the amount of methanol, and dried.

RESULTS AND DISCUSSION

Reaction of PBCMO with Sodium Cyanide

The reaction of PBCMO with NaCN in DMSO proceeded at a moderate 
velocity. The reaction mixture became brown, as reported by Friedman 
and Schechter5 and Smiley and Arnold4 even if completely anhydrous 
DA1SO and NaCN were employed. In Table I the relation between 
the time required for the completion of the reaction, which was followed 
both by Beilstein’s test on the supernatant solution and the extent of 
the increase in the amount of sodium chloride deposited, and some other 
factors, together with some results, are shown.
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The infrared spectrum of each sample in Figure 1 showed the presence of 
an identical sharp band due to — C = N  at 2250 cm .-1 and of an identical 
broad band due to associated — OH at 3580 cm.~ 1 which also appeared in 
the spectra of the aeetoxylated polymer described below.

Fig. 1 . Infrared spectrum of cyanomethyl-substituted polymer.

From elemental analysis it was found that the residual Cl contents 
decreased and the N contents increased with increasing amounts of NaCN. 
The residual Cl content of polymer N-4 in Table I, which was obtained 
by using a quarter equivalent of NaCN, implies an unexpected reaction, 
because the extent of the reaction of polymer N-4 calculated from its 
Cl content is 40.2%.

In general, this type of metathesis reaction can be expressed as follows:
K — Cl •- MU' — R -K ' MCI (3)

The substitution reaction takes place on nucleophilic attack of the carbon 
atom carrying the Cl atom by the R ' anion. The high dielectric constant 
of DMSO can increase the solubility and facilitates the dissociation of 
the salts. However, the availability of DMSO as a solvent is restricted 
by its instability toward heat and basic reagent.

Investigations6'7 of the behavior of DMSO show that metallation of 
DMSO by alkaline compounds and successive reaction of metallated 
or decomposed intermediates with main and side chain of polymer seem to 
occur. The difference in extent of reaction calculated from N content 
from that from Cl content may imply the presence of such side reactions. 
It appears that the extent of the reaction derived from the N content is 
more reliable, [rj] decreases with increasing reaction time in spite of 
the decrease in the amounts of NaCN.

One of the side reactions at an ether linkage on the main chain would 
yield chain scission and terminal hydroxy group as detected by the [77 ] 
and the infrared spectrum, respectively. Isonitrile and other groups 
such as amide and carbonyl were not found in the infrared spectrum.
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time (hr.)
Fig. 2. Relation of extent of reaction to time: (O) from Cl content ; (• ) from N content.

The resulting polymer with a higher extent of reaction was a brownish 
hard solid, soluble in DMSO, DMF, cyclohexanone, and nitrobenzene 
like the original polymer and insoluble in benzene, methanol, and carbon 
tetrachloride. Polymer X -l, having the highest extent of reaction, was 
not perfectly soluble, even in THF.

In the second experiment we obtained a relationship between the time 
and other factors, when two equivalents of NaCN to Cl were used. The 
results are shown in Table II and Figure 2. The reaction reached 60% 
conversion in 30 min., but [r? ] remained constant.

TABLE II
Relation of Time and Extent of Reaction

Reac­
tion
time,
hr.

Analysis

Extent of 
reaction, %

it],
di./g.

Sof t- 
ening 
point, 

°C.
From

N
From

Clc, % H, % N, % Cl, %

N-5 0.5 60.7 6.39 13.5 18.4 68.5 62.4 0 .S1 2 1 0

N - 6 1 . 0 56.0 6 . 1 0 1 0 . 8 10.5 55.5 79.0 0.87 215
N-7 2 . 0 61.8 6.7 14.3 8.7 72.7 82.6 0.75 135
N- 8 3.0 62.7 6.4 14.8 6.3 74.5 87.5 0.81 175

Reaction o f PBCMO with Sodium Acetate

Sodium acetate, unlike sodium cyanide, had a low solubility in DMSO, 
and under the conditions it dissolved insufficiently and gave a turbid 
solution. Its reactivity towards the polymer PBCMO was slightly 
lower than that of sodium cyanide, probably because of its low solubility. 
Table III shows the reaction time, the yield, and the extent of reaction 
and analysis for the acétoxylation with 2 equiv. sodium acetate to the
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TABLE III
Acétoxylation by Sodium Acetate

Reaction
time,

hr.
Yield,

s-

Analysis Extent of 
reaction,

%
hi,

dl./g.c, % H, % Cl, %

A-l 2 1.8 39.83 5.34 40.62 8.7 0.98
A-2 8 1 .8 43.67 5.88 20.57 48.3 0.74
A-o 16 1 . 1 45.46 6.31 15.51 59.8 0.50
A-4 24 1 .5 48.34 6.99 7.7 83.6 0.29

chlorine in PBCMO, The extent of reaction is plotted against reaction 
time in Figure 3.

With increasing reaction time, the Cl content decreased. The most 
highly acetoxylated polymer was a rubbery, brown, and slightly sticky 
solid, and flowed on standing for 2 months. The absorption due to the 
carbonyl group at 1740 cm.-1, was present in every acetoxylated polymer. 
A broad band due to the associated OH groups at 3500 cm.-1, which was 
also seen with the polymer resulting from the cyanation, appeared. [??] 
decreased with increasing reaction time.

Fig. 3. Relation of extent of reaction to time.

Reaction of PBCMO with Sodium Thiophenolate

Sodium thiophenolate was most reactive towards the polymer PBCMO, 
which reacted with thiophenolate as soon as it was dissolved in DMSO, 
and the mixture became turbid with the appearance of sodium chloride 
at a very early stage of the reaction. The polymers obtained were white 
to gray in color and were slightly soft. In Table IV the results from the
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TABLE IV
Reaction of PBCMO with Sodium Thiophenolate

Reaction
time,

hr.
Yield,

g-

Analysis Extent of 
reaction,

%
b],

dl./g.c, % n, % Cl, %

S-i 0.5 3.1 61.82 6 . 5 7 1.68 97.0 0.687
S-2 1 3.6 57.57 6.28 2.68 92.7 0.699
S-3 2 3.8 57.57 6.41 2.60 92.6 0.757
S-4 3 4.0 54.96 6.77 1.21 97.2 0.752
¡3-5 0 3.0 63.26 6.23 1.11 97.8 0.688

reaction carried out by using 2 equiv. of sodium thiophenolate to Cl for 
various periods of time are shown.

Infrared spectra of these polymers (Fig. 4) showed aromatic bands at 
3060, 1583, and 1700-2200 cm . -1 and the S— C absorption band at 690 
cm.“ 1. The characteristic odor of S02, when these polymers were burned, 
suggested it contains considerable amounts of the thiophenoxy moiety.

The extent of reaction was also very high in all the reactions. The 
reaction was almost complete at an early stage. [77], which was lower 
than that of PBCMO, was not influenced by the reaction time.

Fig. 4. Infrared spectrum of thiophenoxylated polymer.

Reaction of PBCMO with Sodium Phenoxide

The results of this reaction are summarized in Table V and Figure 5. 
Although the substitution at the chloromethyl group with sodium phenoxide 
was not faster than that with thiophenoxide, 2 equiv. of reagent gave a 
yield of 50% within 1 hr. The extents of three runs with 1 equiv. of the 
reagent were lower.

The polymers obtained could be cast to a film from cyclohexanone 
solution and their infrared spectra (Fig. 6) showed aromatic bands at 
3060, 1600, 2200-1800 cm.“ 1.
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TABLE V
Reaction of PBCMO with Sodium Phenoxide

Sodium
phen­
oxide,
equiv.

Reac­
tion
time,

hr.

Analysis Extent of 
reaction,

/c
fa],

dl./g.

Softening
point,

°C.c, % H, % Cl, %

P-1 2 1 50.0 6.5 15.6 52.1 1.11 72
P-2 2 2 57.1 6.2 13.5 57.2 1.13 67
P-3 4 60.3 6.4 11.2 63.3 1.13 59
P-4 2 5 53.4 6.7 8.5 71.2 1.00 76
P-5 i i — — 39.0 8.1 1.14 98
P-6 i 2 — — 24.9 30.7 1.34 94
P-7 j 5 — — 21.6 35.0 1.01 98

time ( k r . )

Fig. 5. Relation of extent of reaction to time: (•) 2 e([uiv. of sodium phenoxide; (O) I
cquiv. of sodium phenoxide.

Fig. 6. Infrared spectrum of the polymer obtained from the reaction of sodium phenoxide
' and PBCMO.
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Reaction o f PBCMO with Potassium Phthalimide

Gabriel’s8 reaction was used in an attempt to obtain a polymer con­
taining the aminomethyl group. Potassium phthalimide was soluble 
in hot DMSO, and the mixture with PBCMO was not turbid throughout 
the reaction, indicating that no reaction was taking place. The polymer 
obtained only swelled in cyclohexanone and DMSO and did not dissolve 
in any solvents. Quantitative and qualitative elemental analyses of 
this polymer showed the presence of nitrogen.

Reaction of PBCMO with Sodium Methoxide

One of the expected reactions of PBCMO was the formation of a methyl 
ether linkage in the polymer. This reaction was carried out by the 
action of sodium methoxide (Williams’ synthesis). A polymeric gelled 
material deposited on the wall of the flask at an early stage of the reaction.

Reaction o f PBCMO with Sodium Benzylmercaptide

The reaction of benzylmercaptide with PBCMO was very perplexing. 
The solvent decomposed at temperatures above 130°C. in the presence 
of sodium benzylmercaptide and the decomposition led to the crosslinking 
of the polymer. In order to avoid the decomposition of the solvent, it 
was necessary to add benzyl mercaptide to the mixture at temperatures 
below 100°C. after PBCMO was dissolved and to maintain the mixture 
at near 100°C. Under these conditions the expected soluble polymer was 
obtained. Its infrared spectrum and the residual chlorine content, from 
which the rate of the reaction seemed to be relatively high, showed the 
presence of the benzylmercapto moiety.
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Résumé

Les dérivés du poly-3,3-bis(chloromélhyl)oxacyclobutane ont été préparés par réac­
tion du groupe ehlorométhyle avec des sels organiques alcalins à 100-130°C dans le 
diméthylsulfoxyde. Les différents réactifs utilisés sont le cyanure de sodium, l ’acétate 
de sodium, le thiophénolate de sodium, le phénolate de sodium, le méthylate de sodium, 
le diéthylmalonate de sodium et le phthalimide potassique, etc. Pour toutes les réactions 
de substitution, les spectres infrarouges et les analyses élémentaires confirment les struc­
tures proposées pour les produits. Les viscosités intrinsèques de ces dérivés décroissent
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avec l’augmentation de la durée de réaction. On a trouvé que les ions de ces sels constit­
uent des nucléophiles puissants dans le diméthylsulfoxyde.

Zusammenfassung
Durch Reaktion der Chlormethylgruppen mit organischen Alkalisalzen bei 100-130°C 

in Dimethylsulfoxyd wurden Derivate des Poly-3,3-bis(chlormethyl)oxaeyclobutans 
hergestellt. Die verschiedenen verwendeten Reagenzien umfassten Natriumcyanid, 
Natriumacetat, Natriumthiophenolat, Natriumphenolat, Natriummethylat, Natrium- 
dieäthylmalonat, Phthalimidkalium, u.s.w. Für alle Substitutionsreaktionen stellten 
Infrarotspektren und Elementaranalysen die Struktur der designierten Produkte sicher. 
Die Viskositätszahlen der Derivate nehmen bei Vergrösserung der Reaktionsdauer ab. 
Es wurde gefunden, dass die Ionen dieser Salze in Dimethylsulfoxyd stark nukleophilen 
Charakter besitzen.
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Endgroup Study of Chlorate-Sulfite-Initiated 
Acrylonitrile Copolymer

T. SHIBUKAWA, M. SOXE, A. UCHIDA, and K. IWAHORI, Saidaiji 
Laboratories, Japan Exlan Co., Ltd., Saidaiji, Okayama, Japan

Quantitative determination of endgroup.s in an acrylonitrile-methyl acrylate (90:10) 
copolymer polymerized with \aClO3-N a2SO3 redox system in aqueous solution was car­
ried out by conductometric and dyeing methods for SO3H incorporated into polymer, 
x-ray analysis for S in polymer, and polarography for Cl in polymer. The number-aver­
age molecular weight was measured by osmometry. Determination of endgroups was 
done on both unfractionated polymer and fractionated polymer. On the average, 0.95 
mole S and 0.71 mole SO3II per molecule were found in unfractionated polymer. For 
fractionated polymer, 0.68 mole S and 0.69 mole SO3H per molecule were found. A small 
amount of Cl was also found in both unfractionated polymer and fractionated polymer. 
The difference between results for the two polymers and polymerization kinetics are dis­
cussed.

It has commonly beem accepted for a number of years that the residual 
fragments of polymerization catalysts are incorporated into polymer as 
endgroups in vinyl polymerization. The knowledge of amount and type 
of endgroups is available for studying polymerization kinetics and, espe­
cially in acrylic copolymers, dyeability of acrylic fiber produced from these 
copolymers.

Bamford1 and Bevington2 presented evidence that combination occurs in 
ethylene carbonate and dimethylformamide solution polymerization. On 
the other hand, Tsuda3 presented evidence that in aqueous suspension poly­
merization with potassium persulfate initiator, termination is by dispro­
portionation.

Gleason et al.4 studied the aqueous suspension polymerization initiated 
by the NaC103-N a2S0:i redox system; they indicate that the exact nature 
of the free-radical intermediates is still in doubt, but that sulfoxy radical- 
ions and hydroxyl radicals are likely to be involved.

Synopsis

INTRODUCTION

o  01
\ /Cl o

CIO3-  +  h ,s o 3 — O — OCIO- +  HO— S- +  -OH

110— SOU o
o
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HO • +  monomer —► polymer 

HSO3 • +  monomer —*■ polymer

Palit and co-workers,6 on the other hand, showed that the hydroxyl radical 
cannot exist in the presence of HSO3 ion,

RHSO3 -  +  OH -*■  RSOs- +  H20
and therefore the hydroxyl radicals OH may be not involved. Yamadera6 
reported in his paper on infrared spectroscopic study of endgroups in poly­
acrylonitrile polymerized by NaC103-N aH S03 with that the band at 1043 
cm.-1 should be attributed to S— O symmetric stretching of the —S03H 
endgroup in the polymer, that the absorption intensities decrease propor­
tionally with increasing degree of polymerization, and that the dyeability 
of the polymer for basic dyes increases with the increase of the absorption 
intensity.

The purpose of the work reported here is to determine the relative amount 
and types of endgroups in acrylonitrile-methyl acrylate copolymer poly­
merized with NaC103-N a2S03 and to obtain some information about the 
polymerization mechanism and the dyeability of this acrylonitrile-methyl 
acrylate copolymer.

EXPERIMENTAL

Polymerization

A continuous polymerization system was used. Deionized water was 
used in the polymerization. The pH was maintained in the range of 1.7-
2.0 by feeding an aqueous solution of nitric acid into the polymer reactor. 
The monomer mixture (acrylonitrile/methyl acrylate =  90/10 weight 
ratio) was also continuously fed into polymer reactor. NaC103-N a2S03 
was fed as aqueous solution. The molar ratio of NaC103-N a2S03 was 1/3 
or 1/4.75. Polymerization was stopped at about 80% conversion. Poly­
mer was washed by deionized water.

Fractionation

Fractionation was carried out by using a dimethylformamide-diethyl- 
ethei—w-heptane system at 30°C. Dimethylformamide was the solvent and 
a 1:1 mixture (by volume) of ether and heptane was used as precipitant.

Measurement o f Number-Average Molecular Weight

Measurement of number-average molecular weight by osmometry in­
volved many difficult problems; details will be reported in another paper.7 
The measurement was made in y-butyrolactone at 35°C. in a Stabin type
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osmometer. The membrane used was gel cellophane (Stabin), gage num­
ber 300.

Sulfur Analysis

An x-ray emission (fluorescence) technique was used to determine the 
sulfur content of the polymer. The preparation of polymer used as a 
standard for sulfur determination was as follows. Sulfurylamide (1 g.) 
was dissolved in 100 cc. methyl alcohol. The purity of the sulfurylamide 
used was checked by elementary analysis. This alcoholic solution was 
added to powder of polymer especially polymerized by azobisisobutyro- 
nitrile catalyst. After evaporation of methyl alcohol, the polymer powder 
was further dried and used as a standard.

Sulfonic Acid (SO:iH) Analysis (Conductometric Method)

Sulfonic acid (S03H) incorporation into polymer was measured by the 
conductometric method as described in a previous publication.8 Polymer 
samples were dissolved in dimethylformamide and then the polymer solu­
tion was passed through an ion exchange resin (Amberlite IR-120 H type). 
By this operation, sulfonic acid salts were converted to free acid. The 
conductivity of the solution was measured by using a conductometer 
(Yanagimoto, Type 1Y1Y-6) on titration with aqueous NaOH solution.

Dyeing Method for Determining S 0 3H

Sulfonic acid (S03H) incorporated into polymer was also measured by the 
dyeing method.9-12 Rhodamine 6-G was selected for use, it being a dye 
stable in solution for long periods at high temperature and high pH. The 
structure of this dye is given in the Color Index, Vol. 3, p. 3384 (Am. Assoc. 
Textile Chem. Colorists) and the molecular weight is 479. The dyeing of 
unfractionated polymer sample was carried out at 100°C. for about 2 hr. 
which was the time required to reach maximum adsorption. The dye con­
centration used was in excess of the concentration of S03H in the polymer 
and the dyeing solution was buffered, at pH 3.0 with buffer solution of 
Britton and Robinson.13 After being dyed, the polymer was filtered and 
washed with 200 cc. of the buffer solution and then dried. To determine 
the amount of dye absorbed, the dyed polymer was dissolved in y-butyro- 
lactone and the dye concentration was determined spectrophotometrically.

Chlorine Analysis

In this experiment, a small amount of chlorine was quantitatively ana­
lyzed by an alternating current polarograph method. Polymer was 
burned in oxygen under pressure and the HC1 evolved was absorbed into 
Na2C 03 aqueous solution. Then HC104 was added as a support electrolyte. 
An alternating current polarogram of Cl-  was recorded and the small 
amount of chlorine contained in the polymer was quantitatively analyzed 
from the peak of Cl- .
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RESULTS AND DISCUSSION

Experimental results are shown in Tables I-V I and Figures 1 and 2.
In the case of unfractionated polymer, the amount of S and S03FI in 

polymer did not agree (Table I), S and S03H per polymer molecule being
0.95 and 0.71 mole, respectively (TableII).

TABLE I
Relationship between SOall and S of Unfractionated Polymer11

Sample no.

SO 3II (by 
c o n d u cto m e try )

S (by
x - r a y  a n a ly s is )

wt.-% 106 mole/g. wt.-% 105 mole/g.

M-10108 0.27 3.33 0.124 3.87
M-10114 0.18 2 22 0.098 3.06
M -10115 0.20 2 . 4 7 0.095 2.97
L-838 0.18 2 22 0.086 2.69
K-814 0.28 3.46 0. 142 4.44
K-881 0.36 4,44 0.174 5.44

“ S = SOJ4 +  0.70 X 10 6 mole/g.

TABLE II
S03II and S per Molecule of IJnfractionated Polymer

Sample no.
M n X 
10“ 4

s o 3h
(conduct­
ometry)
x  1 0 5,

mole/g.

S (by 
x-ray 

analysis) 
X 105, 

mole/g.
(l/M J  X 

105

SO3H
per

molecule

S
per

molecule

N-1936 4.79 1.24 — 2.08 0.60 —

N-1938 3.83 1.85 — 2.61 0.71 —
211-272 3. S3 1.61 — 2.61 0.62 —
P-1921 3.58 1.73 — 2.80 0.62 —
VI-10114 3.05 2.21 3.06 3.28 0.67 0.93
M -10115 2.97 2.47 2.97 3.36 0.73 0.88
M-10108 2.70 3.34 3.87 3.70 0.90 1.04
VI-19.32 1.12 7.53 — 8.93 0.84 -

Avg. 0.71 0.95

In the case of fractionated polymer, the amount of S and S03H in polymer 
agreed, the S and S()3H per polymer molecule being 0.GS and 0.69 mole, 
respectively (TableIII).

The S()3H groups per polymer molecule is almost same for fractionated 
polymer and unfractionated polymer, but, the S per polymer molecule in the 
case of unfractionated polymer differs from that in fractionated polymer.

For some reason it may be that only sulfur in polymer decreases during 
fractionation. The reason is not clear at present, but catalyst not linked 
to polymer or its decomposed fragments might be mixed in polymer and 
then removed during fractionation,4'8 or a small amount of low molecular
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TABLE IV
Amount of S03II in Unfractionated Polymer by Dyeing Method

S03II X 10», mole/g.

Amount of dye By dyeing By
Sample no. absorbed, mg./g. method conductometry

L-83S 11.6 2.42 2 22
K-814 16.4 3.42 3.46
K-8S1 21 .9 4.57 4.44

TABLE V
Amount cif Chlorine (Cl) in Unfractionated Polymer

Cl

Sample no. Mn X 10“ 4 wt,.-% 10s mole/g.

N-1936 4.79 (1.004 0.11
N-193S 3.83 0.004 0.11

TABLE VI
Amount. of Chlorine (Cl) in Fractionated Polymer

Cl

Sample no. Mn X 1 0 '4 wt.-% 106 mole/g.

3L-39-3 1.65 0.003 0.08
3L-39-4 2.49 0.003 0.08
3L-39-5 3.79 0.003 0.08
31,-39-6 4.65 0.005 0.14
3L-39-7 5.51 0.004 0.11

weight polymer containing S which could not he measured by conducto­
metric method might be removed.

In order to confirm the difference of S03H and S per polymer molecule, 
determination of the amount of S03H in polymer by the dyeing method was 
tried. The results are shown in Table IV. The amount of SO;iH as deter­
mined by the dyeing method agrees fairly well with the value obtained by 
conductometry.

The relationship of the difference between SO/II and S of un fractionated 
polymer is represented by the equation (Tig. 1):

S = S 0 3H +  0.70 X 10-5 mole/g.

A small amount of chlorine (about 0.003-0.005 wt.-%) was found in both 
unfractionated polymer and fractionated polymer (Tables V and VI).

