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Synopsis

The behavior of tetraoxane produced during the polymerization of trioxane was in­
vestigated kinetically. In the polymerization of trioxane, a short induction period for 
the formation of methanol-insoluble polymer was observed and during the induction 
period a certain amount of tetraoxane, depending on the polymerization conditions, was 
produced. This amount was independent of the initial concentration of catalyst but 
increased with an increase in the polymerization temperature and in the initial concen­
tration of trioxane. So this amount was found to be determined by the equilibrium 
between the formation and consumption of tetraoxane. On the other hand, in the early 
stage of polymerization of trioxane, the formation of an appreciable amount of soluble 
polymer was estimated. Consequently the formation of tetraoxane was explained in 
terms of the “ back-biting”  reaction of the soluble growing chain with depolymeriza­
tion.

INTRODUCTION

It has been found that in the solution polymerization of trioxane cata­
lyzed by boron trifluoride etherate, tetraoxane is produced independently 
of the kind of a solvent. The formation mechanism of tetraoxane was dis­
cussed and a “ back-biting” reaction of the growing chain end with de­
polymerization was proposed.1 However, it has not been made clear why 
tetraoxane can exist in the polymerizing system of trioxane in spite of the 
fact that the cationic homopolymerizability is larger than that of trioxane. 
To answer this question the kinetic behavior of tetraoxane produced during 
the trioxane polymerization was investigated.

Tetraoxane was formed immediately on the addition of catalyst, and 
the methanol-insoluble polymer was formed in an appreciable reaction 
time. The addition of tetraoxane shortened the induction period for the 
formation of methanol-insoluble polymer. Thus, the tetraoxane forma­
tion plays an important role in the induction period for the formation of 
methanol-insoluble polymer.

EXPERIMENTAL

The polymerization procedures and the methods of purification of tri­
oxane, solvent, and boron trifluoride etherate [BF3-0(CoH6)2] were the
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same as described in the previous paper.2 Tire yield of methanol-insoluble 
polymer was determined by a gravimetric method. The concentrations 
of trioxane and tetraoxane in the reaction system were determined by gas 
chromatography according to the internal standard method, as described 
in the previous papers.1'3 The concentration of water in the reaction 
system was measured by the Karl-Fischer method.

RESULTS

In the homopolymerization of trioxane, a polymer (polyoxymethylene) 
and tetraoxane are produced.1 Accordingly, the relation between the 
polymer and tetraoxane yields under various conditions was determined 
in the polymerization of trioxane in ethylene dichloride with EF3-0 (C2H5)2 
as a catalyst at 30°C. except for one case.

Fig. 1 . Effect of initial catalyst concentration on the amount of tetraoxane produced 
in the polymerization of trioxane catalyzed by BFrOfCiHsh in ethylene dichloride at 
30°C. (a) at low conversion and (fc) at high conversion: (A) [BF3 -0 (C2H5)2]o = 20
mmole/1.; (O) [B F s'O ^H shlo =  10 mmole/1.; (v ) [BF3 'O(C2Hs)2] 0 = 5 mmole/1.; 
[ToX]o = 3.17 mole/1.; [H20]o = 1 .6  mmole/1.
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Effect of Catalyst Concentration and of 
Polymerization Temperature

The effect of the catalyst concentration on the amount of tetraoxane 
produced during the trioxane polymerization was investigated. Figures 
la and 16 show the results in the early stages and at long polymerization 
time, respectively. Figure 2 shows the time versus polymer yield curves 
in the early stage of polymerization; a induction period for polymer forma­
tion is evident. As is clear from Figure la, a certain amount of tetraoxane 
was produced in the very early stage of polymerization or during the in­
duction period; this amount was independent of the initial concentration 
of catalyst. This suggests that the splitting of tetraoxane from the growing

Fig. 2. Effect of initial catalyst concentration on the rate of formation of methanol- 
insoluble polymer in the polymerization of trioxane catalyzed by BF3-O w lis h  in 
ethylene dichloride at 30°C.: (a) [BFa-OtCsHshlo = 20 mmole/1.; (6 ) [BFs-O^TIshlo
= 10mmole/l.; (c) [BFa-OfCoIRhlo = 5 mmole/1. [ToX ]0 = 3.17mole/l.: [H2O]0 = 
1 .0  mmole/1 .

Fig. 3. Effect of polymerization temperature on the amount of tetraoxane produced in 
the polymerization of trioxane catalyzed by BF3-O w lis h  in ethylene dichloride: 
(a) 30°C.; (b)40°C .; (c) 50°C. [ToX ] 0 = 3.17mole/l.; [BF3-OlCilhhlo =  2 0 mmole/1.



2980 T. MIKI, T. HIGASHIMURA, S. OKAMURA

chain does not depend on the initial catalyst concentration. Of course, the 
rate of formation of tetraoxane increased with increasing initial concen­
tration of catalyst. However, as is seen in Figure 16, the amount of 
tetraoxane in the reaction system decreased as the polymerization pro­
ceeded.

The effect of polymerization temperature on the amount of tetraoxane 
produced in the trioxane polymerization is shown in Figure 3. The amount 
of tetraoxane produced increased with increasing polymerization tem­
perature.

Effect of Initial Concentration of Trioxane

The effect of initial trioxane concentration on the amount of tetraoxane 
produced in the trioxane polymerization was studied and was found to be 
very complicated. Figure 4 shows the change in the concentration of 
tetraoxane produced at various trioxane concentrations, and Figure 5 
shows the relationship between polymer yield and tetraoxane produced at 
high initial concentrations of trioxane (more than 1.11 mole/1.). Figures
6-8 show the time-polymer yield and time-tetraoxane yield relationships 
at low initial concentrations of trioxane (less than 1.67 mole/1.). Figure 9 
shows the relationship between the initial trioxane concentration and the 
maximum concentration of tetraoxane produced. As is seen in Figure 8, 
only a trace of methanol-insoluble polymer was obtained at a reaction 
time of 160 min. when the initial concentration of trioxane was 0.55 mole/1. 
At an initial trioxane concentration smaller than 0.55 mole/1., no methanol- 
insoluble polymer was obtained during the reaction time investigated in 
this paper, only tetraoxane being produced. As is also clear from Figure 6, 
the tetraoxane produced in the early stage was not consumed and remained 
in a certain concentration at an initial trioxane concentration lower than 
1.11 mole/1. On the other hand, with an initial trioxane concentration

Fig. 4. Effect of the initial trioxane concentration on the rate of formation of tetra­
oxane in the polymerization of trioxane catalyzed by BF3 • OfCjHfrJj in ethylene dichloride 
at 30°C. (at high concentrations of trioxane): (a) [T oX ]0 = 3.17 mole/1.; (b) 2.07
mole/1.; (c) 2.21 mole/1.; (d) 1.67 mole/1.; (e) 1.11 mole/1. ( BI'V < ' ! ( / ]  l„).; j = 10 
mmole/L; [H2O]0 = 1 .0-2.5 mmole/1.
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Pig. 5- Effect of the initial trioxane concentration on the amount of tetraoxane pro­
duced in the polymerization of trioxane catalyzed by BF3 -0 (C 2H5)2 in ethylene dichloride 
at 30°C.: (a) [ToX]„ = 3.17 mole/1.; (b) [ToX]„ = 2.67 mole/1.; (c) [ToX ]0 =  2.21
mole/1.; (d) [ToX]„ =  1.67 mole/1.; (e) [T oX ]0 =  1.11 mole/1. [BF3 -0 (C 2H5)2]„ = 
10  mmole/1.; [H2O]0 = 1 .6- 2 .5 mmole/1. The number in parentheses denotes the 
reaction time (min.).

Fig. 6 . Effect of the initial trioxane concentration on the rate of formation of tetra­
oxane in the polymerization of trioxane catalyzed by BF3 ■ 0 (C 2II5)2 in ethylene dichloride 
at 30°C. (at low concentrations of trioxane): (a) [ToX ]0 = 1.67mole/1.; (b) [T oX ]0 =
1 . 1 1  mole/1.; (c) [T oX | 0 =  0.55 mole/1.; (d) [T oX ]0 =  0.278 mole/1.; (e) [ToX ] 0 = 
0.167 mole/1. [BFs.O(C2H6)2](, =  10 mmole/1.; [H2O]0 = 1.1-2.5 mmole/1.

higher than 1.67 mole/1., tetraoxane was consumed as the polymerization 
proceeds. The rate of formation of tetraoxane increased with increasing 
initial concentration of trioxane, as is seen in Figures 4 and 6. The maxi­
mum amount of tetraoxane produced in the early stage of polymerization 
also increased with increasing initial trioxane concentration, as is seen in 
Figure 9.

The amount of each component detected in the reaction system at a 
given time is shown in Figure 7, for a reaction in which an appreciable 
amount of methanol-insoluble polymer was produced and in Figure 8 for 
a reaction in which very little methanol-insoluble polymer was produced. 
The total amounts of trioxane, tetraoxane, and methanol-insoluble polymer
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Fig. 7. Change in the concentration (in grams/20 ml.) of each component with the 
reaction time in the polymerization of trioxane catalyzed by BF3- 0(02102 in ethylene 
dichloride at 30°C.: (a) consumption of trioxane; (b ) formation of tetraoxane; (c)
formation of methanol-insoluble polymer; (Vi) a  +  b +  c. [ToX]» = 1.11 mole/L; 
[H,0]„ = 2.5mmole/1.; [BF3-O(C2H5)2]0 = 10mmole/l.

Fig. 8. Change in the concentration (in grams/20 ml.) of each component with reaction 
time in the polymerization of trioxane catalyzed by BF3 -OfCtHih in ethylene dichloride 
at 30°C.: (a) consumption of trioxane; (6) formation of tetraoxane; (c) formation of
methanol-insoluble polymer; (d)  a +  b +  c. [ToX]0 = 0.55 mole/1.; [H2O]0 = 1.7 
mmole/1.; [BF3-O(C2H5)2]0 = 10mmole/l.

did not coincide with the initial amount of trioxane charged, as reported 
previously.1 It should be noticed that this difference increased with reac­
tion time (Figs. 7 and 8) and then decreased again as soon as the methanol- 
insoluble polymer began to form, as is seen in Figure 7.

Effect of Water Concentration

The effect of water concentration on the amount of tetraoxane produced 
during the trioxane polymerization is shown in Figure 10. The induction 
period for the polymer formation increased with an increase in the initial 
water concentration, as has been reported.2 The maximum amount of 
tetraoxane produced is almost independent of the initial water concentra-
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Fig. 9. Dependence of the equilibrium concentration of tetraoxane on the initial tri- 
oxane concentration in the polymerization of trioxane catalyzed by BF3 -0 (C2H5)2 in 
ethylene dichloride at 30°C. [BF3 -0 (C 2H5)2]o =  1 0  mmole/1.; [H2O]0 =  1.1-2.5
mmole/1 .

Fig. 10. Effect of the addition of water on the amount of tetraoxane produced in the 
polymerization of trioxane catalysed by BF3 ■ 0 (C 2H6)2 in ethylene dichloride at 30°C .: 
(a) [H20] =  1.8 mmole/1.; (&) [H20] =  4.0 mmole/1.; (c) [II20] =  7.0 mmole/1. 
[ToX]„ =  1.67mole/1.; [BF3 -O(C2H5)2] 0 =  1 0 mmole/1.

tion, while the rate of formation of tetraoxane decreased with increasing 
the initial water concentration. However, tetraoxane was formed without 
any induction period, in spite of the addition of water.

Effect of Tetraoxane Addition

The effect of addition of tetraoxane to the trioxane polymerization 
system was investigated. Figure 11 shows the time-polymer yield curves 
and Figure 12 shows the change in the tetraoxane concentration with reac­
tion time. The induction period for polymer formation decreased with 
increasing initial concentration of tetraoxane added. As is clear from 
Figure 12, the concentration of tetraoxane was constricted to a certain 
value in the early stage of polymerization. The value is equal to the value 
shown in Figure la. This suggests the existence of an equilibrium between 
the formation and the consumption of tetraoxane.
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Fig. 11. Effect of the addition of tetraoxane oil the formation of the methanol-insolu­
ble polymer in the polymerization of trioxane catalyzed by BF3-O w lis h  in ethylene 
bichloride at 30°C.: (O) no TeX added; ( A )  [TeX] =  0.038 mole/1.; (□) [TeX] =
0.070 mole d.; ( V )  [TeX] = 0.108 mole/1.; (®) [TeX] = 0.305 mole/1. [T oX ]0 =  3.15 
mole/1 .; [II>0]o = 4.0-5.4 mmole/1.; [B lV O fC dhklo =  1 0 minole/l.

Fig. 12. Change in the tetraoxane concentration in the copolymerizalion of trioxane 
with tetraoxane catalyzed by BF3• 0 (C2H5)2 in ethylene dichloride at 30°C.: (O) no
TeX added; ( A )  [TeX] =  0.038 mole/1.; (□) [TeX] = 0.070 mole/1.; (v ) [TeX] = 
0.108 mole/1.; (®) [TeX] = 0.305 mole/1. [ToX ] 0 = 3.15 mole/1.; [HjO]« = 4.0-5.4 
mmole/1.; [ BF3 = 10mmole/l.

DISCUSSION

The behavior of tetraoxane produced during the polymerization of tri­
oxane is very important to a study of the kinetics.1 In the homopoly­
merization of trioxane, the amount of tetraoxane produced increased with 
the reaction time, reached the maximum value when the methanol-insoluble 
polymer began to form, and then decreased. From this it was concluded 
that tetraoxane is formed by a “ back-biting” reaction in which an end of 
the soluble, low molecular weight, growing chain attacks its own chain, 
effecting polymerization until an equilibrium concentration of tetraoxane
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is established in the early stage of polymerization and that the formation 
of tetraoxane by depolymerization is suppressed due to the heterogeneity of 
the reaction system as the reaction proceeds.

It should be noted that tetraoxane was formed before any methanol- 
insoluble polymer was obtained. The induction period for the polymer 
formation is one of the characteristics of the trioxane polymerization. 
Kern et al.4 explained the induction period in terms of the splitting of 
formaldehyde from the growing chain end and concluded that monomeric 
formaldehyde must be present in an equilibrium concentration before the 
polymerization of trioxane can take place. We have reported in detail the 
change in the formaldehyde concentration during the polymerization of 
trioxane.5 The amount of formaldehyde detected in the trioxane-BF3-0 -  
(C2H5)2 polymerizing system increased even after the formation of a large 
amount of methanol-insoluble polymer (about 15 wt.-%). The addition 
of a small amount of formaldehyde did not cause disappearance of the in­
duction period for the trioxane polymerization. However, as is seen in 
Figure 11, the addition of small amount of tetraoxane into the trioxane 
polymerization system shortened the induction period. Therefore, it was 
concluded that tetraoxane formation plays an important role in the in­
duction period for the polymer formation in the trioxane polymeriza­
tion.

In the previous paper,1 it was suggested that tetraoxane is formed not 
by an interaction of trioxane with formaldehyde liberated in the reaction 
system, but by a back-biting reaction of the growing chain end (I) with de- 
polymerization, as is shown in eqs. (1).

C li2—0
a , /  \

'~OCH2OCIl2— O GIL
\  /

Jf CHj—0

' W0C1L()CH2—OCI LOCI LOCH® (I )
J1

cit2—o—ch2
@/ \

~*OCl-I2—o  o
\  /

cir2—o—ch2
11

C ll2—O—CII2
/  \

~*OCIL +  O O (I)
\  /cir2—o—cir2

On the other hand, tetraoxane has a larger cationic homopolymerizability 
than trioxane.1 Thus, tetraoxane formed during the polymerization of 
trioxane takes part in the reaction of polyoxymethylene formation, and the 
tetraoxane formed should be consumed as the amount of tetraoxane formed 
increases. Finally, the rate of formation of tetraoxane becomes equal to 
the rate of consumption of tetraoxane, and thus the equilibrium between 
the formation and consumption of tetraoxane is established, as is shown
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in Figures 7 and 12. From this moment the amount of methanol-insoluble 
polymer increases markedly. This equilibrium concentration of tetra- 
oxane depends on the reaction conditions. It increases with an increase in 
the polymerization temperature (Fig. 3) and in the initial concentration of 
trioxane (Fig. 9). It is, however, independent of the initial concentration 
of catalyst (Fig. la).

Let p* be the active center including both oxonium and carbonium 
ions. Then the behavior of p* during the polymerization is limited to one 
of the probable four directions, as is shown in eqs. (2) where the reaction 
of p* with impurities such as water is excluded, and where

ToX  formation
f - ; s

ToX  addition - > p * - e -  TeX addition
_ (2)

TeX formation

T oX  denotes trioxane, TeX denotes tetraoxane, and kt are the rate con­
stants. The rate of formation of tetraoxane is expressed as eq. (3).

d[TeX]/di =  fc_,[p*] (3)

The amount of tetraoxane produced is very small in comparison with that 
of trioxane charged (at [ToX]0 = 3.17 mole/h, [TeX]pr,Kiuced <  0.12 molc/h). 
So the interaction of tetraoxane with p* takes place with difficulty in the 
presence of trioxane in comparison with the case in the absence of trioxane, 
because trioxane itself also reacts with p*. This retarding effect of tri­
oxane must be taken into account in the reaction rate between p* and 
tetraoxane during the polymerization of trioxane and may be stronger at 
the higher concentrations of trioxane. Then the consumption rate of 
tetraoxane can be expressed by eq. (4):

- d [TeX ]/dt = (k,/f) [p * J [TeX] (4)
where /  is a retarding factor depending on the concentration of trioxane. 
When the equilibrium between the formation and consumption of tetra­
oxane is established, eq. (5) is obtained from eqs. (3) and (4):

A--2[p*[ = (ki/f) [p*] [TeXJeq
[TeX ]eq = ( W k ) /  (5)

If it is assumed that /  is approximately proportional to a square root of 
trioxane concentration, eq. (5) can explain sufficiently the experimental 
relation between [TeX]eq and the trioxane concentration, as is shown in 
Figure 9. Equation (5) also shows that [TeX]eQ is independent of the cata­
lyst concentration. The increase in the equilibrium concentration of tetra­
oxane with increasing the polymerization temperature may be explained 
by the increase in k-i/kt value. The phenomenon that the addition of 
water does not affect the maximum amount of tetraoxane formed and de­
creases the rate of formation of tetraoxane, may be explained in terms of the
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decrease in the concentration of active centers due to the interaction with 
water.

As has been reported,1 in the early stage of polymerization the amount 
of trioxane consumed did not coincide with the total amounts of tetraoxane 
and precipitant-insoluble polymer obtained. This fact was also observed 
in Figures 7 and 8. Low molecular weight cyclic compounds other than 
tetraoxane could not be detected by gas chromatography. These results 
suggests that an appreciable amount of soluble low molecular weight poly­
mer is formed in the early stage of polymerization.

Other evidence for the formation of soluble low molecular weight poly­
mer was noted. As has been reported,5 the concentration of formaldehyde 
in the reaction system was determined by the sodium sulfite method. 
The polymerization was stopped by adding a certain amount of aqueous 
sodium sulfite solution and the titration of NaOH liberated by reaction of 
CH20  with Na2S03 was carried out. In this procedure, the amount of 
NaOH liberated increased with the time between the polymerization to 
the beginning of the titration of NaOH. This is caused by the decom­
position of soluble low molecular weight polyoxymethylene in the presence 
of alkali or acid.8 The existence of this soluble low molecular weight poly­
mer was also suggested by Leese and Baumber.6 We shall hereafter term 
this soluble low molecular weight polymer the active prepolymer if it is 
growing and the dead prepolymer if it is dead.

We conclude that the active prepolymer plays an important role in the 
formation of tetraoxane by the back-biting reaction. The high molecular 
weight polyoxymethylene is insoluble in inert organic solvents such as 
benzene and ethylene dichloride. The molecular weight of methanol- 
insoluble polymer increase with the reaction time.7 As the active pre­
polymers grow, they can not exist in the soluble state and are precipitated 
from the solution, forming a polymer crystal. The propagation reaction 
still proceeds on the crystal surface, as pointed out by Leese and Baumber.6 
Thus after the reaction system becomes heterogeneous, the polymerization 
proceeds both in the solution state homogeneously and on the crystal 
surface. When the propagation reaction proceeds on the crystal surface, 
the movement of the growing chain end may be limited due to its low flexi­
bility. Consequently the back-biting reaction occurs with difficulty and 
the splitting of tetraoxane may be suppressed. On the other hand, the 
concentration of active prepolymer decreases after the methanol-insoluble 
polymer begins to form, as is shown in Figure 7. From these considera­
tions, the decrease in the amount of tetraoxane formed in the early stage of 
polymerization after a given reaction time can be explained. As the 
amount of the crystal increases and the concentration of the soluble growing 
chain decreases with the reaction time, the rate of consumption of tetra­
oxane exceeds the rate of formation of tetraoxane; then the excess of 
tetraoxane is consumed till the rate of consumption of tetraoxane becomes 
equal to the rate of formation of tetraoxane. Thus tetraoxane is consumed 
to maintain the equilibrium.
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Résumé

Le comportement du tétraoxane, produit en cours de polymérisation du trioxane, a 
été étudié cinétiquement. Dans la polymérisation du trioxane, la courte période d’induc­
tion pour la formation d’un polymère insoluble dans le méthanol a été observée et au 
cours de cette période d’induction une certaine quantité de tétraoxane, suivant les condi­
tions de polymérisation, est produite. Cette quantité était indépendante de la concen­
tration initiale en catalyseur, mais croissait avec une augmentation de la température 
de polymérisation et en concentration initiale de trioxane. Ainsi, cette quantité résultait 
d’un équilibre entre la formation et la consommation du tétraoxane. Par ailleurs, au 
cours des premières étapes de la polymérisation du trioxane, la formation d’une quantité 
appréciable de polymère soluble a ôté constatée. Conséquemment, la formation de 
tétraoxane était expliquée sur la base d’une réaction en retour des chaînes en croissance 
solubles saved dépolymérisation.

Zusammenfassung

Das Verhallen des während der Polymerisation von Trioxan gebildeten Tetroxans 
wurde kinetisch untersucht. Bei der Polymerisation von Trioxan wurde für die Bildung 
von methanolunlöslichem Polymeren eine kurze Induktionsperiode beobachtet, während 
der, je nach den Reaktionsbedingungen, eine gewisse Menge Tetroxan gebildet, wurde. 
Diese Menge war von der Anfangskonzentration an Katalysator unabhängig, nahm 
jedoch bei Erhöhung der Polymerisationstemperatur und der Anfangskonzentration 
an Trioxan zu. Diesen Ergebnissen zufolge ist diese Menge durch das Gleichgewicht 
zwischen der Bildung und dem Verbrauch von Tetroxan bestimmt. Andererseits wurde 
die Bildung einer nennenswerten Menge eines “ löslichen” Polymeren im Frühstadium 
der Trioxanpolymerisation festgestellt. Demzufolge wurde die Bildung von Tetroxan 
in Form einer “ ltückbeiss’ ’-Reaktion der wachsenden “ löslichen”  Kette unter Kopoly­
merisation erklärt.
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Effect of Solvent on the Amount of Tetraoxane 
Produced in the Solution Polymerization of Trioxane 

Catalyzed by BF3*0(C,H5)2

T. MINI. T. HIGASHI A IURA, and S. OKAMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

The amounts of tetraoxane produced in the polymerization of trioxane catalyzed by 
BF3- 0(C2H5)2 were measured in various solvents. The maximum amount of tetraoxane 
produced depends on the nature of solvent used. This amount was independent of the 
initial concentration of the catalyst in ethylene dichloride and in nitrobenzene. On the 
other hand, in benzene, the amount of tetraoxane produced decreased slightly with in­
creasing initial catalyst concentration. This result was explained by the reaction of 
tetraoxane produced with the residual catalyst as well as with the active center. The 
maximum amount of tetraoxane produced decreased, other conditions being similar, 
in the order, nitrobenzene > ethylene dichloride > benzene solvent. This order may 
be explained in terms of a longer lifetime of the active center in the more polar solvent, 
leading to the formation of tetraoxane.

INTRODUCTION

In the preceding paper,1 it was found that a certain amount of tetraoxane 
is produced in the polymerization of trioxane in ethylene dichloride before 
the formation of methanol-insoluble polymer. The amount of tetraoxane is 
determined by an equilibrium between the formation and consumption of 
tetraoxane during the trioxane polymerization and increases with increasing 
polymerization temperature and initial trioxane concentration, but is in­
dependent of the initial catalyst concentration. Also, the addition of 
tetraoxane to the polymerization system of trioxane shortens the induction 
period for the methanol-insoluble polymer formation.

In this paper, the amounts of tetraoxane produced in the trioxane poly­
merizations with a less polar solvent, (benzene) and a more polar solvent 
(nitrobenzene) than ethylene dichloride, are measured and compared with 
the results obtained in ethylene dichloride.1

The maximum amount of tetraoxane produced in the solution poly­
merization of trioxane catalyzed by BF3-0 (C2H6)2 depends on a solvent 
used. This result may be explained in terms of the lifetime of the active 
center leading to the formation of tetraoxane.

The experimental procedures were the same as described in the preceding 
paper.1

2989
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RESULTS AND DISCUSSION

The amount of tetraoxane produced in the polymerization of trioxane 
was measured in various solvents with BF3-0(C2H5)2 as a catalyst at 30°C. 
except in a particular case.

Effect of Catalyst Concentration

The effect of the initial catalyst concentration [C]0 on the amount of 
tetraoxane (TeX) produced in the polymerization of trioxane (ToX) in 
benzene and in nitrobenzene are shown in Figures 1 and 2, respectively.

Fig. 1. Effect of the initial catalyst concentration [C] 0 on the amount of tetraoxane 
produced in the polymerization of trioxane catalyzed by BF3-0 (C2H5)2 in benzene at 
30°C.: (O) [C]0 = 20 mmole/I.; (A) [C]„ = 10 mmole/1.; (□) 5 mmole/1. [ToX]„ = 
3.27mole/l.; [H>0]o = 1.9 mmole/1.

Fig. 2. Effect of the initial catalyst and trioxane concentrations and of the polymeriza­
tion temperature on the amount of tetraoxane produced in the polymerization of trioxane 
catalyzed by BFa-O^Fh), in nitrobenzene at [H2O]0 = ca. 2 mmole/1.: (□) [ToX]0 =
3.17 rnole/1., [C]0 = 1.0 mmole/1., 50°C.; (O) [ToX]0 = 3.17 mole/L; [C]0 = 1.0 
mmole/1., 30°C.; (A) [ToXJ„ = 3.17mole/l., [C]„ = 10 mmole/1., 30°C.; (V) [ToX]„ = 
1.08mole/I., [C] 0 = 10 mmole/1., 30°C.

The amount of tetraoxane produced seems to be independent of the initial 
catalyst concentration in nitrobenzene, as is the case with ethylene di­
chloride as solvent.1 However, the amount of tetraoxane produced in
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benzene depends on the initial concentration of catalyst and decreases 
slightly with increasing initial catalyst concentration.

The latter fact may be explained in terms of the reaction of tetraoxane 
with residual catalyst. The equilibrium concentration of tetraoxane in the 
trioxane polymerization is established when the rate of formation of tetra­
oxane becomes equal to the rate of consumption of tetraoxane. The 
formation of tetraoxane is due to the back-biting reaction of the active 
center, p*, with dcpolvmerization; the formation rate is expressed as eq. 
( 1 ) :

d[TeX ]/<■// =  [p* ] (1)

where k -v is the rate constant of formation of tetraoxane by depolymeriza­
tion. As for the consumption of tetraoxane, the reaction of tetraoxane with 
residual catalyst must not be neglected as well as the reaction of tetraoxane 
with active centers, because the reactivity of tetraoxane with p* is not so 
large in benzene as in ethylene dichloride or nitrobenzene. Then the con­
sumption rate of tetraoxane in benzene is expressed as eq. (2),

-d [TeX ]/dt =  (K/f)lP*HTeX] +  (kt/f) [C] [TeX] (2)

where kp is the rate constant of the reaction between p* and tetraoxane, 
kt is the rate constant of the reaction between the catalyst and tetraoxane, 
and /  is the retarding factor depending on the trioxane concentration.1 
When the equilibrium is established, eq. (3) is obtained by setting eq. (1) 
equal to eq. (2).

*-,[p*] =  U V /) [P * ]  +  (kt/ f) [C]} [TeXU

[TeX]eq = +  k([ C]/[p*]| (3)

In the polymerization of trioxane catalyzed by BF3 • 0 (C 2Il5)2 in benzene, 
the rate of formation of the methanol-insoluble polymer is increased by 
the addition of a small amount of water, and it was concluded that the poly­
merization of trioxane catalyzed by BF3-0 (C2H5)2 in benzene does not 
occur in the absence of water.2 Consequently the concentration of active 
centers [p*] is not proportional to the initial concentration of BF3-0 - 
(C2H5)2 at a fixed concentration of water. So the value of [C]/[p*] on 
establishment of equilibrium increases with increasing initial catalyst 
concentration at a fixed concentration of water. Thus [TeX]eq decreases 
with an increase in the initial concentration of catalyst, as is shown in 
Figure 1.

Effect of Polymerization Temperature

The effect of the polymerization temperature on the amount of tetra­
oxane was investigated. Figures 2 and 3 show the results in nitrobenzene 
and in benzene, respectively. In nitrobenzene the maximum amount of 
tetraoxane produced was larger at a higher polymerization temperature. 
In benzene the amount of tetraoxane produced also increased with increas-
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Fig. 3. Effect of the polymerization temperature on the amount of tetraoxane pro­
duced in the polymerization of trioxane catalyzed by BF3-0 (C2H5)2 in benzene: (a) 
30°C.; (S') 40°C.; (c) 50°C. [ToX]„ = 3.11 mole/1.; [H20)„ = 1.3 mmole/1.; [C]„ = 
20 mmole/1.

3,1 3,2 3 3
1/T X103

Fig. 4. Temperature coefficients of the equilibrium concentrations of tetraoxane 
during the polymerization of trioxane catalyzed by BFs-O^Hsh in various solvents: 
(a) nitrobenzene, [C]o = 1.0 mmole/1.; (b) ethylene dichloride, [C]0 = 10 mmole/1.; 
(c) benzene, [C]0 = 10 mmole/1., [ToX]0 = 3.2 mole/1.

ing polymerization temperature. Figure 4 shows the temperature coeffi­
cient of [TeX ]eq in various solvents. As is clear from Figure 4, the value 
of the slope decreases in the order, benzene >  ethylene dichloride ~  nitro­
benzene.

The equilibrium concentration of tetraoxane in the trioxane polymeriza­
tion is expressed by eq. (3). In nitrobenzene and ethylene dichloride, the 
second term [C]/ [p*], of the denominator of the right side in eq. (3) should 
be constant, because the equilibrium concentration of tetraoxane is inde­
pendent of the catalyst concentration. This fact agrees with the result 
that BFs-CXCoHs^ can initiate the polymerization of trioxane without 
water in a polar solvent.2 Therefore, [TeX]eq depends primarily on the 
value of k-p/kp. Then log [TeX]eq is approximately proportional to 1 /T 
with ~(E-p  — Ep)/R as a proportionality constant. From the experimen-



SOLUTION POLYMERIZATION OF TRIOXANE 2993

tal results, it is concluded that the difference in activation energy between 
the depolymerization and polymerization with respect to tetraoxane during 
the trioxane polymerization, (E -p — Ep), is similar in ethylene dichloride 
and nitrobenzene solvents. On the other hand, the larger temperature 
coefficient in benzene can be explained in terms of an additional decrease in 
[C]/[p*] with an increase in the polymerization temperature, because [p*] 
increases and then [C] decreases with increasing polymerization tem­
perature at a fixed initial concentration of catalyst ([C]o = [C] +  [p*]).

Effect of Trioxane Concentration

The effect of the initial trioxane concentration on the amount of tetra­
oxane produced in the trioxane polymerization was investigated. The 
result in nitrobenzene is shown in Figure 2. Figure 5 shows the equilibrium 
concentration of tetraoxane during the trioxane polymerization at various

0 IS

~  0.05

0 -------------*---------- *----------------i---------
0 1.0 2,0 3.0

[ToX]0( m o l / l )

Fig. 5. Dependence of the equilibrium concentration of tetraoxane on the initial 
trioxane concentration in the polymerization of trioxane catalyzed by BF3-0 (C2H6)2 

in various solvents at 30°C.: (a) nitrobenzene; (6) ethylene dichloride; (c) benzene. 
[C]o =  10 mmole/1.

initial trioxane concentrations in various solvents. Clearly from Figure 5, 
the equilibrium concentration of tetraoxane at a fixed initial concentra­
tion of trioxane decreases in the order, nitrobenzene >  ethylene dichloride 
>  benzene. This order may be due to a higher value of k-p/kp and/or 
by a higher value of /  in eq. (3) in the polar solvent. The higher value of 
k—j,/kj, in the polar solvent can be explained in terms of stabilization of the 
active center with solvent. The active center leading to the formation of 
the tetraoxane oxonium ion by the back-biting is a carbonium ion,3 as is 
shown in eq. (4).

C Ii2—O ^C H ,
© /  \  

»~OCHo— OCH2—OCffi— OCHa— OCHo — ~U)C1L— O O
t 1 \  /l-------------------------------1 ch2—o—ch .

The carbonium active center may be stabilized more strongly with the more 
polar solvent and the lifetime of the active center may be prolonged. The
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Fig. 6. Change in the concentration (in grants'20 ml.) of each component with the 
reaction time in the polymerization of trioxane catalyzed by BI;V O i( in nitro­
benzene at 30°C.: (a) consumption of trioxane; (b) formation of tetraoxane; (c) forma­
tion of methanol-insoluble polymer; (d) a +  b +  c. [ToX]o = 1.08 mole/L; [H20]o = 
1.7 mmole 1.; [C]o = 10 mmole/1.

Fig. 7. Effect of the addition of tetraoxane on the formation of the methanol-insoluble 
polymer in the polymerization of trioxane catalyzed by BF3-0 (C2H5)2 in benzene at 
30°C.; (a) no TeX added; (6) [TeX] =  0.095 mole/L; (e) [TeX] — 0.188 mole/1. 
[ToX ]0 = 3.17 mole/L : [Il2O]0 =  1.3 mmole/1.; [C]o =  20 mmole/1.

formation of tetraoxane by back-biting thus occurs with ease in the more 
polar solvent. The effects of the/factor is not clear at present.

Figure 6 shows the result of the trioxane polymerization in nitrobenzene 
at initial trioxane and catalyst concentrations of 1.11 mole/1. and 10 
mmole/1., respectively, at 30°C. In the trioxane polymerization in ethyl­
ene dichloride under similar conditions, as shown in Figure 7 of the pre­
ceding paper,1 tetraoxane produced in the early stage remained, and the 
induction period for the methanol-insoluble polymer was rather large 
(about 20 min.). However, in the trioxane polymerization in nitrobenzene, 
a certain amount of tetraoxane was produced instantly and tetraoxane im­
mediately began to be consumed. An induction period for formation of 
the methanol-insoluble polymer was not observed. This fact supports 
strongly the conclusion drawn in the preceding paper1 that the induction 
period for the methanol-insoluble polymer formation is related to the forma­
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tion of tetraoxane and that the disappearance of tetraoxane observed in the 
later stages is caused by the formation of the polymer crystals on whose 
surface the polymerization proceeds, suppressing the back-biting reac­
tion.

As is seen also in Figure 6, the material balance is incomplete in the early 
stage; this suggests the formation of the methanol-soluble polymer. The 
material balance is, however, completed in the later stage of polymeriza­
tion (after 30 min.), and then the amount of tetraoxane is very small. 
This fact gives strong support to the conclusion drawn that the “ soluble” 
growing chain grows to form the polymer crystal, that the formation of 
tetraoxane is due mainly to the back-biting of the “ soluble”  growing chain, 
and that the growing chain on the crystal surface has very little ability 
to participate in the back-biting reaction.

Effect of Addition of Tetraoxane

In the polymerization of trioxane in nitrobenzene, tetraoxane was pro­
duced immediately and no induction period for the methanol-insoluble 
polymer formation was observed if the water concentration in the reaction 
system was small, while addition of water brought about an appearance of 
the induction period.2 In the polymerization of trioxane in ethylene di­
chloride a short induction period was observed under the conditions used, 
and during this period a certain amount of tetraoxane was produced. 
The addition of tetraoxane to the trioxane-(CH2Cl)2 polymerization system 
caused shortening of the induction period for formation of the methanol- 
insoluble polymer.1

The effect of the addition of tetraoxane on the induction period for the 
methanol-insoluble polymer formation was investigated also in the tri­
oxane polymerization in benzene. Figure 7 shows time versus yield of 
methanol-insoluble polymer and Figure 8 shows the change in the concen-

Fig. 8. Change in the tetraoxane concentration in the copolymerization of trioxane 
with tetraoxane catalyzed by BF3'0(C2H5)2 in benzene at 30°C.: (a) no TeX added; 
(6) [TeX] =  0.095 mole/1.; (c) [TeX] = 0.188 mole/1. [ToX ]0 = 3.17 mole/1.; 
[H»0]o => 1.3 mmole/!. ;  [C]0 =  20 mmole/l.
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Polymerization of Tetraoxane at Low Concentration 
Catalyzed by BF3*0(C2H5)2

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

Synopsis

In the solution polymerization of tetraoxane catalyzed by BF3 -0 (0 2 115 )2, trioxane and 
methanol-insoluble polymer were produced. However, the amounts of these products 
depend on the nature of solvent used. A critical concentration of tetraoxane is observed 
for the formation of methanol-insoluble polymer; at less than this critical concentration 
of tetraoxane no methanol-insoluble polymer is obtained, but trioxane is preferentially 
produced. This critical concentration of tetraoxane is higher in a more polar solvent, 
so the amount of methanol-insoluble polymer produced decreases and the amount 
of trioxane produced increases with increasing the polarity of solvent used. These re­
sults may be explained in terms of a stabilization of the active center leading to formation 
of trioxane by a solvation with solvent.

INTRODUCTION

The formation of tetraoxane during the polymerization of trioxane and 
the larger cationic reactivity of tetraoxane than trioxane have been already 
observed.1 The kinetic behavior of tetraoxane produced during the poly­
merization of trioxane has also been investigated.2’3 In this paper, the 
polymerization of tetraoxane was carried out in various solvents to get 
more precise information on the kinetic behavior of tetraoxane produced 
during the trioxane polymerization.

I11 the polymerization of tetraoxane, trioxane and methanol-insoluble 
polymer were produced, but these amounts depended strongly on the initial 
concentration of tetraoxane and on the nature of solvent used. A critical 
concentration of tetraoxane was observed under which trioxane was pro­
duced exclusively, no methanol-insoluble polymer being found. This 
critical concentration of tetraoxane was higher in a more polar solvent, so 
the amount of methanol-insoluble polymer produced decreased with in­
creasing the polarity of solvent used, at low initial tetraoxane concentration.

The procedures of polymerization were the same as described in the 
previous papers.2’3

RESULTS

The polymerization of tetraoxane (TeX) was carried out at various ini­
tial concentrations of tetraoxane and in various solvents with BF3-0-

2997
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(C2H6)2 as a catalyst at 30°C. The initial catalyst concentration was 10 
mmole/1. in all cases.

Polymerization of Tetraoxane in Nitrobenzene

The results of the polymerization of tetraoxane at various initial con­
centrations of tetraoxane are shown in Figures 1-3. As is seen in Figures
1-3, tetraoxane was immediately consumed and trioxane was formed.

Fig. 1. Change in the concentration (in grams/'20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3 -O ^ H s h  in nitrobenzene 
at 30°C.: (a) consumption of tetraoxane; (b) formation of trioxane. [TeX]0 =  0.146 
mole/1.; [BFr O(C2H5)2]<, =  10 mmole/1.

Fig. 2. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3-0 (C 2H5)2 in nitro­
benzene at 30°C.: (a) consumption of tetraoxane; (6) formation of trioxane; (c) for­
mation of methanol-insoluble polymer; (d) a +  6 +  c. [TeX]0 =  0.183 mole/1.; 
[BF3-0(C2H5)2]o = 10 mmole/1.
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Fig. 3. Change in the concentration (in grams/20 ml.) of each component with reaction 
time in the polymerization of tetraoxane catalyzed by BF3 -0 (0 2 1 1 5 ) 2  in nitrobenzene 
at 30°C.: ( a ) ,  (b ), (c), I d )  as in Fig. 2. [TeX]„ = 0.230 moin/1.; [BF3-O(C2 H6)2 ] 0  = 
10 mmole/1.

At an initial tetraoxane concentration of 0.146 mole/1., no methanol- 
insoluble polymer was obtained during the time investigated, as is shown 
in Figure 1. At an initial tetraoxane concentration of 0.230 mole/1., an 
appreciable amount of methanol-insoluble polymer was obtained. In this 
case, however, trioxane (ToX) produced was gradually consumed as the 
amount of methanol-insoluble polymer increased, as is shown in Figure 3. 
At an initial tetraoxane concentration of 0.183 mole/1., the amount of the 
methanol-insoluble polymer produced was small, and the trioxane pro­
duced was slowly consumed, as is shown in Figure 2.

Polymerization of Tetraoxane in Ethylene Dichloride

The results of the polymerization of tetraoxane at various initial concen­
trations of tetraoxane are shown in Figures 4-6. At an initial tetraoxane 
concentration of 0.100 mole/1., no methanol-insoluble polymer was ob­
tained (Fig. 4). At an initial tetraoxane concentration of 0.146 mole/1., 
an appreciable amount of the methanol-insoluble polymer was obtained 
(Fig. 6). However, it is evident that trioxane was formed in large quan­
tities (in comparison with methanol-insoluble polymer).

Polymerization of Tetraoxane in Benzene
The results of the polymerization of tetraoxane at various initial concen­

trations of tetraoxane are shown in Figures 7-9. Trioxane was formed in 
all cases. Methanol-insoluble polymer was, however, obtained at initial 
tetraoxane concentrations of 0.146 and 0.065 mole/1. and was not obtained 
at 0.038 and 0.025 mole/1.
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Fig. 4. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3-0(C2H5)2 in ethylene 
dichloride at 30°C.: ( a ) ,  ( b )  as in Fig. 1. [TeX]» = 0.100 mole/1.; [BF3-0(C2H5)2]o = 
10 mmole/1.

Fig. 5. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3 0(C 2H6)2 in ethylene 
dichloride at 30°C.: ( a ) ,  (b ), (c), (d ) as in Fig. 2. [TeX]0 = 0.125 mole/1.; [BF3- 
0(C2H6)2]„ = 10 mmole/1.

Effect of the Addition of Trioxane

The effect of the addition of trioxane (ToX) on the polymerization of 
tetraoxane in ethylene dichloride is shown in Figures 10 and 11. As is 
seen in Figure 10, tetraoxane was consumed and the amount of trioxane in­
creased with the reaction time; no methanol-insoluble polymer was ob-
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Fig. 6. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BFs-OfCiHsh in ethylene 
dichloride at 30°C.: (a), (6), (c), (d )  as in Fig. 2. [TeX]0 = 0.146 mole/1.; [BFS■ 
0 (C2 H5)2 ]g = 10 mmole/1.

Fig. 7. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3 0(C 2H5)2 in benzene at 
30°C. with (•) [TeXjo = 0.038 mole/1. and (O) [TeX]0 = 0.025 mole/1.: (a), (b ) a s  in 
Fig. 1. [BF3-0(C2H5)2]„ =  10 mmole/1.

tained during the reaction time investigated. In this case, however, both 
the rate of consumption of tetraoxane and the rate of formation of trioxane 
were smaller than the corresponding rates in the polymerization of tetra­
oxane without the addition of trioxane, as is seen in comparing Figure 10 
with Figure 4. On the other hand, when the concentration of trioxane
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added was large, methanol-insoluble polymer was obtained, and the amount 
of trioxanc increased to a maximum and then decreased with the reaction 
time, as is shown in Figure 11.

Fig. 8. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3-0(C2H5)2 in benzene at 
30°C.: ( a ) ,  (b ) ,  (c ) ,  (d )  as in Fig. 2. [TeX]0 = 0.005 mole/l.; [BF3-0(C2H6)21o = 
10 mmole/1.

Fig. 9. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane catalyzed by BF3 0(C 2II5)2 in benzene at 
30°C.: ( a ) ,  (b ) , (c), ( d )  as in Fig. 2. [TeX]„ = 0.146 mole/l.; [BF3-0(C2H5)2]„ = 10 
mmole/1.
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Fig. 10. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane and trioxane catalyzed by BF3• 0(C 2H5)2 in 
ethylene dichloride at 30°C.: (a) concentration of tetraoxane; (b ) concentration of 
trioxane. [TeX]0 = 0.100 mole/1.; [ToX] = 0.107 mole/1.; [BF3-O(C2H5)2]0 = 10 
mmole/1.

Fig. 11. Change in the concentration (in grams/20 ml.) of each component with reac­
tion time in the polymerization of tetraoxane and trioxane catalyzed by BF3-0 (C2 H5)2 in 
ethylene dichloride at 30°C.: (a), (6), (c), (d ) as in Fig. 2. [TeX]» = 0.12.5 mole/1., 
[ToX]0 = 0.oho mole/1.; [BF3 0(C 2II;,)2]o = 10 mmole/1.

DISCUSSION

The formation of methanol-insoluble polymer and trioxane was observed 
in the homopolymerization of tetraoxane catalyzed by B lV O ^ H s h  in 
ethylene dichloride,1 but the amounts of methanol-insoluble polymer and
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trioxane produced in the homopolymerization of tetraoxane were found to 
depend markedly on the initial tetraoxane concentration and on the nature 
of solvent used. In Table I, the conversions of tetraoxane to methanol- 
insoluble polymer and to trioxane at various initial tetraoxane concentra­
tions are summarized in various solvents at a reaction time of 60 min. 
It is obvious from Table I that a “ critical”  concentration of tetraoxane 
for the formation of methanol-insoluble polymer exists and that this critical 
concentration of tetraoxane is higher in a more polar solvent, as is denoted 
by the horizontal staggered line in Table I. At an initial tetraoxane con­
centration lower than the critical concentration, methanol-insoluble 
polymer was not obtained, but trioxane was produced. This fact shows 
that tetraoxane reacts with catalyst even when the methanol-insoluble poly­
mer is not obtained.

Because of a higher “ critical”  concentration of tetraoxane for the forma­
tion of methanol-insoluble polymer in a more polar solvent, the amount of 
methanol-insoluble polymer produced in the polymerization of tetraoxane 
decreased with increasing polarity of solvent used within the initial tetra­
oxane concentration investigated in this paper. However, the initial rate 
of formation of trioxane was larger in a more polar solvent. These results 
can be explained in terms of the lifetime of the growing chain end leading 
to the formation of trioxane.

The smaller rate of formation of methanol-insoluble polymer in a more 
polar solvent has been also observed in the homopolymerization of trioxane 
at a rather low concentration of trioxane, catalyzed by BF3 0 (C2H5)2;4 
an attempt was made to explain this phenomenon in terms of the selective 
solvation of the growing chain end with solvent rather than with trioxane. 
On the other hand, the formation of trioxane produced in the polymeriza­
tion of tetraoxane may be explained in terms of the back-biting reaction 
of growing chain end (II) with depolymerization,1 as is shown in eqs. (1) 
where the counterion was omitted for convenience.

CH2—O—c h 2
\

- vOCH2—0  o(I) \  /
v ;  c h 2—0 —c r 2

1
'-O CH 2—o c h 2—o c h 2—o c h 2—o c h 2

(II) \

CIE—0

-vOCITo—OCH2—0 
(III) N

CTt.
/

CH2—o
1

cti2—o

c h 2OCT-T.-OCrT. +  o ' 
(IV) CII2—o

( 1 )
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According to eqs. (1), a chain end (II) is necessarily formed for the produc­
tion of trioxane through the formation of the chain end (III), even though 
the chain end (II) may be partly consumed for the propagation by attack 
of tetraoxane. The chain end (II) may be formed with ease in a more 
polar solvent because it is stabilized by solvation with the solvent. There­
fore, in a more polar solvent, the formation of trioxane occurs with ease 
and the formation of methanol-insoluble polymer is retarded.

The relation between the formation of methanol-insoluble polymer and 
of trioxane in the polymerization of tetraoxane at tetraoxane concentra­
tions higher than the critical concentration for formation of the methanol- 
insoluble polymer should be noticed. No induction period for the forma­
tions of both methanol-insoluble polymer and trioxane was observed. 
Moreover, trioxane continued to form even after the formation of methanol- 
insoluble polymer in ethylene dichloride and benzene, as is seen in Figures 
6 and 9. In nitrobenzene this phenomenon was not clearly observed be­
cause of the rapid disappearance of tetraoxane. The phenomenon in the 
tetraoxane polymerization in ethylene dichloride and benzene is different 
from the relation between the formation of tetraoxane and of methanol- 
insoluble polymer in the polymerization of trioxane. In the latter case, a 
short induction period was observed, and the amount of tetraoxane pro­
duced did not increase after the formation of methanol-insoluble polymer.2 3 
The continued formation of trioxane after the formation of methanol- 
insoluble polymer in the tetraoxane polymerization may be due to the low 
reactivity of the trioxane with the active center, so that the trioxane may 
be consumed with difficulty.

The effect of the low reactivity of trioxane was also observed. Even 
when an amount of trioxane larger than that amount of trioxane produced 
in the homopolymerization of tetraoxane was added to the polymerization 
of tetraoxane, the amount of trioxane increased, although the initial rate of 
formation of trioxane was suppressed in comparison with the initial rate 
of formation of trioxane without added trioxane at a fixed concentration 
of tetraoxane, as is seen in Figures 10 and 4 and in Figures 11 and 5. More­
over, the initial rate of formation of trioxane was smaller in the larger con­
centration of trioxane added. Therefore, trioxane added serves as a sup­
pressor for the formation of trioxane during the polymerization of tetra­
oxane. According to eqs. (1), the formation of trioxane through the third 
may be suppressed by the existence of trioxane, because trioxane can react 
with chain end IV to form chain end III. However, because of the low re­
activity of trioxane, a large amount of trioxane is necessary to suppress 
entirely the formation of trioxane by depolymerization from the growing 
chain.

The kinetic behavior of tetraoxane in cationic polymerization is very 
interesting. The effect of the polymerization temperature should be neces­
sarily investigated to obtain more precise knowledge of the tetraoxane 
polymerization. This will be the subject of a future paper.
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Kyoto, Japan, and R. CHUJO and T. KURODA,

Katata Research Institute, Toyobo Co., Ltd., Katata, Shiga, Japan

Synopsis

The di-isotacticity of poly(methylpropenyl ether) obtained by the cationic polymeri- 
zation has been studied by NMR spectra. The NM R spectra of /3-methyl protons of the 
polymer are decoupled from the /3-methine proton spectra to determine the di-isotactic 
fraction in a polymer. The signals of /3-methyl protons at 8.78 and 8.89 t are estimated 
as spectra based on threo- and erythro-di-isotactic diads, respectively. With BF3 0 - 
(C2H 5)2 as a catalyst, the trans monomer yields a crystalline polymer and its structure is 
direo-di-isotactic. Otherwise, cis monomer produces an amorphous polymer, and it is 
a mixture of threo- and err/i/iro-di-isotactic structure. From these results, it is con­
cluded that the double bond in trans monomer is opened exclusively in the cis type, and 
in cis monomer cis- and inms-cpenmgs take place at almost the same rate.

INTRODUCTION

It is very important to know the type of double bond opening for the 
investigation of the propagation reaction in the ionic polymerization of 
vinyl monomers. Natta et al. have concluded from the di-isotactic struc­
ture of a polymer, as observed by x-ray diffraction, that the double bond of 
monomers opens in a definite type (cis) in the cationic polymerization of 
frans-properiyl ethers1 and trans- and cis-/3-chlorovinyl butyl ether.2 
However, by x-ray examination, it is impossible to determine quantitatively 
the steric structure of a polymer and to discuss the type of the opening 
of a monomer double bond if an amorphous polymer is produced. Thus, 
in the cationic polymerization, there are no reports dealing with tire 
quantitative treatment of this problem.