Firsching and Rosen,14 in a study of initiation of polymerization by the 
chlorine radical, found that, in the polymerization of vinyl chloride by 
radioactive KC103-N aH S03 catalyst, 0.3 atom of catalyst sulfur and 0.0S 
atom of catalyst chlorine were chemically bound per poly(vinyl chloride) 
molecule.
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Fig. I . Relationship between S in polymer as determined by x-ray and S03H in polymer
by conductometry.

SO3 H * I O ( mol /gr.)
Fig. 2. Relationship between the content of SO3H in the polymer and M„.

The amount of chlorine which we found in the polymer is quite small 
(0.003-0.005%). Accordingly this chlorine is probably not an incor­
porated endgroup but impurity originating from the catalyst.

As mentioned above, about 0.7 mole S03H or S in fractionated polymer 
and small amount of chlorine were found. We cannot, however, discuss 
the termination step of polymerization initiated by the chlorate-sulfite 
system on the basis of this fact alone, because there is a possibility of the 
existence of OH in polyacrylonitrile polymerized by NaC103-Na2S03 redox 
system. Measurement of hydroxyl endgroups in the polymer has been at­
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tempted but no effective methods could be found. Recently, Palit and
co-\yorkers J5 reported that the hydroxyl endgroup is found in poly(methyl
methacrylate) initiated by redox system of KCIOa-N3.2S03 in aqueous
media, and the amount of OH group changes, depending on the KClOa/

Xa2803molar ratio. In addition, in the case of aqueous suspension poly­
merization of acrylonitrile initiated by the NaClOa-Na2SOa redox system,
the polymerization is considered to occur both in aqueous solution and on
the surface of the polymerized particle. 16 Therefore, the mechanism of
termination is complicated and we can not conclude at present that termi­
nation in this aqueous suspension polymerization is simply by dispropor­
tionation or by combination.

Lastly, the relationship between the content of SOaH in the polymer and
number-average molecular weight is shown in Figure 2. This shows that
the dyeability of the polymer for basic dyes increases markedly with de­
creasing number-average molecular weight.

The author~are grat,eful t,o the authorit,ies of Japan Exlan Company for permitting t.he
publicatioh of thi~ work. They are also indebted to many colleagues in OUl' lahoratnrie>;
for the numerous analy~es.
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Resume

La determination quantitative des grollpes terminallx dans Ie copolymere acrylo­
nitrile-methacrylate de methyle (90: 10) initie avec un systeme redox NaCIOa-Na2SOa
en solution aqueu~e, a ete effectuee par application a la fois de la methode condllcti­
metriqlle et de la methode aux colorants pour les groupes SOaH incorpore~ dans Ie poly­
mere, par analyses aux rayons-X dll soufre contenu dan~ Ie polymere et par la methode
polarographique pour Ie chlm'e dans Ie polymere. Le poids moleculaire moyen en
nombre a ete determine par la methode o~mometrique. La determination des grollpes
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EXPERIMENTAL

Preparation of iV-Carboxy-DL-alanine Anhydride and 
iV-Carboxy-L-alanine Anhydride

DL-Alanine NCA and L-alanine NCA were prepared in high purity (chlo­
rine content less than 0.02%) as reported previously.9

Polymerization

Poly-DL-, poly-L-, and poly-n-alanine were prepared by the method re­
ported previously.9

Reprecipitation of (lie Polymer

After dissolving a polymer in dichloroacetic acid, formic acid, or m- 
cresol, the solution was allowed to stand at a constant temperature for a 
certain period, and the polymer was reprecipitated with ether or acetone 
and dried in vacuum at room temperature. The polypeptides thus ob­
tained were subjected to x-ray diffraction and infrared absorption analysis.

Characterization of Polymers

X-ray diffraction diagrams were obtained by powder or film method by 
using a Rigaku Denki diffraction meter with nickel-filtered CuKa radia­
tion. The infrared spectra of the polymers were obtained by a DS-301 
Nihon Bunko infrared spectrometer on KBr disks or films of polymers.
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Résumé

La polymérisation de iV-caroboxy-DL-alanine anhydride et de l’anhydride A -carboxy- 
L-alanine a été effectuée dans différents solvants tels que l'acétonitrile, le diméthyl- 
sillfoxyde ( DMSO) et le nitrobenzene. Le diagramme de diffraction des rayons-X et les 
spectres infrarouges des poly-ui.- et poly-L-alanines ont été relevés. La conformation 
des polypeptides obtenus dans l’acétonitrile et le nitrobenzene étaient des formes a et 
la conformation du polypeptide obtenu dans l’acétonitrile n’était pas influencée par 
son poids moléculaire. La conformation des polypeptides obtenus dans le DMSO 
étaient essentiellement du type f). On a observé (pie les formes a et /3 de la polyalanine 
étaient modifiées par traitement des polymères avec le j/i-crésol, l'acide dichloroacétique 
ou l ’acide formique.
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Zusammenfassung

Die Polymerisation von iV-Carboxy-DL-alaninanhydrid und .V-Carboxy-malanin- 
anhydrid wurde in verschiedenen Lösungsmitteln wie Acetonitril, Dimethylsulfoxyd 
(DMSO) Nitrobenzol ausgeführt. Das Röntgenbeugungsdiagramm und die Infrarot­
spektren des Poly-DL- und des Poly-n-alanins wurden auf genommen. Die in Acetonitril 
und in Nitrobenzol erhaltenen Polyptptide wiesen «-Konfiguration auf; die Konforma- 
tion des in Acetonitril hergestellten Polypeptids war von seinem Molekulargewicht 
unabhängig. Das in DMSO hergestellte Polypeptid besass im wesentlichen ß-Konfor- 
mation. Es wurde beobachtet, dass die a- und /3-Form des Polyalanins durch Behandl­
ung des Polymeren mit m-Kresol, Dichloressigsäure oder Ameisensäure ineinander 
übergeführt werden.

Received January 3, 19G7 
Prod. No. 5425A
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Stereoregularity of Polyacrylonitrile 
Determined by NMR

G. SVEGLIADO, G. TALAMINI, and G. VIDOTTO,
Montecatini Edison S.p.A. and Istituto di Chimica Fisica 

dell’ Università di Padova, Padova, Italy

Synopsis

The NM R spectrum of polyacrylonitrile is interpreted and the tacticity of three 
polyacrylonitrile samples prepared at different temperatures in the range from —78 to 
120°C. determined. The ratio between isotactic and syndiotactic units is about 50:50 
for all the three samples examined.

Introduction

The steric structure of polyacrylonitrile (PAN) and the way in which 
polymerization conditions affect it have not yet been completely explained, 
even though various papers have recently appeared on the subject.

Some authors1-4 state that some physical properties of commercial PAN 
are typical of a semicrystalline polymer; PAN therefore should have a high 
degree of stereoregularity. On the basis of x-ray measurements Stefani 
et al.2 state that the PAN chain is 80% syndiotactic with a planar zigzag- 
conformation in the crystalline regions. Yamadera et al.4 found that the 
infrared vibrational frequencies of PAN and deuterated PAN are in agree­
ment with those calculated by the GF matrix method assuming a planar 
zigzag syndiotactic structure for the polymeric chain. Inagaki et al.6 
recently determined the unperturbed dimensions in solution for seven 
fractions of a PAN sample obtained at — 30°C. and for six fractions of a 
sample obtained at +60°C. These authors came to the conclusion that 
the syndiotactic fraction of a PAN chain increases on decreasing poly­
merization temperature.

Chiang6 and Talamini and Vidotto7 observed that samples of PAN 
prepared at different conditions exhibit marked differences in the dissolu­
tion and crystallization behavior. They believe that these differences 
depend probably on variations of the stereoregularity degree.

On the other hand, according to other authors, PAN is a practically 
atactic polymer.8-10 Krigbaum and Tokita11 have calculated theoretically 
the energy of the most probable conformations for a sequence of two poly­
acrylonitrile units having syndiotactic and isotactic configurations, 
respectively.

2875
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The energy is the same, and that seems to indicate that PAN stereo­
regularity is independent of the polymerization temperature. Moreover, 
these calculations indicate that the helical conformation is the most prob­
able for the syndiotactic configuration.

Also the NMR data recently obtained on PAN stereoregularity show 
some disagreement. Yamadera and Murano12 investigated the NMR 
spectrum of both normal and a-deuterated PAN in NaCNS-D20  solution. 
The absorption of chain methylenes is the result of two overlapping triplets, 
the one at higher field being due to the syndiotactic methylenes.

From the spectrum of the a-deuterated polymer it appears that the 
syndiotactic configuration prevails and there is no difference between the 
PAN prepared at high temperatures (40 and 65°C.) and the PAN prepared 
at — 190°C. with y-ray initiation. Matsuzaki et al.13 have studied both 
normal and a-deuterated PAN in dimethyl sulfoxide-d6 (DMSO-c4) and 
have come to the conclusion that stereoregularity cannot be determined in 
this solvent because of the strong overlapping between the triplets of 
syndiotactic and isotactic methylenes. Thereafter they found that the 
overlapping triplets observed in DMSO-d6 resolve into two triplets in 
dimethylformamide-d?,14 thus allowing stereoregularity measurement. 
This interpretation is supported by the spectra of deuterated samples, 
which exhibit two peaks 0.03 ppm apart in the methylene absorption region. 
The ratio between isotactic and syndiotactic units is about 50:50 for all the 
samples examined independently of the initiation system used in the poly­
merization process (redox, ra-buthyllithium, 7-rays).

This work reports the results of a NMR study of the stereoregularity of 
PAN samples prepared at different temperatures.

Experimental

The PAN samples were prepared by bulk polymerization with the system 
B(C4H9)3 +  0 2 as initiator at temperatures of —78 and 35°C. and tert- 
butvl peracetate at 120°C. High concentrations of initiator (1-2%) were 
used in order to obtain low molecular weight polymers.

The polymerization reactions were stopped by adding methanolic 
ammonia or quinone. The polymers were recovered by pouring the reac­
tion mixture onto an excess of methanol.

The NMR spectra of PAN samples were measured in dimethyl- 
sulfoxide-d6 (10% w/v) at 150°C. (thermostatted probe) by using a Varian 
A 56/60 and a Varian HR 100 spectrometer.

Results and Discussion

Figure 1 shows the spectrum at 60 Mc./sec. of the PAN sample prepared 
at 120°C. The spectrum is similar to the one reported by Matsuzaki 
et al.13 and is characterized by a quintet at 6.85 r corresponding to the a CH 
groups and by a strongly asymmetric triplet at 7.90 r  corresponding to the 
13 CH2 groups (the absorption near 7.5 r  is due to residual protons in the
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solvent). This spectrum does not allow determination of the stereo­
regularity of the sample.

In the spectrum recorded at 100 Ale./sec. (Tig. 2) the a CH absorption 
is not altered, whereas the 0 CH. absorption becomes much more complex; 
a series of peaks can be recognized at 7.79s, 7.83., 7.8(is, 7.887, 7.91o, 7.939, 
7.95,, 7.983 t.
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This complex structure may result from the overlapping of a triplet at 
higher field at 7.837, 7.91a, and 7.98s t due to the methylenes in syndiotactic 
configurations and from a more complex absorption at lower field, which 
can be interpreted as the AB part of an ABX 2 system15 due to the two 
protons of the methylenes in isotactic configurations.

From a theoretical point of view the magnetic non-equivalence of the 
methylene protons in isotactic configuration could be expected, and it has 
been experimentally detected in the NMR spectra of many polymers.16-20 
There are some cases, however, where the protons of isotactic methylenes 
seem to be equivalent.21-23 Even though the low resolution generally 
obtained in the NMR spectra of polymers is not taken into account, this 
equivalence can occur when the difference in chemical shift between the 
methylene protons is rather small and, because of the geminal coupling, 
the absorption bands further converge toward the center of the single 
signals of the two protons. By increasing the resonance frequency, the 
conditions of the non-equivalence observation for the /3 protons are ob­
viously improved.

Whereas at 60 Me./sec. this non-equivalence is not detectable (the 
distance between the two central lines of the AB quartet should be 0.7 cps 
and the intensity of the external lines would be lost in the background), 
it actually appears at 100 Me./sec. in our case. In the PAN spectra 
reported up to now,12-14 the magnetic non-equivalence of isotactic methy­
lene protons has not been observed. This can be ascribed to the different 
solvent used12,11 and, in the particular case where the solvent was the 
same,13 to the better resolution we obtained working with samples of low 
molecular weight.

The parameters for the isotactic and syndiotactic methylenes obtained 
from the 100 Me./sec. spectrum in DMSO-d6 at 150°C. are collected in 
Table I.

TABLE I
Parameters for the Isotact.ic and Syndiotactic Methylenes of PAN 

Obtained from the 100 Mc./seo. Spectrum

VA — VB, J AB , J  A X , J B X ,

Half­
band­
width,

Methylene (ta H- tb) /2 cps cps cps cps cps

Iso tactic 7.87? 7.6 -1 4 .4 7.6 6.5 2
Syndiotactic 7 .91 o 0 — 7.3 7.3 3

In Figure 3 are reported the spectra for the isotactic and syndiotactic 
methylenes calculated* by using the parameters of Table I together with 
the experimental methylene absorption of the sample polymerized at

*The isotactic and syndiotactic methylene spectra were calculated by Prof. Rigat.ti of 
the Institute of Physical Chemistry at the University of Padua using the computer 
Olivetti ELEA 6000 of the Scientific Calculation Electronic Center.
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120°C. From this interpretation the ratio between isotactic and syndio- 
tactic methylenes is found to be about 50:50.

The spectra of other two samples of PAN polymerized at 35 and —7S°C. 
have been analyzed.

7.6 78 8.0 T

Fig. 3. N M ll spectra of the methylene protons of PAN at 100 M e./sec.: (a) observed 
spectrum of the sample prepared at 120°C.; (6) calculated isotactic component; (c) 
calculated syndiotactic component; {cl) line spectra corresponding to 6 and c.

By resolving the methylene absorption in the isotactic and syndiotactic 
contribution according to the above-reported method, it appears that there 
is no substantial difference in the values of the ratio between isotactic and 
syndiotactic methylenes of the samples prepared at different temperatures.
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The methylene absorption of the three samples examined is reported in 
Figure 4. We can therefore conclude that the degree of stereoregularity 
of PAN is independent of the polymerization temperature and that the 
polymer has 50% units with isotactic configuration and 50% units with 
syndiotactic configuration.

The independence of stereoregularity of the polymerization temperature 
is in agreement with the theoretical calculations of Krigbaum and Tokita.11

The difference in the physicochemical properties of PAN samples prepared 
at different temperatures, found by Inagaki et al.5 and Talamini and 
Vidotto7 could be ascribed to variations in the number of irregularities of 
the polymer such as branching, head-to-head placement, cyanoethyl 
groups, etc., all of which are connected with the polymerization tempera­
ture. A 50:50 ratio between isotactic and syndiotactic units is in dis­
agreement with the opinion of various authors2,4'5'12 and could raise the 
doubt that PAN undergoes racemization in DMSO solution. It is to be 
noted, however, that DMSO has no racemizing action on the PAN model 
compounds meso- and d,/-2,4-dicyanopentanes.14

Xote: After the completion of this work a paper by Bargon et al. [Kolloid Z., 213, öl
(1966)] appeared on the determination of PAN steric microstructure by NM R. Their 
results are in fairly good agreement with ours.

The authors are greatly indebted to Dr. Melera of Varian AG, Zürich, for the recording
of the 100 Ale. spectra and to Dr. Cavalli of the Montecatini Edison Research Laboratory
at Bollate for helpful discussions.
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Résumé

On donne une interprétation du spectre NMR du polyacrylonitrile. Sur la base de 
cette interprétation on détermine la tacticité de trois échantillons de polyacrylonitrile 
préparés aux diiïerentes températures dans l’ intervale de —78 à +120°C. Le rapport 
des unités iso- et syndiotattiques est environ 50:50 pour tous les trois échantillons 
étudiés.

Zusammenfassung

Man gibt eine Deutung des Polyacrylonitril NMR-Spectrums. Auf Grund dieser 
Deutung bestimmt man die Taktizität von drei Polyacrylonitril-Proben, die bei ver­
schiedenen Temperaturen, —78 bis +120°C, hergestellt wurden. Das Verhältnis 
zwischen iso- und syndiotaktischen Monomereinheiten ist ungefähr 50:50 für die drei 
geprüften Proben.

Received March 1, 1967 
Revised April 18, 1967 
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Intrinsic Viscosity and the Segment Distribution Function

The theory developed by the present author for a chain polymer of 
spherical configuration corresponds to the following situation.

(I) A chain polymer, when immersed in a laminar flow, acquires a 
rotational motion. The velocities of the segments are determined by the 
rotational motion. The viscosity arises from the difference in the rota­
tional motion and the original laminar flow.

(II) The original flow is perturbed by the excluded volume and the 
motion of the segments. This perturbation can be expressed by a fluid 
dynamical force.

(III) The fluid dynamical force on a segment depends not only on its 
coordinates but also on those of the other segments. Thus, it is a many- 
body force, while in the evaluation of the intrinsic viscosity a one-body 
force comes in.

These observations are based on first principles and are in accord with 
BDB and KR. However, differences between the theories arise in the 
evaluation of the one-body force. The author has shown that (I,a) the 
one-body force may be determined in a self-consistent way as a function 
of the position from the center of a given polymer.

This statement has nothing to do with the excluded volume effects, and 
leads to a fundamental difference between our theory and the KR theory, 
as we shall discuss a little later. To proceed further, the author has then 
postulated (I,b) the pair segment distribution function is given by a 
product of singlet distribution functions.

Such an assumption is very common, even in the case of simple liquids. 
The present author has shown that the same product assumption made in 
the evaluation of the second virial coefficient of chain polymers yields very 
good results.8'9 Actually, the assumption is consistent with the choice of 
segments coordinates as independent coordinates. The basic difference 
between the Rouse theory10'11 and the Kirkwood theory12 based on the 
description in a generalized Riemanian space is also in the choice of 
variables.

The general viscosity formula derived under the above consideration is 
characterized by a Fourier transform of the segment distribution function 
w(lc) as follows:

Here f  is the frictional constant of a segment, t]0 the viscosity of solvent, N 
the number of segments in a polymer molecule, and A(fc) is essentially the 
eigenvalue of the Oseen hydrodynamical interaction tensor in fc-space.

The function w(k) is independent of assumption (I,b) and represents 
that the viscosity of the entire molecule is the sum of the energy dissipation 
due to individual segments. Thus, it is a singlet distribution function 
referred to the center of gravity. The Fourier transform of a distribution

k = k' = o (1)
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function appears in the theory of Markoff chains as a natural step. There­
fore, eq. (1) may be considered convenient from the theoretical point of view.

The eigenvalue \(k) is related to the assumption (I,b). Together with 
w{k), it should be determined for the most realistic model of a polymer 
molecule. Yet, a rigorous theory has not been developed for even a pearl 
necklace model with excluded volume effects. Therefore, if one uses a 
perturbation method, he arrives at:

M = AN  (1 +  BN'h) (1 +  CWI/! -  D N )-1 (2)

where the terms with the constants A and B represent the excluded volume 
effects.

As is seen, eq. (2) is rather involved to compare with experiments. In 
the absence of the excluded volume effects, it reduces to

M = Mo [1 +  7 (a/b) (3)

Mo = +V62/36m?;0 =  it Nab2/6m

where a is the radius of a segment, b the bond length when a pearl necklace 
model is adopted, m the mass of a segment, and 7 is a constant which 
arises in connection with the assumption (I,b). If one assumes (I,bl) 
that the pair distribution function is given by a product of the singlet 
segment distribution functions referred to the center of gravity, 7 is found 
in the first approximation to be

7 = 0.2863 (4)

As an alternative approximation, one may assume (I,b2) the pair dis­
tribution function is replaced by a singlet distribution function referred to 
the center of gravity multiplied by the probability distribution function* of 
finding another segment around the first chosen segment. One finds in 
this case

7 =  3.6852 (5)

To compare eq. (3) with experiments, it is convenient to rewrite it in 
the form:

M/[N] =  .1 +  BM'h (6)

Here
.1 = 600/no2/ 7r Noah'2

B =  600,n,/ ~ drAVr (7)

nio is the molecular weight of a segment, No is Avogadro’s number, and 
the unit of the intrinsic viscosity corresponding to eq. (7) is deciliters per 
gram. Equation (6) agrees in its general form with what Peterlin7 obtained 
by an intuitive method, as we shall discuss in the next section. However, 
since constants A and B are different we have determined them from the

*This type of distribution function has been used in the theory of light scattering.13’11
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Fig. 1. Theoretical prediction (3) is tested for polystyrene in benzene.

plot illustrated in Figure 1. The data here are those on polystyrene 
obtained by Ewart and Gingey.15 As a result we find a =  0.12 A., b = 15.2 A. 
for y =  3.6852; a = 0.64 A., 6 = 6.47 A. for 7 =  0.2863. These values have 
been obtained for m„ =  100. The a values are rather small, but they depend 
on m0. Generally, a increases more rapidly than b with m0.

From Figure 1 one might conclude that the general theoretical form of 
eq. (6) is satisfactory. However, it has been found that stiff molecules 
such as cellulose do not follow the theoretical prediction.16 In any case, 
one can conclude from Figure 1 only that the theory is in the right direction. 
As we mentioned before, even in the case of no excluded volume effects, 
improvements upon the assumption (I,a) and related mathematics would 
yield different a and b values. Furthermore, whether or not such a theo­
retical improvement yields better a and b values, one should take excluded 
volume effects into consideration.

Nevertheless, within the framework of this theory, it is clear from the plot 
in Figure 1 that both A and B terms are important. Thus, it may not be 
appropriate to neglect the A term and use

bl] =  [v]o(bN'/2/ya)
=  $(r„2)vVM (8)

to explain the molecular weight dependence of the intrinsic viscosity. 
Here, $  represents a universal constant and (r02) is the mean-square 
end-to-end distance. Equation (8) corresponds to N -*■ »  and for a finite N 
its functional form is not correct.

Comments on Peterlin’s Work

As we mentioned before, eq. (6) agrees in form with what Peterlin 
obtained by an intuitive method. For comparison, and since his derivation 
is given in a paper which is not very accessible, we shall summarize his 
method.7
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(P,a) One half of the segments of a polymer is assumed to move in one 
direction, while the other in opposite direction.