On the other hand, in anionic polymerization, the opening of the double 
bond in the polymerization of a,/3-d2-acrylate has been studied by NMR 
specta.3'4 It has been found that the type of the opening of the double 
bond is affected by polymerization coirditions, e.g., the kind of catalyst, 
and that the changes in the opening are complicated.

In order to determine quantitatively the type of double-bond opening 
involved in the cationic polymerization of propenyl ether and to elucidate

3009
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the effects of catalyst variation and geometric isomerism of the monomer, 
the polymerization of methyl propenyl ether was investigated. In this 
paper is presented the effect of various polymerization conditions on the 
di-isotacticity of poly(methyl propenyl ether) as determined by NMR 
measurements.

The double-bond opening by homogeneous catalysts was found for 
the trans monomer to be exclusively of the cis type, whereas both cis- 
and frans-type opening occurred with the cis monomer.

EXPERIMENTAL

Materials

Methyl propenyl ether was synthesized by splitting off of alcohol from 
dimethyl acetal, the same procedure as that used for preparation of butyl 
propenyl ether.6 The crude product was purified by shaking with dilute 
sodium hydroxide solution. After drying with calcium chloride, methyl 
propenyl ether was fractionated by distillation on a column of 45 plates 
with a reflux ratio of 60:1. The cis and trans isomers could not be com­
pletely separated by the distillation because the boiling points of both 
isomers are very similar.

Therefore, two kinds of monomer mixtures having different mole ratios 
of cis and trans isomers were used, that is, cis/trans ratios of 1/9 and 4/1. 
The cis and irans contents of the methyl propenyl ether were determined 
by gas chromatography on a 3-m. dinonyl phthalate column at 40°C., 
Ho flow rate of 50 ml./min.

Toluene was washed successively with concentrated sulfuric acid, 
water, dilute sodium hydroxide solution, and water, and was then dried 
over calcium chloride and distilled over sodium.

BF3-0 (C2H6)2 and Al(C2H5)Cl2 were distilled before use.

Procedures

Monomer and solvent were introduced into a 100 ml. flask sealed with 
a rubber cap at a fixed temperature. Catalyst was introduced through 
the rubber cap with a syringe. After a specified time, polymerization 
was stopped by addition of methanol and the polymer precipitated from 
the reaction mixture was washed with methanol and dried in vacuo at 
40°C.

The NMR spectra of the poly(methyl propenyl ether) were measured 
in o-dichlorobenzene solution (10%, w /v) in a sealed tube at 1G0°C. with 
a 4 arian HR-60 instrument. The spin decoupling was performed by the 
side-bond method with a phase-sensitive detector operating at 2 kc./sec.

The intrinsic viscosity [?;] (in deciliters per gram) were measured in 
benzene at 30°C.
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RESULTS AND DISCUSSION

Figure 1 shows the NMR spectra of polymers obtained with BF3-0 - 
(C2H5)2 at —78°C. The spectrum of /3-methyl protons of polymer ob­
tained from a monomer mixture having a high trans content (cis/trans =  
1/9) is clearly different from that of polymer produced from monomer 
with a high cis content (cis/trans 4 /1 ); the spectra of the methoxyl 
protons are also slightly different.

The spectrum of /3-methyl protons is changed by the content of geo­
metric isomers in the monomer mixture and the polymerization temper­
ature. Therefore, it is expected that the spectral difference of /3-methyl 
protons is due to the difference in the steric structure of the /3-carbon 
with respect to the adjacent a-carbons, i.e., the di-isotactic structure 
of the polymer.

To study quantitatively the di-isotactic fractions of a polymer, the NMR 
spectra of /3-methyl protons were decoupled from the /3-methine proton. 
As shown in Figure 2, the spectra of /3-methyl protons consist of two 
signals at 8.78 and 8.89 r in all polymers. The intensity of 8.78 r is 
much stronger than that of 8.89 r in the polymers obtained from trans-rich 
monomer mixtures. On the other hand, the intensities of the two signals

-OCH,

Fig. 1. N M R  spectra of poly(methyl propenyl ethers) obtained by BF3-0 (C2H5)2 in 
toluene at —78°C.: (A ) cis/trans ratio in monomer mixture =  1/9; (B) cis/trans ratio 
in monomer mixture =  4 /1 ; [M]o =  10vol.-% , [C] = 3 mrnole/1.
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are almost the same in polymers obtained from as-rich monomer mixtures. 
Also, it is found that with decreasing polymerization temperature the 
intensity of 8.78 r increases in the predominantly trans-rich polymers 
and decreases in the ws-rich polymers.

An assignment of the two components of the proton resonance is not 
possible on the basis of spectral data alone. However, as shown in Table 
I, the spectrum of polymer obtained by BIVOCCiHs^ is substantially 
the same as that obtained by Al(C2Hs)Cl2. Natta et al. have shown that 
bwis-alkenyl ethers produce ¿Areo-di-isotactic polymers with aluminum 
alkyl chloride1 and that poly (/3-chlorovinyl butyl ethers) obtained with

Fig. 2. N M R spectra of /3-methyl protones decoupled from /3-methine proton in poly- 
(methyl propenyl ethers) obtained by BF3-0 (C2H5)2 in toluene at various polymerization 
temperatures: (A ) cis/trans ratio in monomer mixture =  1/9; (B ) cis/trans ratio in
monomer mixture =  4/1. [M ]0 = 10vol.-% , [C] = 3 mmole/1.

this catalyst and with BF3-0 (C 2H5)2 are of the same structure.2 There­
fore, poly(frons-methyl propenyl ether) obtained by BF3-0 (C2H5)2 at 
low temperature should have the ¿/ireo-di-isotactic structure, and it 
seems reasonable to assign the signal at 8.78 t to the /Freo-di-isotactie 
diad.

The intensity of the signal at 8.89 r for the polymers obtained from 
cfs-rich monomer mixture increases with decreasing polymerization 
temperature. As isotactic polymers are generally obtained at low tem­
perature in the homogeneous cationic polymerization of vinyl ethers, 
the signal at 8.89 r is also due to the isotactic structure. This signal
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may be, therefore, assigned to another isotactic structure, i.e., the 
erythro-di-isotactic diad.

The di-syndiotactic fraction may exist in these polymers. The signal 
due to the di-syndiotactic diad can be expected to appear between the 
tlueo- and the erythro-di-isotactic signals. However, the signal correspond­
ing to this diad is not found, as shown in Figure 2. It might be due to the 
existence of this small signal that the width of the signal for each sample is 
different.

The shape of the methoxyl protons signals also differs according to the 
polymerization conditions of the polymers, as shown in Figure 1. It is 
expected to be possible to analyze the configuration of poly(methyl pro- 
penyl ether) from the spectra of methoxyl protons as observed in poly- 
(methyl vinyl ether).6 Although NMR spectra were measured in various 
solvents, e.g., benzene, chloroform tetrachloroethylene, and nitroethane, 
we could not find a suitable solvent which separated the signal sufficiently. 
Therefore, the analysis from the methoxyl proton was impossible in this 
study.

On the basis of the assignment of /3-methyl protons, the content of 
the tlueo- and eri/Z/iro-di-isotactic diads can be determined quantitatively. 
These results are shown in Table I together with the polymerization 
conditions and the properties of polymers.

The polymers obtained from frans-rich monomer mixtures in the pre­
sence of BF3-0 (C 2H6)2 are highly crystalline, and the fraction of the 
//¡reo-di-isotactic diad is more than 80%. On the other hand, the poly­
mers obtained from as-rich monomer mixtures under the same condition 
are amorphous and are mixtures of the threo- and the e?'?/i/iro-di-isotactic 
structures.

In the cationic polymerization of alkenyl ethers, the cis isomer is gen­
erally more reactive than the trans isomer.5 Therefore, in the poly­
merization of a cis-trans mixture, the content of cis monomer in the polymer 
is higher than that in the monomer. The content of each monomer in 
a polymer can be determined experimentally from the content of the 
residual monomer in the polymerizing system.6

On the basis of these results dealing with polymer structure and monomer 
composition in the polymer, the type of double-bond opening can be 
quantitatively discussed. The probabilities of trans and cis openings 
in cis monomer are defined as a and (1 — a), respectively, and those 
in trans monomer as b and (1 — 6), respectively. Then,

(c/[AIr]/d[AI])a +  (d[M,]/d[Al ])(1 — b) =  (f/ireo-di-isotactic fraction)

= 1 — (erythro-di-isotactic fraction)

where d[Mc], d[Mj] and d[M] represent mole concentrations of cis isomer, 
trans isomer, and total monomer in a polymer obtained, respectively. 
If at a constant temperature the type of double-bond opening does not 
change with varying monomer composition and rotation of the newly
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TABLE II
Fraction of Double Bond Opening at Various Polymerization Temperatures

Polymerization
temperature,

°C.

c i s Isomer t r a n s  Isomer

c i s  Opening,
%

t r a n s  Opening,
%

c i s  Opening,
o y

t r a n s  Opening,
(rr / 0

0 47 53 80 20
-4 0 50 50 89 11
-7 8 60 40 -100 ~ 0

formed chain end does not occur, a and b can be calculated on the basis 
of the above results.

The fraction of cis and trans opening of the cis and trans monomer at 
various temperatures is summarized in Table II. In trans isomer, the 
monomer double bond is subject mainly to cfs-type opening as reported 
by Natta et al.1 On the other hand, in cis isomer, both types of the 
opening are observed. Even at —7S°C., the difference of both types of 
openings is small, and amorphous polymer is produced from cis isomer 
by a homogeneous catalyst. It is interesting that the type of opening 
of monomer is very different in the geometric isomers.

The determination of the type of double-bond opening is important for 
elucidation of the propagation mechanism in the cationic polymerization 
of vinyl monomers. The relationship between the type of double-bond 
opening and polymerization conditions will be described in detail in a 
subsequent paper.
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Résumé

La di-isotacticité de l’éther polyméthylpropénylique obtenu par polymérisation cat­
ionique a été étudiée par spectrométrie N.MIi. Les spectres NMR des protons /3- 
méthyliques du polymère ont été découplés du proton ̂ -méthinique de façon à connaître 
la quantité de fraction didactique au sein du polymère. Les signaux des protons /3- 
mét.hyliques à r 8.78 et 8.89 ont éyé admises comme correspondants aux diades t h r é o -  

et é r y t h r o -di-isotacitques respectivement. Utilisant BF3-0(CîH6)2 comne catalyseur, 
le monomère t r a n s  produit un polymère cristallin et sa structure est ¿/¡réo-di-isotacfique. 
Par ailleurs le monomère cîs produit un polymère amorphe et est un mélange de struc­
ture di-isotactique t h r é o -  et é r y t h r o - .  Au départ de ces résultats, on conclutq ue la 
double liaison d’un monomère trans est ouverte exclusivement en type-cîs et que le
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monomère c is  est caractérisé par une ouverture Ira n s et que les deux se passent à une 
vitesse sensiblement égale.

Zusammenfassung

Die Diisotaktizität von Polymethylpropenyläther, der durch kationische Polymerisa­
tion erhalten worden war, wurde an Hand der NMR-Spektren untersucht. Die N M ll- 
Spektren der /3-Methylprotonen werden vom ,3-Methinproton entkoppelt, um das Aus- 
mass der diisotaktischen Fraktion im Polymeren festzustellen. Die Signale der ß -  

Methylprotonen bei r 8,78 und 8,89 wurden als die zu den th r e o - bzw. en/ifiro-diisotak- 
tischen Diaden gehörigen Spektren betrachtet. Bei Verwendung von BF3-0(C>Hs).> als 
Katalysator entsteht aus dem fraras-Monomeren ein kristallines Polymeres mit Ih r e o -  

diisotaktischer Struktur. Andererseits liefert das cis-Monomere ein amorphes Poly­
meres, das eine Mischung von Ih r e o - und en/ifwo-diisotaktischer Struktur darstellt. 
Aus diesen Ergebnissen wird geschlossen, dass sich die Doppelbindung im tr a n s -  

Monomeren ausschliesslich nach dem cis-Typus öffnet, während im cis-Monomeren c i s -  

und irans-Offnung mit nahezu derselben Geschwindigkeit erfolgt.
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Synopsis
A crystal transition was found in nylon 6 fibers from the 7 -phase to «-phase on 

stretching in the chain direction. The 7 -phase fiber prepared by iodine treatment was 
stretched under constant load and the crystal deformation was observed by an x-ray 
method. The critical stress for the transition was estimated as 4 X 103 kg. /cm .2 at 
room temperature. For this crystal transition the following conditions must be satisfied:
(1) extension of the 7 -phase chain to untwist the chain around the amide groups,
(2) translational mobility of the chain to change the stacking in the crystallite. At 
the critical stress, the chain in the crystal is extended to nearly the same length as that 
of «-phase. The translational movement occurs under stress higher than about 3 X 103 

kg./cm .2, and the pseudohexagonal cell is deformed into a monoclinic form. However, 
the monoclinic crystallites present at a stress lower than the critical value estimated 
above are unstable and may be brought back to the original form by heat treatment 
at 100°C. No crystal transition occurs at low temperature.

INTRODUCTION

The structure and properties of nylon 6 7 -phase crystals have been 
studied by many authors, since Ueda et al.1 and Turuta et al.2 found that 
iodine treatment of the «-phase of nylon 6 is accompanied by a crystal 
transition to the 7 -phase. However, no definite structure has so far been 
obtained. Arimoto3 proposed that hydrogen-bonded sheets are formed 
between parallel chains and that these sheets are stacked in such a way 
that the sense of the successive sheets is alternately up and down. In the 
structure proposed by Vogelsong,4 hydrogen-bonded sheets are not formed 
and, therefore, the sense of molecules is the same throughout the crystal. 
Recently Bradbury et al.5 suggested that the structure is of statistical 
nature, though hydrogen-bonded sheets are formed in the crystal.

The most characteristic feature of the 7-phase crystal is a shrinkage of 
about 3%  in the chain repeat distance from that in the «-phase. The 
shortening of the chain length is attributed to the twisting of amide 
groups, which was first proposed by Kinoshita6 for another kind of nylon. 
The twisting of the chain is considered to be caused by the formation of 
stable hydrogen bonds between parallel chains. I11 this respect the authors 
quoted above agree with each other.

3017
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Sakurada et al.7 measured the stress-strain relations in the crystal in 
the chain direction and obtained a value of 2.1 X 105 kg./cm.2 for the 
Young’s modulus of the crystal. Miyasaka and Makishima8 measured the 
Poisson deformation of the crystal under tensile stress applied in the chain 
direction to find a crystal transition by stretching. The crystal transition 
on stretching is to be discussed in this report. The examination of the 
crystal transition may contribute something to knowledge of the structure 
and properties of the crystal.

EXPERIMENTAL 

Sample Preparation

Nylon 6 multifilament yarns (ordinary and high tenacity) were treated 
with an aqueous iodine solution at 25°C. for 48 hr. The composition of

Fig. 1. X-ray diffraction photograph of y-phase fiber of nylon 6 . Fiber axis is vertical.

the treating solution was as follows: 39 g. I2, 44 g. KI, and 300 cc. water 
for 4 g. fiber. These fibers were then deiodinized with Na2S203 and 
washed with water. The length of the yarns was kept constant during

TABLE I
Density, Crystallite Orientation, and Long 

Spacing of y-Phase Yarns

Sample

Density 
at 25°C., 
g ./cm .3

Degree of 
crystallite 
orientation 

(sin2 <p)a

Long
spacing,

A.

Ordinary yarn 1.145 0 . 0 1 0 90
High-tenacity

yarn 1.147 0 . 0 1 0 __b

a Determined by x-ray method, where <p is the inclined angle of the chain axis to fiber 
axis.

b Could not be determined from small-angle scattering.
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the treatment. An x-ray diffraction photograph is shown in Figure 1, 
and some of the parameters defining the fine structure of the y-phase 
yarn are given in Table I. As shown in Table I, the degree of crystallite 
orientation of these yarns is very high, and thus one can consider that the 
stress applied to the yarn is in the same direction as the chain axis of the 
crystallites. The lattice constants of the a- and y-phase crystals are 
listed in Table II. As reported by Bradbury, the y-phase crystal is 
rhombic, but the cell is approximately hexagonal at room temperature. 
Thus in this report, the pseudohexagonal cell is adopted for convenience.

TABLE II

«-Phase
(monoclinic)“

7-

Orthorhombicb

-Phase

Pseudohexagonal0

a, A. 9,56 4.S2 4.79
b, A. 17.24 (chain 7.82 4.79

c, A.
axis)

SOI 16.70 (chain 16.70 (chain

0 67.5°
axis) axis)

“ Data of Holmes et al.9 

b 1 lata of Bradbury et al.6 

c Data of Vogelsong. 1

Procedure

Method of Measuring Crystal Deformation in the Chain Direction. A
multifilament yarn with a cross-sectional area of about 2 X 10-3 cm.2 was 
set on the x-ray goniometer attached by an apparatus devised for stretching 
a fiber by constant load.10 The yarn was so set as to keep the fiber axis 
at right angles to the goniometer axis and at the same time to keep an 
inclined angle, 90 — 9, with the incident x-ray beam. 9 is the Bragg angle 
of the (00Z) diffraction measured. The c axis is the chain axis in the 
hexagonal cell. A load was applied to the yarn through a pulley and the 
lattice spacing was measured by an x-ray GM counter. The spacing 
was also measured after removal of stress to obtain the irreversible strain. 
The x-ray measurements were made 10 min. after loading and after re­
moval of stress. It was ascertained that most of the change in the spacing 
takes place in this time interval, though a small delayed recovery was 
observed beyond this interval. The load was increased stepwise. As a 
crystal transition occurred under high stress, measurement of the spacing 
became impossible in the high stress range. Ni-filtered CuKa was used 
in the Rigakudenki D-3F x-ray apparatus, using pin hole slits of 1.0 and
1.5 mm. diameter for the incident and scattering beams, respectively. 
The scanning speed of the counter was 0.5° (20)/min. and the chart 
speed was set at the rate of 40 mm./1.0o (26).

Observation of Crystal Deformation in the Direction Perpendicular to 
the Chain Axis. In this case the yarn was set coaxially to the goniometer
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to be stretched vertically, and the x-ray measurements were made on the 
equator.11 The x-ray procedure was the same as in the preceeding section.

Atmospheric Conditions for Measurements. Experiments were made at 
25°C. and 55-65% R.H. The water content of samples was about 3% 
under these conditions. For examination of the effect of water on the 
crystal deformation an experiment was performed in dry air, where samples 
absorbed about 0.5 wt.-% water. The results obtained in dry air, however, 
were not different from those obtained under the conditions shown above. 
It was very difficult to perform the x-ray measurements on a perfectly 
dry sample. This result may not always mean that water does not affect 
the crystal deformation. A small amount of water is expected to be 
absorbed within a crystallite, the defects of which may provide sites for 
water absorption. The small amount of water may affect the crystal 
deformation. In the examination of the effect of temperature on the 
crystal transition, samples were stretched in liquid nitrogen and a Dry 
Ice-methanol mixture.

Definition of Stress and Strain

A series model to connect the crystalline and amorphous regions is 
postulated for the fibers and, therefore, the stress applied to the fiber is 
assumed to be equal to that applied to crystalline region. This assumption 
is arbitrary. If a sample has very high crystallinity, as is the case with 
linear polyethylene, this assumption may be reasonable. In this case 
the crystallinity is not so high, and therefore a parallel connection between 
two regions should be considered as well as the series connection. Thus 
the real stress applied to crystallites must be higher than that estimated 
in this study, though the difference may not be large.

Two kinds of strain are defined, ex — {d ~  d0)/d0 and e0 =  (d0' — do)/d0, 
where d0, d, and d0' are the spacing observed before stressing, under stress, 
and after removal of stress, respectively, and e0 is irreversible strain.

RESULTS AND DISCUSSION

Stress-strain curves for y-phase crystals of nylon 6 in the chain direction 
are shown in Figure 2. These were obtained on the (004) spacing. Strain 
increases linearly with stress except in the range of high stress. No difference 
in the stress-strain relation between the two kinds of sample can be ob­
served in the lower range of stress. It should be noticed that the stress- 
strain relation does not follow the strict meaning in the high-stress range. 
As shown later, this stretching of the crystal is accompanied by a crystal 
transition. The (001) diffraction intensity is much weaker in the trans­
formed crystal than that in the original y-phase crystal. On the other 
hand, the crystal transition does not occur evenly throughout a sample. 
In the high-stress range, the (001) intensity observed comes mainly from 
y-phase crystal which has not yet been transformed. Thus, in the high- 
stress range the results in Figure 2 no longer show the true stress-strain
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Fig. 2. Stress-strain curve of 7 -phase crystallites of nylon 6 in the chain direction: (A )  
ei, ordinary yarn; (O) el: high-tenacity yarn; (A)  e0, ordinary yarn; (•) eo, high- 
tenacity yarn.

relation; the true strain should be larger than that shown there. The 
deviation of the stress-strain relation from linearity in the high-stress 
range may be emphasized more than shown in Figure 2. Sakurada et al.7 
have obtained a stress-strain curve on this crystal to determine Young’s 
modulus. Their measurements were limited to the lower range of stress, 
and thus the deviation from linearity could not be observed.

The irreversible strain e0 is also plotted against stress in Figure 2. The 
chain repeat distance increases irreversibly with stress, and the increase 
becomes appreciable at high stretching. It is interesting that the chain 
repeat distance extends gradually in the stressed samples, for a crystal 
should have a defined repeat distance. The force for stretching of a chain 
to unit strain is estimated as about 3 X 10^4 g. from the Young’s modulus 
value of 1.8 X 105 kg./cm.2 obtained in Figure 2. The force estimated 
is very small compared with that (44 X 10~4 g.) of polyethylene obtained 
by Sakurada.10 In addition to the high extensibility of the chain, this 
material has a strong cohesive force. Thus the chain may be affected 
easily by neighbors in recovery from tension. The gradual increase of 
the chain repeat distance observed in stressed crystallites may be related 
to these properties of this material and to the irregularity in the chain 
extension under stress. The broadening of the x-ray diffraction profile 
observed under stress suggests irregular deformation of chains within the 
crystallite.

Stress-strain curves of the yarns are shown in Figure 3. The stress- 
strain relation is markedly different for these two yarns in the high-stress 
range of stress. This suggests that the extension of crystallites is in­
dependent on the extension of yarns.

The stretching of the crystallites is accompanied by a marked decrease in 
the x-ray (00/) diffraction intensity. The change of the intensity obtained
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Fig. 3. Stress-strain curve of 7 -phase fiber of nylon 6 : (•) eo, high-tenacity yarn;
(A)  e0, ordinary yarn; (O) eh high-tenacity yarn; (A) e„ ordinary yarn.

Fig. 4. Change in (002) diffraction intensity of 7 -phase crystallites of nylon 6 on 
stretching in the chain direction: (•) after removal of stress; (O) under stress.

on the (002) diffraction is shown in Figure 4, where the intensity is normal­
ized by that observed before stretching. The compensation for mass of 
sample exposed to x-ray was made in the estimation of intensity. Similar 
results were obtained on the other (001) diffractions. The intensity de­
creases with stress reversibly up to about 3 X 103 kg./cm.2 but irreversibly 
in high stretching. In this case also the intensity obtained in the high- 
stress range has no strict meaning for the same reasons as considered 
previously in the stress-strain relation.

As quoted above, the characteristic shrinkage of the chain in the y-phase 
crystal is attributed to the twisting of the chain around amide groups. 
The chain has higher extensibility around the amide groups than in other 
parts, for the potential of the internal rotational angle is lower compared 
with these of bond length and bond angle. The extension of this part of 
the chain causes a change in the (00/) diffraction intensity. However, the 
x-ray diffraction intensity on the meridian (chain direction) in nylon 6 
crystal) is determined mainly by the chain stacking. The difference in
(002) structure factor calculated on a chain is only about 10% between the 
extended (a) and twisted (y) chains. In the y-phase crystal the (002) 
structure factor is proportional approximately to that calculated for the 
chain. Thus if the crystal structure is not changed and the deformation
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2 9  (•)

Fig. 3. Change of x-ray diffraction profile on the equator of 7 -phase crystallites of
nylon 6 on stretching in the chain direction: (------ ) under stress; (------- ) after removal
of stress. Ordinary yarn: numbers on curves show the stress applied (in kilograms per 
square centimeter). The a-phase curve was obtained on the original fiber not treated 
by iodine.

caused by stretching is even, the decrease in (002) diffraction intensity is 
expected to be about 20% even when the crystal is fully extended. How­
ever, the change in the intensity shown in Figure 4 is much larger than that 
expected above and is irreversible at high stretching. This means there 
is an irreversible change in the chain stacking. At lower degrees of stretch­
ing, the intensity decreases markedly but recovers after removal of stress. 
In this case the irreversible change of the chain stacking can not be con­
sidered. It may be caused by an irregular deformation of chains within the 
crystallite, which causes a temporal change of chain stacking and decreases 
the diffraction intensity. The uneven deformation of the chain may be 
related to the defects in the crystallite and to the inhomogeneity of 
the crystallite surface perpendicular to chain axis. Tie molecules and the 
length of tie molecules and chain folding are the factors determining 
the state of the surface.
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The change of the x-ray diffraction profile on the equator on stretching 
is shown in Figure 5. One can observe a remarkable change of the profile. 
The (100) diffraction peak of the y-phase crystal is extinguished by stretch­
ing and other two diffraction peaks appear on the equator. This change of 
profile is intimately related to the chain extension and especially to the 
change in the (002) diffraction intensity shown above. These diffraction 
peaks originated by stretching are similar to these of the (200) and (002) in 
the monoclinic a-phase crystal with respect to the spacing and intensity, 
where the b axis is in the chain direction. This change in the profile shows 
that the y-phase pseudohexagonal cell is transformed into a monoclinic one.

For the purpose of examining the stability of the monoclinic crystal on 
stretching, the stressed samples were heat-treated at 100°C. for 1 min. in 
water, where the length was not kept constant. Figure 6 shows x-ray 
diffraction photographs obtained before and after the heat treatment for 
a sample stressed at 4.3 X 103 kg./cm.2. A monoclinic pattern is observed 
on the equator before treating. On the other hand, two diffraction patterns 
from two crystal forms, hexagonal and monoclinic, are superimposed after 
the treatment. This means that some of the monoclinic crystallites 
formed as a result of stretching are unstable and brought back to the 
original form by the treatment. Others, however, are stable and remain in 
the monoclinic form after the treatment.

These monoclinic crystallites stable to the heat-treatment can be con­
sidered to be the a-phase crystal. When the heat treatment is applied to 
the sample stressed at 3.5 X 103 kg./cm.2 (for which the equatorial scanning
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(a)
Fig. 7. X-ray diffraction photographs of y-phase fibers of nylon 6 {high-tenacity .yarn) 

stressed by 5.0 X 10s kg./cm .2 at different temperatures: (a) in liquid nitrogen; (b)
in Dry lee-methanol mixture.

is shown in Fig. 5), the two diffraction peaks showing monoclinic form ex­
tinguish perfectly. The result and that shown above mean that the transi­
tion from hexagonal to monoclinic does not always involve a change of the 
crystal phase.

The chain repeat distance extends to nearly the same length as that in 
the «-phase under high stress as shown in Figure 2 . The hydrogen bonds 
between parallel chains become unstable on extension. Thus the chains 
again form other stable bonds if they can find partners available among 
their neighbors. In this case the requirement for the new partner is that it 
can form stable hydrogen bonds with the chain considered in the extended 
conformation. This makes us conclude from Bunn’s proposal that it is an 
antiparallel chain. The existence of an antiparallel chain in the unit cell 
was proposed by Arimoto3 and Bradbury4 and is also expected on the basis 
of the folding mechanism of polymer crystallization. When this formation 
of the bonds is performed, the 7 -phase crystal is transformed into an 
a-phase crystal.

This discussion may be too much idealized, for the real structure of 
polymer crystal is more or less disordered, and, especially hi this case, the 
chain deformation does not involve regular stretching. Roldan et al.12 
have defined an a-phase paracrystalline structure in this material and 
reported that the «-phase structure by Bunn is observed only in sphemlites 
and that the paracrystalline structure prevails in oriented material. In 
this study a strict distinction between these two structures can not be dis­
cussed, and these structures are both noted as «-phase structures. In 
Roldan’s structure, such a wrcll defined hydrogen-bonded sheet is not formed 
as it is in Bunn’s. It is natural, however, in Roldan’s structure that 
hydrogen bonds formed between antiparallel chains prevail between 
parallel chains, and these are related to the chain repeat distance of the 
crystal. If this were not so, the chain repeat distance would have to be
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shorter than that of the planar zigzag form. Thus, even when the para- 
crystalline structure is taken into consideration, the transition mechanism 
considered above may not need to be changed. The a-phase crystal 
obtained by stretching may be paracrystalline rather than conforming to 
Bunn’s ideal structure.

It is concluded from the results obtained and the discussion that the
7 -phase crystal is transformed into an a-phase crystal by stretching in the 
chain direction at room temperature. The crystal transition does not take 
place uniformly, and the transformed crystal is considered to be imperfect, 
containing many disordered regions. For the two kinds of samples the 
critical stress for the crystal transition is estimated from the stability of 
the crystal to the heat treatment as about 4 X 103 kg./cm .2 This value of 
critical stress is supported by the stress-strain relation shown in Figure 2. 
Under this stress the chain extends to nearly the same length as that of the 
a-phase crystal with a planar zigzag conformation.

A  monoclinic form can be observed on stretching at a stress lower than 
the critical stress. In these unstable monoclinic crystallites, the chain 
repeat distance is longer than that of the original 7-phase but most of the 
hydrogen bonds may remain in the 7-phase state. This unstable mono­
clinic crystallite is transformed to the a-phase by farther stretching.

For the crystal transition, the following conditions must be satisfied: 
(1) extension of chain to planar zigzag form, accompanied by untwisting 
around amide groups; (2) translational mobility of chain to change the 
stacking. Thus the crystal transition should be considered to be related 
to the mechanical relaxation phenomena of chains in a crystallite with 
respect to the following factors: stress, temperature, and time of stressing. 
The time effect is not appreciable at room temperature. Evidence for the 
temperature effect on the transition under constant stress and time is shown 
in Figure 7. These photographs were obtained on the samples stressed at
5.0 X 103 kg./cm .2 for 150 min. in liquid nitrogen and a Dry Ice-methanol 
mixture. In the former no changes of the pattern can be observed (com­
pare with Fig. 1), but a clear transition is observed in the latter. This 
result suggests the existence of a critical temperature between the liquid 
nitrogen and Dry Ice temperature. Nylon 6 has a mechanical dispersion 
at a temperature lower than about — 100°C.13 which is identified as the 
local mode motion of amorphous chains and termed the 7 dispersion. 
It is interesting that there seems to be a relation between the crystal transi­
tion and the 7 dispersion observed in bulk nylon 6. Work concerning this 
temperature effect on the crystal transition is to be discussed in a subsequent 
paper from the view point of relaxation phenomena of nylon 6 chains in 
crystallites.
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Résumé

On a trouvé une transition cristalline du nylon- 6  de la phase y à la phase a par étire­
ment dans le sens de la direction des chaînes. L’échantillon déphasé y a été préparé 
par traitement à l’iode de la fibre de phase a. L ’échantillon de phase y était étiré sous 
charge constante et la déformation des cristallités était mesuré par les méthodes aux 
rayons-X. La tension critique de transition était estimée à 4 X HP Kg ein“. La dis­
tance périodique de la chaîne du cristal est étendue par l’étirement critique à la même 
longueur que la phase a du cristal alors que la chaîne a une configuration plane en zigzag. 
Sous cette tension, les liaisons hydrogènes de la phase y entre les chaînes parallèles sont 
transformées en celles de la phase a formée en chaînes antiparallèles. Cette transitions 
du cristal montre l’existence de chaînes antiparallèles au voisinage d’une chaîne outre 
des chaînes parallèles avec lesquelles, elles forment des liaisons hydrogènes dans la phase 
cristalline a. La transition cristalline était également due à des formations inhomogènes 
des chaînes au sein des cristallités. La transition cristalline se rapport à des phéno­
mènes de relaxation de chaînes au sein des cristallités. Ceci dépend de la température 
et de la durée d’étirement. La température critique pour la transition est liée à la dis­
persion gamma du nylon en bloc.

Zusammenfassung

Bei Ausübung einer Zugspannung in der Kettenrichtung erfolgt, wie gefunden wurde, 
eine Kristallumwandlung der Nylon 6- 7 -Phase in die «-Phase. Die in der 7 -Phase 
befindliche Probe wurde durch Behandlung einer Faser im «-Zustand mittels Jod herge­
stellt . Die 7 -Phasen-Proben wurden unter konstanter Belastung verstreckt und die 
Deformation der Kristallite röntgenographisch gemessen. Die kritische Spannung für 
die Ilmwandlung wurde zu 4.103 kg/cm 2 bestimmt. Die Kettenidentitätsperiode wurde 
durch die kritische Spannung auf dieselbe Länge wie bei einem Kristall im «-Zustand 
vergrössert, wo die Ketten eine ebene Zickzack-Konfiguration besitzen. Unter dieser 
Spannung werden die 7 -Phasen-Wasserstoffbindungen zwischen parallelen Ketten in 
solche umgewandelt, die sich in der «-Phase zwischen antiparallelen Ketten ausbilden. 
Diese Kristallumwandlung spricht für die Existenz antiparalleler Ket teil in der Nachbar­
schaft einer Kette, zusätzlich zu den parallelen Ketten, zu denen sie im 7 -Phasen-Kristall 
Wasserstoffbindungen ausbildet. Wegen der inhomogenen Deformation der Ketten 
innerhalb des Kristallits wird die Kristallumwandlung ungleichmässig ausgelöst. Die 
Kristallumwandlung steht mit den Relaxai iousphänomenen der Ketten innerhalb des 
Kristallits in Beziehung. Demgemäss hängt sie von der Temperatur und der Bean­
spruchungsdauer ab. Die kritische Umwandlungstemperatur scheint mit der ‘ y -  
Dispersion einer Nylon 6-Masse zusammenzuhängen.
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Hydrodynamics of a Porous Sphere Molecule

TRUMAN SEELY, The Institute of Paper Chemistry, 
Appleton, Wisconsin 54911

Synopsis

A mathematical model is proposed which treats a hypothetical polymer molecule as a 
porous sphere. Fluid flow within the sphere obeys Darcy’s law while the creeping 
motion equations are used outside the sphere. Equations are derived relating the 
permeability and radius of the sphere to hydrodynamic properties of dilute solutions of 
the polymer. In checking against experimental data, it is found that the model, 
despite its simplicity, may be useful in explaining the hydrodynamic behavior of molecules 
which are highly branched or crosslinked.

Introduction

Viscosity and sedimentation data are often used to obtain information 
about the size and shape of polymer molecules in solution. Interpretation 
of the data is accomplished by recourse to an appropriate mathematical 
model of polymer hydrodynamics. There are several such models appli­
cable in different situations.

Branched and crosslinked molecules present some difficulty in interpreta­
tion. Monomer unit positions relative to one another are not readily 
determined by the statistical methods used successfully on linear polymers. 
For this reason, hydrodynamic shielding effects cannot be correctly evalu­
ated. A simple way around this problem will be suggested in the following- 
paragraphs.

It will be noticed that, the model used is similar to one suggested some 
time ago by Debye and Bueche,1 whose starting equations are the same as 
Brinkman’s.2 There are, however, some differences which will be pointed 
out as they become important.

The following work was originally undertaken as a part of an investiga­
tion of the flow of wood fiber suspensions. The possible application to poly­
mer hydrodynamics was not recognized until the intended task was nearly 
completed.

Theoretical

The following discussion is not a complete derivation. However, it 
should be sufficient, to point out clearly the way in which a complete 
derivation may be constructed. Some attention will be given to the 
limitations of the model employed.

3029
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The model consists of a porous sphere of radius a in a viscous fluid. 
Darcy’s law describes fluid motion inside the sphere, and the creeping 
motion equations are employed outside:

V-U* = 0 r <  a (1)

Ur = ( K M V P  (2)

V-U = 0 r >  a (3)

t)0V2U = VP (4)

Equations (3) and (4) are quite common and need no explanation here. 
Equations (1) and (2) are less common and do require some explanation. 
The vector U* is the superficial velocity of the fluid in the porous medium. 
It is an average value of fluid velocity in an appropriately large region, the 
average being over the total volume rather than the fluid-occupied volume. 
Equation (1) is the equation of continuity, but is strictly valid only under 
steady flow conditions and when averaged over an appropriately large 
volume. The vector Ur in eq. (2) refers to the superficial velocity of the 
fluid relative to the porous medium, while VP is the pressure gradient in the 
fluid. Equation (2) is the usual form of Darcy’s law for a Newtonian fluid. 
The equation as written holds only for isotropic, homogeneous porous media. 
The porosity e, and permeability coefficient K  may not vary with position or 
direction.

The origin of Darcy’s law is mainly empirical, or at best semiempirical. 
Recently, however, Whitaker3 was able to derive Darcy’s law from the 
equations of motion under special conditions. His work clearly indicates 
that the equations are not readily generalized to materials which are not 
both isotropic: and homogeneous.

For the time being, the situation will be limited to the case of the porous 
sphere being stationary and at the center of the reference coordinate 
system. Obviously, under these conditions Ur = U*, and from eqs. (l)-(4 ) 
there is the important result :

V2p =  0 all r (5)

Now fluid motion will be introduced. For reasons which will later be 
clear, the motion chosen will tend toward a hyperbolic velocity field far 
from the sphere. As additional boundary conditions, the pressure must be 
finite everywhere, while pressure and superficial velocity must be continu­
ous across the sphere boundary. The last two conditions may be regarded 
as arbitrary, but are the most reasonable choices from a physical point 
of view.

Writing out, the boundary conditions:

vx ax/2 

vy -  ay/ 2

v, -> 0

r »  a (6a) 

(6b) 

(6c)
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U* i nt = U„xt at r = a (7a)

Pint =  Pox t (7b)

The problem is not especially difficult to solve. Probably the easiest 
approach is the method of spherical harmonics, which is well described by 
Lamb.4 Briefly, this method depends upon the fact that the velocity of the 
fluid in creeping motion may be found by applying differential operators to 
a series of scalar harmonic functions. In problems of spherical symmetry, 
spherical harmonics are employed. From the boundary conditions, the 
user must select the spherical harmonics of the necessary orders and 
determine the coefficients which must be applied. Since the internal 
pressure is also a harmonic function, it is fairly easy to determine.

By using Lamb’s notation, the external velocity field should be generated 
by the spherical harmonic functions:

$2 = a(x'2 -  t/2)/4  (8a)

$ - 3  =  B -  y2)/r5 (Nb)

P-3 =  f f - s T j o a 3 ~  2/2) / L  ( S c )

The internal pressure must match the external at the interface and remain 
finite at r = 0. Therefore, internally:

Pf =  (tjo-L /a-) (.r2 — if) (9)

A clever mathematician could probably write down the coefficients by 
inspection. A less elegant but equally certain way to determine them is to 
proceed by successive approximations beginning with the solid sphere 
values as known from Einstein’s work.5 The internal pressure is de­
termined by requiring that it match the external pressure at r = a. The 
velocity condition is then not. satisfied and the external field must be ad­
justed, etc. The results, valid for all K and a, are:

A - i  =  A*  =  —d a /2 11 +  (10 IC/a2)] (10)

B- 3 = — a/411 +  (\0K/a2) ] (11)

At this point, another harmonic function is introduced to the external 
field in accordance with Lamb’s notation:

XI = —az/2 (12)

The effect of this function is to give the external field an angular velocity:

a) = — o'k/2 (13)

The boundary conditions may be matched by giving both the porous 
sphere and the fluid within it an identical angular velocity.
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Fig. 1. Velocity field and coordinate systems.

The velocity field far from the sphere now tends to :

V* = (a/2)(x +  y) (14a)

vy =  ( — a; 2) i.r +  ?/) (14b)

vz =  0 (14c)

This field is immediately recognized as linear Couette flow in the x-y  plane 
with the streamlines at a 45° angle to the x axis (see Fig. 1).

From this point it is easy to determine the viscosity of a dilute suspension 
of porous spheres by using the method described by Vand6 for solid spheres, 
or less rigorously one could employ the same shortcut Taylor7 used to 
compute the viscosity of a suspension of liquid spheres in a second liquid. 
By either method, the result obtained is:

’  "  ”  { '  +  l  [1 +  (10A7«=)]} <15)

where is the volume fraction of the suspension which is occupied by 
porous spheres, and must not be confused with the solid fraction.

The method outlined above may also be applied to a porous sphere 
settling in a viscous fluid of infinite extent. The most important result for 
the present discussion is the Stokes drag on such a sphere:

, , _______ CnrClriaVx

z ~  1 +  (3/v/2a2)
(16)

The radius of the sphere and the permeability coefficient, enter fairly 
simply into both the viscosity and drag equations. The reader may wish to 
compare these expressions to the similar but more complex ones given by 
Debye.1 Since the expressions are arrived at using different equations to 
describe the internal flow, Debye’s l /V  is not identical with K/a2. The
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choice of Darcy’s Law to describe internal flow is of course debatable. 
Brinkman2 considers the equation he employs within a porous medium to be 
“ a more or less arbitrary interpolation in the region where damping and 
viscous forces are of the same magnitude.”  As mentioned before, this 
equation is identical to Debye’s. Using this sort of terminology, one could 
argue that the Darcy expression refers to a region where viscous damping is 
of a larger magnitude than any shear stress produced by variation in the 
superficial velocity.

Now it is necessary to describe the type of polymer molecule to which the 
model applies. This molecule must be nearly spherical at low but finite 
shear rate in the solvent employed. The permeability K  must be constant 
throughout the sphere. This implies that when viewed on a sufficiently 
macroscopic scale, the internal structure of the molecule should be uniform. 
The requirement of uniformity eliminates the random coil and other con­
figurations characteristic of linear polymers. It suggests instead a rela­
tively rigid, branched, and/or crosslinked structure. For the model to be 
useful, permeability and porosity should not vary with molecular weight.

Given the molecule, determination of the relations between intrinsic 
viscosity, sedimentation constant, and molecular weight is straightforward.

Consider a solution of volume V containing n solute molecules which are 
uniform, porous spheres of radius a, permeability K, porosity e, and solid 
density pi. Neglecting changes in solvent volume due to hydration, pi 
could be regarded as the reciprocal of the solute specific volume. The solid 
mass of a sphere is:

Let c be the solute concentration in mass per unit volume, N  be Avogadro’s 
number, and M  the molecular weight. Then:

in =  pi-t/.f 7ra3(l — e) (17)
The total mass of solute molecules is

nm = pihfl — t)V (IS)

<f> = (cN/i\I)(4/Sira3) 

From the definition of molecular weight:

.1/ = pi(N47ra3/3) (1 — e)

(19)

( 20)

so:
h = c /[ ( l  -  e)pi]

Now the viscosity of a dilute solution may be expressed as:

( 2 1 )

(22)'

and for the intrinsic viscosity [??] one has:

o 1
(23)M 2(1 -  e)pi Ll +  (10/v/a2)J
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By.use of eq. (20) :

5/ [2(1 -  e)pi ] (24)
1 +  10/v [47tÂ (1 — e)pi/3il/] 3

hi = ^ / ( i  +  B M ~ y (25)

According to hypothesis, both A and B are independent of molecular 
weight. The limiting cases are:

BM~'h »  1 =i ¡n.l/

BM ~2/'3 «  1 =t [r;]ad/°

For the sedimentation constant, by definition:

s =  m( 1 -  U p )// (2G)

then:

s =  [4 7ra3(l — e)/3/](pi — p) (27)

And from cq. (16) the value of /  is:

/  = 6*1700/[1 +  (3A72a2)] (28)
The sedimentation constant becomes:

s =  (2/9*,) (1 -  0 (pi -  p) [«2 +  (3A72)] (29)
A polydisperse sample may considerably complicate interpretation of the 

intrinsic viscosity-molecular weight relation. Suppose the species 1,2, . . . 
n are present. Then the solution’s viscosity is:

v Vo y  —

i = 12 p i(l
•V <______\

l[l +  (10 /i/a ,2) ]) (30)

where ct is the concentration and at the radius of the fth species. If x t is 
the mass fraction of the solute present as the fth species, the intrinsic 
viscosity may be expressed as:

h] =
n

y
X 1-1

1 +  B M f Vi
_____ A__
1 +  B { M ) - 2 (31)

The viscosity-average molecular weight of the polydisperse sample is:

r 1 ( y Y  i n
L b  V,  = i i  +  B M C ' )  b J

To avoid such complications, samples should be as nearly monodisperse as 
possible. This is true even for well-behaved linear polymers, where the 
situation is somewhat simpler:

E  x,Mi
L-i =  1
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When intrinsic viscosity data are available over a wide and appropriate 
range of molecular weights, values of A and B may be accurately deter­
mined. Given these and the density pi, from a separate determination 
one may find e, K,  and the hydrodynamic radius, a. Further interpretation 
of the permeability coefficient as an indicator of internal structure is 
possible and may prove useful on a comparative basis.

Comparison with Experimental Data
Several known polymeric materials have the branches and crosslinked 

structure necessary for the applicability of the proposed expressions. 
Among these are plant lignin, some natural hemicelluloses and several types 
of rubber. Vulcanized rubber and other macrogels represent extreme cases.

The sort of intrinsic viscosity behavior required is often encountered, 
but only a few specific examples will be discussed here.

The first example is the branched dextran studied experimentally by 
Senti et. al.8 According to Gene and Cragg,9 even the highest molecular 
weight dextran studied by Senti et al. should yield viscosities essentially 
independent of shear rate. Therefore, significant deformation of the 
molecule due to shear is not likely to occur. The plot of intrinsic viscosity 
versus molecular weight is shown in Figure 2. The constants A and B in 
the theoretical equation have been adjusted to fit the data with the solid 
curve shown. The fit. is very good over the entire range of the data. The 
values of A and B are:

A = lOOcm.Vg. (33)
B =  5.6 X 103 (34)

which lead directly to the additional information:

K =  3.52 X 10-13 cm.2 (35)

a =  2 . 5X  10A1/Vicm. (30)
lO.Or—
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Picking a reasonable value for pi of about 1.4 g./ml., the porosity becomes 
0.982. Approximately 98% of the volume within the sphere is occupied 
by fluid. The value of the radius agrees pretty well with the root-mean- 
square radius obtained from light scattering as shown in Table 1.

TABLE I
Comparison of Molecular Radii from Light Scattering and Intrinsic 

Viscosity for a Branched Dextran“

Molecular radii, A.

From viscosity From light
M w X 10“ 3 M w/Mn a scattering

422 1 . 2 2 187 174
603 1.31 2 1 1 205
746 — 228 225
975 1.18 248 245

1040 — 254 258
2700 1.28 350 382

a Data of Senti et al.8

Chemical studies on the material8 indicate that it is an a-1,6 polymer of 
glucose. About 5% of the monomer units appear to be trifunctional with
1,3,6 linkages.

A similar dextran which apparently is more extensively branched has 
been investigated by Granath.10 The sample is designated A179 and 
exhibits lower intrinsic viscosity at a given molecular weight than does the 
first material.

Over the comparatively narrow range of molecular weights for which 
intrinsic viscosities are reported there is no reason to prefer the correlation

i ,or

Fig. 3. M w vs. [i;] for dextran A-179.
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I o'------------- 1_________I_________I_________I_________I_________I________ I_________I
3.9 4.1 4 .3 4.5 4.7 4.9 5.1 5.3 5.5

L ° G|0 Mw

Fig. 4. [?;] vs. M w for spruce glucomannan (data from Linnell11).

suggested in this paper over the standard form h ] = K M a. Nevertheless, 
the range is sufficient to determine approximate values of A  and B assuming 
that the correlation is valid. Figure 3 shows Granath’s experimental values 
and the correlation curve. The parameter values associated with this 
curve are

A =  50.8 cm.s/g . (37)

B =  2.62 X 108 cm.2 (38)

The permeability constant and hydrodynamic radius are

K  =  1.05 X l(ffi13 cm.2 (39)

a =  2.0 X 10-8M '/! (40)

This molecule is considerably more compact and less permeable than the 
previous example.

Linnell11 has recently studied the triacetate derivative of a natural 
glucomannan occurring in black spruce and has found evidence of branch­
ing. Fractionation proved difficult, and the resulting distributions of 
molecular weight within fractions were rather broad. In spite of this diffi­
culty, it appears that the behavior of this polymer is similar to those pre­
viously discussed (Fig. 4). In the present case, a fairly good fit of the data 
is obtained by taking:

A =  145 cm.8/g. (41)

B = 4.4 X 108 (42)
which leads to the results:

(1 — e)pi =  1.72 X 10~2 g./cm .3 

K  = 3.5S X 10-13 cm.2

(43)

(44)
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Fig. 5. Molecular weight vs. [»¡] for a lignosulfonic acid (data from Tachiet al.12).

Linnell attributes branch points in his glucomamian to multifunctional 
lignin “ monomers’ ' which account for about 5% of the total number of units. 
The similarity of the porosities and permeabilities of the branched dextran 
and the glucomamian is therefore not surprising.

A contrasting example is the lignosulfonic acid studied by Tachi and 
co-workers.12 This lignin derivative is the result of the action of sulfite 
cooking liquor on wood lignin in the sulfite pulping process. Its structure 
is not completely determined and is probably not regular. Each “ monomer 
unit”  may be at least trifunctional, and the material is a fairly strong acid. 
Intrinsic viscosities were determined on the sodium lignosulfonate in 
0.5M NaCl.

One might suppose that the ionic environment and the expected high 
degree of crosslinking would lead to a very compact structure. The in­
trinsic viscosity-number-average molecular weight curve tends to bear out 
this idea. A portion of this curve is shown in Figure 5. Or fitting the
curve as before, values for A and B are obtained:

A = 6.8 cm.3/g. (45)

B =  750 (46)

(1 — e)pi = 0.368 g./cm .3 (47)

K  = 0.785 X 1 0 -14 cm.2 (48)

a = 1.02 X 1 0 -W 1/3 cm. (49)

and
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Thus, the structure is much more compact and less permeable than in the 
previous cases.

Other branched polymers exhibit similar intrinsic viscosity behavior, l8' 14 
but there is little to be gained by carrying out more sample calculations here.

Another interesting case is the molecule which is probably crosslinked 
but shows the limiting relation [77 ] a M' \ Molecules of this type include 
the natural rubber studied by Carter et al.16 and the Buna S synthetic 
rubber later investigated by the same authors.16 Of course, ail exponent of 
2/3 by no means demonstrates that the porous sphere model is applicable, 
as it may occur for linear polymers.

Permeability and Internal Structure

The permeability coefficient of a porous medium can often be related to 
the structure of the material. In fact, permeability measurements con­
stitute an important part of the study of various media as dissimilar as 
oil-bearing rock17 and papermaking fibers.18 It is reasonable to suppose that 
some information about the internal structure of a porous sphere molecule 
could be extracted from its permeability constant by appropriate analysis.

Most estimates of the permeability coefficient in terms of particle size 
and porosity of the medium are designed for media with lower porosities 
than are encountered in porous molecules. This fact combines with the 
extremely small particle size to cast some doubt on the applicability of 
existing relations to the case of the porous sphere molecule.

Common estimates of K  for a collection of spheres include the porosity 
and the radius of the spherical particles comprising the medium. For a 
“ dense swarm” of spherical particles, Brinkman2 suggests:

AR = {9 +  3[(8F/F„) -  3]iA}/[ (4 F /F 0) -  6 ] (50)

where \= ( 2 = (1 /K)^1 if 77 = q’ . The quantities F and F0 are the 
total volume and the particle-occupied volume, respectively, while R is the 
radius of an individual sphere. For packed beds of spheres having rela­
tively low porosities (e < 0.5), an often used semiempirical relation is:19

K  = /V C  150 (1 -  e) 2 ] (51)

In a molecule, the situation should be somewhat different from either a 
swarm or a packed bed of spheres. The usually nonspherical monomer 
units are arranged in chain segments which branch at certain units but are 
otherwise linear or partly coiled. Each unit in a segment is shielded in 
some directions by the units immediately attached to it and less well 
shielded in other directions by the surrounding segments. The monomer 
located at or near a branch point is probably better shielded than one 
located midway between two widely separated branch points.