(P,b) The velocity of the jth segment is assumed to be related to that of 
the first segment by

vj =  [(N -  2 N j+  1)/(N -  l)]n  (S)

In the absence of the hydrodynamical interactions the same relation is 
assumed to hold:

v/ =  [(W -  2Nj +  l)/(N  -  l ) h '  (9)

(P,c) The force on the one half of the molecule:
N / z

F =  E  Fj (10)

. i ï ,
3 = 1

in the absence of the interactions is assumed to be equal to

F =  f 0ri (11)

where V\ corresponds to the velocity of the first, segment in the presence of 
the interaction, and the constant f 0 is somehow related to the total vis­
cosity by

[v ] =  ( M > V 6 ) (  f „ / f o F o )  ( 1 2 )

(P,d) The velocities Vi and v\ are connected by the relation

1>1 — V\  +  E  'I'Ve Vk
k =  i

vi' (13)

where iAi* is the average hydrodynamical interaction defined by

a0
ilk = <k»i>

Using the above relations one easily finds

Iv ],j =  (6ira62/24U0)fV[l +  2M(a0/b)N'

(14)

(15)

which is very close in form to eq. (3). This is not surprising, because 
Peterlin gave a correction to the Staudinger rule by evaluating an average 
hydrodynamical interaction, which is inversely proportional to N l/2, 
through eq. (14). Therefore, the correction should be of the right order 
of magnitude.

However, irrespective of the similarity in the theoretical form, there are 
important differences between his theory and ours. The main differences
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are: (1) the motion of the chain molecule is entirely different; (2) the steps 
to the hydrodynamical interactions are entirely different; (3) the expressions 
for A and B are different. Especially, Peterlin’s result does not reduce to 
Debye’s expression [r? ]0 in the limit of no hydrodynamical interaction.

Comments on the KR theory

Our theory may be understood better if compared with the KR theory. 
Their theory has been developed along the observations (I)—(III) discussed 
above. However, their steps corresponding to (I,a) and (I,b) are different 
and are as follows.

(KR,a) A one-body force is determined as a function of the ordering 
number of a segment irrespective of its location.

(KR,b) Because of (KR,a), the Oseen hydrodynamical interaction tensor 
is replaced by its average.

The result obtained by KR may be expressed as

M er = h]oE(.r) (16)

where F{x) is a function of a variable

 ̂ = ((j’ V -  ';)(«/6).V '/s (17)

Equation (16) may be written in the form:

fohra = 5.3654«?’o2)a/2/  M )F(x) (18)

From this expression Flory’s $ value can be evaluated from the limiting 
value of F(x). Unfortunately, the limit depends on a numerical solution 
of their integral equation. Since the solution is very slowly convergent, 
efforts have been made to obtain better results. Accordingly, it is interest­
ing to observe that improvements on the numerical solution have resulted 
in smaller $  values: 3.62 X 1023 (Kirkwood and Riseman3); 3.36 X 1023 
(Kirkwood, Zwanzig, Plock17) ; 2.86 X 1023 (Auer and Gardner18) ; 2.84 X 
1023 (Zimm11).

It should be remarked that, these $ values correspond to x . Actually 
x is not very big and is of order 0.lAf‘/2. Thus, if M =  106 and m0=  100, 
x is only of the order of 10. The values of $  corresponding to x of this 
order of magnitude are less than that for x -*■ » ,  while Flory’s original 
objection to the KR theory was based on the high value in the KR 
result.4

In this respect, it is very interesting to observe that Hermans19 repro­
duced the KR function F{x) by a simpler function and reported an approxi­
mate formula:

M kr = [y ]o [1 +  1.078(a/6)A,/2] - '  (19)

The error involved in this approximation is a few per cent. We see that 
this expression is identical in form with that derived by Peterlin and Isihara.
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Comments on the BDB Theory

The BDB theory has also been developed under I, II, III and (I,a) dis­
cussed above. Instead of (I,b) the BDB theory assumes (BDB,b) that 
the segment distribution is uniform inside a sphere. Because of this 
assumption they were able to solve a differential equation which has been 
shown by the author equivalent to the integral equation used by the 
author.20 Therefore, their result is characterized by the radius Rs of a 
polymer molecule:

M db =  (4*-/3 )No(R,*/M)G(<r) (20)

where a2 is defined by

<r2 = 9Na/‘2Rs (21)

In order to compare this result with ours it is necessary to introduce an 
assumption on Rs. We assune

R ,s = Nb2/3.6 (22)

so that cq. (20) for finite a2 is approximately given by

M d b  =  Mo[l +  0.4150(a/ò)iV'/:]~1 (23)

As we see, the difference between this formula and eq. (3) with eq. (4) is 
again very small. This is, of course, for finite values of <x. The closeness 
in the final results of the IvR and BDB theories has been illustrated by a 
graph in the DB paper. This suggests that a certain relation exists be­
tween the assumptions (KR,b) and (BDB.b). It seems that the averaging- 
process corresponding to (IvR.b) amounts to introducing a uniform segment 
distribution although locally the density is supposed to change. Further­
more, the assumption (I,b) is a consequence of small correlation. Thus, 
it seems that the author’s assumption (Ib,l) which replaces the pair 
segment distribution by the two singlet distribution functions referred to the 
center of gravity is the most natural one. Unfortunately, the subsequent 
calculations are not simple compared with those for the alternative 
assumption. However, the very difficulty of the problem is clearly con­
nected to the complexity of the calculation.

This work was supported by the National Science Foundation.
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Résumé

La théorie de la viscosité intrinsèque développée récemment par le présent auteur est 
examinée et comparée aux expériences et aux théories de Peterlin, Kirkwood et Riseman, 
Brinkam, et de Debye et Bueche; par là, les hypothèses fondamentales et les approxi­
mations essentielles intervenant dans ces théories sont soumises à la critique.

Zusammenfassung

Die kürzlich vom Verfasser dieser Arbeit entwickelte Theorie der Viskositätszahl wird 
untersucht und mit Experimenten und mit den Theorien von Peterlin, Kirkwood und 
Riseman, Brinkman sowie Debye und Bueche verglichen. Dabei wurden die grundle­
genden Annahmen und wesentlichen Vereinfachungen in den Theorien kritisiert.
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Copolymerizalion of Irans-2,6-Diazido- 
hexaphenylcyclophosphonitrile Tetramer 

with l,4-Bis(diphenylphosphino)butane or 
4,4'-Bis(diphenylphosphiiio)biphenyl

ANDREW J. BILBO, Naval Ordnance Laboratory, Corona, California 
91720, and CLAY M. SHARTS, San Diego State College, San Diego,

California 92115

Synopsis

Polymers [N(PN)4(C,H3),N =P (C ,H 6)2(CH2)4P(C6Ha)2]J, and [N(PN)4(C«ir3)6N = P - 
(C6H6)2CeH4C6H4P(C6H6)2]j, have been formed by thermal copolymerization of trans-
2,6-diazidohexaphenylcyclophosphonitrile [Ni(PN)4(CaHa)jNs] with either 1,4-bis- 
(diphenylphosphino)butane [(CeH.APCCILhPiCeHsh] or 4,4'-bis(diphenylphosphino)- 
biphenyl [(CeH^CiHiCjILPfCiHiih]. The maximum molecular weights obtained were 
about 10,000. A polymer eudcapped with triphenyl phosphine was stable to 400°C.

INTRODUCTION

The reaction of triphenylphosphine with phenylazide to form (CbH3)3I>=  
X— (AH,-, was reported by Staudinger and Hauser.1

This basic reaction was utilized by Herring2 to form polymeric material 
from l,4-bis(diphenylphosphino)benzene and 1,4-diazidobenzene. We pre­
pared trans-2,6-diazidohexaphenylcyclophosphonitrile tetramer (I) and 
studied its properties, thermal decomposition, and reactions with aryl- 
phosphines.3 In this paper we report the polymerization of (I) with 1,4- 
bis(diphenylphosphino)butane (II) and with 4,4'-bis(diphenylphosphino) 
biphenyl (IV) to give polymers III and V as shown in cqs. (1) and (2).

C,H.\ > H5 6 a\|
P =N

/  \  / C6H5 CxtH5N P — N.
Il II

\+ x P
N—;P  N /

\  _  /
f  ~~~'C6H5 
C6H5

C6 « 5

/
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C6H5\?6Hs

/  \ /

=N— -P

c , h 5 N = P
| C6H5

+ 2xN ( | )

C6H5\?6Hs 
P = N

/ *  " \ - ' C6H5T6H5
N P —  N = P
II

=N— P  v

V

o o - f - + 2xN ( 2 )
II

C H N=P-^_
6 5 | C6H5

C6H5

V

EXPERIMENTAL

Materials

Diazide I, 2,6-diazidohexaphenylcyclophosphonitrile tetramer, was pre­
pared by procedures described earlier3 and recrystallized from acetonitrile; 
m.p. 207-208°C. (corr.). Diphosphine II, l,4-bis(diphenylphosphino- 
butane, was prepared from 2 moles of lithium diphenylphosphide and 1 
mole of 1,4-dibromobutane by a procedure similar to that reported by 
Aguiar et al.4 Diphosphine II was purified by repeated crystallizations 
from the mixed solvent system tetrahydrofuran-methanol; m.p. 134.5- 
135.0°C. (corr.). Diphosphine II was prepared previously by reduction of 
tetramethylenebis(triphenylphosphonium)dibromide with lithium alumi­
num hydride; reported m.p. 135-136°C.6 Diphosphine IV, 4,4'-bis- 
(diphenylphosphino) biphenyl was prepared from one mole 4,4'-dilithio- 
biphenyl and two moles of chlorodiphenylphosphine by a procedure 
furnished by Baldwin;6 IV was recrystallized from tetrahydrofuran- 
methanol solvent; m.p. 191.4-191.7°C. (sealed capillary, corr.).
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Solvents used in the work were the best commercial grades available, and 
were distilled under vacuum before use in polymerization.

Apparatus

Polymerizations were carried out in standard glassware on a standard 
vacuum line.

Procedure

Equimolar weights of diazide I and either the diphosphine II or IV were 
placed in a flask on the vacuum line. Appropriate solvent was added 
either directly and the system degassed, or added by vacuum line transfer 
bulb-to-bulb distillation. The polymerization reaction system was heated 
to the appropriate temperature and nitrogen evolution observed by the 
manometric technique appropriate to the solvent in use.

Details of preparation of polymers III and V are given in Tables I 
and II.

Thermal gravimetric analyses were carried out with a Stanton Model
H. T. thermal balance. The thermal differential analysis was carried out 
with a Du Pont 900 DTA.

RESULTS AND DISCUSSION

Polymers III and V were obtained according to eqs. (1) and (2). Poly­
merizations could be achieved in aromatic solvents in the temperature 
range 130-160°C. Some decomposition of diazide I occurred at this 
temperature, as shown by discoloration of the polymer. From rate con­
stants and activation energies of the first-order decomposition of diazide I 
reported earlier,3 it is expected that decomposition will be significant 
enough at 150°C. to limit the polymerization reaction.

The white polymers III and V were formed in dibutyl phthalate solvent 
at 100-110°C. Alkyl esters such as butylacetate did not lead to polymers 
at the temperature of refluxing.

Polymer molecular weights were disappointing. Molecular weights at 
best were in the range 9000-10,000. Polymers were brittle and did not 
draw nicely into fibers when melted.

At higher temperatures (>  140°C) it is believed the chain length is limited 
by thermal decomposition of diazide I. At low temperature in dibutyl 
phthalate one of the limiting factors for polymerization is precipitation of 
the polymer from solution. A second limiting factor appears to be the 
second-order nature of the reaction. The importance of oxidation by 
oxygen to phosphine oxide linkages is not known. No phosphorus-oxygen 
impurity could be detected in diphosphines II and IV.

A sample of polymer V endcapped with triphenylphosphine had the 
thermal gravimetric analysis in helium and air as shown in Figures 1 and 2 
and the differential thermal analysis as shown in Figure 3. In air and in 
helium the polymer did not lose weight at under 400° C.
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Fig. 1. Thermal gravimetric analysis of sample 1076-040 in helium.
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Fig. 2. Thermal gravimetric analysis of sample 1076-040 in air.
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Fig. 3. Differential thermal analysis of sample 1076-040 in nitrogen.

Present work is directed to increasing the molecular weight of the polymer 
in a solvent that allows polymerization below 100°C. and that is signifi­
cantly more volatile than dibutyl phthalate.

This work was supported by the Bureau of Naval Weapons, Department of the Navy. 
We are indebted to Dr. C. P. Haber for many helpful discussions.
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Resume

Des polymères [N(PN)4(C,H6),N=P(C«H6MCH2)4P(C,H6)2]I et [N(PN)1(C6HS)6N =  
PfCeHshCsLLiCetLPiCeHeh]* ont été obtenus par copolymérisation thermique du 2,6- 
diazidohexaphénylcyclophosphonitrile-irans [N3(PN)4(CsH5)6N3] avec soit le 1,4-bis- 
(diphénylphosphino)butane [(CeHôhPfCLLhPiCeHôh] ou le 4,4'-bis(diphénylphos- 
phino)biphényl [(CsHsjsCiIRfCi^PiCeHilj]. Le poids moléculaire maximum obtenu 
est d ’environ 10.000. Un polymère terminé avec un groupe triphénylphosphine est 
stable jusqu’à 400°C.

Zusammenfassung

Polymere der Formeln [N(PN)4(C,H6)eN = P (C ,H s)i(CH 2)4P(C,H6)1]I und [N(PN)4- 
(C6H6),N = P (C 8Hi)sC6H4C6H4P(C6H5)2],  wurden durch thermische Copolymerisation 
von trans-2,6-Diazidohexaphenylcyclophosphonitril [N3(PN )4(C6H5)6N3] mit entweder 
l,4-BLs(diphenylphosphino)butan [(C6H5)2P(CH2)4P(C 6H6)2] oder 4,4'-Bis(diphenyl- 
phosphino)biphenyl [(CsHsjaCeH^eH^CjHsjs] hergestellt. Die höchsten erhaltenen 
Molekulargewichte lagen um etwa 10.000. Ein Polymeres mit Triphenylphosphin- 
Endgruppen war bis zu 400°C stabil.

Received March 17, 1967 
Prod. No. 5434A
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Homopolymers and Vinyl Chloride Copolymers of 
Vinyl Esters of Chlorinated Fatty Acids from 

U m b elli fe ra e  and L im n a n th es  d o u g la s ii

R. LIEPINS and C. S. MARVEL, Department of Chemistry, 
University of Arizona, Tucson, Arizona, and F. C. MAGXE, 

Southern Utilization Research and Development Division, 
Agricultural Research Service, New Orleans. Louisiana

Synopsis

Homopolymers and copolymers of vinyl esters of chlorinated C u , C20, and C22 fatty 
acids with vinyl chloride have been prepared and evaluated. The incorporation of the 
vinyl ester of chlorinated Cis, C20, and C22 acids as comonomers with vinyl chloride 
produced more flexible copolymers than have other comonomers, yet none have imparted 
the plasticization that can be obtained by an equal amount of external plasticizer.

INTRODUCTION

In the study of internally plasticized poly (vinyl chloride), the effect of 
the number and location of chlorine atoms in the fatty acid portion of 
vinyl esters upon the plasticization efficiency has been reported.1-3 The 
earlier studies involved the following vinyl esters: 9- and 12-chIorostearates, 
9,10-dichlorostearate, 9,10.12,13-tetrachlorostearate, 14-chloroeicosanoate, 
13,14-dichlorobehenate, and hexachlorocyclopentadiene adduct of petro- 
selinic acid. In some cases, low brittle temperatures for the copolymer 
were obtained.1

To determine further the effect of the substituent position in the ester 
side chain upon the properties of the copolymer, additional chlorinated 
fatty acid esters have been investigated. Various homopolymers and co­
polymers have been prepared. Some copolymers were fractionated to gain 
an idea about their homogeneity as well as molecular weight distribution. 
All of the copolymers were evaluated for strength and low-temperature 
properties.

RESULTS AND DISCUSSION 

Monomers

Samples of the various monomers were provided by the Oilseed Crops 
Laboratory of the Southern Utilization Research and Development Divi-

2899
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sion of the Agricultural Research Service. A description of their composi­
tion ami their abbreviations are given below. Their preparation and 
detailed analysis is fully described elsewhere.4

VLd. Vinyl esters of chlorinated Cis (~ 3 % ), C20 (~64% ), and C22 
(~31% ) fatty acids with the chlorine substituted mainly in the 5,6 posi­
tions and a minor amount in 13,14 and 5,6,13,14 positions. The material 
was an orange-colored oil of 1.4734 and boiling at 210°C./0.15 mm. and 
higher. The low-boiling fraction of the material had the following proper­
ties: no 1.4720, b.p. 210-13°C./0.15 mm., Cl, 15.59%. Infrared (no 
absorption at 1640-1500 cm.-1) and NM R (no signal at 5.4 ppm) spectra 
indicated no internal unsaturation.

VCD. Vinyl esters of 33% of 5,6-dichlorodocosanoic acid and 67% of 
13,14-dichlorodocosanoic acid. The material was a light yellow-colored 
oil of ?id 1.4740. Infrared and NM R spectra indicated no other unsatura­
tion than the vinyl ester.

VCE. Vinyl esters of 96% of 5,6-dichloroeicosanoic acid and 2% of a 
mixture of 5,6- and 13,14-dichlorodocosanoic acids. The material was a 
light yellow-colored oil of n(> 1.4723. Infrared and NMR spectra indicated 
no internal unsaturation.

VCS. Vinyl esters of about 83% of 6,7-dichlorostearic acid and about 
17% of 9,10-dichlorostearic acid. The material was an amber-colored oil 
of nj) 1.4682. The infrared spectrum indicated no unsaturation other than 
the vinyl ester and a minor amount of free hydroxyl (minor band at 
3500-3300 cm.-1 and at 1100 cm.-1). No free carboxylic acid was indi­
cated at 1700-1725 cm.-1.

Homopolymerization

The four monomers were homopolymerized in an emulsion system. The 
experimental data are given in Table I. Early in the work it was noticed

TABLE I
Emulsion TIomopolymers of Vinyl Esters of Chlorinated Fatty Acids“

Monomer

Amt initiator, 
(DEABIB»), 

phmc

Polymer­
ization 

time, hr.
Conversion,

orZo tinh'1

YLd 10 50 20 0.08
YLd (distilled, low- 

boiling fraction) 10 48 55 0.08
VCD 10 4S 55 0.15
VCE 10 48 70 0.13
YCS 7.5 48 48° 0.08

“ Siponate DS-10 (alkyl-substituted benzene sodium sulfonate) used as emulsifier. All 
of the polymerizations were conducted at 60 ±  2°C. by tumbling t he tubes end over end. 

b Diethyl azobisisobutyrate. 
c phm = parts per 100 parts monomer.
d Determined on solutions from 0.251 to 0.498 g./lOO ml. of tetrahydrofuran. 
e A small amount of gel present.
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that the use of a buffered recipe increased not only the conversion but also 
the inherent viscosity of the homopolymers.

The buffer finally used was Beckman buffer solution, pH 7.00. The 
polymers were obtained as transparent light tan to dark tan-colored 
viscous masses. As the YCS material gave also some insoluble material, 
residual difunctionality is indicated. None of the homopolymers exhibited 
particular adhesive properties.

Since each monomer consisted of a number of related components, it was 
necessary to obtain analytical data on the purified homopolymers for the 
copolymerization work with vinyl chloride. The various homopolymers 
were reprecipitated in methanol from a dilute tetrahydrofuran solution

TABLE II
Analytical Data on Momomers and Homopolymers of Vinyl 

Esters of Chlorinated Fatty Acids

Analyses
Position of

Chain length 
of the

Material c ,  % H, % Cl, % chlorines acid

VLd
Monomer 64.15 9.49 16.64 5,6 O p p

Homopolymer 64.37 9.66 17.46
VCD

Monomer 64.36 9.86 17.74 13,14 and 5,6 C2o
Homopolymer 64.10 9.46 17.39

VCE
Monomer 63.95 9.69 17.00 5,6 C2O
Homopolymer 64.68 9.71 17.52

YCS
Monomer 63.77 9.34 15.77 6,7 and 9,10 Cl8
Homopolymer 64.25 9.46 15.14

until no characteristic absorptions for the monomer were shown by the 
infrared spectra (at 1645 cm.-1) and then were analyzed for C, H, and Cl. 
The analytical data for the homopolymers and their monomers, for com­
parison, are given in Table II.

In the copolymer composition calculations, the homopolymer analytical 
data were used.

Copolymerization

A series of vinyl chloride copolymers with the various vinyl esters was 
prepared in an emulsion system. None of the recipes were buffered in 
this series. The experimental data are given in Table III.

Of the four monomers, the YLd and Y( '8 possessed poorer polymerization 
qualities also in copolymerization with vinyl chloride. VCS gave a definite 
amount of insoluble copolymer. Since the soluble portion of the copolymer 
contained considerably less vinyl ester than charged, apparently the ester
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was responsible for the crosslinking reaction. Such a reaction may have 
resulted from some difunctional impurity in the ester or its formation 
during the polymerization.

All of the copolymers were isolated as white powders which were, except 
for the YCS copolymer, soluble in tetrahydrofuran. The materials could 
be molded (at about 160°C.) into transparent, tough films. The properties 
of the films are given in Table IV.

TABLE III
Emulsion Vinyl Chloride-Vinyl Ester of Chlorinated Fatty Acid Copolymers* 

Charged
compos

wt
sit ion,
C lZo Catalyst Poly-

Vinyl Vinyl Amt., tion «ion, Ester,
ester VCl ester Type1’ phm time, hr. v /Zc 0 /  c/ c v in id

VLd 90 10 DEABIB 4 45 88 9 0.66
80 20 DEABIB 4 45 84 14 0.48
70 30 AIBN 3 20 67 20 0.82

VCD 90 10 DEABIB 4 45 88 14 0.57
80 20 DEABIB 4 45 80 23 0.61
70 30 DEABIB 4 45 84 33 0.89
60 40 DEABIB 4 45 84 42 0.75

VCE 90 10 DEABIB 5 21 96 14 0.63
80 20 DEABIB 5 21 94 20 0.59
70 30 AIBN 4 21 91 25 0.67
60 40 DEABIB 5 21 84 38 0.61

v c s 90 10 11EABIB 5 21 72 7 0.58
80 20 DEABIB 5 21 78e 12 0.60'
70 30 11EABIB 5 21 84 e 18 0.62'
60 40 DEABIB 5 21 68e 21 0.52 '

* Siponate DS-10 used as emulsifier. All polymerizations were conducted at 60 ±
'2°C. by tumbling the tubes end over end.

b DEABIB = diethyl azobisisobutyrate; AIBN = azobisisobutyronitrile. 
c By weight, based on analyses for C, H, Cl, in the copolymer (see Experimental section). 
d Determined on solutions from 0.178 g. to 0.302 g./100 ml. of tetrahydrofuran. 
e Includes about 24% of insoluble material.
' On the soluble fraction.