Qualitatively, it appears that shielding by special configuration will lower 
the drag force on any one monomer unit leading to higher values of the 
permeability than would otherwise be supposed. An attempt to arrive at
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the monomer radius by using eq. (50) or eq. (51) should yield a result that 
is somewhat large. Similarly, models which describe a regular array of 
spheres, as does Hasimoto’s,20 are not realistic for this case.

It would be nice to have a model for K  which would yield information 
such as the average segment length, frequency of crosslinks, specific 
surface, and other information. Unfortunately, no such model is available 
at this time. It is likely that the best method of evaluating the significance 
of the permeability coefficient will vary from one type of molecule to 
another. The branched dextran and glucomannan previously referred to 
will be used again to demonstrate a method of attack.

The permeability coefficient may be related to an average “ monomeric 
friction coefficient” which is simply the force exerted on a monomer unit 
divided by the approach velocity for that particle. Suppose that there are 
P monomer units in volume V  leading to permeability K.  Tor high 
porosities, it is possible to approximate the approach velocity with the 
superficial velocity and:

K  = V'r,/Pf (52)

For Senti’s dextran//)? = 3.4X10-8 cm., while for the glucomannan tri­
acetate//?; =  S.2XKU8 cm. The larger value for the latter is explained by 
the less dense structure of the molecule and the larger size of the monomer 
unit. Both values are somewhat smaller than those obtained for the iso­
lated monomers or low D.P. polymers, as should be the case.

Conclusion

Several theories and models exist which relate intrinsic viscosity to 
molecular weight and intramolecular structure of polymers. None may be 
regarded as absolute methods in the sense that the light-scattering and 
osmotic-pressure techniques are. The merits of the various concepts and 
models are determined solely by their usefulness.

The permeability coefficient has been highly useful in describing flow 
through porous media and in helping to define the physical characteristics 
of some of these media. It may prove equally useful on the molecular 
level. Further, the model proposed here appears to explain experimental 
observations in a consistent and simple manner over a large range of 
molecular weights. It is hoped that this model will prove useful in future 
studies of branched and crosslinked molecules.

During the course of the investigation described herein, the author was supported in 
part by a National Science Foundation Co-Op Graduate Fellowship, and in part by a 
scholarship from The Institute of Paper Chemistry where the author is currently a 
doctoral candidate.

The constant advice, criticism, and encouragement of Mr. Heribert Meyer is grate­
fully acknowledged.
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Résumé

Un modèle mathématique est proposé dans lequel une molécule polymérique hypo­
thétique est considérée comme une sphère poreuse. L ’écoulement fluide à travers la 
sphère obéit à la loi de Darcy alors que l’équation du mouvement de finage sont utilisées 
en dehors de la sphère. Des équations sont dérivées qui permettent de relier la permé­
abilité et le rayon de la sphère aux propriétés hydrodynamiques des solutions diluées 
du polymère. En confrontant ce modèle aux résultats expérimentaux, on trouve que le 
modèle malgré sa simplicité peut être utile pour expliquer le comportement hydrody­
namique des molécules qui sont fortement branchées ou pontées.

Zusammenfassung

Ein mathematisches Modell wurde vorgeschlagen, das ein hypothetisches Polymer­
molekül als poröse Kugel behandelt. Der Fliessvorgang innerhalb der Kugel gehorcht 
dem Gesetz von Darcy, während ausserhalb der Kugel die Gleichungen für Kriechbe­
wegung verwendet werden. Es werden Gleichungen abgeleitet, die die Permeabilität 
und den Kugelradius mit den hydrodynamischen Eigenschaften verdünnter Lösungen 
des Polymeren verknüpfen. Bei der Überprüfung mittels experimenteller Daten wurde 
gefunden, dass das Modell trotz seiner Einfachheit für die Erklärung des hydrody­
namischen Verhaltens von stark verzweigten und vernetzten Molekülen von Nutzen 
sein kann.
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Synthesis and Properties of Polyimidazopyrrolones*

VERNON L. BELL and ROBERT A. JEWELL, Langley Research Center, 
National Aeronautics and Space Administration, Langley Station, 

Hampton, Virginia 23365

Synopsis

The preparation of polyimidazopyrrolones by three general synthetic methods has 
been presented. The effects of structure, conversion temperature, and conversion en­
vironment were determined. The polyimidazopyrrolones were shown to retain useful 
mechanical properties at elevated temperatures, after severe chemical treatment and 
after unusually high exposure to ionizing radiation. Thermogravimetric analysis of the 
polymers indicated the effect of structure on oxidative stability was relatively minor; 
furthermore, the relative stabilities of a series of eight polymers in air were not directly 
comparable to the order of stability in a vacuum environment.

INTRODUCTION

A number of aromatic-heterocyclic polymers with exceptional chemi­
cal and physical stability have been discovered during the past decade. 
More recent efforts have extended the aromatic-heterocyclic concept to a 
class of polymers derived from tetrafunctional acids and amines, thus lead­
ing to polymers with aromatic and heterocyclic rings fused into a polymeric 
structure which approaches a “ ladder”  or two-strand arrangement. These 
polymers (I), referred to as polyimidazopyrrolones,1’2 polybenzoylene- 
benzimidazoles,3,4 and polybenzimidazobenzophenanthrolines,5 not only 
have excellent resistance to thermal degradation but also withstand un­
usually high levels of ionizing radiation.1’2

This combination of properties has generated considerable effort to study 
the polymers to determine their suitability for application as spacecraft 
materials. The research presented herein has extended our investigation 
of the polyimidazopyrrolones to encompass alternative methods of synthe­
sis, variations in polymer structures, and the effects of conversion (curing)

* Paper presented in part at the 153rd National Meeting of the American Chemical 
Society, Miami Beach, Florida, April 9-14, 1967.
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and environmental conditions on the useful properties of the polymers. 
Certain questions, such as which isomeric arrangements prevail in the poly­
mer structures and the relative stabilities of such isomers, remain unan­
swered; nevertheless, the possible utility of this unusual polymer class has 
been expanded and the results are being used to advantage in the fabrica­
tion of the polymers.

RESULTS AND DISCUSSION 

Monomer Synthesis

The two most frequently used aromatic dianhydrides in this study, pyro- 
mellitic dianhydride (PMDA) and 3,3',4,4'-benzophenone tetracarboxylic 
acid dianhydride (BTDA), were obtained from commercial sources and 
purified as previously described.2 3,3'-Diaminobenzidine was also ob­
tained commercially and was recrystallized from water. 1,2,4,5-Tetra- 
aminobenzene was purified as the tetrahydrochloride salt from hydrochloric 
acid.

Three other tetraamines used in this work 3,3',4,4'-tetraaminodiphenyl 
ether (TADPO), 3,3',4,4'-tetraaminodiphenylmethane (TADPM), and 
3,3',4,4'-tetraaminobenzophenone (TABP), were synthesized by the gen­
eral procedure described in the literature.6 This method involved acetyla­
tion and nitration of the corresponding 4,4'-diamino compounds, followed 
by deacetylation and catalytic reduction of the dinitro diamines to the 
tetraamines.

In our synthetic work, we found that catalytic reduction of the dinitro 
diamines with platinum oxide, specifically in ethyl acetate, led to better 
yields and products of higher purity than the usual tin or stannous chloride 
reductions which involved a difficult separation of the tetraamines from tin 
salts. The preferred method for preparation of 3,3',4,4'-tetraaminobenzo- 
phenone was to oxidize 4.4'-diacetamino-3,3'-dinitrodiphenylmethane to 
4,4'-diacetamino-3,3'-dinitrobenzophenone with chromic acid in glacial 
acetic acid, followed by deacetylation and hydrogenation.

2,5-Dicarbomethoxyterephthaloyl chloride was prepared by dissolving 
pyromellitic dianhydride in refluxing methanol. The para isomer, which 
was isolated by recrystallization, was then reacted with thionyl chloride.

Polymerization

Three general methods of polymerization were used to prepare the poly- 
imidazopyrrolones. Procedure A involved the addition of a solution of di­
anhydride to a solution of tetraamine, utilizing aprotic solvents of the amide 
type, e.g., iV,2V-dimethylformamide (DMF), N,Af-dimethylacetamide 
(DMAc), N-methyl-2-pyrrolidinone (XM P), dimethyl sulfoxide (DMSO), 
and hexamethylphosphoramide (HMP). Procedure B was carried out by 
the reaction of dianhydride solution with a slurry of the tetrahydrochloride 
salt of the tetraamine, in the presence of an acid acceptor. Procedure C
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also utilized the tetraamine tetrahydrochloride salt and 2,5-dicarbometh- 
oxyterephthaloyl chloride instead of pyromellitic dianhydride.

In each procedure the initial reaction of polymerization resulted in a 
soluble polyamide intermediate I, substituted with carboxylic acid (or 
ester) and amino groups. Thermal conversion of polymer I proceeded 
through an aminopolvimide structure II to the fused imidazopyrrolone ring 
structure III. The mechanism for the sequence was based primarily on 
model compounds3'4 and infrared spectroscopy.2’4 The reaction schemes 
for the three polymerization procedures are as given in eqs. Cl)—(3) 
for the example of the pyromellitic dianhydride-diaminobenzidine polymer 
system.

No attempt has been made to specify any definite isomer arrangements, 
which could not only be expected from random participation of the tetra­
amine in the polymerization, but could also result from cis and trans isomers 
about the basic dianhydride unit.

Procedure A. The major portion of this investigation utilized procedure 
A for polymer synthesis. Although this method was seemingly simple in 
operation, in actuality it required adherence to a rather rigid set of condi­
tions to obtain high molecular weight polymer. One of the difficulties 
encountered resulted from the relatively poor solubility of pyromellitic
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Procedure B:

PMDA
Procedure C

+
H ,N \ C r

m jh 2- DMAc
•4 HC1 - ;N ►  I III (2)

H ,N ^ ''N R
DAB-HCl

+ DABHCI DM Ac

(3)

dianhydride in the amide solvents (<10% ). Variations in the polymer­
ization procedure which led to the presence of any solid PMDA in tetra- 
amine solution inevitably led to gel formation. Examples were the addi­
tion of large portions of solid PA IDA to tetraamine solution, and the addi­
tion of PiMDA solution to cold tetraamine solution which resulted in pre­
cipitation of the anhydride before reaction could occur. Reversal of the 
order of addition, that is, addition of tetraamine solution to the anhydride 
solution, always led to massive gelation. These observations led to the 
conclusion that high concentrations of dianhydride at any time during the 
polymerization were to be avoided, thus making efficient stirring a necessity.

The polymerization was conveniently carried out in a Waring Blendor 
and blanketed with nitrogen. The most rapid technique involved addition 
of 95% of the theoretical amount of dianhydride solution at one time to 
the rapidly stirred tetraamine solution. The anhydride ring-opening 
reaction was rapid, resulting in a rise in temperature to 35-50°C., de­
pending on concentrations. Moderate cooling was occasionally used, but 
with caution, since excessively cooled surfaces which precipitated anhy­
dride at the surfaces led to gel formation. No adverse effect due to the 
heat of reaction was observed, even when applied to gallon-size polymer­
izations. After the initial low molecular weight polymer solution was 
allowed to cool to near room temperature, the viscosity of the solution was 
increased by careful, dropwise addition of the remaining dianhydride solu­
tion. The viscosity was monitored either visually or with a Brookfield 
viscometer. The amount of dianhydride required to reach intrinsic vis­
cosities ranging from about 0.5 to 1.5 dl./g., varied depending on the puri­
ties of the intermediates and solvents. The use of extremely pure starting 
materials required excesses of dianhydride as little as 1-2% beyond the
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theoretical amount to reach the maximum solution viscosity attainable 
before gelation (at a 10% polymer solids concentration). On the other 
hand, the use of less rigorously purified intermediates required amounts of 
excess dianhydride of 5-10% to reach a comparable viscosity level. Never­
theless, such polymer solutions could be used to prepare solvent-cast films 
which had tensile properties and thermal stabilities indistinguishable from 
those obtained using high purity materials.

It was assumed that this ability to polymerize to high viscosity in spite 
of the presence of chain-terminating impurities was related to the presence 
of the free amino groups on the polyamide. Although impurities such as 
water would be expected to terminate a chain by hydrolysis of an anhydride 
group, an increase in molecular weight could still be achieved by the reac­
tion of a molecule of excess dianhydride with free amino groups on two 
terminated chains. This mechanism would not only introduce an element 
of nonlinearity into the polymer structure, but would also create irnide 
groups in the chain and crosslinks at the expense of imidazopyrrolone units. 
This mechanism is illustrated in eqs. (4) for the polymerization of TIM DA 
and DAB.
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Ail unusual feature of the polymerization was the observation that the 
intrinsic viscosities attainable from a practical standpoint appeared to 
reach a limit near 2.0 when polymer solutions were prepared with solids 
contents of 10%. Careful attempts to increase the viscosities to even 
higher levels always led to gelation. The cause of this was not definitely 
established; however, it was felt that at the initial stages the gelation was 
simply polymer insolubility, since dilution of the “ pseudo-gel” restored it 
to a smooth solution.

Procedure B. This polymerization procedure, which employed the 
tetrahydrochloride salts of the tetraamines, was found to be useful for 
polymerization of the most readily oxidized free tetraamines. A notable 
example was 1,2,4,5-tetraaminobeiizene. The experimental procedure was 
similar to procedure A except that sufficient tertiary amine was included 
to accept the hydrogen chloride which was generated upon reaction of the 
dianhydride with the tetraamine hydrochloride salt. While procedure A 
was an extremely rapid reaction, the use of the tetraamine hydrochlorides 
led to a much slower polymerization. Consequently, ample time was 
allowed for reaction to occur. The reaction time was of the order of 2-6 hr. 
for DMAc-soluble tetraamine tetrahydrochlorides, such as 3,3'-diamino- 
benzidine; with tetraaminobenzene tetrahydrochloride, which was in­
soluble in DM Ac, dianhvdride solutions had to be added dropwise over a 
10-20 hr. time period.

Elemental analyses indicated hydrogen chloride was not retained in the 
thermally cured (300°C.) polymer; thus, it was probably lost via sublima­
tion of the pyridine salt. Insofar as they were examined, the polymers pre­
pared by this procedure appeared to be identical to those prepared from the 
free tetraamine, since the thermogravimetric analyses, infrared spectra,1'2 
and tensile properties of films from both types of polymers were essentially 
identical.

Procedure C. A variation of the method described above was to use the 
symmetrical dimethyl ester diacid chloride of pyromellitic acid, rather 
than the dianhvdride, for reaction with tetraamine hydrochloride salts. 
Amide-type solvents such as DMAc were used but, in contrast to procedure 
A, tetraamine tetrahydrochloride salts were employed inasmuch as reaction 
of the acid chloride with the free tetraamines led to a very rapid reaction 
which resulted in insoluble polymer. However, the use of tertiary amines 
as acid acceptors was not essential. Interesting, too, is the fact that addi­
tion of the stoichiometric amount of pyridine to a solution of tetraamine 
tetrahydrochloride in dimethylacetamide did not automatically produce 
the free base. Thus, it appears that the tertiary amine functioned pri­
marily as a catalyst while the amide solvent employed functioned as the 
acid acceptor.

Polymer Properties
A summary of the polymers which were prepared in this investigation, 

together with the solution properties of the intermediate polyamide stage, is
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TABLE I
Solution Properties of Polyimidazopyrrolones at Polyamide Stage

Polymer" Method1’ Solvent
Viscosity of 
polyamide0

Molecular 
weight M nA

PiMDA-DAB A DMF 0.99 —

PM DA-DAB B DM Ac 0.47 —

PMDA-TADPO A DM Ac 0.39 8 , 0 0 0
PM DA-TADPM A DMAc 0.74 —

PMDA-TABP A DMF 0.64 14,300
PM DA-TAB C DMAc 0.77 —

BT DA-DAB A DMF 1.45 —

BTDA-TADPO A DMAc 1 1 1 14,700
BTDA-TADPM A DMAc 0.72 —

BT11A-TABP A DMF 0.43 13,800

“ PM 14A =  pyromellitic dianhydride; BTDA =  3,3',4,4'-benzophenone tetraear- 
boxylic dianhydride; DAB = 3,3'-diaminobenzidine; TADPO = 3,3',4,4'-tetraamino- 
diphenyl ether; TADPM  = 3,3',4,4'-tetraaminodiphenylmethane; TABP =  3,3',- 
4,4'-tetraaminobenzophenone; TAB = 1,2,4,5-tetraaminobenzene.

’’ Procedure A, dianhydride +  tetraamine; Procedure B, dianhydride +  tetraamine 
tetrahydrochloride; Procedure C, diester diacyl chloride +  tetraamine tetrahydrochlo- 
ride.

0 Intrinsic viscosity in the specified solvent at 25°C.
d Via membrane osmometry in the polymerization solvent at 37°C.

given in Table I. The viscosities cited should be considered typical rather 
than optimum, since some of the polymer combinations were prepared 
numerous times with variations in procedure (A, B, or C) and conditions, 
resulting in corresponding variation in solution properties.

Mechanical Properties of Films. Films were conveniently prepared by 
casting the intermediate polyamides onto glass plates, while regulating the

TABLE II
Typical Tensile Properties <jf Polyimidazopyrrolone Films"

Polymer1’

Tensile
strength,

psi
Elonga­
tion, %

Tangent
modulus,

psi Color

PM DA-DAB 20,400 2 . 8 950,000 Deep red
PM DA-DAB0 13,600 2 . 0 810,000 Deep red
PMDA-TADPO 21,800 4.8 812,000 Red
PM DA-TADPM 13,900 3.9 534,000 Orange
PMDA-TABP 13,300 2 . 6 593,000 Y  ellow
BTDA-DAB 20,300 4.3 601,000 Red
BTDA-TADPO 18,900 3.8 627,000 Red-orange
BTDA-TADPM 9,700 1.9 599,000 Yellow
BTDA-TABP 1 2 , 0 0 0 3.1 498,000 Yellow

“ Films cast from amide solvents onto glass plates, dried, and cured in air at tempera­
tures progressing to 300°C. Final film thicknesses ranged from 0.7 to 1.0 mils. 

b See Table I for explanation of abbreviations.
c Polymer prepared from PM DA and tetrahydrochloride salt of DAB (procedure B).
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thickness with doctor blades. The solvent was removed and the films were 
converted to the final imidazopyrrolone stage by heating in forced-draft 
air ovens at temperatures progressing up to 300-32o°C. The tensile 
properties of some of the films are listed in Table II. The data are not 
necessarily the highest values obtained, but rather reflect general trends 
for the specific structural compositions. Although considerable variations 
in film quality were observed, the tensile strengths were excellent, while 
the elongations were consistently very low and the modulus values very 
high. The latter two features, as a measure of stiffness, were not unex­
pected for such rigid, ladderlike polymeric structures although it is be­
lieved that an indeterminate amount of crosslinking was present. Never­
theless, the film properties were for the most part reflective of the imidazo­
pyrrolone units since the tangent modulus, a measure of chain stiffness 
and rigidity, decreased with anticipated increases in polymer chain flexi­
bility. For example, films prepared from both the benzophenone dianhv- 
dride and tetraamine (BTDA-TABP) had tangent moduli of about .'>00,000 
psi, reflecting the structure of only four fused rings separated by carbonyl 
groups:

BTDA-TABP

On the other hand, the PM DA-DAB system resulted in films with moduli 
of over 900,000 psi, thus reflecting the structure of seven fused rings sepa­
rated by a single carbon-carbon bond :

■N-
k N.

The colors of the films also emphasized the eonjugative effect, of the fused 
ring structures, those prepared using PMDA being darker than those from 
the benzophenone anhydride. The extreme case was the deep black (sug­
gestive of extensive ladder segments) films from the PMDA-tetraamino- 
benzene (TAB) polymer. No reliable mechanical property data were ob­
tained for this polymer system due to film brittleness.

Most of the films were cured in a forced-draft air oven. As seen from 
the results of Table III, no significant differences (within experimental 
error) in film tensile properties were observed when conversions were made 
in air, nitrogen, and vacuum.

However, it was observed that the tensile properties of films were quite 
dependent upon the degree of conversion. As noted in Table IV, there
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TABLE III
Effect of Heating Environment on Film Tensile Propertiesa

Tensile
Heating strength, Elonga- Modulus,

Polymer atmosphene psi tion, % psi

PMDA-DAB Air 15,600 4.0 697,000
PMDA-DAB Vacuum 15,800 3.8 681,000
PMDA-DAB Nitrogen 14,100 2.1 860,000

" Films were cured at 250°C. for 3 hi

TABLE IV
Effect of Curing Temperature on Film Properties“

Curing
tempera- Strength, kpsi . .

Modulus, Elonga-
Polymer ture, °C.b Y'ield Tensile kpsi tion, %

BTDA-TADPO 150 11.1 16.3 509 5.4
BTDA-TADPO 225 13.1 17.1 545 4.1
BTDA-TADPO 300 14.7 18.9 627 3.8

0  All samples from single sheet of 1 -mil film.
b Curing time, 1 hr

TABLE V
Effect of Temperature on Tensile Properties of PMDA-DAB Films“

Testing Yield Tensile Tangent
temperature, strength, strength, Elongation, modulus,

°C. psi psi % psi

25 12,900 17,000 2.8 857,000
too 9,800 15,800 3.7 713,000
2(H) 7,400 11,500 3.7 526,000

Films were precured at 225°C. for 1  hr.

was a general increase in tensile strength and modulus and a decrease in the 
elongation as the conversion temperature was increased.

The retention of tensile properties of films at elevated temperatures was 
excellent as seen in Table V. PMDA-DAB films (0.6 mil) retained 70% 
of the room temperature tensile strength when tested at 200°C. in an air 
atmosphere. The retention of elongation as the temperature was increased 
from 100 to 200°C. might be attributed to an unknown amount of cross- 
linked structure.

Radiation Stability. An especially attractive characteristic of the poly- 
imidazopyrrolones was their excellent resistance to ionizing radiation. 
Previous studies of these polymers noted virtually no adverse effect on 
tensile properties of PAIDA-TADPO films in vacuum with 2 M.e.v. elec­
tron doses up to 10,000 AI rad, and PAIDA-DAB films in air at up to 22,000 
AI rad of 3 M.e.v. electrons.2 These results have been extended to irradia-
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TABLE VI
Effect of Radiation on PMDA-DÀB Films“

Dose,
Mradb

Yield
strength,

psi

Tensile
strength,

psi
Elongation,

%

Tangent
modulus,

psi

0 13,300 16,700 3.2 811,000
1 , 1 0 0 14,200 20,900 4.5 883,000o©LC 14,400 20,900 3.9 889,000

1 1 , 0 0 0 14,600 19,100 3.1 891,000
2 1 , 0 0 0 15,600 2 2 , 2 0 0 3.3 988,000
58,300 12,500 15,300 2.7 826,000

“ Films converted at 300°C.; environment temperature during irradiation was ap­
proximately 250°C.

b 3 M.e.v. electrons at a dose rate of 5500 Mrad/hr.

tion in air with 3 M.e.v. electrons at a dose rate of 5,500 Mrad/hr. and 
exposures ranging to 58,000 Mrad. The data in Table VI indicate that 
although some degradation may have begun after 21,000 Mrad, the tensile 
properties after t he extreme exposure of 58,000 VI rad were still nearly 
equivalent to the initial values. Therefore, it could be expected that such 
material would remain functional if utilized in a high radiation environ­
ment.

Thermal Stability. The thermal stabilities of the polyimidazopyrrolones 
were measured in air and in vacuum using thermogravimetry (TGA). 
The TGA weight loss curves for the polymers when heated in air are shown 
in Figure 1. The samples used were 2.0-mg. portions of films (0.6-1.0 
mil thick) which had been cured for 1 hr. at 300°C. Samples were pre­
treated by aging for 30 min. at 100°C., after which they were heated at a 
rate of 5°C./min.

The shaded area within the bounds of the two curves contains the TGA 
curves for all eight polymer combinations based on PMDA and BTDA 
as the dianhydrides and DAB, TADPO, TADPM, and TABP as the tetra- 
amines. It was concluded that the effect of structure on the thermal (or

Fig. L TGA weight loss of polyimidazopyrrolones in air.
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Fig. 2. TGA weight loss of polyimidazopyrrolones in vacuum.

HEATING CYCLE, °C

Fig. 3. Loss and regain of water by PMDA-DAR film.

oxidative) stability of the polymers in air was only moderate, since in the 
regions of maximum rate of weight loss, the difference between the most 
stable polymer (BTDA-TABP) and the least stable (PMDA-TADPO) was 
of the order of 40-50°C.

Figure 2 shows the weight loss behavior of the same eight polyimidazo­
pyrrolones when they were heated in vacuum (10~6 torr). Once again, the 
TGA curves for all eight combinations have been encompassed within the 
bounds of the shaded area. However, the polymer which had displayed 
the lowest relative weight loss in air (BTDA-TABP) was observed to lose 
the most weight when heated in a high vacuum environment.

There were indications that the fully converted polyimidazopyrrolones 
readily formed a dihydrated structure. Figure 3 shows the weight loss as 
a 0.7-mil PMDA-DAB film, previously cured at 350°C. for 2 hr., was cycled 
in air through four stages: (a) heated from 25°C. to 100°C., (6) maintained 
at 100°C., (c) cooled from 100°C. to 25°C., and (d) maintained at 25°C. 
Each stage was 15 min. in duration. The figure indicates a ready gain of 
7% upon cooling in the atmosphere and an equally facile loss of the same 
amount of water upon reheating to 100°C. The theoretical percentage of 
water for PYIDA-DAB • 2H20  is 9%. The formation of a weakly com-
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The dinitrodiamine (20 g., 0.066 mole) was reduced in a stirred Paar 
reactor at 50 psi and 55-60°C. with the use of 700 ml. of ethyl acetate as 
solvent and 3 g. of 5% platinum on carbon. The resulting mixture was 
cooled and the solid was recrystallized, first from water and then from pyri­
dine-benzene to give 10.4 g. (65%) of 3,3',4,4'-tetraaminobenzophenone 
as yellow crystals, m.p. 217°C. (lit.10m.p., 217°C.).

2,5-DicarbomethoxyterephthaloyI Chloride. Sublimed pyromellitic di­
anhydride, 54.5 g. (0.25 mole), was added to 500 ml. of dry methanol and 
the mixture was refluxed until the anhydride had dissolved. The clear 
solution was concentrated to approximately 250 ml. and allowed to stand 
at room temperature for 24 hr. The solid which precipitated was collected 
by filtration. This crop of white solid was recrystallized twice from meth­
anol. The resulting product, 2,5-dicarbomethoxyterephthalic acid, melted 
at 238° C.

A 25-g. portion (0.089 mole) of the diester diacid was added to 75 ml. of 
thionyl chloride and several drops of dimethylformamide were added. 
The mixture was refluxed for 4%> hr. after which time all of the diacid had 
dissolved. The excess thionyl chloride was removed by distillation under 
reduced pressure. The crystalline residue was then recrystallized twice 
from a benzene-heptane solution. The white crystals (21.8 g., 77%) 
melted at 136.5-138°C.

Anal. Calcd. for C,,Hs0 6 Ch: C, 45.16%; H, 2.56%; Cl, 22.22%. Found: C,
40.14%: H, 2.76%: €1,21.28%.

Polymerization

Procedure A. A typical example of this method of polymerization is 
demonstrated by the reaction of pyromellitic dianhydride (PMDA) with 
3,3'-diaminobenzidine (DAB).

A solution of 21.4 g. (0.10 mole) of DAB in 190 ml. of DMAc was pre­
pared in a Waring Blendor, which was blanketed with nitrogen. A solution 
of 21.8 g. (0.10 mole) of PM DA in 195 ml. of DMAc was prepared and 190 
ml. of this solution was added quickly to the rapidly stirred DAB solution. 
The resulting polymer solution was stirred slowly for 15-30 min., after 
which time it had cooled from 35-40° C. back to near room temperature. 
Then the remainder of the PMDA-DMAc solution was added in a dropwise 
manner. At this point (1:1 PAIDA-DAB) the straw-yellow polymer solu­
tion was moderately viscous if very pure starting materials and solvents 
were used. The solution viscosity could be increased to a level which de­
pended on the end use desired. This was accomplished by slow, dropwise 
addition from a solution of 1.09 g. (0.005 mole) of PMDA in 10 ml. of 
DMAc. The viscosity could be monitored by eye or by some more precise 
method, such as a Brookfield viscometer. The maximum viscosity which 
could be attained without attendant gelation resulted in polymer solution 
that “ tailed” when dropped from a medicine dropper or pipet. However, 
extreme caution had to be exercised to prevent gelation due to the addition
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of too great an excess of PM DA solution. At this stage, the intrinsic vis­
cosity in DMAc at 25°C. ranged from 1.0 to 1.5 dl./g. The polymer solu­
tion was then centrifuged to remove heterogeneous matter and was either 
used for further study or stored under nitrogen at —20°C.

Solid polymer at this polyamide acid amine stage was obtained by pre­
cipitation with a nonsolvent such as acetone, ethanol, or benzene. After 
the powder was washed well with the nonsolvent, it was dried in vacuo at 
room temperature. If drying was complete, it was usually not possible to 
obtain complete redissolution in the amide-type solvents.

Procedure B for PMDA-DAB. The same polymer described in procedure 
A (PMDA-DAB) was prepared by using 3,3'-diaminobenzidine tetrahydro- 
chloride (DAB-HC1).

A solution of 3.60 g. (0.01 mole) of DAB HC1 in 35 ml. of DMAc was 
prepared in a Waring Blendor jar, and the jar was blanketed with nitrogen. 
Pyridine (3.20 g., 0.041 mole) was added, after which approximately 90% 
of a solution of 2.18 g. (0.01 mole) of PMDA in 25 ml. DMAc was added at 
one time, with rapid stirring of the DAB-HCl-DMAe solution. The re­
sulting solution was allowed to stir slowly for 2 hr., after which time the 
remainder of the PMDA solution was added dropwise. The resulting solu­
tion was allowed to stand overnight at room temperature. At this point 
(1:1 1 )AB ■ HC1-PMDA) the red-orange polymer solution was moderately 
viscous. A 4%  excess of PM DA (0.09 g., 0.0004 mole) in 1 ml. of DMAc 
was added dropwise over a 4-hr. period. The intrinsic viscosity in DMAc 
at 25°C. was 0.47 dl./g. Films could be obtained by the usual solvent­
casting techniques and cured by heating at temperatures progressing up to 
300°C. Analysis of the polymer indicated no retention of hydrogen chlo­
ride in the polymer.

Procedure B for PMDA-TAB. Procedure B was used successfully to 
prepare the polyimidazopyrrolone from pyromellitic dianhydride and
1,2,4,5-tetraaminobenzene tetrahydrochloride (TAB - HC1).

A slurry of 5.45 g. (0.025 mole) of finely powdered TAB-HC1 in 50 ml. 
of DMAc was prepared in a 250-ml. Erlenmeyer flask fitted with a serum 
bottle cap and a magnetic stirring bar. Before sealing the flask, nitrogen 
was passed into the slurry for 1-2 min. Then 7.9 g. (0.10 mole) of pyridine 
was added to the slurry via syringe through the serum bottle cap. Next a 
solution of 5.45 g. (0.025 mole) of PM DA in 50 ml. of DMAc was added via 
syringe in a slow, dropwise manner over about 10-20 hr., while the slurry 
was stirred magnetically.

Usually, when approximately 50-60% of the dianhydride solution had 
been added, a clear or slightly hazy solution resulted. If addition was too 
rapid, insoluble particles were formed. The complete addition of PMDA 
solution resulted in a light to moderately viscous polymer solution. The 
viscosity could be increased by the careful dropwise addition of 2-5%  ex­
cesses of PMDA in DMAc. In this particular experiment, the addition of 
0.16 g. (0.006 mole) of PMDA in 2 ml. DMAc resulted in PMDA-DAB 
polymer solution with an intrinsic viscosity of 0.45 dl./g. in DMAc at
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25°C. Films could be prepared by casting the solution onto glass plates 
and drying the films in an air oven at 125°C. for 1 hr. and curing at 200°C./1 
hr. The resulting black films were quite rigid and inflexible. Elemental 
analyses were inconclusive and indicative of incomplete cyclization to the 
polyimidazopyrrolone structure.

Procedure C for PMDA-DAB. A solution of 1.80 g. (0.005 mole) of 
3,3'-diaminobenzidine tetrahydrochloride (DAB ■ HC1) in 10 ml. of DMAc 
was prepared in a 1-oz. serum bottle, equipped with a magnetic stirring bar 
and a serum bottle cap. A solution of 1.59 g. (0.005 mole) of 2,5-dicarbo- 
methoxyterephthaloyl chloride in 12 ml. of DMAc was added to the stirred 
DAB.HC1 solution via syringe. The light yellow solution increased 
markedly in viscosity to a clear, very thick solution over 2 hr. This poly­
mer solution was cast onto a glass plate, and the solvent was removed by 
drying in an air oven at 125°C. for 1 hr. The resulting yellow film was 
then cured at 200°C for 1 hr. and 300°C. for 1 hr. The resultant deep 
red film was tough and stiff but flexible. The infrared spectrum was iden­
tical to that of the PMDA-DAB polymer prepared by procedures A and B.

Procedure C for PMDA-TAB. A solution of 1.55 g. (0.0049 mole) of
2,5-dicarbomethoxyterephthaloyl chloride in 15 ml. of DMAc was added 
dropwise over 3 hr. to a stirred slurry of 1.42 g. (0.0050 mole) of TAB-HC1 
in 10 ml. of DM Ac in a sealed 1-oz. serum bottle. The resulting orange 
solution was very viscous ([ij] =  0.77 dl./g. in DMAc at 25°C.). This 
polymer solution was cast onto a glass plate, and the resulting film was 
dried and cured in an air oven at 100°C. for 2 hr. and 300°C. for 1 hr. The 
infrared spectrum of the black, rigid film was essentially identical to that 
of the PMDA-TAB polymer film prepared by procedure B.

The authors express their appreciation to Mr. Howard L. Price for the mechanical 
property measurements, to Dr. George D. Sands for solution properties, and to Dr. Nor­
man J. Johnston and Dr. George F. Pezdirtz for their helpful discussions of this work.
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Résumé

La preparation de polyimidazopyrrolones par trois méthodes synthétiques genérales 
est présentée ici. Les effets de la structure, de la temperature de conversion et des 
conditions de conversion ontétc determines. Les polyimidazopyrrolones conservent des
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propriétés mécaniques utilies à des températures élevées après avoir subi des traitements 
chimiques sévères et une exposition anormalement élevée sur radiations ionisantes. 
L’analyse thermogravimétrique des polymères indique que l’effet de la structure sur la 
stabilité à l’oxydation est relativement faible; en outre, les stabilités relative d’une 
série de huit polymères dans l’air ne sont pas directement comparables à l’ordre des 
stabilités mesurées sous vide.

Zusammenfassung

Drei allgemeine synthetische Methoden zur Herstellung von Polyimidazopyrrolonen 
wurden dargelegt . Der Einfluss von Struktur, Umsetzungstemperatur und Umset zungs­
medium wurde bestimmt. Die Polyimidazopyrrolone behalten, wie gezeigt wurde, nach 
harter chemischer Behandlung und nach ungewöhnlich starker Bestrahlung mit ioni­
sierenden Strahlen nützliche mechanische Eigenschaften bei höherer Temperatur bei. 
Die thermogravimetrische Analyse der Polymeren zeigte, dass der Einfluss der Struktur 
auf die Oxydationsstabilität relativ gering war. Darüber hinaus waren die relativen 
Stabilitäten einer Reihe von acht Polymeren in Luft nicht direkt mit der Reihenfolge 
ihrer Stabilität im Vakuum vergleichbar.
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Kinetics of Bulk Polymerization of Trimeric 
Phosphonitrilic Chloride

J. R. M acCALLUM  and A. W ERNINCK, Department of Chemistry, 
St. Salvator’s College, St. Andrews, Scotland

Synopsis

The kinet ics of the pure bulk polymerization of trimeric phosphonitrilic chloride were 
investigated in the temperature range 240-255°C. The reaction was found to be second- 
order with an activation energy of 57 kcal./mole. Polymerization catalyzed by benzoic 
acid was first-order, and the reactivities of benzoic acid and sodium benzoate at 235°C. 
were found to be about similar. The volatile decomposition products for the benzoic 
acid reaction were identified. Mechanisms are postulated for the catalyzed and uncata­
lyzed reactions.

INTRODUCTION

The conversion of trimeric phosphonitrilic chloride (FNCR^ to high 
polymers which have potential use as thermostable materials has been 
extensively studied.1“ The kinetics of the polymerization reaction in bulk 
and in solution are complicated by the production of an increasing propor­
tion of crosslinked gel. The separation of gel, soluble polymer, and un­
reacted trirner has led to difficulties in measuring the rate of reaction which 
has been reported as second-order without catalyst,2 and both first-order3'4 
and second-order5 with catalyst. Gimblettla has pointed out that the 
method of analysis employed by Patat and co-workers removes not only 
trirner but also soluble polymer which can amount to a significant proportion 
of the total polymer formed.

It has never been firmly established whether the reaction involves ionic 
or free-radical intermediates, and the role of catalysts such as benzoic acid 
is not clear. Gimblettla has suggested that polymerization takes place 
by an anionic mechanism, whereas Konecny et al.3 favor a cationic process.

In this investigation the kinetics of the bulk polymerization with and 
without catalyst are examined, and the volatile products of benzoic acid- 
catalyzed polymerization identified.

EXPERIM ENTAL

Phosphonitrilic chloride trirner (Albright and Wilson Limited, Oldbury, 
Birmingham) was purified by sublimation and stored under vacuum till 
required, m.p. 112-113°C. Benzoic acid (Analar grade) was sublimed
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before use, m.p. 120-121°C. Sodium benzoate was dried in a vacuum 
oven at 100°C. overnight before use.

About 1 g. of trimer and the required weight of catalyst, when one was 
used, were placed in a clean thick-walled tube (tube volume in milliliters 
to weight trimer in grams was kept constant at 2:1). The tube was then 
evacuated to a pressure of 10~4 mm. Hg and sealed. A series of trial 
experiments showed that variation of ±  20% in the volume to weight of 
trimer ratio had no affect on the rate of the reaction.

The sealed tubes were immersed in a thermostatted oil bath (controlled 
to ±  1°C.), and removed at time intervals chosen to give moderate conver­
sion. The capsule after cleaning and weighing was opened, and weighed 
again. There was usually a very small change in weight due to loss of 
volatile products such as hydrogen chloride. All the opened capsules for 
a single run were then placed in a vacuum oven which incorporated a water- 
cooled copper spiral. Unreacted trimer was sublimed out of the tubes by 
heating to 105°C. in a vacuum of 10~3 mm. Hg. Normally a period of 
at least 24 hr. was required before constant weight was attained, and for 
capsules containing higher proportions of polymer 48 hr. subliming was 
necessary to remove all the trimer.

For analysis of products by gas-liquid chromatography the contents 
of the capsule were washed into a 10 ml. beaker by adding a few milli­
liters of dried Analar benzene and analyzed immediately. Products were 
identified by comparing retention times on two different columns with 
authentic samples. The instrument used was a Griffin and George D.6 
employing a gas density balance as detector.

RESULTS

Kinetics of Pure Bulk Polymerization

The most convenient temperature range for studying the pure bulk 
polymerization was found to be 240-255°C. In all runs times were so

Fig. 1 . Percentage polymerization vs. time for the uuoatalyzed bulk reaction.
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Fig. 2. Data for the uncatalyzed bulk polymerization plotted as a first-order reaction
with respect to trimer.

o

TIME (MINUTES}

Fig. 3. Data for the uncatalyzed bulk polymerization plotted as a second-order reaction
with respect to trimer.

chosen that the conversion to polymer did not exceed 30%. Figure 1 
shows the extent of polymerization as a function of time, and in Figures 2 
and 3 the appropriate plots for first- and second-order kinetics are depicted. 
The rather extraordinary fact emerges from these figures that within 
experimental error reasonably good straight lines can be drawn for zero-, 
first-, and second-order kinetics, although the origin is not a common point 
on any of the plots. In Figure 4 the activation energy is obtained for 
each set of rate constants, and the values obtained are shown. It is ap­
parent from this figure that second-order kinetics would seem to be the 
most likely, a conclusion in agreement with the findings of Patat and
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CH
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CI/CTEMPERATURE)] X 103  C°K ’ D

Fig. 4. Arrhenius plot for activation energies for the rate constants from the data 
shown in Figs. 1 , 2, and 3. Zero-order, 47±1.5 kcal./mole; first order, oOzfcl.o kcal./ 
mole; second-order, 57± 1  kcal./mole.

Frombling2 in spite of the differing methods of analysis. There is, however, 
a marked difference between the activation energy reported by these 
authors, 42 kcal./mole and that of the present work, 57 kcal./mole.

Kinetics of Catalyzed Bulk Polymerization

Gimblett4 has studied the bulk polymerization catalyzed by benzoic 
acid. He found first-order kinetics and an activation energy of 24.3 kcal./ 
mole. An unusual feature of his results was the observation of the ex­
istence of an induction period the length of which varied with the tem-

TIME (MINUTES)

Fig. 5. Benzoic acid-catalyzed bulk polymerization plotted as a first-order reaction 
with respect to trimer at various concentrations of catalyst: (a )  1 0 . 1  mg./g. trimer; 
(6 ) 15.4 mg./g.; (c) 20.2 mg./g.; (d) 30.0 mg./g.; (e) 35.1 mg./g. T  =  252°C. Data 
are corrected for thermal polymerization.
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(MILLIGRAMS CATALYST/GRAM TRIMER)

Fig. 0. Logarithm of the first-order rate constants for benzoic acid-catalyzed poly­
merization vs. the concentration of catalyst. The conversion to polymer is uncorrected 
for the purely thermal reaction.

Fig. 7. Comparison of the conversion to polymer catalyzed by benzoic acid (1.4 X 
1()-4 mole/g. trimer) and sodium benzoate (1.4 X 10-4 mole/g. trimer): (O) benzoic 
acid; ( X ) sodium benzoate. T  =  235°C.

perature of polymerization up to 225°C. (Most of Gimblett’s data were 
collected between 25% and G0% polymerization. It seemed desirable to 
investigate the earlier part of the polymerization reaction by obtaining 
data for lower conversions. Figure 5 shows first-order plots for a series of 
runs at 252°C. with varying amounts of benzoic acid as catalyst. The 
data were found not to fit second-order kinetics. The percentage con­
version to polymer was corrected for the purely thermal reaction using 
the results obtained for pure bulk polymerization.

A plot of the logarithm of the measured, uncorrected, rate constants 
against the catalyst concentration is illustrated in Figure 6. A linear re­
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lationship exists similar to that already reported by Gimblettla for both 
bulk and solution polymerization. It is possible to calculate the rate 
constant for the pure thermal polymerization at 211°C. from Figure 4. 
The value obtained is an order of magnitude less than that calculated from 
Gimblett’s data.

In order to throw some further light on catalytic activity a comparative 
study of the reactivities of benzoic acid and sodium benzoate was made at 
235°C. The degree of dissociation of benzoic acid in molten phospho- 
nitrilic trimer at elevated temperatures is a matter for speculation, but it 
is reasonable to assume that sodium benzoate is much more dissociated 
and such a study should give some indication of the role of the benzoate 
ion. Some data are represented in Figure 7 from which it can be concluded 
that the relative catalytic activity is about similar.

Volatile Products of Polymerization

The volatile products of benzoic acid-catalyzed polymerization were ex­
amined by using gas-liquid chromatography. The direct breakdown 
products of the benzoic acid were found to be benzoyl chloride and benzo- 
nitrile. Hydrogen chloride was also produced. No other volatile species 
was detected for low conversion polymerization. The ratio of C6H5CN 
to CeHsCOCl increased as the reaction proceeded. It was not possible 
to measure the amounts quantitatively because of the very low concentra­
tions. Nevertheless, it was estimated that practically all the benzoic acid 
had reacted very early in the reaction.

The fact that there is little difference in the catalytic activity of C6H5- 
COOH and CeHjCOONa would seem to suggest that the reactive species 
in the polymerization process is some subsidiary compound. This con­
clusion is further substantiated by the fact that at least in the case of 
benzoic acid very little of the original catalyst remains as such after a short 
period of heating.

Some experiments were carried out to investigate the effect of water 
on the polymerization reaction. Table I summarizes the results of these 
experiments. Detectable amounts of chlorine were found in the water- 
catalyzed reactions. In another run a trace of water vapor was added to 
a tube containing white soluble polymer obtained by extracting a trimer- 
free sample of uncatalyzed bulk polymer. The sealed tube was heated

TABLE I
Samples Heated for 24 hr. at 236°C.

Sample
Water concn.,

O7/o
Polymeriza- 

tion, %
Color of 
polymer

Chlorine
detected

1 0 38 White No
2 1 X HR2 38 Light brown '■■■" - No
3 2 X 10~ 2 62 Brown : Yes
4 3 X 10~ 2 89 Black. . . j Yes
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overnight at 240°C., resulting in a black, almost totally insoluble, product. 
These experiments show conclusively that very small amounts of water 
can have a profound effect on both the rate and product of polymeriza­
tion.

DISCUSSION

From the kinetic data shown it is possible to deduce that the bulk poly­
merization of phosphonitrilic chloride is first-order with catalyst, and 
second-order without. The evidence available from Allcock and Best’s 
work6 involving conductivity and dielectric constant measurements almost 
certainly precludes the likelihood of a free-radical mechanism. This is 
in agreement with the observation that a large number of organic molecules 
which do not produce free radicals on heating to 300°C. catalyze the poly­
merization of phosphonitrilic chloride.7 The nature of the reactive species 
in the polymerization reaction is highly speculative. However, it is possible 
to suggest a mechanism for the uncatalyzed bulk reaction which is con­
sistent with the kinetic data and also the known susceptibility of trimeric 
phosphonitrile chloride to nucleophilic attack.8 It is proposed that in the

Cl
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(4)

molten bulk at the elevated temperatures of polymerization studies an 
equilibrium exists according to eq. (1). Step (2) is a nucleophilic attack 
on a cyclic trimeric molecule and is the propagation step of the polymeriza­
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tion reaction. Step (3) is an intramolecular termination process, yielding 
linear, soluble macromolecules. Similar intermolecular reactions can 
occur equally well, giving rise to branched and finally crosslinked polymeric 
structures, in accord with the experimental observations. The final reac­
tion, step (4), is the addition of Cl-  to the positively charged terminal 
phosphorus atom.

By the usual kinetic analysis the following second-order expression is 
obtained for the rate of polymerization;

-d [T ] /d i  = d\V\/dt = {kihi/k-i) [T]2

in which [T] and [P ] represent the concentrations of trimer and polymer, 
respectively, and In, /c2, and fc3 are the rate constants for the initiation, 
propagation, and termination reactions, respectively.

The nature of the catalyzed polymerization is a much more complex 
problem. In line with the anionic nature of the noncatalyzed reaction 
the mechanism of eqs. (5)-(7) is tentatively suggested.

Cl Cl
\  /C6H5COOe +  P
/  \N NCl

C,H5
Cle"+ ^C = 0

CeIJsCOOH ^  CelhCOO® +  H®

C6H5COO Cl

(5)

fast

II / C l Ck l
p< / p/  \ci CK  '

N
0
II

Cl — CellaCOCl +  P = i

P
/  \N N

N

Cl
+  Cle

0—P Cl

NCiv i>p

\ oN
L /Cl

\ / P<SCIN
A

( 6 )

(7)

Propagation and inter- and intramolecular transfer are by the same steps 
as proposed above. In order to account for the observed production of 
C*H,CN at the expense of C6H5C0C1 the steps (S) and (9) are proposed.

Cl Cl Cells Cl Cl Cl Celia
\  /  ^  I I \  /  I0 = P = N  (PNCfi )„P =N 9 +  C = 0  — 0= P = N (P N C 13)„P=N —C = 0  +  Cle (8)

Cl)
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Cl Cl 
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O
On the assumption that step (7) is slow and rate-controlling in the ini­

tiation process then the following first-order expression can be deduced for 
the rate equation;

-d[T]/dt =  d[P]/dt =  fc7/c2//c3fCl~] [A] [T]

in which fc7 is the rate constant for the decomposition of C6H5COOP(Cl) = 
N (PNCl2) 2 (A). Termination by C6H5C0C1 is considered to have negligible 
affect on the kinetics, and the term [Cl- ][A] is assumed to be relatively 
constant.

Both the above mechanisms fit the requirements of the experimental 
results. It seems unlikely however that they should describe the reaction 
for high conversions to polymer when the presence of significant propor­
tions of crosslinked molecules will drastically increase the viscosity and 
inevitably have a profound affect on the rate of reaction.

An interesting feature of the experimental results is the marked effect 
which very low concentrations of water have on both the rate of poly­
merization and the polymer itself. These results indicate that great ex­
perimental care must be exercised to eliminate water during kinetic in­
vestigations. This conclusion is particularly relevant to solution studies.

Great interest115 has been shown in the possible existence of an equi­
librium between trimer and polymer ?i (PNC12)3 ^  — (PNC12)3„— , and 
measured activation energies have been compared with a view to confirming 
that such a situation exists. It should be noted, however, that activation 
energies obtained experimentally are rarely those of simple one-step reac­
tions, and before measured values can be applied to the above equilibrium 
the values for the constituent steps must be evaluated separately.

A. W. gratefully acknowledges the award of a Research Studentship by the Science 
Research Council.
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Résumé

Les cinétiques de polymérisation en bloc du chlorure de phosphonitrile trimère ont 
été étudiées à une température de 240-255°C. La réaction est du second-ordre avec 
une énergie d’activation de 57 Kcal/mole. La polymérisation catalysée par l’acide 
benzoïque est du premier-ordre et les réactions de l’acide benzoïque et du benzoate de 
sodium à 235°C sont à peu près semblables. Les produits volatiles de décomposition de 
la réaction avec l’acide benzoïque ont été identifies. Des mécanismes sont proposés pour 
interpréter les réactions catalysées et. non-catalysées.

Zusammenfassung

Die Kinetik der reinen Bulkpolymerisation des trimeren Phosphornitrilchlorids wurde 
im Temperaturbereich von 240° bis 255°C untersucht. Die Reaktion verläuft, wie 
gefunden wurde, nach zweiter Ordnung mit einer Aktivierungsenergie von 57 Kcal/M ol. 
Die durch Benzoesäure katalysierte Polymerisation war erster Ordnung und die Reak­
tivitäten von Benzoesäure unt Natriumbenzoat waren bei 235°C den Ergebnissen zufolge 
einander etwa gleich. Für die Benzoesäure-Reaktion wurden die flüchtigen Zersetzungs­
produkte identifiziert. Für die katalysierte und unkatalysierte Reaktion werden 
Mechanismen postuliert.
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Viscosity of Polydiinelhylsiloxane Blends

TADAO KATAOKA and SHIGEYUKI UEDA, 
Textile Research Institute of the Japanese Government, 

Kanaqaivahu, Yokohama, Japan

Synopsis

Zero shear viscosities of two-component blends of polydimethylsiloxane with different 
molecular weights were measured over the whole range of composition. Results are ana­
lyzed on the basis of the conventional treatments for the viscosity of polymer blends and 
some comments are made on such treatments of data. After that, an empirical equation 
is derived:

, fi(l -  a) , , Vi ,
log ) J h l  = ----------- ------  log 7 7 1  +  —  log 772

i  — avi 1 — av 1

where rj is the viscosity, v the volume fraction, subscripts 1 , 2 , and bl denote the lower 
and higher molecular weight component and the blend, respectively, and a is a constant 
independent of composition. The equation is not only applicable to all series of blends 
of polydimethylsiloxane but also to other polymers.

INTRODUCTION

Many investigators1-11 have reported on the viscous properties of 
blends composed of two polymeric components of different molecular 
weights.

The extensive studies of Flory1 and Fox and co-workers2-6 are eminent 
in this field. They found that the viscosities of mixtures of sharp fractions 
of polymers are about equal to the viscosities of sharp fractions having 
molecular weights equal to the weight-average molecular weights of the 
mixtures, and suggest that the viscosity of a polydisperse polymer is an 
explicit function of its weight-average molecular weight. Busse and Long- 
worth7’8 reported that the viscosities of polyethylene-wax mixtures are 
related to their viscosity-average molecular weights.