In general, increase in ester content to a certain level contributed to 
toughness of the films. However, the dependence upon molecular weight 
could also be noticed: copolymers with inherent viscosities below about 
0.60 possessed poor strength properties. The 70/30 charged vinyl chloride- 
vinyl ester composition gave the toughest films. This was the composition 
chosen for physical and low-temperature properties evaluation.

Fractionation

Inherently, the vinyl ester has a low reactivity (Q value) in comparison 
to many monomers. In free-radical polymerizations with vinyl chloride,
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the difference in rir2 values is considerable.5’6 This being the case, the 
formation of a mixture of homopolymers can be expected in a great many 
systems. Two of the copolymers (VC1-VCD and VC1-VCE) were frac­
tionated and analyzed for composition as well as molecular weight distribu­
tion. The VC1-VCD copolymer contained 33%, by weight, of the ester 
and the VC1-VCE contained 34%. The fractionations were conducted on
3.0 g. samples in 300 ml. of tetrahydrofuran. Methanol and aqueous

TABLE IV
Films of Vinyl Chloride/Vinyl Esler of Chlorinated Fatty Acid Copolymers

Vinyl
ester

Composition

Vinyl
chloride, %

Vinyl
ester, % Properties of films

VLd 91 9 Tan, very tough
86 14 Tan, not brittle
80 20 Tan, very tough

VCD 86 14 Tan, tough
77 23 Tan, very tough
67 33 Tan, extremely tough
58 42 Brown, tough

VCE 86 14 Tan, strong
80 20 Tan, tough
75 25 Tan, very tough
62 38 Tan, very tough

VCS» 93 7 Tan, not brittle
88 12 Tan, strong
82 18 Tan, strong
79 21 Tan, not brittle

* On the soluble fraction.

TABLE V
Analytical and Inherent Viscosity Data on Fractionated

VC1-VCD and VC1-VCE Copolymers

Sample Wt., g. Cl, %» Vinh

V Cl/VCD
Entire sample 3.00 44. (12 0.S9
Fraction 1 0.60 41.19 2.33
Fraction 2 0.75 41.34 0.77
Fraction 3 0.85 45.38 0.46
Fraction 4 0.68 45.32 0.20

Recovered 2.88 (96%.,)
VC1/VCE

Entire sample 3.00 43.26 0.62
Fraction 1 0.65 41.15 2.56
Fraction 2 0.45 40.92 0.95
Fraction 3 0.70 42.98 0.48
Fract ion 4 1.05 44.90 0.24

Recovered 2.85 (95%)

“ Chlorine content of poly(vinyl chloride) is 56.74%.
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hydrochloric acid were used as the nonsolvents. The-analytical and inher­
ent viscosity data are given in Table V.

Apparently, in both materials no significant amount of homopolymer 
formation of either kind had occurred as indicated by the analytical data. 
Considering both the analytical data and inherent viscosity data, i.e., a 
4%  variation in chlorine content and a tenfold variation in inherent 
viscosity between the first and last fractions, indicates a rather uniform 
comonomer distribution. The two vinyl esters were not very effective 
molecular weight modifiers, as the fatty acid-rich fractions had the very 
high inherent viscosities of 2.3 and 2.6. An interesting feature in these 
copolymerizations is the very wide average molecular weight distribution: 
from Tjinh 0.2 to 2.61. These polymers should possess easy processing 
qualities because of their wide molecular weight distribution.

Evaluation

The following formulation was used in evaluating all the 70/30 (vinyl 
chloride-vinyl chloro-fatty acid ester) copolymers: copolymer 100 parts, 
stearic acid 0.5 parts, tin mercaptide stabilizer (Advastab T-360) 4 parts. 
These copolymers except for the insoluble fraction of the YC1-VCS copoly­
mer could be readily milled and molded at 212-230°F. The insoluble 
fraction of the VC1-VCS copolymer required a somewhat higher tempera­
ture of 230° b. The milled sheets were, with one exception, light tan- 
colored sheets; that from the soluble fraction of the VC1-VCS copolymer 
was dark tan in color. Both the VC1-VCS milled sheet and that from the 
YC1-YCE copolymers were very brittle at room temperature. The sheeted 
insoluble fraction of the VC1-VCS copolymer was, on the other hand, not 
brittle, and it along with the VC1-VCD copolymer sheet were by far the 
most flexible of all the copolymer compositions and were the only ones 
from which test specimens could be die-cut without fracture at room 
temperature. Test specimens could not be die-cut from the other com­
positions at room temperature without inducing some fracturing in both 
specimen and sheet, and cutting at more elevated temperatures (70°C.) did 
not appear feasible because it introduced a dimensional stability problem. 
Dumbell test specimens, except in the case of the insoluble fraction of the 
VC1-VCS copolymer, were therefore die-cut from sheets 0.034 in. thick 
cast from tetrahydrofuran solutions of the respective copolymers, while 
they were still plasticized with residual solvent to facilitate cutting and to 
minimize imperfections in the specimen. They, as well as the remaining 
uncut portion of the cast sheets, were heated for 24 hr. in a 70°C. forced 
draft oven to remove residual solvents. The desolventized cast sheets of 
both the VC1-VCE copolymer and the soluble fraction of the VC1-VCS 
copolymer were just as brittle as the milled sheets of these copolymers.

Tensile strength, yield point, elastic modulus under tension, and elonga­
tion were determined in accordance with ASTM method D 638-64T. The 
stressing rate used was 0.2 in./min, for a gage length of 2 in. The Tf
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spectrum showed no characteristic absorption bands at 1645 cm.-1 for the 
monomer. The procedure for the other monomers (VLd, VCD, and VCS) 
was similar to the one described.

Copolymerization of VC1 with VCD

VCD (1.5 g.), DEABIB (0.2 g.), Siponate DS-10 (0.1 g.), air-free, 
distilled water (20 ml.) were combined under nitrogen in a pressure tube 
( 1 X 7  in.). The tube was then cooled to about — 15°C. and VC1 (3.5 g.) 
was added. An excess of VC1 was used to purge the tube of air before 
capping. The contents were emulsified at room temperature for 1 hr. and 
then polymerized at 60 ±  2°C. by tumbling end over end for 45 hr. A 
latex was obtained that settled out with time. The latex was poured into 
200 ml. of methanol and the precipitated material was dissolved in 100 ml. 
of tetrahydrofuran and reprecipitated in 400 ml. of methanol; 4.2 g. (S4%) 
of vacuum oven-dried (58°C./22 hr.) white powder was isolated. The 
infrared spectrum showed no characteristic absorption bands at 1645 
cm.-1 for the monomers. The other compositions were prepared similarly 
to the one described.

The VCS latex was of poor quality, containing agglomerated particles 
of polymer. Upon purification of the copolymer, by dissolving it in tetra­
hydrofuran, about 24% of the total isolated material was insoluble. The 
insoluble portion was then filtered off and dried under the same conditions 
as the purified, soluble copolymers.

TABLE VII
Analytical Data for Compositions Prepared 

Composition 

Vinyl
V1I1U  Calculated Found

Vinyl ride, ester, ------------------ ------------------- --------------------
ester 07/0 % c ,

( ' /c ii c:t /(■■ Cl, 0//o c ,
0 7
7 0 H, Cl, 0//0

VLd 91 9 4(1. 76 5. 27 53. 20 40. 90 5.46 53. 15
86 14 42 06 5 . 50 51 24 4L 88 5.49 50. 75
80 20 43 62 5 .80

CO 88 43 .65 5.76 48. 66
VCD 86 14 4L 92 5 .47 52. 23 42 07 5.70 52. 15

77 23 44. 33 5 .90 47. 77 44. 50 6.04 47. 83
67 33 46. 90 6 .36 43. 87 47. 17 6.56 44. 02
58 42 49. 20 6 .77 40. 20 49 27 6.98 39. 84

VCE 86 14 42. 10 5 .51 51 24 41 .88 5.74 50. 86
SO 20 43 70 5 .84 48 87 43 . 53 5.87 48. 90
75 25 45 04 6 . 10 46 91 45 .20 6. 10 47 21
62 38 48. 46 6 . 75 4L.79 48 . 77 6.66 42 35

VCSa 93 7 40 19 5 .14 53 .86 39 .68 5.23 53 ,58
88 12 41 .46 5 .37 51 .72 41 . 37 5.14 52 17
82 18 42 .90 5 .68 49 .35 42 . 17 5.49 48 .83
79 21 43 . 75 5 . 77 48 .13 43 .80 5.57 48 ,05

On the soluble fraction.
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The analytical data for all of the compositions prepared are given in 
Table VII. '

Fractionation of 67/33 VCI-VCD Copolymer

A 3.0 g. sample of the copolymer was dissolved in 300 ml. of tetrahydro- 
furan. The first fraction was obtained by adding slowly 100 ml. of meth­
anol. An extremely fine precipitate was obtained which was allowed to 
stand for one day. The liquid phase was then decanted and the precipitate 
dried in a vacuum oven (55°C./21 hr.); 1.35 g. of dried material was 
isolated. The dried material was dissolved in 135 ml. of tetrahydrofuran, 
and 95 ml. methanol was added. The fine precipitate was allowed to 
stand for one day and then the liquid phase was decanted and the precipi­
tate dried in a vacuum oven (60°C./48 hr.). Fraction 1, 0.60 g., was 
isolated. Fraction 2, 0.75 g., was obtained by adding 2 ml. of 17% aqueous 
hydrochloric acid to the decanted liquid. Fraction 3, 0.85 g., was obtained 
by adding slowly 90 ml. of methanol to the decanted liquid from the first 
precipitation. Fraction 4, 0.68 g., was obtained by adding 140 ml. of 
methanol and 80 ml. of water to the liquid phase from fraction 3. This 
produced milky suspension which was allowed to stand for one day and 
then 2 ml. of 9% aqueous hydrochloric acid was added to speed up the 
settling out. The VC1-VCE copolymer was fractionated in the same 
general way with similar results.

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

We are indebted to Mr. Wilbur A. McSherry for his operation of the Inslroti Tester 
in the evaluation work.
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Résumé

Homopolymères et copolymères d’ester vinylique des acides gras chlores, Ci8, C20 et 
C22 ont été préparés et évaluées. L ’incorporation d’ester vinylique des acides gras 
chlorés Cis, C20 et C22 comme comonomères du chlorure de vinyle produit des copoly­
mères plus flexibles qu’avec les autres comonomères; toutefois aucun n’a causé une 
plastification comparable à ce qué l ’on peut obtenir par incorporation de quantités 
équivalentes de plastifiant externe.
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Zusammenfassung

Homopolymere der Vinylester chlorierter Cis-, C20- und C22-Fettsäuren und ihre 
Copolymeren mit Vinylchlorid wurden hergestellt und untersucht. Der Einbau der 
Vinylester chlorierter Cig-, C20- und C22-Säuren als Comonomere des Vinylchlorids 
führt zu flexibleren Copolymeren, als mit anderen Comonomeren hergestellt werden 
können, doch wurde durch kein Comonomeres die Plastifizierung erreicht, die man mit 
der gleichen Menge eines äusseren Weichmachers erhalten bann.

Received February 14, 1967 
Revised April 24, 1967 
Prod. No. 5135A
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Polymerization of Vinylbenzamides*

SUTEMI NEGISHI and YORIKAZU TAMURA,
Central Research Institute, Teijin Limited, Rirayama, Hino-shi, Tokyo,

Japan

Synopsis
In the base-catalyzed polymerization of p-vinylbenzamide, hydrogen-transfer poly- 

mei'ization occurs. The structure of the new polymer was identified. Various effects on 
the hydrogen-transfer polymerization of p-vinylbenzamide were studied. The infrared 
spectrum of the oligomer has characteristic absorptions of secondary amide, as well as 
weak absorption of the vinyl group. The oligomer also gives a hydrogen-migrated 
polymer with anionic catalysts. From these facts a possible polymerization mechanism 
was proposed. The hydrogen-transfer polymerization occurred most readily with the 
p-vinylbenzamide, next and to a small extent with the mein-substituted isomer, and 
hardly with the o-substituted isomer. o-Vinylbenzamide gives 3,4-dihydroisocarbostyril.

INTRODUCTION
Breslow and co-workers1 have reported that hydrogen-transfer polymer­

ization occurs to give a polymer of poly-/3-alanine structure in the alkoxide- 
catalyzed polymerization of acrylamide.

A similar polymerization has been postulated for the anionic polymeriza­
tions of acrylamide derivatives,2-4 ethylene sulfonamide,1 methyl vinyl 
ketone,8 acetaldehyde,6 maleimide,9 p-styrene sulfonamide,7 and its de­
rivatives.8

Very few investigations of the anionic polymerization of vinylbenzamides 
have been reported. Kojima et al.,9 reported that the alkoxide polymer­
ization of p-vinylbenzamide gives the hydrogen-migrated polymer, but they 
showed no evidence for the hydrogen-transfer polymerization. On the 
other hand, Imoto et al.16 reported that no hydrogen-transfer polymerization 
occurs in the anionic polymerization of p-vinylbenzamide.

In the present work, the anionic polymerization of vinylbenzamides is sys­
tematically studied and a possible polymerization mechanism is discussed.

EXPERIMENTAL

Materials
Vinylbenzamides were prepared by treating the corresponding cyano- 

styrenes with hydrogen peroxide in an alkaline solution.
♦Presented at the 15th Annual Meeting of the Society of Polymer Science of Japan, 

Nagoya, May 1966 and at, the TUPAC International Symposium on Macromoleeular 
Chemistry, Tokyo, Sept. 1960.
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TABLE 1
Preparation of Yinylbenzamides

Cyanostyrene

Boiling
point,

°C./mm.
Hg Vinylbenzamide

Melting
point,
°C.

N analysis, %

Caled. Found

o-Cyanostyrene 97/7 o-Vinylbenz amide 154 9.52 9.84
m-Cyanostyrene 78/3 ?»-Vinylbenzamide 133 9.52 9.38
p-Cyanostyrene 67/2 p-Yinylbenzamide 169 9.52 9.42

Crude products were purified by recrystallization three times. The 
melting points, yields, and the analytical data are shown in Table I.

p-Toluamide was prepared by the method of Noller;11 m.p. 1G0°C. 
(lit.11 m.p., 160.5°C.).

N  - Met hy 1-p-tt) luami de was prepared from p-toluic chloride and methyl- 
amine according to the method of Wilds;12 m.p. 145-146°C. (lit.12 m.p., 
146°C.).

Polymerization

Solution polymerization was carried out in a glass ampule with potassium 
terl-butoxide as catalyst. Phenyl-/3-naphthylamine was added to inhibit 
the radical propagation. After the polymerization, the polymer was 
precipitated with methanol, filtered, and dried. The oligomer and the 
unreacted monomer were recovered separately from the filtrate by precipi­
tation and extraction.

RESULTS AND DISCUSSION

Two types of propagation are possible in the polymerization of vinyl- 
benzamides,

that is, conventional vinyl polymerization yielding (I) and hydrogen- 
transfer polymerization, giving a polyamide (II) with a secondary amide 
linkage in t he main chain.
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p-Vinylbenzamide

The polymer obtained with potassium teri-butoxide as catalyst in di- 
methylformamide is different from the polymer prepared with benzoyl 
peroxide. The radical-initiated polymer is completely soluble in dimethyl- 
formamide, while the polymer prepared with the use of potassium 
tert-butoxide is insoluble in dimethylformamide. The infrared absorption 
spectra of the two polymers are quite different.

3500 1600 1300 1000 700
W A V E  NUMBER ( c m .’ 1)

Fig. 1. Infrared spectrum of the polymer prepared with benzoyl peroxide.

Fig. 2. Infrared spectrum of the polymer prepared with potassium ierf-butoxide.

As shown in Figure 1, in the infrared absorption spectrum of the polymer 
prepared with benzoyl peroxide, the amide absorptions appear at 1650 
cm.-1, and two bands are distinct at 3350 and 3150 cm.-1, assigned to the 
X — H stretching vibration, which are characteristic of a primary amide.

The polymer prepared with potassium tert-butoxide, however, has the 
amide absorptions at 1640, 1540, and 1300 cm.-1 and one N—Id absorption 
at 3250 cm.-1 which are characteristic of a secondary amide (Fig. 2). 
Moreover, the alkoxide-catalyzed polymer has bands at 2925 and 760 cm.-1 
assigned to the — (— CH2)2—  group.

These results show that p-vinylbenzamide gives the polymer of type I 
by use of benzoyl peroxide catalyst and polyamide TI by use of an alkoxide 
catalyst.
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Fig. 3. Infrared speetra of (------ ) A’-methyl-p-tohiamide and (— ) the polymer prepared
with Zeri-BuOK.

The polyamide structure (II) is supported by the fact that the infrared 
spectrum of the polyamide is very similar to that of A-methyl-p-toluamide, 
has an authentic polyamide unit structure (Fig. 3).

The polymer obtained with potassium ZerZ-butoxide catalyst was treated 
with dimethylformamide at 100°C., but essentially no soluble fraction was 
extracted. Since the vinyl type polymer is completely soluble in dimethyl­
formamide the polymer prepared with the use of the alkoxide catalyst does 
not seem to contain a polymer having vinyl-type structure.

Various factors effecting the polymerization of p-vinylbenzamide were 
studied.

Effect of Monomer Concentration. p-Vinylbenzamide and potassium 
ZerZ-butoxide were dissolved in dimethylformamide, and the solution was 
heated at 150°C. for 19 hr. The yield of the polymer was the highest at 
a monomer concentration of 0.033 g./ml. and decreases with increasing 
monomer concentration as shown in Figure 4.

At monomer concentrations higher than 0.16 g./ml., the vinyl-type 
polymerization predominates (Table II).

MONOMER CONO. (Q/ml.)

Fig. 4. Effect of monomer concentration on yield of (------ ) polymer and (— ) polymer
and oligomer. Catalyst, ZerZ-BuOK, 7.85 mole-';,' ; solvent, dimethylformamide; poly­
merization temperature, 150°C.; polymerization time, 19 hr.
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TABLE II
Effect of Monomer Concentration in 

Hydrogen-Transfer Polymerization of p-Yinylbenzamide“

Hydrogen

Monomer
concn.,
g./ml.

Catalyst
concn.,
mole-',

Polymerization

Time, Temp., 
hr. °C.

migrated

Polymer Oligomer 
yield, %  yield,%

Polymer
Vinhh

0.160 7 .8f) 25 15(1 0 7.8
0.100 7.85 19 150 39.7 18.1 0.15
0.066 7.85 19 150 49.7 18.8 t). 17
0.050 7.85 25 150 48.8 23.5 0.20
0.033 7.85 19 150 59.7 23.6 0.11
0.025 7.85 19 150 35.1 26.8 0.16

a Solvent, DMF, catalyst, 1-BuOK.
b In m-cresol, c = 0.5 g./!()() nil.

Fig. 5. Effect of catalyst concentration on yield of (— ) polymer and (----- ) polymer
and oligomer. Catalyst, ierf-BuOK; monomer concentration, 0.05 g./m l.; solvent, 
dimethylformamide; polymerization temperature 150°C.; polymerization time, 19 hr.

TABLE III
Effect of Catalyst Concentration in 

Hydrogen-Transfer Polymerization of p-Yinylbenzamide“

Hydrogen
migrated

Monomer
concn.,
g./ml.

Catalyst.
concn.,
mole-%

Polymerization
Poly­
mer

yield, %

Oligo­
mer

yield, %
Polymer

t?inlib
Time,

hr.
Temp.,

°C.

0.05 1.97 30 150 0 42.0
0.05 2.62 19 150 23.8 31.5 0.09
0.05 3.92 19 150 37.1 23.0 0.13
0.05 7.85 25 150 48.8 23.5 0.20
0.05 10.45 19 150 47.0 21.3 0.18
0.05 13.10 19 150 50.0 19.4 0.15

“ Solvent, DM F; catalyst, ieri-BuOK. 
b In m-cresol, c =  0.5 g./IOO ml.
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Fig. 6. Effect of polymerization temperature on yield of (------ ) polymer and (------ )
polymer and oligomer. Catalyst, fert-BuOK, 7.85 mole-%; monomer concentration, 
0.05 g./ml.; solvent, dimethylformamide; polymerization time, 19 hr.

Effect of Catalyst Concentration. As shown in Figure 5, the polymer 
yield increases with increasing catalyst concentration until it reaches S 
mole-%. There is polymerization at catalyst concentrations less than 
2 mole-% (Table III).

Effect of Polymerization Temperature. The optimum temperature range 
for the polymerization is between 130 and 150°C., as shown in Figure 6 
and Table IV.

TABLE IV
Effect of Polymerization Temperature in 

Hydrogen-Transfer Polymerization of p-Vinylbenzamide®

Monomer
concn.,
g./ml.

Catalyst
concn.,
mole-%

Polymerization

Hydrogen
migrated

Polymer
V  inhb

Poly
mei

yield,

Oligo­
mer

%  yield, %
Time,

hr.
Temp.,

°C.

0.05 7.85 19 110 30.0 26.3 0.07
0.05 7.85 19 130 47.9 23.0 0.17
0.05 7.85 25 150 48.9 23.5 0.20
0.05 7.85 19 160 39.5 25.0 0.22

a Solvent., DM F ; catalyst, ierf-BuOK. 
h In m-cresol, c =  0.5 g./100 ml.

Rate of Polymerization. The rate of polymerization was determined in 
dimethylformamide at a monomer concentration of 0.05 g./ml. in the 
presence of 7.85 mole-% of potassium fer/.-butoxide (Fig. 7 and Table V).