As for the viscosity-composition relationship, Ninomiya and co­
workers9-11 derived a blending law for homologous polymer mixtures and 
experienced some success in describing the viscoelastic properties of the 
mixtures in terms of the respective properties of the components.

In an earlier paper12 we reported an investigation of the viscosity of 
polydimethylsiloxane-pentamer systems and discussed the effect of short- 
chain molecules on the viscosity. The treatment followed that of earlier 
work by Allen and Fox.5

3071
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This paper describes the viscosity of polydisperse polydimethylsiloxane 
polymers and two-component blends of these polymers of different molecu­
lar weights. The main objectives of this work were, first, to determine 
experimentally the viscosity-composition relationships for such systems 
and, secondly, to test the applicabilities of the theoretical and empirical 
relationships reported in the literatures4’7'8’11 to the results, we have derived 
a relatively simple empirical equation for the viscosity-composition rela­
tionship of homologous polymer blends with wide applicability.

EXPERIMENTAL

Materials used in this study are given in Table T. All are commercial 
products of Shin-etsu Chemical Industry Co., Ltd. Samples L and M are

TABLE I
Samples

Sample
designation M v X 10"4 Mn X 10 “ 4 Mv, X 10 “ 4

A 0.29 0.19 0.29
C 1.03 0.58 1.12
E 3.34 1.80 3.60
G 8.05 4.40 8.80
I 14.0 7.60 15.2
K 20.6 11.2 22.4
L 41 0.45 44.6
M 45 0.38 49.0

hydroxy end-blocked polydimethylsiloxane and the others are trimethyl 
end-blocked polydimethylsiloxane. The content of the cyclic compound 
(octamethyl cyclic tetrasiloxane) was negligible for trimethyl end-blocked 
species and was several per cent for hydroxy end-blocked species. Since 
it was difficult to remove the cyclic material completely from large amounts 
of highly viscous samples L and M, we utilized these samples without 
further purification.

Yiscositv-average molecular weights M v were calculated from the in­
trinsic viscosities of toluene solutions at 25°C. by using eq. (I )13 for sample 
A, and eq. (2)14 for the others.

to] = 4.97 X 10-*Mo* +  3.28 X 10~ W  (1)

to] =  2.15 X 10-4M0-65 (2)

Number-average molecular weights M n for samples A, C, L, and M were 
measured by using a Mechrolab vapor-pressure osmometer, Type 301. 
Because of the high content of low molecular weight cyclic compound 
(il/ = 296), samples 1. and M have M n of several thousand, while their M v 
are above 400,000. From the values of M n we estimated the cyclic com­
pound content to be about 7 and 8% for samples L and M, respectively.
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TABLE II
Viscosities of Polydimethylsiloxaue Blends

Viscosity, -q, poises
Weight
fraction Observed Calculated from

Blend values eq. (16) eq. (12)
AL 0.000 2.7 X 10-'

0.022 8.7 X If)-' 6.6 X 10-'
0.042 1.45 1.36
0.081 4.3 4.8
0.107 1.00 X 101 1.02 X 10'
0.200 1.16 X 102 1 .05 X 102
0.302 4.8 X 102 5.0 X 102
0.402 1.93 X 103 1.86 X 103
0.501 4.7 X 103 5.1 X 103
0.612 1.05 X 104 1.27 X 104
0.692 1.80 X 104 2.2 X 104
0.78S 3.4 X 104 3.8 X 104
0.902 6.3 X 104 6.8 X 104
0.950 8.0 X 10J 8.4 X 104
1.000 1.02 X 1.05

CL 0.000 2.5
0.021 4.4 4.8
0.048 8.5 8.3
0.080 1.73 X 10' 2.3 X 10'
0.127 5.5 X 10' 6.6 X 10'
0.199 2.4 X 102 2.4 X 10=
0.301 1.05 X 103 1.02 X 103
0.401 3.0 X 103 3.0 X 103
0.504 7.2 X 103 7.5 X 103
0.598 1.30 X 104 1.48 X 104
0.694 2.3 X 104 2.7 X 104
0.801 4.4 X 104 4.1 X 104
0.897 6.4 X 104 6.9 X 104
0.947 8.7 X 104 8.4 X 104

AK 0.081 2.1 1.84
0.136 5.1 5.3
0.241 2.5 X 101 2.8 X 10'
0.324 8.4 X 101 8.2 X 10'
0.381 1.55 X 102 1.53 X 102
0.466 3.5 X 102 3.5 X 102
0.599 1.00 X I03 9.8 X 102
0.730 2.4 X 103 2.2 X 103
0.875 4.6 X I03 5.1 X 103
0.953 7.3 X 103 6.7 X 103
1.000 8.2 X 10»

( c o n t i n u e d )

The apparatus is not appropriate for M n larger than 10,000, and we were 
not able to determine M „ for samples E, G, I, and K by the apparatus.

The molecular weight distribution of conventional polydimethylsiloxane 
is approximately the most probable one,15 if low molecular weight parts
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TABLE II (continued)

Blend

Weight
fraction

w2

Viscosity i), poises

Observed
values

Calculated from

eq. (16) eq. (1 2 )

CK 0.071 8 . 8 8.5
0.141 2.1 X  101 2.3 X 10>
0.234 6.5 X 10l 7.2 X 101

0.309 1.40 X 102 1.54 X 102

0.421 4.1 X  102 3.5 X 102

0.513 7.4 X 102 7.8 X 102

0.622 1.50 X 103 1.54 X 103

0.746 2.8 X  103 2.9 X  103

0.881 5.2 X 103 5.3 X 103

0.928 6.2 X 103 6.3 X 103

EM 0 .0 0 0 2.5  X  101

0 . 0 1 1 3.2 X  10' 3.1 X 10‘ 4 .5 X 101

0.036 4.6 X 101 5.2 X 101 1 .00 X 102

0.075 1.00 X 102 1 .07 X 102 2.1 X 102

0.150 3.4 X 102 3.5  X 102 5.5 X  102

0.289 2.0 X 103 1.94 X 103 1.85 X 103

0.492 1.10 X 104 1.13 X 104 7.6 X 103

0.678 2.85 X 104 3.2 X 104 2.3 X 104

0.864 7.4 X  104 8.4 X 104 6.7 X 104

0.964 1.05 X 105 1.18 X 106 1.15 X 105

1 .0 0 0 1.40 X 105

GM 0 .0 0 0 2.3 X 102

0 . 0 1 1 2.7 X 102 2.7 X 102 3.1 X 102
0 .0 2 0 2.9 X 102 3.0  X 102 3.9 X 102

0.058 4 .0  X 102 4.9 X 102 7.4 X 102
0.084 6.3 X I02 6.7 X 102 1.02 X 103

0.150 1.30 X 103 1.36 X 103 1.97 X 103
0.308 5.4 X  103 5.4 X 103 5.7 X 103

0.499 1.85 X 104 1.85 X 104 1.60 X 104
0.761 6.0 X 104 6.2 X 104 5.2 X 104
0.901 1.03 X 10s 1.03 X 105 9.4 X 104
0.946 1.15 X 106 1.18 X 106 1.13 X 105

IM 0 .0 0 0 2.4 X 103
0 . 0 1 0 2.7 X 103 2.6 X 103 2.7 X 10»
0 .0 2 2 3.0 X 103 2.8 X 103 3.0 X 103
0.039 3.4 X 103 3.2 X 103 3.5 X 103
0.071 3.9 X 103 3.9 X 103 4.4 X 103
0.149 6.1 X 103 6.4  X 103 7.3 X 103
0.251 1.12 X 104 1.13 X 104 1.25 X 104
0.463 2.8 X 104 2.8 X 104 2.8 X 104
0.711 6.4 X 104 6 . 6  X 104 6.2 X 104
0.905 1.13 X 105 1.12 X 105 1.08 X 105
0.960 1.28 X  105 1.28 X 105 1.27 X 105

(continued)

are removed from the materials as in the cases for trimethyl end-blocked 
species used in this work. When such a distribution is assumed and M„ 
is calculated from eq. (2), the ratio M n/Mv should be 0.544. The value of
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TABLE II (continued)

Weight
fraction

Viscosity ij, poises

Observed Calculated from

Blend w2 values eq. (16) eq. (12)

EK 0 .090 5,.4 X 1 0 1 5 . 7 X 1 0 1 7. 2 X 1 0 1
0 . 14Ü 8 ., 5 X 1 0 > 1 .03 X 102 1 ..17 X 102
0 ,277 2 4 X 1 0 2 2 . 5 X 1 0 2 2 ..7 X 1 0 2
0 .331 3..8 X 1 0 2 3 . 5 X 1 0 2 3..8 X 1 0 2
0 .452 7. 3 X 1 0 2 7..3 X 1 0 2 7. 2 X 1 0 2
0 . 546 i .20 X 103 1 .2 ;l X 103 1 ..13 X 103
0 ..632 i .8 ;1 X 103 1 . S6 X 103 1 .69 X 103
0 .780 3. 2 X 1 0 3 3 .6 X 1 0 3 3..3 X 1 0 3
0 .914 6 .0 X 1 0 3 6 . 1 X 1 0 3 0 . 8 X 1 0 3
0 .950 7. l X 1 0 3 6 ..9 X 1 0 3 6 .7 X 1 0 3

GK 0 . 080 3 4 X 1 0 2 3 , 5 X 1 0 2 3. 8 X 1 0 2
0 .131 4. 5 X 1 0 2 4 .6 X 1 0 2 4. 8 X 1 0 2
0 .230 7, 3 X H)2 7. 3 X 1 0 2 7 5 X 1 0 2
0 288 9. 4 X 1 0 2 9. 0 X 1 0 2 9. 4 X 1 0 2
0 .417 1 .50 X 103 1 ..53 X 103 1 .

oX

0 .521 2 .2 X 1 0 3 2 .2 X 1 0 3 2 . 1 X 1 0 3
0 650 3. 5 X 1 0 3 3 .3 X 1 0 3 3. 1 X 1 0 3
0 . 774 4. 6 X 1 0 3 4. 7 X 1 0 3 4. 4 X 1 0 3
0 .848 5,. 7 X 1 0 3 0 .. 7 X 1 0 3 5., 5 X 1 0 3
0 ..911 7. 0 X 1 0 3 6 .9 X 1 0 3 6 .5 X 1 0 3

IK 0 081 2 .8 X 1 0 3 2 .8 X 1 0 3 2 . 8 X 1 0 3
0 . 135 Qo .. 1 X 1 0 3 3. 0 X 1 0 3 3. 1 X 1 0 3
0 .234 QO .6 X 1 0 3 3 .5 X 1 0 3 3..6 X 1 0 3
0 ..318 4. 0 X 1 0 3 4. 0 X 1 0 3 4. 1 X 1 0 3
0 .403 4..3 X 1 0 3 4 .4 X 1 0 3 4. 6 X 1 0 3
0 .513 0 . 0 X 1 0 3 0 . 1 X 1 0 3 5. 2 X 1 0 3

0 .581 5 .5 X 1 0 3 5..5 X 1 0 3 5,.9 X 1 0 3
0 .757 6 .4 X 1 0 3 6 .6 X 1 0 3 6 ,7 X 1 0 s
0 .867 7.. 1 X 1 0 3 7. 3 X 1 0 3 7..3 X 1 0 3

0 .942 7. 7 X 1 0 3 7..8 X 1 0 3 7..8 X 1 0 3

M J M , for the sample C is 0.563, which is close to the value in the case of 
the most probable distribution. Thus, we assumed M n for samples E, G, I, 
and K to be 0.544M„.

The weight-average molecular weight M w for sample A was assumed to 
be equal to its M v. Values of M w for the others were calculated from the 
relation M w/Mv = l.OSS which can be derived from the assumption of 
the most probable distribution.

The critical molecular weight M c for chain entanglements is about 27,000 
for this polymer.12 Samples A and C have lower molecular weights than 
M e

A typical series of blends denoted as AL was prepared by mixing relative 
amounts of the two components A and L. In Table II the various blends 
studied are listed. Note that the series AIv, AL, Civ, and CL have 
Mi <  M c and M 2 > M c; the others have Mi >  M c and M t >  M c, where



3076 T. KATAOKA AND S. HKD A

suffixes 1 and 2 denote the lower and higher molecular weight components 
of the blend, respectively. All blends were prepared by weight. Volume 
fractions t>i and v2 were calculated from weight fractions a\ and w2 by as­
suming negligible volume change on mixing.

Viscosity measurements were made at 30°C. by using a cone-plate vis­
cometer. In each case the zero shear viscosity q was obtained at a shear 
stress less than several hundred dynes/cm.2.

RESULTS

Viscosity data are summarized in Table II along with calculated values 
described in the latter sections.

Log wz

F ig .]. Relations between log jj and log w2 for various series: (O) AL; (© )E M ; (C)I.M.
Solid lines are smoothed curves for those plots.

Plots of log q versus log w2 for typical series are shown in Figure 1. The 
slope of the curve (d log q/d log w2) increases with increasing w2 and ap­
proaches a nearly constant value (d log q/d log ic2) limit at high w2 in each 
case.

In Figure 2 values of (d log q/d log ?c2)iimit are plotted against M\/M2, 
where molecular weights are viscosity-average values. For comparison, 
results for polymer-pentamer systems12 are also shown. Plots in Figure 2 
fall into two groups, depending on the molecular weight of component 1
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Fig. 2. Relations between the limiting slopes (d log n/d log ¡/.'»),iinil and log (Mi/Mi) 
for various series: (•) AL and CL; (9 ) AK and CK; (C) EM, GM, and I M ; (©) EK,
GK, and IK ; (O) polymer-pentamer.

relative to M c. The value (d log t)/d log t«2) limit increases with decreasing 
M i/M 2 and tends towards about 5.7 at a very small value of .U, ,l/2 in 
the case of M i <  M c, but it is not certain whether it tends towards the same 
value (5.7) in the case of Mi >  M c.

DISCUSSION

Considerable controversy currently exists in regard to which average 
molecular weight should be employed to correlate the viscosity of polydis- 
perse polymers. Fox and Flory,2 from their work on sharp fractions of 
polymers, suggest that the viscosity is an explicit function of the weight- 
average molecular weight. Other workers4’16’17 have reported similar 
findings for polydisperse polymers. Busse and Longworth7’8 in their 
studies on polyethylene-wax systems suggest a good correlation between 
viscosity and viscosity-average molecular weight. Bueche18 theoretically 
predicts a dependence of viscosity on a molecular weight somewhere be­
tween the weight- and 2-average value.

An investigation of the correlation of viscosity with viscosity-average 
(M v) and weight-average (M w) molecular weight was conducted. Since 
cases where M i <37 M c and M 2 >  M c are of particular interest, data on the 
polymer-pentamer system12 is also examined.

To correlate viscosity with M w, it is necessary to apply a chain-end effect 
correction4“ 6’19’20 to systems with M „ «  M c. The need for this correction 
is evidenced by the lowering of Tg with decreasing chain length.

In an earlier publication,12 we calculated the average frictional coefficient 
f  per chain atom at constant M n for polydimethylsiloxane-pentamer sys­
tems on the basis of the treatment of Fox and Allen5’6 and obtained eq. (3) 
for M„ >  1000.

f  = 7.4 X 10-° -  4.2 X 10“ 6/M, ( 3 )
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By using eq. (3) we can correct the viscosity as follows;

Vcott =  i?(r=o/f) (4)

where is the friction coefficient per chain atom for sufficiently high M n 
materials and is equal to 7.4 X 10-9. This correction is required for blends 
of M n <  M c and not for those of M n >  M c since the latter systems have f 
practically equal to

Figure 3 shows plots of log jjcorr versus log ,17,,., where data of polymer- 
pentamer mixtures having M n >  1000 are also plotted. In the higher M w 
region a line of 3.5 slope is drawn. The value 3.5 is based on the experi­
mental results on the original (nonblended) polymers and on the polymer- 
pentamer systems in our previous papers.12-21'22 As is shown in Figure 3, 
the data points fit the 3.5 slope line in the higher Mw region.

In the region of molecular weights, 10,000 <  M w <  50,000, some scatter 
occurs. It is expected that the data for polymer-pentamer systems give 
a composite curve, since eq. (3) is derived from data on these systems.

Viscosity in the region of M c is further complicated by the effects of 
chain entanglements in addition to the previously mentioned chain-end 
effect. The nature of entanglements and the manner in which their pres­
ence is manifested in the neighborhood of M c is currently open to conjec­
ture. Merker23 has supported the view that entanglements become pro-

Fig. 3. Plots of log i)corr vs. log Mw; (0) original samples; (Ö) series AL; (©) series AK; 
(C) series CL; (3 )  series CK; (O ) series EM, GAI, IM, EK, GK, and IK; (O) polymer- 
pentamer.
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Fig. 4. Plots of log ?j vs. log M,\ (O) original samples; (8 ) series AL; (©) series 
AK; (C) series CL; (9 ) series CK; (O ) series EM, GM, IM, EK, GK, and IK ; (O) 
polymer-pentamer.

gressively effective in the region of M c. If the degree of interaction is not 
a function of M n alone, the value f  of the same M n material might vary 
depending on the systems on which f  is calculated. If so, relation
(3) is valid only for polymer-pentamer systems, and more elaborate correc­
tions may be required for systems other than those of polymer-pentamer.

Busse and Longworth7'8 made measurements on the viscosities of polv- 
ethylene-wax mixtures and found that the limiting slope of the plots of 
log 7] versus log w2 in the higher w2 region is nearly equal to that of the plots 
of log ?/ versus log M w in the higher Mw region, that is, (d log rj/d log w2) limit 
= (d log ij/d log Mm) limit- Based on their findings, they suggest the de­
pendence of the viscosity of a blend on its viscosity-average molecular 
weight M v. M v can be expressed in terms of the components of the 
blend by

M v = (tthMf +  1P2M “) ',a (5)

where a is dehned as

a =  3 .4 /(d log ?<j/d log .'Cjlii ît (6)

By using relations. (5) and (6), M„ was calculated for each composition 
of various series of blends. I11 Figure 4 the resulting plot of log 77 versus 
log M , is given. .Data for polymer-pentamer systems are also plotted in



3080 T. KATAORA AND S. UI5DA

the figure. The superposition of data points seems to be somewhat better 
than that of Figure 3, particularly in the middle region of molecular weight.

The range of validity for relation (6) is somewhat in doubt, since in 
Figure 2 a considerable dependence of (d log r\/d log w2)limit on (M\/M2) 
is observed. Nevertheless, relation (6) may be accepted for systems of 
Mi «  M c and il/2 >  M c, because the value (d log r\/d log w2) limit for such 
systems is nearly the same as is shown in Figure 2. For polydimethyl- 
siloxane-pentamor systems, the value (d log r\/d log ii’2) limit at the small 
value of Mi/Mi is about 5.7, thus a =  3.4/5.7 = 0.6. The value of 0.6 is 
fair agreement with the exponent of M  in the relation of [?? ] and M  [eq. (2) ]. 
Therefore, the use of M v for correlation with viscosity may be accepted 
if it is restricted to systems with Mi «  M c and il/2 >  M c.

Test of Ninomiya’s Equation

From the consideration of the viscoelastic properties of homologous 
polymer blends composed of two components with different molecular 
weights, Ninomiya and Ferry9“ 11 have derived the following equation for
viscosity of such systems:

Vbl =  (7)

where is regarded as the ratio of the average frictional resistance en­
countered by a molecule of species i in the blend to the resistance it would 
encounter surrounded by other molecules of its own kind. The factor Xt 
can be estimated from stress relaxation data.

From their data, Ninomiya and Ferry11 define the two parameters

N  2i =  X^i/XiVi (8)
and

D =  X/’V 2 (9)
In terms of these parameters, eq. (7) can be rewritten as

vm =  1 V V 2[1 +  (N a -  l)v i] /N n v' GO)
If both components of the blend have molecular weights 
the following relations arc satisfied:11

higher than Mn

D =  1 (ID
(àNn/àv) = 0

Thus, eq. (10) reduces to

Ubi =  i j i V l l  +  (Nn -  l)Vi)/Nnv' ( 1 2 )

Thus, under the given conditions, eqs. (11) we can express the viscosity 
of a blend in terms of the components and their respective viscosities bv 
means of the parameter Nn- Data for the series of blends E1VI, GM, IM, 
EIv, GK, and IK  give examples for testing eq. (12), Values of Nn were
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0 0.5 1.0 0.5 1.0
K2

(a) (b)

F ig .  5 . R e la t i o n s  b e t w e e n  l o g  ?j a n d  tfe f o r  v a r io u s  s e r ie s :  (O )  E M ;  ( © )  G M ;  (C ) I M .  
S o l id  l in e s  a r e  t h o s e  c a l c u l a t e d  ( o )  f r o m  e q .  ( 1 2 )  a n d  (b)  f r o m  e q .  (1 6 ) .

estimated so as to give the best fit to the experimental data and are given in 
Table III. Viscosities calculated from eq. (12) are given in Table II. 
Figure 5a shows the relations between log ??bi and v-i for typical series, where 
curves calculated from eq. (12) are shown by solid lines. Disagreements 
with data points are minor for systems of relatively small M t/M\ but be­
come remarkable with increasing il/2/il/i. There are definite tendencies 
that calculated values are too large in the region of low y2 and too small in 
the region of higher y2- Similar discrepancies were shown in the original 
paper of Ninomiya and Ferry11 (Fig. 4 in ref. 11).

T A B L E  I I I  

V a lu e s  o f  Nn

B le n d s  Ah/Mi Nn

E K 6 . 1 7 14

G K 2 . 5 8 6

I K 1 .4 7 >)
E M
n  a t

1 3 . o
x< t

71)
3 0VjriVl

I M 3 .2 1 10

An Empirical Equation

The theoretical approach to obtain an expression for the viscosity- 
composition relationship of blended polymers encompassing a broad 
molecular weight range has several marked shortcomings. The possibility
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F ig .  6 . P l o t s  o f  v2/x v s .  f o r  v a r io u s  s e r ie s :  ( • )  A L ;  (O )  C L ;  ( © )  C K ;  (C ) L \ I.

of arriving at an empirical relationship applicable to a variety of polymer 
systems was investigated.

We define a parameter x as

X =  (log 7ni -  log vi) /(log v> -  log 771) (13)

Rewriting eq. (13), we have

log Voi =  (1 -  x) log 771 +  ,X log 772 (14)

Upon examination of our data, plots of v-2/x versus v2 were observed to give 
a straight line (Fig. 6). We see from the equation for the curve

Vt/x =  1 — av i (15)

that our parameter x is defined in terms of the volume fractions of the com­
ponents and the parameter a, which is constant for a particular series of 
blends. Substituting eq. (15) into eq. (14), we obtain;

log Vbi =  [d (1 — a)/{l -  ai\)] log Vl +  (v2/l -  avi) log m (16)

or

Vm = Vi) exp [av iv2/(l — avi) } (17)
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T A B L E  I V

V a l u e s  o f  a

B le n d
O b s e r v e d

v a lu e s

a

C a l c u l a t e d  f r o m  
e q . (1 8 )

A K 0 . 6 2 0 . 6 2
C K 0 . 5 7 0 . 5 9
E K 0 .4 1 0 . 5 2
G K 0 . 3 7 0 . 3 8
I K 0 . 3 2 0 . 2 0
A L 0 . 7 0 0 . 6 7
C L 0 . 6 7 0 . 6 6
E M 0 . 6 0 0 . 6 4
G M 0 . 5 4 0 . 5 7
I M 0 . 4 4 0 . 4 8
0 , A a 0 . 0 5 0 . 0 7
0 „ A 0 .1 1 0 . 1 7
0 , B 0 .2 3 0 . 2 3
0 „ 0 0 . 3 0 0 . 3 0
0 „ D 0 .3 1 0 . 3 6
0 „ E 0 . 4 4 0 .4 2
0 , F 0 . 4 9 0 . 4 9
0 „ G 0 . 5 5 0 . 5 2

0 „ H 0 . 5 6 0 . 5 4

O J 0 .5 9 0 . 5 7
0 , K 0 .6 2 0 . 6 2
0 „ M 0 . 7 0 0 . 6 9

a T h e  0 „  s e r ie s  a r e  m ix t u r e s  o f  p o l y m e r s  a n d  p e n t a m e r  O v{Mn o f  0 »  is  3 8 5 ) .

Values of a are listed in Table IV, where values for polymer-pentamer 
systems and calculated values are also given. Viscosities calculated by 
eq. (16) are given in Table II. Typical results are shown in Figure 5b 
for the systems with M  i >  M c and M-2 >  M c and in Figure 7 for the systems 
with Mi <  M c and M 2 >  M c.

Satisfactory agreement is observed except for the series 0„M  with the 
major discrepancies occurring in the lower i>2 region. Consistently similar 
behavior was observed for other systems, with component 1 being pen- 
tamer. The maximum deviation in the lower t>2 region is a factor of about 3 
for the series 0 ,M . The magnitude of this discrepancy is considerably 
lessened when we recall that the viscosity ratio of the two components is 
of the order 107.

The values of a listed for systems in Table IV are those obtained from 
data in the higher v2 region. From these values were obtained the rela­
tion:

a =  0.225[log (M2/385)][l -  ( W ) ]  (18)

where molecular weights are viscosity-average values. Values calculated 
from eq. (18) are given in Table IV. While eq. (18) is not complete, as is
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F ig .  7 . R e la t i o n s  b e t w e e n  l o g  ij a n d  v2 f o r  v a r io u s  s e r ie s : ( o )  A L ;  ( • )  0 „ M .  S o l i d  l in e s
are those calculated from eq. (16).

evident from the comparison of observed and calculated values of a, we 
can predict the viscosity at least for practical purposes of any blend of 
any two-component systems of polydimethvlsiloxane.

Application of Equation (16) to Other Polymer Systems

Equation (16) was found to be applicable to blends of other polymer 
systems for which sufficient data were found in the literature.1'7'11’1?,25-26 
An exception to our finding was the result reported by Leaderman24 for 
polyisobutylene blends.