Effect of Solvent. The effect of solvent on the polymerization was 
studied; the results are listed in Table VI. Dimethylformamide and 
dimethyl sulfoxide are the most effective solvents; in pyridine, dioxane, 
chlorobenzene, and m-cresol, no polymerization occurs.
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Fig. 7. Rate of polymerization vs. yield of (------ ) polymer and (— ) polymer and oligo­
mer. Catalyst, ierf-BuOK, 7.85m ole-%; monomer concentration 0.05 g./m l.; solvent, 
dimethylformamide; polymerization temperature, 150°C.

TABLE V
Effect of Polymerization Time in 

Hydrogen-Transfer Polymerization of p-Vinylbenzamide“

Monomer Catalyst
Polymerization

Ifydrogen
migrated

Poly- Oligo-
concn., concn., Time, Temp., mer mer Polymer
g./ml. rnole-% hr. °C. yield, %  yield, % V inĥ

0.05 7.85 1 150 18.8 33.0 0.07
0.05 7.85 2 150 44.1 24.2 0.14
0.05 7.85 4 150 44.5 23.9 0.14
0.05 7.85 25 150 48.0 23.5 0.20
0.05 7.85 43 150 52.5 24.4 0.17

“ Solvent, dimethylformamide; catalyst, ierf-BuOK. 
b In m-cresol, c =  0.5 g./100 ml.

TABLE VI
Effect, of Solvent on Hydrogen-Transfer Polymerization of p-Yinylbenzamide“

Monomer
concn.,
g./ml.

Catalyst
concn.,
mole-% Solvent

Polymer­
ization
time,

hr.

Hydrogen migrated
Polymer

l)inhb
Polymer 
yield, ( c

Oligomer 
yield, %

0.05 7.85 DM F 25 48.8 23.5 0 .2 0
0.05 7.85 Pyridine 19 — — —
0.05 7.85 Chlorobenzene 19 Trace — —
0.05 7.85 m-Cresol 19 — — —
0.05 7.85 DM Ac 19 6.5 32.5 —
0.05 DM SO 19 4 4 .0 11.5 0.15

“ Polymerization temp., 150°C.; catalyst, ieri-BuOK. 
b In m-cresol, c =  0.5 g./lOO ml.
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In the alkoxide-catalyzed polymerization of p-vinylbcnzamide, a cun­
siderable amount of oligomer was also formed.

The infrared absorption spectrum of the oligomer has absorptions charac­
teristic of a secondary amide at 1640, 1.')40, and 1300 em.-\ as well as
weak absorptions at 990 and 915 em. -I of a vinyl group and absorptions of
medium intensity at 3330 and 3130 em. -I ascribable to the N-H stretching
vibration of a primary amide (Fig. 8).

These data seem to indicate that the polymer chain is terminated with a
vinyl group at one end and with a primary amide group at the other.

The oligomer, potassium lel't-butoxide, and phenyl-/3-naphthylamine were
dissolved in dimethy1furmamide and solution polymerization was carried
out in a glass ampule as in the polymerization of p-vinylbenzamide.

A powdery product was obtained. Its infrared spectrum was identical
with that of the polymer (Fig. 9).

This result indicates that the oligomer polymerizes with an alkoxide
catalyst and gives the polyamide II.

These facts described above show that the initiation reaction of the
anionic polymerization of p-vinylbenzamide is not llucleophilic attack at
the vinyl group, but the abstraction of a proton from amide group, as
propused by Breslow et al. for the hydrogen-transfer polymerization of
acrylamide. At the same time, it might be concluded from the above re­
sults that the anionic polymerization of p-vinylbenzamide proceeds stepwise.

The propagation mechanism of the oligomer might be assumed to follow
the scheme shown in eq. (4) on p. 2920. Accordingly, as for the mechanism
of the hydrogen-transfer polymerization of p-vinylbenzamide, the scheme
shown on pp. 2921, 2922 is proposed.

100...-------------------,

- 80>t
~

z
~60
If)

~ 40
z

-<1

:: 20

OL-~----___:_::_:_::_____,_::_::_::___==___:::::_::'
3500 1600 1300 1000 700

WAVE NUMBER (CM.-1)

Fig. 8. Infrared spectrum of oligomer.
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Termination :

C O N H +  A H ■CONE, +  A (8 )

AVhen the infrared spectrum of the polymer was examined carefully 
(Fig. 10), two weak absorptions were found, one at 3350 cm.-1 and the 
other at 3150 cm.-1. They might be assigned to the N-—H stretching- 
absorptions of the primary amide. An explanation of this fact would be 
the vinyl-type propagation reaction which may be competitively involved 
in the alkoxide polymerization of p-vinylbenzamide. However, the pri­
mary amide absorptions are so weak that they might be assigned to the 
endgroups of the polymer.

A quantitative study of the polymer structure was based on the fact 
that a vinyl-type segment of the polymer chain should have no absorption 
at 1540 cm.-1, the absorption of amide II. .A-Methyl-p-toluamide and 
p-toluamide were chosen as model compounds for amide-tvpe structure and 
the vinyl-type, respectively. The result shows that the content of the 
vinyl-type structure in the polymer chain is only 4-10%. In other

CO N H ,

(9)

CONH

3500 1600 1300 1000 700

WA V E  N U MB E R  (CM."1)

Fig. 9. Infrared spectrum of the polymer from the oligomer.
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Fig. 10. Infrared spectrum of the polymer.

words, this indicates that, in the alkoxide polymerization of p-vinylbenza- 
mide, the intermolecular proton transfer reaction predominates.

o-Vinylbenzamide

o-Vinylbenzamide, phcnyl-|8-naphthylamine, and potassium feri-butoxide 
were dissolved in dimethylformamide. The solution was heated at 150°C. 
for 19 hr. The reaction mixture was poured into methanol, but no precipi­
tate was obtained. After removing the solvent, the residual viscous liquid 
was distilled under reduced pressure (100-105°C./1 mm. Hg). The infra­
red spectrum of the distillate was entirely different from that of the 
benzamide (Fig. 11).

Absorptions are at 3250 and 2925 cm.-1, are assigned to the X — H and 
C—-H (or methylene) stretching vibration, respectively.

The vinyl absorptions at 995 and 915 cm.-1 are absent, and the C— N 
stretching absorption of a primary amide at 1390 cm.-1 is very weak in the 
distillate. Moreover, no absorption15 found at around 1540 cm.-1, which 
is the amide II band, characteristic of a linear secondary amide, in this 
spectrum. Accordingly, it seems that the reaction product is neither a 
hydrogen-migrated polymer nor a vinyl-type polymer. However, it is

Fig. 11. Infrared spectrum of the product from o-vinylbenzamide.
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Fig. 12. Infrared spectra of the polymer of m-vinylbenzamide: (------ ) anionic catalyzed
polymer; (— ) radical-catalyzed polymer.

known that a five- or six-membered cyclic amide shows almost no amide II 
absorption. From the spectral data, therefore, the reaction product may 
be 3,4-dihydroisocarbostyril (lit. b.p. 300°C.).

A feasible mechanism for its formation is shown in eq. (10).

3,4-Dihydroisocarbostyril

Anion IV, induced by the initiator, attacks at the o-vinyl group of the 
molecule to form anion V, which subsequently abstracts a proton from 
another vinylamide molecule to give 3,4-dihydroisocarbostyril (VI). The 
self-attacking of anion IV may be favored, because an intramolecular 
reaction is generally faster than an intermolecular one and the reaction 
produces a stable six-membered ring structure.

m-Vinylbenzamide

As shown in Figure 12, the infrared absorption spectrum indicates that 
the anionic polymerization of m-vinylbenzamide gives a polyamide as in 
the case of the pcwaisomer.

However, the polymer yield is very low, and a large amount of the 
unreacted monomer is recovered (Table VIII).
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TABLE VIII
Anionic Polymerization of m-Vinylbenzamide

Polymerization Hydrogen migrated Un re­
acted 
mono-Temp., Time, Polymer Oligomer

Catalyst Solvent °C. hr. yield, % yield, % mer, %

¿ert-BuOK DMF 150 19 Trace Trace 78
K DMF 150 19 Trace Trace 63

The results show that the m-vinyl amide is rather inert to the anionic 
catalyst, which is explained in the following way. In the initiation reaction 
the abstraction of proton from the amide group may be easier with the 
decreasing electron density at amide group. The electron density of the 
amide group of m-vinylbenzamide is expected to be higher than that of the 
paraisomer, due to the more efficient inductive effect of m-vinyl group. 
Therefore, the reactivity of the meta isomer may be poor.

Moreover, in the propagation, the addition of the amide anion to the 
vinyl group may be more difficult as a result of the inductive effect of the 
meta amide group.

The authors wish to express their sincere gratitude to Dr. Toshitaka Yoshida for his 
helpful suggestions and discussions.

Référencés
1. D. S. B reslow, G. E. Ilulse, and A. S. Matlack, J. Am. Chem. Soc., 7 9 ,3760 (1957).
2. S. Okamura, T. Higashimura, and T. Seno, Kobunshi Kagaku, 20, 364 (1963).
3. K. Fujii and S. Kudo, Kobunshi Kagaku, 21, 613 (1964).
4. K. Yokota, M. Shimizu, Y. Yamashita, and Y. Ishii, Makromol. Chem., 77, 1

(1964).
5. S. Iwatuki, Y. Yamashita, and Y. Ishii, J .  Polymer Sci. B, 1, 545 (1963).
6. T. Imoto and T. Matsubara, ./. Polymer Sci., 56, 84 (1962).
7. N. Yoda and C. S. Marvel, J .  Polymer Sci. A, 3, 2229 (1965).
8. A. Konishi, N. Yoda, and C. S. Marvel, J. Polymer Sci. A, 3, 3833 (1965).
9. K. Kojima, N. Yoda, and C. S. Marvel, J. Polymer Sci. A -l, 4, 1121 (1966).

10. M. Imoto, T. Otu, and K. Murata, Mem. Fac. Eng. Osaka City Univ., 5, 203 (1963).
11. C. R. Noller in Organic Synthesis, Coll. Vol. II, A. H. Blatt, Ed., New York, 1948, 

p. 586.
12. A. L. Wilds and A. L. Meader, Jr., J. Org. Chem., 13, 763 (1948).
13. N. Ogata, Makromol. Chem., 40, 55 (1960).

Résumé
La polymérisation catalysée par les bases du para-vinylbenzamide entraîne un trans­

fert d’hydrogène en cours de réaction. La structure du nouveau polymère a été identifiée. 
L ’effet de divers facteurs sur la polymérisation par transfert d’hydrogène du p-vinyl- 
benzamide a été étudié. Les spectres infrarouges de l’oligomère présentent les absorp­
tions caractéristques d’une amide secondaire ainsi que les absorptions faibles du groupe 
vinylique. L’oligomère fournit aussi le polymère par migration d’hydrogène en présence 
d’un catalyseur anionique. Au départ de ces faits, un mécanisme de polymérisation 
possible a été proposé. La polymérisation par transfert d’hydrogène se produit le plus
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facilement avec le p-vinylbenzamide, ensuite mais à un degré moindre, avec l’isomère 
TO-substitué et difficilement avec l’isomère-o-substitué. L ’o-vinylbenzamide fournit le 
3,4-dihydroisocarbostyrile.

Zusammenfassung

Die basenkatalysierte Polymerisation von p-Vinylbenzamid erfolgt in Form einer 
Wasserstofftransferpolymerisation. Die Struktur der neuartigen Polymeren wurde 
aufgeklärt. Verschiedene Einflüsse auf die Wasserstofftransferpolymerisation von p- 
Vinylbenzamid wurden untersucht. Das Infrarot-,Spektrum des Oligomeren weist 
sowohl die charakteristischen Absorptionen eines sekundären Amins als auch schwache 
Absorptionen von Vinylgruppen auf. Das Oligomere ergibt mit anionischen Katalysa­
toren ebenfalls das Wasserstoffmigrationspolymere. Auf Grund dieser Tatsachen 
wurde ein möglicher Polymerisationsmechanismus vorgeschlagen. Die Wasserstoff­
transferpolymerisation geht am leichtesten mit p-Vinylbezamid, danach und in geringem 
Ausmass mit dem m-substituierten Isomeren, sowie kaum mit dem o-substituierten 
Monomeren vor sich. o-Vinylbenzamid liefert 3,4-Dihvdroi.socarbostyril.
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Organometallic Polymers. I. Synthesis of 
Ferrocene-Containing Poly (phosphine Oxides) and 

Poly (phosphine Sulfides)

CHARLES U. PITTMAN, JR.,*
Propulsion Laboratory, Research and Development Directorate,

U. S. Army Missile Command, Redstone Arsenal, Alabama

Synopsis

Poly(phosphine oxides) and poly(phosphine sulfides) of ferrocene were synthesized in 
the melt phase. The resulting ferrocene polymers, linked by phosphorus bridges, were 
thermally stable and infusible solids, of low molecular weight ( M n <  4000). Phenyl- 
dichlorophosphine, phenyldichlorophosphonate, and phenylphosphonothioic dichloride 
were copolymerized with ferrocene in the melt phase (80-110°C.) with ZnCl2 as a catalyst. 
As the polymerization temperature was raised, cleavage of cyclopent.adiene rings from 
iron became more pronounced, and cyclopentane-bridged polymers of ferrocene were 
produced in competition with the ferrocene-phosphorus polymers. The cleavage- 
polymerization process became predominant at 140°C. The structures of poly(phos- 
phine oxides) (and sulfides) of ferrocene were verified by infrared and nuclear magnetic 
resonance spectroscopy.

INTRODUCTION

A wide variety of ferrocene polymers have been investigated. Methylene 
and other alkyl and cycloalkyl-bridged polymers,1-7 polyferrocenyl 
(benzborimidazolines),8 polyferrocenylenes,9 silicon-containing ferrocene 
polymers,10-12 ferrocene-containing polyurethanes,13 polyesters,14 and 
ferrocene polymers linked through conjugated double bonds and hetero­
atoms16-17 represent the diversity of ferrocene polymers recently prepared.

Not previously reported, however, is the synthesis of ferrocene polymers 
with the ferrocene groups linked through a phosphorus atom. Sollott and 
co-workers reported the synthesis of diferrocenylphenylphosphine and 
ferrocenyldiphenylphosphine from phenyldichlorophosphine [CeHsPCL] 
and diphenylphosphinous chloride [(C6H5)2PC1 ], respectively, in the 
presence of aluminum chloride and ferrocene.18,19 This Friedel-Crafts 
alkylation of ferrocene by phosphorus derivatives suggested that polymers 
of ferrocene linked through a phosphorus atom could be synthesized through 
similar routes. The use of the melt phase with ZnCb catalysis was sug­
gested by the extensive work of Neuse et al.1-7 and by the predominance of 
monomeric products obtained by the aluminum chloride Friedel-Crafts 
reactions in solution reported by Sollot.t,.18-20

* Present address: Chemistry Department, University of Alabama, University,
Alabama 35480.
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RESULTS AND DISCUSSION

In a melt, in the presence of ZnCl2, ferrocene reacted with phenyl- 
dichlorophosphine [eq. (1)], phenyldichlorophosphonate [eq. (2)], and 
phenylphosphonothioic dichloride [eq. (3)] to produce ferrocene phos­
phorus polymers I, II, and III.

Copolymerization of ferrocene with phenyldichlorophosphine [eq. (1)] 
and phenylphosphonothioic dichloride [eq. (3)] proceeded at approxi­
mately equal rates, while the polymerization with phenyldichlorophospho­
nate [eq. (2)] was much slower. Poly (phosphine oxides) II prepared by 
eq. (1) were soluble in dimethylformamide, chloroform, pyridine, dibro- 
moethane, aniline, and dimethyl sulfoxide; however, polymers II and III, 
prepared according to eqs. (2) and (3), were far less soluble and were often 
difficult to dissolve in refluxing DiVIF. This lower solubility indicated a 
higher degree of branching in the polymer chains.

Polymerization according to eqs. (1), (2), and (3) was always accom­
panied by cleavage of the cyclopentadienyl ring from iron by the action 
of ZnCl2 and HC1. (HC1 is formed as a by-product during the polymeriza­
tion, and the combination of Lewis acid and proton acid is known to 
promote cyclopentadienyl ring cleavage from iron.7'21 The cleaved 
cyclopentadiene ring existed in equilibrium with its cyclopentadienyl 
carbonium ion, and this ion alkylated a second molecule of ferrocene to 
give a cyclopentene-substituted ferrocene. The cyclopentene-substituted 
ferrocene was then protonated and the resulting cycloalkyl carbonium ion
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alkylated a third molecule of ferrocene, resulting in a cycloalkyl-bridged 
ferrocene polymer IV [see eq. (4)].*

The incorporation of cyclopentane units into the polymer was minimized 
at. lower temperatures but became progressively more prevalent, as the poly­
merization temperature was increased or the reaction time lengthened.

Copolymerization of Ferrocene and Phenyldichlorophosphine

Ferrocene, phenyldichlorophosphine, and ZnCF in the mole ratios of 1.2, 
1, and O.o, respectively, were charged into a round-bottomed flask and 
heated in a thermostatted oil bath, and the resulting melt was vigorously 
stirred. As the polymerization proceeded the melt gradually became stiff. 
When stirring was no longer possible, sulfone solvents, such as tetramethyl- 
ene sulfone (sulfolane), were added to make the melt fluid again, and the 
reaction was continued, f Some experiments were terminated only after 
the melt temperature was raised to 135-140°C. for 1 hr. and then cooled. 
In general, this heating resulted in higher polymer yields. In all cases, 
excess ferrocene was added to replace the small amounts lost from the 
melt by sublimation into the cooler portions of the flask. Exploratory 
experiments indicated yields were increased by the addition of a small 
excess of ferrocene. The amount of catalyst used, however, appeared to 
have little effect: preliminary experiments showed only slight change in 
polymer yield when the molar equivalent of ZnCb was varied between 0.2 
and 1 mole per mole of phosphorus derivative.

After being cooled, the resulting polymer I was analyzed before work-up. 
The first runs exhibited a small oxygen content indicating poly (phosphine 
oxide) II was produced to a slight extent during polymerization. This was 
prevented in subsequent runs by using a nitrogen atmosphere during poly­
merization. The crude polymer was suspended in a large excess of water 
and digested five times to remove ZnC'b. This was followed by three 
digestions with excess 10% HC1 (aqueous) to hydrolyze Cl endgroups.

*If cleavage of cydopentadiene rings had led to acyclic, ring-opened carbonium ions, 
these would have undergone rapid rearrangement to highly branched tertiary carbonium 
ions which on alkylation of the ferrocene ring would have left methyl groups in the 
bridges. Both N.Mli and infrared data rule out this behavior.

fThe use of tetramethylene sulfone as an inert solvent in Friedel-Crafts reactions and 
its advantages and purification have been discussed by Olah et al.22,23
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TABLE I
Poly(phosphine Oxides) (or Sulfides) of Ferrocene from the Reaction 

of Phosphorus Derivatives and Ferrocene in Presence of ZnCha

Polymer

lull
Temperature,

°C.
Time, yield after 

hr. work-up, %
Moles of 
sulfolaneb

Polymers of phenyldichlorophosphine and ferrocene
1 80 30 5.1 1
2 80° 30 12.3 1
o 90 20 16.4 1
4 90° 20 19.4 1
5 100 20 18.2 1
G 100' 20 25.4 1
7 100' 20 28.1 0.5
S 105' 20 32.9 0.5
9 105' 50 35.9 0.5

10 110 10 24 0.5
11 135 20 53 0.5

Polymers of phenj ldichlorophosphonate and ferrocene
12 80 30 2.3 0.5
13 90 60 9.3 0.5
14 100 60 11.6 0.5
15 100 80 12.9 0.5
16 100 300 18.9 0.5
17 120 30 25.5 0.5
18 130 30 33.2 0.5
19 140 30 45.8 0.5
20 160 30 61.4 0.5

Polymers of phenylpllosphonothioic dichloride and ferrocene
21 80 20 7.3 0.5
22 80 100 13.2 0.5
23 80' 30 21.1 0.5
24 90 20 15.4 0.5
25 90 60 18.5 0.5
2G 95 15 29.3 0.5
27 95 40 34.1 0.5
28 105 20 33.6 0.5
29 115 20 46.4 0.5
30 140 20 58 0.5

“ All polymerizations contained a starting charge of 1.2 moles of ferrocene to 1 mole of 
phosphorus derivative, and 0.5 mole of ZnCh. 

b Moles of sulfolane per mole of phosphorus derivat ive.
c After reaction proceeded to the lime indicated, a 135°C. heating c3rcle was applied for 

1-2 hr. before cooling.

Analysis of the polymers from all runs at. this point indicated a large 
oxygen content, demonstrating conversion of polyphosphine I to poly- 
(phosphine oxide) II by hydrolysis.* Subsequent treatment of the poly-

*Sollott and co-workers have reported triferrocenylphosphine to be easily oxidized to
triferroceuylphosphine oxide in solution.18-20
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TABLE II
Molecular Weights and Elemental Analyses of Polymers

Run

N umber- 
average 

molecular 
weight P, % Fe, % c, % H, %

1 1100 8.02 17.51 62.32 4.87
2 2200 8.31 16.43 62.13 4,90
3 1300 8.41 17.41 61.92 5.01
4 2300 9.21 14,26 63.21 5.43
5 1100 8.62 17.54 61.72 4.75
o 2900 9.11 15.10 62.88 5.31
!) 2800 9.24 14.73 63.12 5.40

10 1300 8.50 17.59 61.23 4.81
1 l 3300 6.21 18.01 63.92 5.41
12 880 9.31 17.87 — —
14 1200 9.91 17.23 65.81 5.21
l(i 1300 9.72 16.91 66.58 5.51
IS — 3.83 19.74 68.23 6.01
19 — 0.77 22 2 70.43 6.42
20 - 0.51 23.2 70.20 6.01
22 1700 9.38 17.31 60.60 4.22
26 — 9.31 17.15 60.83 4.31
28 2000 8.20 17.61 62.55 4.62
30 — 1.2 12.8 69.4 5.54

mer with 5% HAL in FLO D M F completed the oxidation of polymer I 
to II. The next step in the procedure consisted of extracting the crude 
polymer four times with excess benzene to remove unreacted ferrocene and 
low molecular weight compounds, and twice with aqueous NaOH to remove 
low molecular weight phosphinic acids. After these treatments, the 
polymer yield was never greater than 40%. The polymer was then 
reprecipitated from DMF with methanol. The yields and properties of 
the reprecipitated polymers obtained under varying conditions are sum­
marized in Tables I and II (runs 1-11).

The effect of temperature on the production of poly (phosphine oxide) II 
by eq. (1) (Table I) was striking. The reaction was very slow below 90°C. 
and yielded only small amounts of polymer II. When the reaction was 
conducted entirely above 130°C., the polymers contained a large amount 
of aliphatic C— H (as analyzed by infrared and NMR), indicating that cleav­
age of the cyclopentadienyl ring from iron was occurring and the polymer 
was incorporating higher percentages of structure IV. This incorporation 
of repeating units of structure IV would lower the percentage of phosphorus 
in the polymer, and elemental analyses (Table II) clearly showed a reduced 
incorporation of phosphorus (only 6.21% in run 11) with higher poly­
merization temperatures. The increase in the percentage of iron in 
polymers obtained at higher temperatures also reflected the incorporation 
of repeating units of structure IV.
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Higher polymerization temperatures, coupled with longer reaction t imes, 
also generally increased the molecular weights. For example, the molecular 
weight of poly (phosphine oxide) (M„ obtained on a Mechrolab vapor 
pressure osmometer in dibromoethane) from run 5 was 1100, but under 
identical conditions with an added 1-hr., 135°C. heating period the M n 
increased to 2900. Finally, the runs at higher temperatures showed in­
creasing amounts of heterobridged polymers, as deduced from the infrared 
spectra. This aspect is discussed more fully in succeeding sections.

Optimum yields of polymer II were obtained by eq. (1) at a melt tem­
perature of 105°C. followed with a 1-hr., 135°C. treatment immediately 
before work-up. Under these conditions only a very small amount of 
aliphatic C-»!H was observed in the infrared spectra, and polymer yields 
of 30% were reproducibly obtained. When the melt was initially heated 
to 135“ 140°C. for 1-2 hr. and followed by 20 hr. at 105°C., incorporation 
of the cyclopentane-bridged structure IV into the resulting polymer was 
greatly increased. This behavior was expected, since earlier in the poly­
merization there is more unreacted ferrocene available to be cleaved by 
the action of FIC1 in the presence of ZnCl2.

In several runs, fractionation of the final polymer by reprecipitation 
from DlUF-pyridine with methanol indicated the presence of a wide range 
of molecular weights. Fractions obtained from the polymer in run 7 ranged 
in M n from 880 to 6S00.

Copolymerization of Ferrocene with Phenyldichlorophosphonate
The copolymerization of ferrocene with phenyldichlorophosphonate to 

yield poly (phosphine oxide) II according to eq. (2) required reaction times 
on the order of 1 week to approach the degree of conversion obtained in 
20 hr. with the method of eq. (1). The ZnCl2 probably coordinates 
strongly with the phosphonate oxygen and is not as effective as removing 
chlorine (or complexing chlorine to weaken the P— Cl bond) as it is in phe- 
nyldichlorophosphine. Thus, the electrophilic phosphorus species which 
alkylates ferrocene is not as readily generated. Polymers from eq. (2) were 
insoluble in most organic solvents but could be dissolved in hot DMF. 
However, upon reprecipitation with methanol, the resulting polymers 
were very insoluble, and in cases where polymerization temperatures above 
115°C. were used, the reprecipitated material was insoluble in hot DMF.

Ferrocene, phenyldichlorophosphonate, and ZnCl2 were reacted, in a
1.2:1:0.5 mole ratio, as described previously for eq. (1). Results of some 
of these experiments are summarized in Table I (runs 12-20). On termi­
nation of heating, the crude polymer was, in turn, digested five times with 
excess water to remove ZnCl2, digested three times with 10% aqueous HC1 
to hydrolyze P— Cl endgroups, washed in excess dilute NaOH to remove 
phosphinic acids, washed in benzene-petroleum ether to remove unreacted 
ferrocene and low molecular weight materials, dissolved in hot DMF, and 
reprecipitated with methanol.

Optimum polymer yields were obtained at 100-105°C. after about
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200-300 hr. Longer reaction times showed no further increase in polymer 
yield. Higher temperatures produced far higher polymer yields, but also 
resulted in cleavage of cyclopentadiene from iron and the consequent 
incorporation into the polymer of large amounts of repeating units of 
structure IV. Runs 16-20 showed a sharp drop in the percentage of 
phosphorus found in the polymer as structure IV became predominant. 
Polymerizing at 100°C. yielded a polymer II containing 9.72% P, which is 
close to the theoretical amount for this structure. With a polymerization 
temperature of 160°C., the incorporation of phosphorus dropped to 0.51%. 
The infrared spectra showed a corresponding increase in aliphatic C— H 
bands as the polymerization temperature was varied from 100 to 160°C. 
Because of this propensity to incorporate large amounts of cyclopentane- 
bridged ferrocene at higher temperatures, eq. (2) is not an attractive route 
to polymer II. Furthermore, higher yields of II can be obtained with 
shorter reaction times by eq. (1).

Heteroannular polymerization, resulting in structures represented in Va 
and Vb, became more prevalent with increasing temperatures and longer 
reaction periods. The decrease of homoannularity was followed in the 
infrared spectra by watching the decrease of a pair of bands at approxi­
mately 1110 and 1005 cm.-1 which are always present in monosubstituted 
but not 1,1-disubstituted ferrocenes.24'25

L _

Va Vb

Quantitative estimates of the homoannularity percentage by using the 
1110 and 1005 cm.-1 bands have been made for polyferrocenylene poly­
mers,3 but application of this method to polymers I-Vb was not attempted 
because of the probable occurrence of phenyl C—FI in-plane bending modes 
in the 1116-1120 cm.-1 region which has already been demonstrated for 
ferrocenyldiphenylphosphine oxide and triphenylphosphine oxide.18’19'26 
In addition, the 1005 cm.-1 band could be overlapped by a phenyl phos­
phorus absorption expected27 to appear at 995 cm.-1 However, as struc­
tures such as IV and V become predominant and less phosphorus is 
incorporated into the polymer, the 1110 and 1005 cm.-1 absorptions can be 
unequivocally assigned to monosubstituted ferrocene.

Copolymerization of Ferrocene with Phenylphosphonothioic Dichloride

In the copolymerization of ferrocene with phenylphosphonothioic 
dichloride according to eq. (3), the procedure was the same as that used 
with phenyldichlorophosphonate [eq. (2)], and work-up of the polymers 
was identical. The results are summarized in Tables I and II (runs 21-30). 
Elemental analyses showed clearly that increasing the polymerization
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temperature to 140°C. results in polymeric material of structures IV and V. 
The percentage of phosphorus falls off to 1.2% in run 30. This is in accord 
with the large increase of aliphatic C— II stretching evident in the infrared 
spectra. Optimum yields of polymer III were obtained at about 110°C. 
and a reaction time of 30 hr. As the reaction time was lengthened, the 
contribution of structures such as IV became more pronounced. As in the 
case of the poly.(phosphine oxides) (II) from eq. (2), the poly (phosphine 
sulfides) (III) were quite insoluble, and molecular weight measurements 
were difficult to perform and could not be reproduced.

Thermal Stability
The thermal stability of poly (phosphine oxide) II (run 7) and poIy(phos- 

phine sulfide) III (run 28) was measured by thermogravimetric analyses in 
first air and then nitrogen, at a heating rate of 5°C,/min. at atmospheric 
pressure in an all-glass system housing a Calm microbalance. Two frac­
tions of II (run 7) (M lt = 1600 and 3200) showed essentially identical TGA 
curves. Both appeared stable in air to 285°C. and showed rapid weight 
loss around 440-480°C., with 20 30% residual weight remaining at 530°C. 
In nitrogen there was gradual weight loss, with a residual weight of about 
75% at 500°C. Poly (phosphine sulfide) 111 was slightly less thermally 
stable than II in the nitrogen, exhibiting similarly shaped TGA curves with 
a residual weight of 60% at 500°CL

The polymer from run 19, which is largely cyclopentane-bridged poly­
ferrocene (IV), had a rapid weight loss in air at 270°C., and only 35% 
residual weight remained at 350°C. Polymer from run 30 was more stable 
in air, and had a 35% residual weight at 460°C.

Structural Determination

NMR Spectra. T he \ AIR spectra of poly(phosphine oxides) II and 
poly(phosphine sulfides) III were obtained in deuterated DMF solutions by 
using a Varian A60 spectrometer. All polymers exhibited aliphatic proton 
bands in the —2.5 to —1.3 ppm range relative to tetramethylsilane as an 
internal standard. These bands must be attributed to bridging cyclopen­
tane rings; they roughly resembled the ring patterns of 1,3- and 1,2- di- 
methylcyclopentane, and the spectra reported for 1,1-diferrocenylcyclo- 
pentane7 and 1,3-diferrocenylcyclopentane,7 Additional absorption bands 
were found from —3.2 to —2.5 ppm, where methinyl protons were re­
ported by Neuse.7 Xo bands were observed above — 1.2 ppm, which strong­
ly indicated methyl groups were not present. These results all attest to the 
presence of cyclopentane bridging as represented in structures IV and 5' 
(see first footnote on p. 2929). Ferrocene ring hydrogens exhibited strong 
absorption bands in the —3.8 to —4.4 ppm region of the spectra, as 
expected, and phenyl protons were centered at —7.2 ppm.

The spectra obtained were not well resolved, and integrations provided 
only qualitative data. However, the spectra of the various polymers 
formed at temperatures from 90 to 150°C. did show a constant, and con-
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sidcrable, increase in cyclopentane proton absorption with each increase in 
temperature. This finding is in agreement with results of elemental analy­
ses and infrared spectra— only tiny amounts of cyclopentane protons could 
be observed in structures II or III when polymerization was carried out at 
90°C. As the cyclopentane XAIIi bands increased in intensity, a corre­
sponding decrease in phenyl absorption was observed. This decrease 
indicated a progressively lower incorporation of the phosphorus monomer 
into the polymers, which was borne out by the elemental analyses. The 
NMR data clearly showed that increasing amounts of structures IV and V 
were produced as the polymerization temperature was increased.

Infrared Spectra. Infrared spectra of polymers II and III were taken 
in KBr pellets on a Perkin-Elmer 21 spectrometer equipped with sodium 
chloride optics. In both polymers, ferrocene C-—II stretching bands of 
moderate intensity were observed at 3085 cm.-1, and moderate phenyl 
C—-H stretching bands at 3020 cm.-1. The bands were not well resolved 
in most spectra. Phenyl C = C  absorption bands were found at 1595 and 
1490 cm.-1. The 1490 cm.-1 band could either be a phenyl C = C  absorp­
tion or, as suggested previously,18'19'27'28 a P— C band. A strong, broad 
band appearing at 825 cm.-1 was assigned to ferrocene C—H out-of-plane 
bending mode. This band has been observed in over 40 ferrocene com­
pounds studied in this laboratory. A  weak to moderate band which 
appeared at 1310 cm.-1 could be assigned to the ferrocenyl-phosphorus 
group, on the basis of Sollott’s 18-20 assignment of this band for diferro- 
cenylphenylphosphine oxide and triferrocenylphosphine oxide.

Polymer II exhibited a strong, broad band (in some cases two bands) 
from 1155 to 1190 cm.-1 which was not present in polymer III. This 
absorption may be assigned to the P = 0  stretch. Triferrocenylphosphine 
oxide18’19 and triphenylphosphine oxide20 have bands in this region which 
have been assigned to the P = 0  stretch.

Two bands observed at 1008 and 1110 cm.-1, respectively, for both II and 
III were assigned to C— H in-plane bending of a ferrocene ring and were 
indicative of monosubstituted ferrocene rings,24-25 although other over­
lapping absorptions apparently occurred in this region. Bands at 1116- 
1120 cm.-1 for similar compounds have been assigned to in-plane C— H 
bending modes.18'19’26

Both polymers II and III exhibited strong bands at 746 and 693 cm.-1 
typical of monosubstituted phenyl bands. Polymer III showed a third 
band in this region not observed in polymer II. This absoprtion of 
moderate intensity, appearing at 717 cm.-1, was tentatively assigned to the 
P - S stretching vibration which is known to occur for a large number of 
compounds in the 750-600 cm.-1 range.27,29 Thomas 30 has predicted that 
phosphine sulfides would be observed at 770-750 cm.-1, but both the 
intensity and location of t he P = S  stretch are found to be quite variable.20’31 
Polymers II and III exhibited broad bands centering at 3410 cm.-1 due to 
the hydrogen-banded O - II stretching vibration of the O— P— OH end- 
groups. Thus the infrared spectra clearly indicated the presence of struc­
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tures II and III, according to eqs. (2) and (3), respectively, for polymers 
formed at temperatures below 110°C.

It was equally clear from the spectra that increasing the polymerization 
temperature produced increasing proportions of structures IV and V. 
When polymerization temperatures of 100°C. or below were used, aliphatic 
C— H stretching at 2910 and 2860 cm.-1 appeared as weak bands; however, 
as higher temperatures were employed these bands increased dramatically, 
and for runs 19, 20, 29, and 30 became, along with the 825 cm.-1 ferrocene 
C—H out-of-plane bending absorption, the most intense bands in the spectra. 
As the aliphatic C— H stretching absorptions increased in intensity, there 
was a decrease in the monosubstit-uted phenyl bands at 746 and 693 cm.-1 
and in the phenyl C = C  absorption at 1595 and 1490 cm.-1. The P = 0  
stretch (1155-1190 cm.-1) also greatly decreased. The in-plane C— H 
bending bands at 1008 and 1110 cm.-1 were more clearly resolved in poly­
mers synthesized at higher temperatures, and their presence in polymers 
from runs 11, 18, 19, 20, 29, and 30 showed that a large amount of homo- 
annular polymerization had occurred (structure IV). Another indication 
of the presence of cycloaliphatic bridges in polymers generated at high 
temperatures was the lack of ( ' l l 3 umbrella deformation around 1360 cm.-1 
and the strong CH2 deformation bands at 1440-1475 cm.-1 found in all 
polymers produced at temperatures of 115°C. or above.
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Résumé

Les oxydes de polyphosphine et les sulfures de polyphosphine de ferrocène ont été 
synthétisés à l ’état fondu. Les polymères de ferrocène résultant liés par des liens phos­
phores sont stables thermiquement et forment des solides infusibles de bas poids molé­
culaire (M „ plus bas que 4.000). La phényldichlorophosphine, le phényldichlorophos- 
phonate et le dichlorure phénylphosphonothioique ont été copolymérisés avec le ferro­
cène à l’état fondu (entre 80 et 110°C), en utilisant le chloure de zinc comme catalyseur. 
Lorsque la température de polymérisation croît, la scission des anneaux cyclopenta- 
diéniques et du fer devient plus prononcée et des polymères de ferrocène pontés par du 
cyclopentane sont produits en compétition avec des polymères phosphorés-ferrocéni- 
ques. Le processus de polymérisation par clivage devient prédominant à 140°C. Les 
structures des oxydes et sulfures de polyphosphine de ferrocène ont été vérifiées par 
spectroscopie infrarouge et spectroscopie de résonance nucléaire magnétique.

Zusammenfassung

Ferrocen-Polyphosphinoxyde und -Polyphosphinsulfide wurden in der Schmelzphase 
dargestellt. Die entstehenden Ferrocenpolymeren, die durch Phosphorbrücken ver­
knüpft sind, waren thermostabile und unschmelzbare Feststoffe von niedrigem Mole­
kulargewicht (M n unter 4000). Unter Verwendung von ZnCL als Katalysator wurden 
Phenyldichlorphosphin, Phenyldichlorphosphonat und Phenyldichlorthiophosphonat 
mit Ferroeen in der Schmelze (bei 80 bis 110°C) copolymerisiert. Rei Erhöhung der Poly­
merisationstemperatur trat die Abspaltung der Cyclopentadienylringe vom Eisen 
stärker hervor und es bildeten sich in Konkurrenz zu dem Ferrocen-Phosphor-Poly- 
meren Ferrocenpolymere mit Cyclopentadienylbrüeken. Bei 140°C gewann der Spal­
tungs-Polymerisationsprozess die Oberhand. Die Struktur der Ferrocen-Polyphos- 
phinoxyde (und -Sulfide) wurde durch Infrarot- und Kernresonanzspektroskopie bestä­
tigt.
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NOTES

P o ly m e riz a tio n  o f M a le ic  A n h y d rid e  by an  In te n se  Shock W ave

The author1 has found that maleic anhydride, which is reluctant to undergo homopoly­
merization,2 polymerizes spontaneously and rapidly when it is heated to 100-170°C. at 
pressures above 20,000 atm. The pressures used in the experiments were approximately 
hydrostatic1 and were sustained for the time needed to heat and cool the sample— usually 
about 1 hr. The results posed the question whether maleic anhydride might also be made 
to polymerize by subjecting it to transient high pressures and high temperatures, lasting 
only a few microseconds, in shock waves generated by explosions.

Experimental

The experiments were carried out in devices of the type described by Kiker.3 Briefly, 
an explosive lens4 was used to initiate a plane detonation wave at the upper surface of a 
block of cast composition B (60/40 R D X /T N T ), 2 in. in diameter and 1 in. thick, whose 
bottom surface was in contact with a metal plate. The plate in turn was in contact with 
a pellet of maleic anhydride, cast in a support ring and held in a heavy steel recovery 
block.3 The detonation drove a plane shock wave into the metal plate, and the wave 
later passed into the pellet of maleic anhydride, somewhat attenuated by its travel 
through the plate and by reflection at the metal-maleic anhydride interface. The inten­
sity of the final shock was varied in different experiments by changing the thickness 
and material of the metal plate. The highest pressure was achieved by using only the 
1/ 4-in. thick steel plate that forms the closure plug in Kiker's assembly, and the lowest by 
using an additional 1/2 in. of steel and Vie in. of copper.

The recovery assembly failed to seal properly at the highest pressure and most of the 
sample was lost. However, enough was recovered to enable its infrared spectrum to be 
measured. If is hoped to overcome the problem of recovery in a more satisfactory way in 
future work.

Results and Discussion

Figure 1 curve (1) shows the infrared spectrum of material that had been subjected to 
the strongest shock wave. It is clearly that of a polymer of similar structure to the poly­
mers formed by the solid-phase polymerization of maleic anhydride at high static pres­
sures1 (Figure 1, curve 2) and by the liquid-phase polymerization initiated by benzoyl 
peroxide1'5 (Fig. 1, curved). It is characterized by the absence of thesharpC— H bands5 
of maleic anhydride (Fig. 1, curve 4) at 840 and 1057 cm.-1 and the C— C bands at 867 
and 892 cm.-1, and by the appearance of abroad absorption between 1150 and 1270 cm.“ 1.

The instantaneous values of the pressure and temperature in the shock wave that 
caused polymerization are not known, as no measurements have yet been made of the 
shock propagation velocities or (he thermodynamic properties of maleic anhydride at very 
high pressures, but by analogy with the behavior of other solids of similar density it may 
be guessed that the pressure was of the order of 100,000 atm. and the temperature several 
hundred degrees. Weaker shocks, attenuated by plates Vi-in. thick, or thicker, yielded 
no detect able amounts of polymer.

It is remarkable that a rather complex react ion of this kind, involving many molecules 
can occur in a few microseconds. The explanation could lie in the fact that shock com­
pression is accompanied by a high shearing stress7 which may help to arrange the mole­
cules into a configuration that is more favorable to polymerization than the normal

2939
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FREQUENCY (C W 'O

Fig. 1. Infrared spectra measured in KBr pellets: (1) shock-compressed maleic an­
hydride, (2) maleic anhydride polymerized under a hydrostatic pressure of 40,000 atm. at 
160°C.; (S) maleic anhydride polymerized by benzoyl peroxide at 1 atm., 70°C.; (4) 
monomeric maleic anhydride.

arrangement. It is also possible that the chemical transformation is preceded by a physi­
cal phase change.1 A few other organic compounds have shown signs of undergoing 
chemical changes in strong shocks,8 and Alder7 have found that white phosphorus 
polymerizes to black phosphorus at a shock pressure of 70,000 atm.
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rate of polymerization is 0.60. This indicates that the termination mechanism in this 
polymerization system is mainly bimolecular, essentially the same as the homogeneous 
radical polymerization of many vinyl compounds.

The author wishes to thank Professor Shizunobu Hashimoto of Doshisha University 
and Dr. Isao Shiihara of this Institute for their helpful suggestions during this work.
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Vinyl Chloride Acrylate of Methoxy

Poly(ethylene GlycoC) Copolymers

In our continuing work on preparation and evaluation of various vinyl chloride copoly­
mers l for mechanical and low-t.emperat.ure properties, we noticed t.hat certain hydroxyl­
containing comonomers (vinyl 9,1O-dihydroxystearate, vinyl 9-hydroxystearat.e, and
vinyl14-hydroxystearate) gave copolymers with one of the lowest flex temperature points
T I observed (below +lO°C.) for thi" type of mat~ria].2 In a continuation of these
studies, we prepared the acrylate of monomet.hyl ether of a poly(ethylene glycol)
[Carbowax, methoxypoly(ethylene glycol) 7;jO] and a number of its vinyl chloride co­
polymers. Experimental data and resul t;; OJI ;;ome of the copolymer!' are given in Table I.

The 78/22 YCI/acrylate copolymer wa;; evaluat.ed for mechanical and Jow-temperatlll'e
properties, some of which are listed in Table II. The procedure for evaluat.ion has been
given in detail elsewhere. l The evaluation clata !'how that incorporation of 22 parts of a
poly(ether acrylat.e) in poly(vinyl chloride) produced low-temperatme properties that
are bett.er than t.hese obt.ained by external addit.ion of 2:) parts of dioctyl phthalate t.o ft
91)/5 VCl/VAc copolymer. 3

Monomers

The methyl ether of the poly(ethylene glycol) [Carbowax, methoxypoly(ethylene gly­
col) 750] was obtained from the Union Carbide Chemical Co. It was used as received in
t.he prepftration of the acrylat.e. The analysis for the glycol monoether was as follows.

ANAL. Calcd. for C33H680 17 : C, 53.79%; H, 9.29%. Found: C, 53.98%; H,
9.33%.

The acrylate was prepared from acrylyl chloride and -the glycol et.her essentially ac­
cording to t.he procedure of Marvel and Schwen.4 The product was isolated by suspend­
ing the reaction mixture in benzene, cent.rifuging down the aniline salt, and st.ripping the
benzene solut.ion in a Rotovac at. about 3 mrn. and a temperature up t.o 60°C. Typically,
a tan-colored oil was obtained in about 85% yield which solidified into a white solid upon
cooling below room temperature.

ANAL. Calcd. for C36H ,OO,s: C, 54.66%; H, 8.92%. Found: C, 54.71 %; H,
8.88%.

Copolymerization

The acrylate (4.6 g.), Siponate DS-I0 (0.8 g.), AIBN (0.4 g.), and air-free, distilled
wat.er (80 ml.) were charged under nitrogen into a pressure tube (1.5 X 7 in.). The
tube was then cooled to about -15°C. and vinyl chloride (1.5.4 g.) was added. An ex­
cess of vinyl chloride was used to purge the tube of air before capping. The contents
were emulsified at room temperature for about 2 hr. and then polymerized at 60 ± 2°C.
for 15 hr. Lumpy latex, containing polymer particles, was obtained. It was pomed
into 1 liter of methanol, the precipitated material dissolved in 180 mi. of tetrahydrofuran,
filtered, and reprecipitated in 1 liter of methanol. The isolated material was dried in a
vacuum oven at room temperatme for about 20 hr. and t.hen at 40°C. for 8 hr. Drying
of t.hese materials at. increasing t.emperat.ures produces progressively great.er discolora­
t.ion. The yield was 14 g. (70%) of vacuum oven-dried white solid. The infrared spec­
t.rum showed no characteristic absorpt.ions of the monomers.

This is a partial report of work done under contract with the Western and Southern
Utilization Research and Development Divisions, Agricultural Research Service, U.S.
Department of Agriculture and authorized by the Research and Market.ing Act. The
contract is supervised by Dr. Glenn Fuller of the Western Division.
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Copolym ers o f M e th y l 12-A cry loxys teara te  
a n d  V in y l C h loride

As a continuation of studies on internal plasticization of vinyl chloride polymers, it 
was undertaken to prepare copolymers of vinyl chloride with derivatives of fatty acids 
originated from agricultural commodities. In this communication, we report the 
preparation of copolymers of vinyl cldoride and methyl 12-acryloxystearate (I, MAS).

0
C H 3— ( C H 2 ) 5— C H — (CH2)io—C — O — C H 3

T
o — c — c h = c h 2

II
o

I

This monomer was supplied to us by Dr. T. IT. Applewhite of the U. S. Department of 
Agriculture, Western Utilization Research and Development Division. MAS was 
prepared by treatment of methyl 12-hydroxystearate with /3-chloropropionyl chloride 
in the presence of excess sodium bicarbonate in tetrahydrofuran, followed by dehydro- 
halogenation with anhydrous pyridine.1

Copolymerization of MAS and vinyl chloride initiated with diethyl a,a'-azobisiso- 
butyrate at 60°C. gave partially crosslinked polymers. Similar results have been 
reported.2 However, soluble, high molecular polymers can be obtained in a typical 
redox system containing ferrous ion, benzoyl peroxide, and sodium pyrophosphate. 
It was found that ferrous sulfate (FS, as the heptahydrate) gave better conversion than 
ferrous ammonium sulfate (FAS, is the hexahydrate) in the polymerization. Neverthe­
less, usually higher molecular weight materials were produced by the use of ferrous am­
monium sulfate. The results are given in Table I. Copolymers thus obtained were 
fairly homogeneous except for a small amount of low molecular weight fraction which 
could be separated by fractional reprecipitations, as indicated in Table II.

Methyl 12-acryloxystearate at 50% level gave copolymers which were tough and 
showed good adhesiveness toward glass plates. They are suggested for use as adhesives. 
The copolymer of 80% MAS was soft snd sticky, and did not seem to have any practical 
usefulness. Films cast from the copolymers of some 30% MAS were rubbery and flexi­
ble, indicating that MAS may be a potential internal plasticizer for vinyl chloride poly­
mers.

EXPERIMENTAL

Copolymerization

The monomer (MAS, sample no. 498-12) furnished by the U. S. Department of Agri­
culture, Western Utilization Research and Development Division had a refractive index 
of n o1 = 1.4497 and exhibited the characteristic carbonyl absorptions at 1740s, 1720s, 
and vinylic absorptions at 1630s, 1615s, 985m, 810s, and722m cm.-1. Its purity was 
checked by thin layer chromatography. The polymerization was run in six parts of 
deaerated water following the procedure described previously.3 The composition of 
the copolymers shown in Table III was calculated from the analytical data.

Fractionation of Copolymers of MAS and VC1

A sample of the copolymer (COMAS-34; 5.425 g.) was dissolved in 200 ml. of tetra­
hydrofuran. To this were added 200 ml. of methanol and a few drops of concentrated 
sulfuric acid to precipitate 4.684 g. (86.4%) of fraction A. An attempt was made un­
successfully to further fractionate fraction A. A second fraction (B) of 0.410 g. (7.7%) 
was obtained upon the addition of 100 ml. of methanol to the filtrate. To this second
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TABLE II
Fractional Precipitation of a Copolymer of Vinyl Chloride 

and Methyl 12-Acryloxystearate“

Frac.t ion W t, g. wt.-% MAS, %

A 4.684 86.4 1.80 30.3
B 0.410 7.7 0.436 13.3
C 0.051 0.9 0.014 8.3

a The Copolymer (COMAS-34) consisted of 72.0% VC1 and 28.0% MAS, and had an 
inherent viscosity of 1.75.

b Viscosities were determined on 0.2% tetrahydrofuran solutions at 30°C.

filtrate was again added 200 ml. of inethanol to give 0.051 g. (0.9%) of fraction C upon 
standing for about 2 days. These fractions were dried and analyzed.

This is a partial report of work done under contract with the Western and Southern 
Utilization Research and Development Division, Agricultural Research Service, U.S. 
Department of Agriculture and Authorized by the Research and Marketing Act. The 
contract is supervised by Dr. Glenn Fuller of the Western Division.
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Itas ic C onsideration  o f P e rm e a b ility  o f P o lym er  
M e m b ra n e  to Dissolved Oxygen

A number of questions have arisen concerning a recent note on permeability of poly­
mer membranes to dissolved oxygen1 and a mistake in the calculation of permeability 
constants has been pointed out. It therefore, seems appropriate to present a more gen­
eral basic consideration of the subject and, by doing so, to present the correction of the 
mistake involved in the original article.

At first, it might be necessary to define the permeability constant in order to avoid 
possible misunderstanding of the subject. Permeability coefficients of membranes, in 
general, may be defined as the amount of permeant transported through a membrane of 
unit area in unit time by unit driving force gradient expressed in terms of a variable which 
is measured outside of the membrane, such as pressure or concentration, i.e.,

(amount of permeant transported)
(area of membrane)(time ((driving force gradient)

The difference between permeability constant and diffusion constant is in the way driv­
ing force is expressed, though permeability constants are much more general, in the sense 
that the transport does not necessarily involve a diffusion process. Because of the ar­
bitrary way of expressing the driving force, permeability coefficient, in strict sense, is a 
phenomenological coefficient rather than a specific parameter of the membrane, while the 
diffusion constant can be considered to be of more specific nature.

Although a phenomenological permeability constant can be calculated with anj? arbi­
trarily chosen driving force, regardless of the actual mechanism, the proper selection of 
driving force gradient depends on the actual mechanism which governs the transport 
process. For instance, if transport takes place as a flow through porous medium, the pres­
sure difference itself is the driving force. If the transport occurs as an activated diffu­
sion process, the concentration gradient or, in more general terms, the chemical potential 
gradient of the penetrant within the membrane is the driving force gradient.

The proper choice of driving force gradient for a given transport process is important to 
obtain a specific permeability constant rather than a mere phenomenological coefficient, 
especially when two different phases are involved in both sides of the membrane.

The discussion, in this note, is primarily on the permeation of small molecules through 
a membrane by an activated diffusion process. In order to simplify the presentation, it 
will be limited to the permeability of oxygen, though the basic principle can be extended 
to the permeability of solute molecules in general.

Now we consider a generalized and simplified case of transport of oxygen molecules 
which can be represented by the schematic diagram in Figure 1, where C1, pl, and a1 are 
concentration, partial pressure, and I lenry's law constant, respectively, of oxygen in phase 
I; Cu, p11, and <rn are the corresponding parameters in phase II. C iM and C2M represent 
the concentration of oxygen in membrane at the surface in contact with the phase I and 
II, respectively.

Phase I and phase II can be either gas or liquid phases, independent of each other. 
In this situation, and considering in a classical way that the difference in the concentra­
tion of oxygen inside the membrane is the driving force of the transport process, the fol­
lowing relations can be derived.

(driving force) =  AC11 =  CiM — C251 (2)

At each of the two membrane surfaces, it can be assumed that the phases are in equilib­
rium with respect to the solute. In this case, this can be approximated by the relations

CiM = A-iC1

C2M = k2Cu

(3)

(4)



NOTES 2953

where k is a constant which is (he solute distribution coefficient between the membrane 
and the contacting phases.

Assuming a linear gradient of concentration within the membrane, eq. (2) can be writ­
ten as

(driving force gradient) =  (CTq — Cuhi)/L (5)

where L is the thickness of the membrane.
On the other hand, the amount of permeant transported through the membrane in lime 

I is equal to CIIV, i.e.,

(amount of permeant transported) =  CUV (6)

Therefore, permeability constant P  can be generally given as

dC? 1 VL
dt (Clh  -  Cn h )  A

(7)

When the concentration of solute can be related to its partial pressure by Henry’s law, 
i.e.,

v  =  (1 U ) C (8)
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then, eq. (7) can be expressed by the partial pressure,

d P " _ a " ____VL
~dt (p'A-i -  p "k2) A

(9 )

Equations (7) and (9) are essentially the same, differing only in the variable used and 
consequently in the units. Either one can be considered as a general equation wit h which 
permeability can be calculated in various combinations of phases.

However, only P  given by eq. (9) is the specific gas permeability constant of the mem­
brane, and P  given by eq. (7) is not a specific permeability constant in the strict sense. 
This is shown by the following relationship.

When an equilibrium is maintained with respect to the solute at each membrane sur­
face, the fugacity of the solute in each phase should be identical. In our case, the fu- 
gacity can be replaced by the partial pressure of the solute, therefore,

pi = = p n ( 10)

where p M is the partial pressure of the solute in the membrane phase. Then,

Cl/(Tl = Cn A H = C'-"/<rM ( 11)

where a51 is Henry’s law constant in the membrane phase. Therefore, the solute dis­
tribution coefficient defined in eqs. (3) and (4) can be given as

h = <ri>/V (12)
k, = cM/o-II (13)

h herefore, the driving force, given by eq. (5) can be written as

(driving force) =  <ru(pl — pu ) (14)

Equation (14) means that the driving force of the transport is identical, regardless of 
the phases which contact with the membrane, and consequently the flux will be identical 
as long as the partial pressure difference is maintained constant.

By using eq. (14), eq. (9) can be written as

 ̂ _  d p " ____a " _____VL
~  lu  Vh ^ ^ p " )  a  (1o)

Now, (lie relationship between the experimental variable and the resulting permeability 
constant is clear. Let us consider the situations for all possible combinations of phases. 
(The oxygen sensor is in the second phase.)

Gas-Gas: (in gas phase, <r„ = l/RT) therefore:

Water-Gas:

Gas-Water:

Water-Water:

/ '(  G /G )

/'(  W /G )

F (G /W )

I‘ { W /W )

dp" ( l/RT) VL
dl crM(/d — p11) A

dp11 (l/RT) VL
dl a"(p i - Pn ) A

dpi1 a " VL
dl crMt p1 - p " )  .4

dp" <ru VL
dl cri'fp1 - pu ) A

( 1 6 )

(17)

( I S )

(19)
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TABLE I
Permeability of Gas and Dissolved Oxygen in Polymers

P  X 1010, cm.3 STP (cm .)/cm .2- 
see. (cm. Hg)

Polymer G /G w a v

Polydimet.hylsiloxane" 665 113
Polyethylene (low density) 2.34 1.52
Teflon FEP 3.86 2.97
Teflon TFE 2.37 2.58
(HEAIA) Hydrogel1' — 5.10
Polyelectrolyte complex0 — 7.64

Dow Corning Medical Silastic, with Si02 fillers. 
Crosslinked poly(hydroxyethyl methacrylate); 
Poly(vinyl trimethylammonium)-poly( styrene

water content 38%. 
sulfonate); water content

(Amicon Inc., Cambridge, Massachusetts).

In the original article,1 the permeabilities were calculated by the equation given for a 
gas phase experiment, in which the amount of gas is expressed in cubic centimeters 
(S.T.P.) and, therefore, the equation already included <r„. As it is seen in eq. (19), the 
permeabilities measured by water -water experiment should have o-11 rather than a„. 
Therefore, to obtain specific gas permeability constants in the same units, numbers shown 
for the W /W  column in Table I of the original note should have been multiplied by the 
solubility of oxygen at the temperature (25°C.), 2.83 X 10"2 cm.3 (STP)/em .3-atm.

Accordingly, the revised data are given in Table I.
A great difference in 0 2 permeability of silicone rubber may be due to the concentration 

polarization at the interface of membrane and water.
These considerations also point out the fundamental difficulty of defining the per­

meability constant of a solute, in general, beyond a phenomenological coefficient, unless 
the chemical potential difference of a solute is readily obtainable.

In order to see the nature of the difficulty, let us consider a general case which often 
appears in practical experiments. Both sides of the membrane contact an identical 
phase, e.g., water, and the transport of a solute, e.g., oxygen, is measured by creating a 
concentration gradient across a membrane of which detail of structure is unknown. In 
this situation, a proper expression of permeability constant can be given by eq. (7), i.e.,

dC n ______ 1_____ VL
(C 'kt -  C n h )  .1 ( °

Since the both phases are identical k\ = kt and can be written simply as k, and C1 and C'11 
can be written as Ci and C2, respectively.

Then, in this particular case,

P
rlCz_____1 _  VL
dt fc(Ci — Ci) A

( 20)

Under such a situation, we can obtain the flux rate (dC-i/dt) at a given concentration 
difference (Ci — C2), and in the general case, we would conventionally calculate the per­
meability constant by simply dividing the flux rate by the concentration gradient, that is, 
without considering the factor k. Furthermore, k cannot be obtained by a simple flux 
measurement. Therefore, a permeability constant thus obtained is no longer the specific 
permeability constant of the membrane, but it is a phenomenological coefficient, and con­
sequently it depends on the experimental conditions.
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It can further be explained by the following hypothetical experiment, in which the 
water phase is replaced by a hypothetic fluid that does not interact with the membrane 
but changes the solubility of oxygen keeping the partial pressure of O2 constant. In this 
new condition, the total flux of the solute does not change, as previously explained, but 
the concentration gradient of the solute is different. Thus, we will obtain a completely 
different permeability constant for the identical flux of the solute.

Permeability of gases in the gas phase is a particular case, where the permeability con­
stants can be considered as specific parameters to the membrane without any further con­
sideration. However, even a gas permeability constant becomes a phenomenological 
coefficient which can no longer be considered as specific to the membrane, when it is 
measured in dissolved phase without additional information on the solubility constant or 
without obtaining the partial pressure, rather than the concentration of the gas.

The author’s acknowledgment is due to Miss L. C. Markley, Amicoft Corporation, 
Cambridge, Massachusetts for her kindly pointing out the mistake involved in the orig­
inal note.
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Synthesis a n d  P o lym erisa tio n  S tudies o f Som e N -A lk y lo la c ry l- 
am ides. I I I .  P o lym eriza tio n  o f 2 -M e th a c ry la m id o -2 -m e th y l-  

p ro p a n e d io l-1 ,3 an d  2 -M e th a c ry la m id o -2 -m e th y lp ro p a n o l- l
In our previous papers1'2 we reported on the synthesis of some new iV-alkylolacryl- 

amides with the general formula:

Oil
Ri CILOH
I I

=C— CO— N il— 0 — R,

Ra

where Ri = IIorC H ,; 10 =  CII3, — C2Hr> or — CHjOII ; R , = —CII3 or —CHjOII.
We found that these compounds with relatively large side chain substituents poly­

merized readily into high molecular weight products. Some of these monomers, when 
polymerized in bulk or in aqueous solutions to higher conversion, yielded partially cross- 
linked products.3

The object of this work was to investigate the polymerization rates of these monomers 
under homogeneous conditions and to compare some properties of the resulting polymers.

The two monomers selected for this work were the 2-methacrylamido-2-met.hylpro- 
panediol-1,3 (I) and the 2-methacrylamido-2-methylpropanol-l (II) synthesized by 
Luskin.4

OIL c h 2oti
I I

CH2= C — CONH— C— CII3
I

CILOII 
I

Fig. 1. Relationship between Rp and [AIBN] at 60°C. in DMF, [M] =  1.60 mole/1.: 
(®) for monomer I; (O) for monomer II.

O I L  O i l ,O i l
I I

CTT.,=C— CON H— 0 — OIL 
!
OIL

II
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8

-0,5 0 0,5 -log[M]

Fig, 2. Relationship between Rp and [M] at, G()°C. in DMF, [AIBN] = 33.2 X 10 ~ 3  

mole/1.: (®) for monomer I ; (O )  for monomer II.

RESULTS

Polymerization in DMF

First, the dependence of [AIBN] and [M] on the polymerization rate It,, was studied. 
We found that the R ,, depends on the square root of (AIBN], For both monomers this 
dependence is shown in Figure 1. Straight lines with a slope of 0.5 were found. The de­
pendence of Rv on monomer concentration [M] was studied in the concentration range
0.42-1.68 mole/1. because of the limited solubility of monomer I in DMF. In this range 
Rp was proportional to [M] The log-log plots of this dependence for both monomers 
are shown in Figure 2, with slopes of 1.3. For this system the rate of polymerization 
may be expressed as:

-  ' = R„ =  i'[AIBN]05[M ] 1 '3
ill

The polymerization rates determined for both monomers were found not to differ very 
much. This indicates that the second hydroxyl group present in monomer I does not 
exert much of an influence on the polymerization rate. The dependence of [AIBN ]0“ 
on 1 /  [77] forthe polymer of I is shown in Figure 3.

Polymerization in DMSO

The polymerizat ion conditions and results obtained for monomers I and II are given in 
Table I.

With polymerization in DMSO Rp was found to be greater, and the viscosities were
lower than those obtained in DMF solution.
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Fig. 3. Relationship between 1 / [ij] and [AIBNp"5 for polymer I.

TABLE I

I II

Polymerization
temperature, °C. oo 60

[M], mole/1. 1.68 1.68
[AIBN], mole/1. 33.2 X 1" " 33.2 X 10-;!
Rv, mole/l.-sec.

In DMSO -1 X 10_'* 2.5 X 10“ 4
In DMF 8.8 X 10“5 6.8 X F.D®

M , dl./g.
In DMSO 0.5,8 0.0
In DM F 1.2 0.32

The monomers were prepar

EXPERIMENTAL

Materials

ed according to the previously desc■ribed method1 and then
carefully purified.

2-MethacryI&mido-2-methylpropanediol-l,3 (I), m.p. 102 103'C., was purified by a 
threefold crystallization from acetonitrile. 2-Methaerylamido-2-methylpropanol-l (II) 
was purified by a double distillation in a nitrogen atmosphere at 97-99°C./0.15 mm. Hg.

tVpV'-Dimethylformamide (D M F) and dimethyl sulfoxide (DMSO) were both doubly 
distilled in a nitrogen atmosphere under vacuum. a,a'-Azobisisobutyronitrile was re­
crystallized twice from ethanol.
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Polymerization Procedure

A homogeneous solution of the desired molar concentration of monomer in DM F or 
DMSO was charged into a thick-walled tube. Then the initiation solution was added.

In one series of experiments the monomer concentration was kept constant and the 
initiator concentration [AIBNj varied, while in another series the monomer concentra­
tion was varied and the initiator concentration kept constant.

The sample was degassed twice by freezing and thawing and sealed under 10-3 mm. 
of pure nitrogen. The tubes were placed in a thermostat at 60 ±  0.05°C. and shaken. 
After a given time the tubes were opened and the contents poured into a large amount 
of acetone and washed thoroughly with acetone. From the dry polymer obtained, the 
conversion was calculated.

The reaction rate R,, at given [MJ and | AI BN ] was computed from the slope of the 
time-conversion curves.

Viscosity Measurements

Relative viscosities were determined with a modified Ubbelohde viscometer at 20°C. in 
DMF. The intrinsic viscosity of the polymers were obtained by extrapolation to zero 
concentration by the usual method (ri,p/c)c-+o.
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H ydro lys is  o f Som e A ro m a tic  Cyclic A n hydrides
la  connection with our research with aromatic cyclic anhydrides in polymer syntheses, 

we have been interested in their rates of hydrolyses in polymerization solvents. Hy­
drolysis rates of some cyclic carboxylic anhydrides have been studied previously, espe­
cially in dioxane-water mixtures,1-4 but hydrolysis rates of aromatic cyclic anhydrides 
have not been examined in dimethylacetamide (DM AC) as a solvent. Therefore, we are 
reporting our XAIH and infrared results for the hydrolysis of pyromellitic dianhydride 
(PM DA), trimellitic anhydride (TMA), and phthalic anhydride (PA) in DMAC. We 
also report an equilibration of pyromellitic monoanhydride (PM M A) with pyromellitic 
acid (PMA) and PM DA [eq. (1)].

C OOH

P M M A

<CXXC>
Il II
0 0

P M D A

HOOC COOH

(1)
H O O C "  ^  'C O O H  

P M A

Chemical shifts relative to tetramethylsilane of the aromatic protons of the anhydrides 
and their corresponding acids are given in Table I. Narrow singlet proton peaks were

TABLE I
H 1 Chemical Shifts and Hydrolysis Rate Constants 

of Aromatic Cyclic Anhydrides

Compound S, ppm
h  (25°C.), 

1./mole-sec.

PA 8.16 6 X 10"6
Phthalic acid 7.69, 7.72 —
TM A 8.14, 8.26, 8.40, 8.46, 8.62 1 X 10-4
Trimellitic acid 7.72, 7.84, 8.14, 8.26, 8.34 —
PM DA 8.53 1.3 X 10"2
PM M A 8.18 6 .8  X lu '»
PMA 7.95 —

» Data scattered badly beyond 40% hydrolysis because of PMA precipitation.

observed except for TM A and its acid, which had complex spectra, and o-phthalic acid, 
which had a doublet. Protons of the anhydrides and acids were accounted for separately 
and per cent of anhydride remaining or acid formed during hydrolysis was analyzed by 
repetitive scans and peak-height, ratios of either aromatic acid or anhydride protons to 
tot al aromatic protons present .

The complexity of the NM R spectra of TM A and its acid required an infrared study 
of its hydrolysis rate. The cyclic anhydride absorption at 1830 cm .-1 was used to 
determine anhydride concentration. With PA, equivalent hydrolysis rates were found 
by N M R and infrared (1830 cm .-1) analyses.

All anhydrides exhibited second-order hydrolysis rates; rate constants at 25°C. are 
listed in Table I. PM DA hydrolyzed essentially in a stepwise manner, first to PM MA 
and then to PM A [eq. (2)]. Rates increased as the number of electron-withdrawing sub­
stituents on the anhydride increased, and were in the order of PM DA >  PM M A >  
TM A >  PA. The greater reactivity of PM DA compared to PM M A (about 20:1) sug­
gests that a cyclic anhydride group exerts a stronger electron-withdrawing eflect than 
two ortho carboxyl groups. Autocatalysis due to generated acid was ruled out since {!)
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the hydrolyses were second-order over at least 80% of the reaction, and (2) the addition 
of phthalic acid in the case of phthalic anhydride did not change the hydrolysis rate.

H jO  H iO
P M D A -----------> PM M A ---------- > PM A-4DM AC \ (2)

D M A C  D M A C  T

PM M A was not isolated. We believe its presence is accounted for by the proton peak 
at 8.18 ppm, which formed at the expense of the PM DA proton peak at 8.53 ppm when 
one equivalent of water was added. Furthermore, the PM M A proton peak (8.18 ppm) 
degenerated with the formation of a PM A proton peak when a second equivalent of 
water was added. PMA dissolved as its DMAC tetrasolvate showed one kind of aroma­
tic proton peak at 7.95 ppm.

PM M A also equilibrated on standing in DMAC to yield some PM DA and PM A [eq. 
(1)]. The PM A gradually precipitated from these solutions as a tetrasolvate. After 
the solutions remained at room temperature for 7-10 days, precipitation ceased. The 
content of dissolved PMA was determined by NMIt and alkaline titration to be 1.3 
mmole/50 ml., whereas independent solubility studies of saturated solutions of PMA in 
DMAC showed 1.08 mmole PM A/50 ml. NM R analyses of the percentages of PMDA, 
PMA, and PM M A in solution at this time gave an average equilibrium constant of 0.10 
for reaction (1) (Table II).

TABLE II
Equilibration of PM M A in DMAC

Sum of
PM A acid (by

Acid NM R analyses precipitate titrimetry)
(titnmetry), of supernatant as tetra- +  PMA

m m o l e / _______________________________ solvate, precipitate,
50 ml.“ PMA, %  PMMA, %  PMDA, %  mmole %  acct. for»

10.3 12.1 55.8 33.0 3.37 99.6
10.8 15.4 59.6 25.0 1.10 92.2
10.5 9.4 60.2 30.3 3.04 98.8
10.0 12.6 59.3 28.0 3.32 97.2

“ After complete hydrolysis of supernatant. 
» Theoretical sum is 13.75 mmole.

The PM A-D M AC tetrasolvate is similar to that isolated previously.6 Infrared spec­
tra confirmed PM A and DM AC as components of the precipitates; chemical analyses 
gave 9.47% nitrogen compared to 9.27% nitrogen, the theoretical value for a tetrasol­
vate; NM R analyses showed a composition of P M A -3.7 DMAC. Thermogravimetrio 
analyses revealed DMAC was lost in two distinct steps. The first loss at 75-125°C. 
corresponded to slightly less than 2 moles DMAC and the second loss at 125-175°C. 
corresponded to another 2 moles DMAC. This suggests that PMA can solvate with 
DMAC to yield both the di- and tetrasolvate, or mixtures, depending on conditions. 
Possibly DMAC molecules of solvation are non-equivalent, since data showed two mole­
cules of DMAC are more tightly bound than the other two.

Experimental

DMAC was purified by refluxing under nitrogen at atmospheric pressure for 24 hr. 
over calcium hydride and distilling onto 3A Molecular Sieves under nitrogen at 74°C./30 
mm. Gas chromatographic analyses showed the only impurities to be traces of dimethyl- 
formamide and dimethylpropionamide. Water content was 20-30 ppm as determined 
with a KF-3 Aquameter. PMDA, TMA, and PA were sublimed before use at 200°C./
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A ro y l Peroxides C o n ta in in g  R eactive F u n c tio n a l G roups
Although many free-radical-producing initiators are described in the literature, very 

few have been prepared that contain reactive functional groups. It seems to us that 
peroxides of this type should be very useful as polymerization initiators, as unique cross- 
linking agents, and for the preparation of “ telechelic” polymers which in turn can be 
used for block copolymer synthesis.

The term telechelic has been proposed1 for polymer molecules possessing two functional 
terminal groups. The concept of telechelic polymers is not new. The preparation of 
telechelic condensation polymers, for example, is readily accomplished by employing a 
calculated excess of one reactant or by employing a monofunctional reactant which con­
tains the desired group.2 If a free-radical-producing initiator containing a functional 
group is used in conjunction with a vinyl monomer that terminates predominantly by 
combination, telechelic polymers result. Several investigations3-6 have shown that 
styrene chains terminate almost exclusively by combination. Bamford and Jenkins,6 
employing 7 ,y'-azo-(7 -cyano-n-valeric acid) prepared telechelic polymers of styrene and 
by conversion of the carboxyl endgroups to acid chlorides and condensation with a diol 
were able to obtain a multifold increase in molecular weight.

In this note, we describe the preparation of two additional radical-producing catalysts 
containing reactive functional groups, p,p'-bischloromethylbenzoyI peroxide and p,p'- 
bisformylbenzoyl peroxide and the telechelic polymers of styrene derived therefrom.

p,p'-Bischloromethylbenzoyl Peroxide

To 25 ml. of 10% hydrogen peroxide, stirred and maintained at 0°C. were added 18 
ml. of cold 15% sodium hydroxide and 7.5 g. (0.04 mole) of p-chloromethylbenzoyl chlo­
ride, b.p. 141°C./20 mm. The additions were made dropwise over a 10 min. period, the 
reaction mixture always being maintained slightly alkaline. Stirring was continued for 
an additional 3 min. and the product filtered off and washed with ethanol. The product 
was recrystallized once from benzene and reprecipitated three times from chloroform into 
absolute ethanol; m.p., 148.5°C. Iodometry gave a value of 95.7% peroxide. Anal­
ysis (C. K. Fitz, Needham Heights, Mass.) for Cl gave 20.7% (theory 20.7%).

Chloromethyl Telechelic Polystyrene

Distilled styrene (2 g.) and 4 ml. of dry benzene containing 60 mg. of p,p'-bisehloro- 
methylbenzoyl peroxide were sealed off under vacuum and heated at 70°C. for 20 hr. 
Polystyrene was isolated by precipitation into ethanol, purified lay three additional 
reprecipitations into large quantities of ethanol, and dried under vacuum. The intrinsic 
viscosity, in benzene at25°C. was determined to be 0.183 dl./g. Pepper’s relationship7 
for unfractionated polystyrene

[7 7] = 4.7 X 10-Ll7„0-66

led to a number-average molecular weight of 9390. Two terminal chloromethyl groups 
per chain should lead to a chlorine content of 0.755%. Analysis (S. Nagy, Microanalyti- 
cal Lab, M .I.T., Cambridge, Mass.) gave a value of 0.736% Cl, confirming again that 
termination in this system is predominantly by combination and that polystyrene con­
taining reactive terminal benzyl chloride type groups can be produced. The presence of 
— C— Cl stretching is not detectable by infrared but absorption at 1720 cm.-1 shows that 
chain initiation is started by C 1C H 2C 6H 4C O O  radicals as well as ClCILCeH.,- radicals.

p,p'-Bisformylbenzoyl Peroxide

To 5.04 g. (0.03 mole of p-formylbenzoylchloride, m.p., 41 °C., b.p. 100°C./3 mm. in 
6 m l: of acetone, stirred and maintained at 0-15°C., were added dropwise 1.71 g. (0.015 
mole) of 30% hydrogen peroxide and excess sodium bicarbonate in 6 ml. of water. The 
reaction mixture was stirred for 10 min. and the product filtered off. The peroxide was
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purified by dissolving in acetone and precipitation into water, drying under vacuum, and 
reprecipitation from benzene into hexane. Many samples of this peroxide were prepared 
and iodometric analysis gave values ranging from 80 to 93%. The peroxide does not 
melt but explodes weakly on heating. We believe internal redox reactions explain the 
above. Analysis (C. K. Fitz, Needham Heights, Mass.) for C and H gave C, 63.8%, II, 
3.40% (theory: C, 64.4%; H, 3.35%). The infrared spectrum (Fig. 1) is consistent 
with the structure of p,p'-bisformylbenzoyl peroxide.

Formyl Telechelic Polystyrene

Styrene monomer was polymerized with the use of p,p'-bis-forrnylbenzoyl peroxide and 
the polymer purified in the same manner as described above except that polymerization 
was carried out for 70 hr. The intrinsic viscosity in benzene of 0.173 corresponds to an 
Mn of 8600. The infrared spectrum (Fig. 2) of a film of this polystyrene (1.94 X 10-2

Fig. 2. Infrared spectrum of polystyrene containing aldehyde endgroups.

mm. in thickness) shows clearly discernible carbonyl stretching absorptions for aldehyde 
at 1700 cm.“ 1 and ester at 1720 cm.-1 By using the corrected optical density of 0.13 
for the 1700 cm.“ 1 band and a value of 300 for the extinction coefficient for carbonyl 
stretching, this sample is found to contain 0.224 mole of aldehyde per liter of polystyrene. 
Completely telechelic polystyrene of M n = 8600 (employing a density for polystyrene of 
1.06 g./cm .3) should be 0.24611/ in aldehyde so that here again a very large proportion 
of the polystyrene chains contain active aldehyde end groups. If the corrected optical 
density of 0.11 for ester carbonyl (1720 cm.-1) is used to calculate the ester content
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(employing a value of 600 for the ester carbonyl extinction coefficient) a value of about 
0.095A7 is obtained. This value implies that about 42% of the initiating species is the 
IIOCC4H6COO • radical and the remaining 58%, the HOCC4TI6 • radical.
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G ra ft in g  o f P o ly a c ry lo n itr ile  to  G ra n u la r  C orn  S ta rch  
by In it ia t io n  w ith  C e riu m

Prior publications from the A. E. Staley Laboratories on grafting to granular corn 
starch1-6 have described the use of hydrogen peroxide as initiator. On the other hand, 
most of the other published work on grafting to starch via chemical initiation has in­
volved ceric ion6-10 as the initiator. Thus, no direct comparison of our results with 
(hose of others was possible. It was therefore desirable to compare cerium with hydro­
gen peroxide plus activator. This note presents the results of such work.

The general procedure was the same as that described in detail for runs using hydrogen 
peroxide.1!2 Starches were A. E. Staley commercial grade, defatted prior to use as pre­
viously described. Acrylonitrile was freshly redistilled prior to use. Ceric ammonium 
nitrate reagent grade was used as received.

For polymerization, a slurry of 100 g. of starch and 500 ml. of distilled water was de­
aerated by repeated evacuation and flushing with nitrogen. Thereafter, the mixture was 
kept under slight positive nitrogen pressure. The acrylonitrile was added and the mix­
ture blended by stirring for 15 min. At this point, temperature was adjusted to the de­
sired level. At time zero, ceric ammonium nitrate, dissolved in the minimum amount of 
very dilute nitric acid (pH 2) was added. For most runs (4-9 in Table I), ice bath cool­
ing was applied at time zero and maintained until the temperature had dropped back to 
near the starting temperature. After 4 hr. of total reaction time, the solid product was 
recovered by filtration, thoroughly washed with water, and air dried. PAN content, 
grafting efficiencies of PAN and of starch, and the frequency of grafting were determined 
as described previously.4

Table I summarizes the runs made with cerium initiation. The data illustrate that 
polymerization starts very promptly and goes rapidly. Judging by the extent and dura­
tion of the temperature peak, well over 50% of the monomer is converted during the first 
several minutes. Final conversions of 90% or more are realized in every instance. In 
all these respects, the results are very similar to those realized with peroxide initiation.

Table II summarizes data on efficiency and frequency of grafting. The table shows 
that PAN is grafted very efficiently to unmodified starch with cerium at the 5-25 mmole 
level. With oxidized starch, PAN grafts less efficiently at the lower level of cerium. 
With cerium at 10 mmole, PAN grafts to the oxidized starch less efficiently but more fre­
quently than to unmodified starch.

Changing the cerium level produces the changes illustrated in runs 5-7. PAN grafting 
efficiency increases with increasing cerium level in the 5-25 mmole range. This is diffi­
cult to explain, since increasing the initiator concentration ought to increase, rather than 
decrease, opportunity for the initiation of homopolymer. At the same time, starch graft­
ing efficiency increases with increasing cerium concentration. This suggests the higher 
level of initiator generates more frequent grafting sites. This conclusion is consistent 
with the remainder of the observations, namely that increasing initiator level: (1) reduces 
the M„ value of the grafted PAN chains; (U) reduces the number of glucose units (in to­
tal starch) per grafted PAN chain; (8) does not change the number of glucose units in 
the grafted starch per PAN chain.

Increasing the monomer level (run 9 versus run 6) apparently has little effect on graft­
ing efficiencies. Other effects could not be determined because of the unexpected partia 
insolubility in dimethyl formamide of the PAN recovered from the graft. That the over­
all product is not itself crosslinked is illustrated by its ready and complete solubility in 
hot dimethyl sulfoxide. The product was given a second 6-hr. reflux in 1A' HC1 to re­
move any remaining starch. The product still showed considerable gel in DM F, even 
though the infrared spectrum did not indicate presence of starch fragments. Pellon et 
al.11 have reported that. PAN undergoes irreversible chemical change on heating above 
80°C. Such change might account for limited crosslinking of this particular sample 
during heating at reflux in aqueous HC1. Removal of starch under milder conditions 
would be advisable in future work involving PAN; Fanta et al. have recently reported
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good results by oxidation with periodic acid followed by treatment with methauolie so­
dium methoxide.12

Generally, similar molecular weights and grafting efficiencies and frequencies are 
realized when peroxide is used instead of cerium (Table II, lower part ). The most strik­
ing difference is in the response to increased initiator level. This raises grafting efficien­
cies of both PAN and oxidized starch when cerium is used. The opposite effect occurs 
with peroxide. This could arise from the fact that peroxide/activator is a potent initia­
tor of homopolymerization in the absence of starch, whereas cerium is a very poor one.

Previously published work most nearly comparable to that here reported was done by 
Reyes et al.8 Table III lists pertinent data derived from the most closely analogous 
runs.

TABLE III

Present
Reyes et al. work, run 6

Solvent type 50/50 DMF/water W a ter
Starch, g. 100 100
Volume of solvent, ml. 1234 500
Acrylonitrile, g. 65.4 50
Ce+4, mmole/mole of glucose unit 10 10
Temperature, °C. 30 30-43
Monomer conversion ca. 30' [ in 60 min., ca. 90% in

no further conversion 60 min.
in 100 min.

PAN, parts/100 parts starch in
product 23.7 51 .3

Grafting efficiency, PAN, % 87 79
M „ of grafted PAN 25,900 45,100
Anhvdroglucose units/PAN

¡side chain 690 690

Chief differences in reaction conditions are that Reyes et al. used wheat starch in a rela­
tively larger volume of solvent consisting of equal volumes of dimethylformamide and 
water. The amount and nature of the solvent apparently account for the much slower 
and less complete polymerization of acrylonitrile realized by Reyes et al. The efficiency 
and frequency of grafting PAN and the length of the grafted chains, are generally similar 
for the two techniques, so far as can be judged from the single run for which Reyes et al. 
report such data.
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BOOK REVIEWS
Chemical Reactions at High Pressures. K. E. W e a l e . E. and F. Spoil 
Ltd., London, 1967. 349 pp. $12.50.

Since the publication of Hamann’s Physico-Chemical Effects of Pressure in 1957, there 
have appeared several volumes dealing with the physical, geophysical, chemical, and 
engineering aspects of high pressure research. Although, jointly, these works cover 
nearly all major recent research topics, they contain the contributions of many authors 
and lack the unity of a monograph. For this reason, and because it covers the field of 
high pressure chemistry in greater detail than do earlier works, the present volume fulfills 
a definite need.

Dr. Weale who has been associated for many years with Imperial College of Science and 
Technology, one of the oldest and most influential centers of high pressure research, 
reviews high pressure chemistry comprehensively with special emphasis on research done 
in the past ten years. The volume contains several introductory chapters dealing with 
experimental technique and with the thermodynamics of high pressure in single and 
multiphase systems. Here, much of the discussion follows lines similar to those of 
Llamann’s book, but new experimental results are presented. The inclusion of these 
chapters is appropriate, not only because nearR all kinetic treatments of high pressure 
reactions are based on transition state theory, but also because rather unfamiliar types 
of phase equilibria sometimes control the course of such reactions.

The later chapters include an up-to-date review of organic reactions in liquids and in 
gases. Gas reactions, in particular, had received relatively scanty treatment in earlier 
reviews, especially their kinetics, which are more difficult to treat here than in less 
compressible systems.

Of particular interest to the polymer chemist will be the most comprehensive treatment 
yet published of polymerization and polymerizability at high pressures, including 
copolymerization, one of the author’s major interests. There is a brief discussion of the 
high pressure polymerization of ethylene. Anyone interested in the commercial poten­
tial of other high pressure polymerizations will find Chapters 8 and 9 useful background 
material.

The book reads well. Analysis and criticism of experimental results seem to me to 
have been carried to a level of sophistication appropriate to the subject matter.

Paul Ehrlich

Department of Chemical Engineering 
State University of New York at Buffalo 
Buffalo, New York 14214

Polymer Fractionation. M an fred  J. R. C a n to w , E d . Academic Press, 
New York, 1967. 527 pp.

The continuing need to explore the relation of polymer structure with solution and 
solid state properties has provided the impetus for polymer scientists to investigate many 
methods of separation and analysis utilizing a variety of physical principles. In con­
tending with such structural features as molecular weight, branching, isomerization, 
stereoregularity and chemical composition and their distribution in a given material, it 
is not surprising that polymer fractionation and analysis has become rich and complex.

2973
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The breadth of this discipline is effectively encompassed for the first time in this single 
volume. Polymer Fractionation consists of fifteen chapters contributed by twenty au­
thors. The volume is effectively begun with an excellent chapter by Huggins and 
Okamoto outlining the thermodynamic principles of fractionation of amorphous polymers 
by precipitation from dilute solution; some brief attention to crystalline systems and to 
efficiency of separation is included. This is followed by five chapters dealing with large 
scale methods of separation, i.e., fractional precipitation and solution, chromatography, 
gel permeation techniques, and thermal diffusion. Additional chapters deal with 
analytical methods which include sedimentation, diffusion (isothermal), turbidimetric 
titration, and the relation of viscoelastic and rheological properties of polymers to 
polydispersity of molecular weight .

Several chapters follow on the analysis of fractionation data to derive molecular 
weight distributions; an interesting chapter by Goodrich includes a discussion of the 
relation of polydispersity to reaction kinetics. A useful compendium of polymers and 
fractionation techniques to be found in the literature complete the text.

While much of the material has appeared recently in other reviews, it is nevertheless of 
value to have a single source book in this area. Many of the chapters are authoritatively 
written with a balanced combination of theory, experiment, and critical analysis. The 
chapters on Fractional Solution (Elliot), Chromatographic Fractionation (Porter and 
Johnson), Gel Permeation Chromatography (Altgelt and Moore), and Turbidimetric 
Titration (Giesekus) may be cited as illustrations. There is, unfortunately, some un­
evenness of presentation; some chapters are of poorer caliber being little more than 
bibliographies and in this respect, deficient in references to current literature.

While the published literature in polymer science is especially rich in investigations of 
molecular weight fractionation of linear, amorphous polymers which reflects itself in 
the emphasis placed on this subject in the book, it is regretted that theoretical studies 
and experimental findings on grafted, branched, stereoregular, and crystallizable poly­
mers did not receive more attention. Also, almost no mention is made of biological 
polymers. Finally, this reviewer feels that the extensive recent literature on molec­
ular weight effects in adsorption and desorption from solids of high specific surface area 
might well have deserved a separate chapter.

Overall, Polymer Fractionation is definitely to be recommended to all practising poly­
mer scientists.

Seymour Newm,an
Ford Motor Company 
Dearborn, Michigan

Proceedings of the Second Tihany Symposium on Radiation Chemistry

This book contains the collected papers of the “ Second Tihany Symposium on 
Radiation Chemistry” held in Tihany, Hungary in May 1966. In addition to the 
presented papers, there is also included some of the limited discussion which followed 
some of the papers.

The papers are drawn from many of the major centers of radiation chemistry research 
in Japan, the United States, and Western Europe with about half of the contributions 
coming from laboratories in Eastern Europe.

The volume is about 800 pages long and is divided into four sections (1 ) General 
Problems, Inorganic and Biological Systems; (2) Aqueous Solutions; (3) Organic 
Compounds; and (4) Polymers through which run traces of most of the main topics of 
radiation chemistry interest. One will find isolated papers of ESR spectroscopy, pulse 
radiolysis, energy transfer and luminescence, with little emphasis on any aspect.
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The sections on Organic Compounds and Polymers comprise almost three-quarters 
of the total. The section on Polymers is most heavily weighted with papers on solid 
state polymerization and graft copolymerization. Actually, however, much of what is 
contained in this volume has already appeared in technical journals, and there is little 
in it to recommend to the experienced follower of the field.

The main advantage of this volume is that it contains, in a single place, a good cross- 
section of the radiation chemistry effort of the Eastern European laboratories.

D. )S. Ballantine
Brookhaven National Laboratory 
Upton, New York
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