Table V shows the systems tested and values of a. Typical results are 
given in Figures 8 and 9 and Table VI. Figure 8 shows plots of v2/x versus 
v-2 for linear polyethylene-wax systems;7 straight-line relations as pre­
dicted by eq. (15) are practically satisfied. Figure 9 shows the relations 
between log ?? and v2 for branched polyethylene-wax systems ;7 calculated 
curves represent the data points fairly well over nine decades of viscosity. 
Table VI gives the comparison of observed and calculated viscosities for 
polv(decamethylene adipate) blends1 and poly(decamethylene adipate)- 
diethyl succinate systems;1 in the latter case diethyl succinate may be 
regarded as the lower member of the decamethylene adipate polymers;



VISCOSITY OF POLYDIMETITYLSILOXA.NE BLENDS 3085

F ig .  8 . P l o t s  o f  vi/x v s . in : ( O )  l in e a r  P E  (Mw — 1 .7 5  X  1 0 5) - w a x  s y s t e m ;  ( • )  l in e a r
P E  {Mw =  7 .3  X  1 0 ' ) - w a x  s y s t e m .

0 0.5 i.o

F ig .  !). B e la t io n s  b e t w e e n  l o g  ij a n d  Vi. ( O )  b r a n c h e d  P E  {Mw = 1 .1 5  X  1 0 fi) - w a \  
s y s t e m ;  ( • )  b r a n c h e d  P E  (Mw =  1 .0  X  1 0 5) - w a x  s y s t e m . S o l id  l in e s  a r e  t h o s e  c a l c u ­

la t e d  f r o m  e q .  ( 1 6 ) .
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it is seen that the calculated values are nearly the same as the observed 
values over the whole range of composition.

The magnitude of a depends on the molecular weights of both components 
of the blend and on the polymer structure. It is interesting to note that 
the values of a are much larger for linear polyethylene-wax systems than 
those for branched polyethvlene-wax systems.

The applicability of eq. (lfi) for polydimethylsiloxane blends appears 
to be better for systems with Mi >  M c and il/2 >  M c than for those with 
.l/i <  M c and M-> >  M c. However, in other systems these criteria appeared 
to play a much less serious role. The broad range of applicability of this 
empirical relationship is quite encouraging.

In formulating eq. (1G) we employed the volume fractions as the unit 
of composition. The choice of the composition unit is somewhat arbi­
trary, but the use of the volume fraction may be preferable from the the­
oretical point of view, although the theoretical interpretation or physical 
significance of eq. (10) is not clear at the present time.
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Résumé

Les viscosités à tension de cisaillement nulle de mélanges à deux composants de poly- 
diméthylsiloxane de différents poids moléculaires ont été mesurées sur toute la gamme 
de compositions. Les résultats sont analysés sur la base du traitement conventionnel 
de la viscosité de mélanges polymériques et certains commentaires sont faits à ce sujet.

En outre, une équation empirique a été trouvé: log iju  =  —------- — log tj, +  —  - —  log
1 — avi 1  — av i

in, où 7) est la viscosité, v, la fraction de volume, et où les indices 1 et 2  et bl dénotent les 
composants de bas et haut poids moléculaires et le mélange, et a est une constante indé­
pendante de la composition. L’équation ci-dessus n’est pas seulement applicable à 
toutes sortes de mélanges de polydiméthylsiloxane mais également à d’autres polymères.

Zusammenfassung

An Zweikomponentengemischen von Polydimethylsiloxanen verschiedenen Mole­
kulargewichts wurden die Viskositäten für Scherspannung Null über den ganzen Zusam­
mensetzungsbereich gemessen. Die Ergebnisse werden auf der Grundlage der für die 
Viskosität von Polymerlösungen üblichen Verfahren analysiert und einige Bemerkungen 
über diese Art der Datenbehandlung gemacht. 1 )anach wird eine empirische Gleichung 

1 7 ,(1  —  a) V 2
abgeleitet: log tjm = -------------1 log tj, +  ----- -—  log t)2 wobei t) die Viskosität, v der

1  — avt 1  — avi
Volumsbruch ist und die Sufixe 1, 2 und b l  die nieder- und die höhermolekulare Kompo­
nente bzw. die Mischung bezeichnen ; a ist eine von der Zusammensetzung unabhängige 
Konstante. Die obige Gleichung ist nicht nur für alle Reihen von Polydimethvlsiloxan- 
Mischungen, sondern auch für andere Polymere anwendbar.

Received November 30, 1966 
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Polymer Reactions. V. Kinetics of Autoxidation 
of Polypropylene

JAMES C. W. CHI EX and C. R. BOSS,
Research Center, Hercules Incorporated, 

Wilmington, Delaware 19899

Synopsis

The rate constants for the autoxidation of polypropylene were determined by a com­
bined ESR, volumetric, and chemical method. The values of k,, k,,, and k, at 11(I°C. are 
3 X It) “ 4 sec.-1, 1.9 1./mole-sec., and 3 X 106 1./mole-sec., respectively. The values of 
¿¿and its activation energy are t he same as those for the decomposition of polypropylene 
hydroperoxide, thus identifying t he latter as the principal initiation process. The values 
of the temperature-independent k, suggest that secondary peroxy radicals are the ter­
minating species. The rate constants are compared with rate constant ratios for in- 
it iated autoxidations of squalane and other related systems.

INTRODUCTION

Most investigations of the autoxidation of polyolefins make use of oxygen 
absorption techniques alone to measure induction periods and the rates of 
oxidation. The results thus obtained can be expressed only as some com­
binations of rate constants.1'2 The use of initiator allowed Tobolsky 
et al.3 to determine accurate ratios of rate constants.

To define the kinetics of autoxidation requires at least, three rate con­
stants for the most simplified reaction sequence. That these rate con­
stants are not readily determined is evident from the scarcity of results. 
Most of the values4 were obtained by the rotating-sector method. This 
method cannot be readily adapted to study solid polymer samples. On 
the other hand, electron spin resonance (ESR) appears to be ideal, although 
to the authors’ knowledge, it has not been applied in this context.

This paper describes a method which enabled us to determine rate con­
stants in the autoxidation of polypropylene. The results are compared 
with the rate constant ratios of oxidation of squalane and related sys­
tems.

KINETIC METHOD

The branched chain autoxidation of polyolefins is characterized by an 
induction period; during this time hydroperoxides are produced.5 The 
decomposition of these hydroperoxides is commonly assumed0'7 as the

3091
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process responsible for the ensuing faster oxidation. In a previous paper,8 
each — OOH, upon decomposition, was observed to yield 1.8 radicals. 
The initiation reaction and the subsequent processes may be represented 
by the familiar sequence:

hi
ROOH RO- +  OH- (1)

An
RO- +  RH -► ROH +  R- (2)

A-2
OH- +  RH -► THO +  R- (3)

A-3
R- +  0 2-> RO-2- (4)

kP
ROo- +  RH -v  ROOH +  R- (5)

kt
2R 02- -»■ Products +  0 2 (6)

Under the chosen experimental conditions of 100-g polymer particles and 
a pressure of oxygen of 1 atm., termination is predominantly by eq. (6).12 
In the region of constant autoxidation rate, steady-state assumptions for 
RO •, OH •, R •, and ROOH give

kt =  ( — d [02 ] /dt) s/  2 [R OOH ]s (7)

kp =  ( —d [O2 ] /dt)J 2 [R02 • ]s [RH ] (8)

kt = ( w/fO;!]/r//)s/2|R()2- ]s2 (9)

and

(~ d [0 2]/dt)s = fc,[ ROOH]s +  (kj, [R H ]//c//2) {kt [ROOH ]s) 1/2 (10)

where the subscript s designates steady-state quantities.
To obtain the “ step” rate constants, the rate of oxidation was measured 

continuously by a gas absorption apparatus connected to the ESR cell; 
the ESR output gave instantaneous [R 02- ]s. The sample was quenched 
afterwards for iodimetric determination of [ROOH],.

EXPERIMENTAL

Materials

Crystalline polypropylene from Hercules Incorporated was used in this 
work. Eastman white label squalane was purified by fractional distilla­
tion.

Kinetic Measurements

Most of the autoxidation experiments were carried out in conjunction 
with ESR measurements. In these experiments, the quartz ESR sample
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tube (containing 0.08 g. of polymer and 0.2 g. of Linde 5A sieves) was 
connected via O-ring joints and 1 in. of Tygon tubing to a gas absorption 
apparatus. The flexible tubing allows rapid transfer of the sample tube 
from the resonant cavity into a quenching bath without opening the sys­
tem to the atmosphere. The cell and the associated absorption apparatus 
were evacuated and flushed with oxygen. All experiments were carried 
out at one atmosphere of oxygen.

Monitoring of the ESR spectrometer began as soon as the desired tem­
perature was attained in the resonant cavity. The oxygen uptake caused 
a pressure drop and imbalance between the two arms of a mercury pressure­
sensing device. A rise in the mercury level of the arm containing two 
platinum-tipped tungsten electrodes closed the circuit which activated a 
motor to raise the mercury leveling bulb of a thermostatted gas buret 
to compensate for the pressure drop. The motor was also mechanically 
coupled to a potentiometer, the output of which was recorded by a 6-in. 
Leeds & Northrup Speedomax recorder. The system responds to the 
uptake of 0.01 ml. of oxygen.

After the steady-state condition had been attained, as indicated by con­
stant rate of oxidation and ESR signal intensity, the sample tube was 
quickly transferred into a Dewar flask containing a mixture of Dry Ice 
and trichloroethylene. The total amount of oxygen absorbed was about 
4 ml., which is equivalent to 50 ml. of oxygen per gram of polymer.

To assure that autoxidation was occurring at a normal rate, the rates of 
oxidation in the ESR tube and in the oven were compared. The cell was 
placed in a constant temperature oven and the rate of oxidation was mea­
sured. When the two rates agreed, the autoxidation in the ESR sample 
tube was said to be normal.

At 140°C., the rate of oxidation in the ESR cavity was considerably 
slower than that in the oven. Apparently, oxygen consumption was too 
fast to be accommodated by its diffusion through the 3-mm. i.d. sample tube. 
At this temperature, therefore, small pieces of Teflon (about 0.5 mm. in 
diameter) were mixed with the polypropylene flake to reduce the net oxygen 
consumption. Autoxidations under this condition have normal rates.

The effective length of the resonant cavity was 0.9 in.; the maximum 
temperature gradient between different portions of the cavity was about 
2°C. The temperature of the cavity was maintained within ±  1°C.

The radical concentration was calculated from the first moment of its 
spectrum and that of standard a,a-diphenylpicrylhydrazyl solutions. A 
curve follower was used to take 75 or more data points from a spectrum 
and the first moment was calculated by a Bendix G15 computer. Baseline 
fluctuation was compensated by assuming a linear baseline between the 
first three and last three points of the spectrum.

The radical was found to be stable at — 60°C. almost indefinitely. The 
sample could be warmed up and the spectrum taken again at room tem­
perature without significant loss of intensity. The line shape, however, 
was different from that obtained at elevated temperatures.
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The hydroperoxide in the sample was determined by iodimetry. The 
intrinsic viscosity was measured in 1% decalin solution at 135°C. The 
carbonyl contents were analyzed with a Beckmann IK-7 spectrophotometer 
in the 1(500-1850 cm.-1 region.9

RESULTS

Autoxidation Profile

Several preliminary experiments were carried out on the autoxidation of 
polypropylene both in the solid state and in solutions of trichlorobenzene. 
The results, illustrated in Figures 1 and 2, can be summarized as follows. 
During the induction period, the drop in intrinsic viscosity, the formation 
of hydroperoxide and carbonyl functionalities, and the consumption of

Fig. 1. Autoxidation of polypropylene flake at 140°C.

oxygen were minor. Significant changes were observed toward the end of 
the induction period. During steady-state oxidation, the rate of oxygen 
uptake and the hydroperoxide concentration remained approximately 
constant, whereas the intrinsic viscosity decreased and carbonyl concen­
tration increases with time. From these results, the steady-state condi­
tion was chosen between 40 and (50 ml. of oxygen reacted per gram of 
polymer.

The amount of radicals present during the induction period was too low 
to be detected by ESR. All subsequent kinetic measurements were made 
during the steady-state period.
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Fig. 2. Autoxidation of polypropylene in solution at 140°C. (50 g./l. in trichloroben­
zene).

Autoxidation of Polypropylene

Of the radical species postulated in reaction sequence (l)-(6 ), only ROO • 
is expected to be detected by ESR. Experimental confirmation of this 
expectation as well as description of variations of g anisotropy of peroxy 
radicals with temperature and phase changes are described in another 
paper.10 Typical spectra of polypropylene peroxy radicals are shown in 
Figures 3 and 4.
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The results of the experiments are presented in Table I. The rate con­
stants were calculated from eqs. (7)-(9). The value of [RH] was chosen 
with two simplifying assumptions; only tertiary hydrogen atoms were 
reacted,11 and only the amorphous phase of the sample was oxidized.12 
Since the polypropylene used in this work was rated 50% crystalline by 
x-ray and by density measurements, [RH] was taken to be 11 mole/1.

Table I also gives average values of rate constants, their standard devi­
ations, and their energies of activation. Experiments at temperatures 
higher than 140°C. were found to be unfeasible: use of the Teflon dilution 
technique still did not allow the oxidation to proceed at the “ normal” 
rate.

DISCUSSION

For a given set of reaction sequences containing m step rate constants, 
determinations of m observable quantities allow the calculation of a set of 
rate constants. These constants are self-consistent in the sense that if one 
of them is wrong, all others arc proportionately off by factors which relate 
these constants in the rate expressions. To establish the validity of such 
a set of rate constants, one of them must be verified by an independent 
measurement.

Of the rate constants defined in the eqs. (l)-(6 ), only that of the initiation 
process can be separately determined. This process has been postulated 
as the decomposition of hydroperoxides. Therefore, the rate constant of 
decomposition of polypropylene hydroperoxide lcd obtained earlier3 may be 
identified with the rate constant of initiation kt for autoxidation obtained 
here. The agreement between the two sets of results, shown in Figure 5, 
is quite remarkable. It lends support to our postulated mechanism and 
kinetics of autoxidation of polypropylene and indicates the correctness of 
the other rate constants kP and kt.
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Fig. 5. Temperature dependence of (O) the rate constant, of initiation for autoxida- 
tion of polypropylene and (•) the rate constant of decomposition of polypropylene hy­
droperoxide .8

The diffusional activation energy of polypropylene13 is 9.7 kcal./mole 
at temperatures below the melting point of the polymer. On the other 
hand, our values of k, show no temperature dependence within experimental 
accuracy. This indicates that the termination reaction occurs either via an 
intramolecular process or between proximity sites on immediate neigh­
boring polymer molecules. It could involve termination by very mobile, 
low molecular weight peroxv radicals. Our values of k, are comparable to 
those found14 for other secondary peroxy radicals and are about two to three 
orders of magnitude faster than the k, values for tertiary peroxy radicals. 
The most likely explanation is that intramolecular hydrogen abstraction 
during chain propagation also proceeds via seven-membered ring transi­
tion states.15 This type of abstraction produces secondary peroxy radicals 
which are capable of rapid terminations. An alternative explanation for 
the rapid termination observed is that direct cage combination reaction of 
tertiary peroxy radicals occurs; this, however, is contrary to the results of 
Traylor et al.16

The results reported here are comparable with those given by Tobolsky 
et al.3 At 110°C., their rate constant ratio for initiated oxidation of 
amorphous polypropylene is

{kv/ktll'1)e t li\\iYi.] =  2.3 X IO9 ml.1/2/molecule1/2-sec.,/2 (11)
where et is the efficiency of initiator. For amorphous polypropylene 
[RH] = 22 mole/h, the ratio k„etll2/k¡112 =  4.2 X IO-3 l.1/2/m ole1/2-sec.1/2.
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Our value is 1.1 X  10 3 l.1/2/m ole1/2-sec.1/2. The agreement should be 
considered as encouraging.

Tobolsky et al.3 found t.he ratio of for ethylene-
propylene copolymer to that for polypropylene to be 0.45 and concluded 
that intramolecular propagation down the polymer chain through a six- 
membered transition state is no more favored than interchain random 
propagation. The similarity of the two ratios can be readily accounted for 
if the kinetic chain length is short. With the known structure for poly­
propylene hydroperoxide,17 we believe that propagation via cyclic transi­
tion states is definitely favored over random reactions.

Table II compares the values of kp/kt112 for polypropylene autoxidation 
and initiated autoxidation of squalane. The remarkable agreement indi­
cates similar mechanisms for the two systems. The absence of phase and 
molecular weight dependences suggests that translational diffusion of the 
peroxy radicals in the propagation and termination steps are not involved 
in polypropylene autoxidation.

The picture for autoxidation of polypropylene evolved from this work 
is the following. There is slow oxidation during the induction period. 
Intramolecular hydrogen abstraction via the favored six-membered transi­
tion state results in the formation of neighboring hydroperoxides during 
this period.
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TABLE II
Bate Constants for Polypropylene and Squalane Autoxidation

(kp/kiin ) X 103, l.1,s/m ole 1/2-see. ~1'-

Temp., °C. Polypropylene Squalane

1 1 0 1 . 1

115 1 . 2

12 0 1 . 6

125 1.9
130 2 . 0

140 2 .5 2 . 8

By this process, the build-up rate of hydroperoxide is an exponential 
function.18

The hydroperoxides attached to the polymer chain decompose pre­
dominantly by a rapid intramolecular radical chain process. A steady 
state is achieved when the hydroperoxides decompose as fast as they are 
formed. This state is characterized by an approximately constant rate 
of oxidation.

Termination is primarily via the disproportionation of a primary or a 
secondary peroxy radical with another peroxy radical. The former could 
be formed by two types of reactions, the sequence of eqs. (13) and (14) or 
reaction (15).

OO- (>•
I I

2  — CH,— C— CM»------- 2  — C lb —C— C lb ------O, (13)
I I

C lb  c h 3

()• o
— C112— CJ— C112— -  — C lb — C—CH, 4----- C lb - (14)

I
c h 3

OO- OOH
I I

- C l b —C— C lb — CII— CII2—  — —  CIlj— C— C lb — CH— CH— (15)
I I  I I

CH, C1I, CM, CH,

In the autoxidation of polypropylene, some of the primary products19,20 
are water, formaldehyde, acetaldehyde, acetic acid, acetone, and 2,5- 
hexanedione. It is possible to rationalize the formation of these products 
by the initiation, propagation, and termination mechanisms suggested here 
involving neighboring interactions in many of the processes.
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Résumé

Les constantes de vitesse d’autoxydation du polypropylène ont été déterminées en 
combinant l’E.S.R.. et des méthodes volumétriques et chimiques. Les valeurs de k {, 
kp et k,  à 110°C sont de 3 X 10_6/see, 1.9 litres/mole-sec et 3 X 104 litres/mole-sec, 
respectivement. Les valeurs de k t et de son énergie d’activation sont les mêmes que celles 
caractérisant la décomposition de l’hydroperoxyde de polypropylène, ce qui permet 
d’identifier le processus d’initiation principal. Les valeurs de k { indépendantes de la 
température suggèrent que les radicaux peroxy secondaires sont les espèces terminantes. 
Les constantes de vitesse sont comparées aux rapports de constante de vitesse pour 
l’autoxydation initiée du squalène et d’autres systèmes voisins.

Zusammenfassung

Die Geschwindigkeitskonstanten für die Autoxydation von Polypropylen wurden 
durch eine kombinierte ESR, volumetrische und chemische Methode bestimmt. Die 
Werte von k it kp und k,  betragen bei 110°C 3 X 10_4/sec, 1,9 Liter/Mol-sec bzw. 3 X 
106 Liter/Mol-sec. Die Werte von k¡  und dessen Aktivierungsenergie gleichen denen für 
den Zerfall von Polypropylenhydroperoxyd; damit ist dieser als der wesentliche Start- 
prozess identifiziert. Die temperaturunabhängigen Werte von k, lassen vermuten, dass 
sekundäre Peroxyradikale die abbrechende Spezies darstellen. Die Geschwindigkeits- 
konstanten werden mit den Verhältnissen der Geschwindigkeitskonstanten bei der 
gestarteten Autoxydation von Squalan und anderen verwandten Systemen verglichen.
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may have, in addition to its covalently linked primary structure, a second­
ary structure stabilized by noncovalent forces. The forces stabilizing the 
secondary structure of PHEMA in water may be similar to some of the 
forces which contribute to stabilize the compact structure of globular 
proteins, the so-called hydrophobic interactions.6 If such is the case, the 
addition of agents that interfere with these forces should lead to changes 
in the structure of PHEMA hydrogel manifested by variations in its swell­
ing equilibrium.

With hydrophobic interactions having already been found to contribute 
greatly to stabilization of the secondary structure of un-ionized poly- 
(methacrylic acid) (PMAA) in aqueous solutions7'8 and with the chemical 
similarity between un-ionized PMAA and PHEMA molecules, one may 
assume a ■priori that hydrophobic interactions between the methyl groups 
in the a position may also be the principal factors contributing to the sta­
bility of the secondary structure of PHEMA hydrogel. Hydrophobic 
interactions may induce PHEMA molecules to assume compact conforma­
tions, as far as the covalent crosslinks will allow7, in the same wyay that they 
were found to induce this in un-ionized PMAA.7’8 In water, most of the 
hydrophobic portions of the chains tend to aggregate, avoiding contact 
with the solvent, while the water will hydrogen-bond the polar groups 
in the chains which accumulate preferentially on the periphery.

PHEMA hydrogel is a relatively strong and easy to handle material. 
The slight variations in the degree of equilibrium swelling of different 
PHEMA samples in pure water affords one an easy way to analyze the 
nature of these forces which bind the polymer chains together. The ob­
ject of this investigation, then, was to determine the effect of the addition 
of electrolytes, urea and its derivatives, and water-soluble organic solvents 
on the hydration of PHEMA hydrogel, depending on the predominant 
mechanism by which these compounds may act toward the polymer- 
polymer (hydrophobic bonds), and polymer-water interactions.

From a practical point of view, the swelling behavior of PHEMA hy­
drogel in varied aqueous solutions is also interesting. Periodically, a 
hydrogel contact lens should be boiled in water or in saline solution for the 
purpose of cleaning and sterilization. The lens wall then require some time 
to reach a different swelling equilibrium in the tear fluid. This change in 
swelling state, be it ever so slight, will affect the shape and indeed the optics 
of the lens. Also, certain aqueous solutions such as artificial tears6 and 
fluorescein solutions used by some contact lens wearers and fitters will 
more or less alter the shape of the lens as compared to its shape when kept 
or boiled in a saline solution or water.

When PHEMA hydrogel is used to make surgical implants, its swelling 
state before being implanted in the body may vary from that after im­
plantation, when it has attained a different equilibrium swelling with the 
surrounding body fluids. The consequence of these facts must be con­
sidered. For example, it was found that PHEMA hydrogel swells in steer 
aqueous humor to hjaout 68% water content at equilibrium, which means
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a significant change in dimensions over the same material equilibrated in 
water or in physiological saline solution. The significance of this fact is 
that if a PHEMA implant is placed in the eye, in some way in contact with 
aqueous fluid, one should expect some changes in the swelling state of the 
implant, which implies changes in size and in its optical quality.

EXPERIMENTAL
The preparation of homogeneous HEAIA hydrogel was described previ­

ously.3-4 A typical batch of PHE.MA hydrogel was made from a mixture 
of 3 parts by volume of HEAIA, containing 1.77% ethylene glycol di­
methacrylate, 1.5 parts of ethylene glycol, 1.5 parts of water, and 0.1 part 
each of 6% ammonium persulfate and 12% sodium metabisulfite. The 
polymerization was carried out for 2 hr. at 60°C. After polymerization, 
the gel was allowed to equilibrate in distilled water. Slight variations in 
this procedure and in the constituents of the mixture produced hydrogels 
with small variations in water content at equilibrium swelling of no sig­
nificance for the results of this work.

The effect of various solutes in aqueous solution on PHEMA structure 
was determined in the following manner. Two or more pieces of water- 
equilibrated gel (0.5-1.0 cc.) were allowed to remain at room temperature 
in approximately 50 cc. of each of the solutions tested. After 3 months, 
equilibrium swelling was assumed to have been reached. With a few of 
the samples, the state of equilibrium swelling was confirmed by repeated 
water determinations at 1-month intervals. In each case, the final water 
content was determined for two pieces of hydrogel. Good agreement 
was found in the degree of swelling of both pieces, each having the same 
history, the average of the two determinations being given. The water 
content was determined in the standard manner, by blotting the superficial 
aqueous solution and weighing the specimens both in their swollen state 
and after drying to constant weight.

All solutes used in the swelling experiments were of the purest grade 
available commercially, no further purification being done in any case.

RESULTS

Urea and Methylureas

The effect of urea and its derivatives on PHEAIA swelling is given in 
Figures 1 and 2. Each of these compounds was found to induce a further 
swelling of PHEMA from its equilibrium swelling in water. Unsubstituted 
urea shows the highest swelling activity, demonstrating this property at 
very low concentrations. W,A-Dimethylurea, also a very powerful 
swelling agent for PHEAIA although somewhat weaker than unsubstituted 
urea, is surprisingly enough stronger than the monomethylurea, possibly 
due to the presence of some urea impurities with the dimethyl derivative. 
Tetramethylurea exhibited the lowest swelling effect on PHEMA of the 
related compounds in the concentrations tested.
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M O L A R  C O N C E N T R A T I O N

Fig. 1. Water content of PHFMA hydrogel in low concentrations of urea and methyl-
ureas.

M O L A R  C O N C E N T R A T I O N

Fig. 2. Water content, of I’ MEM A hydrogel in higher concentrations of urea and methyl-
ureas.

Acetone and Ethanol

The effects of acetone and ethanol, shown in Figure f>, demonstrate a 
strong swelling power on l’HE.MA as compared with pure water. The gel 
sample used in these swelling experiments was prepared from a monomer 
mixture containing an unusually high content of crosslinking diester, pro­
ducing a tighter network and hence a lower initial water content for the gel 
equilibrated in water.
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Fig. 15. Kf'fect of acetone, ethanol, and cetylpyridinium chloride on water content of
PHEMA hydrogel.

Cetylpyridinium Chloride

The same type of gel tested with acetone and ethanol was used in the 
experiments with cetylpyridinium chloride (CPC) solutions. The effect of 
this detergent, as shown in Figure 3, on the swelling of the hydrogel, is to 
induce a slight deswelling. Higher concentrations of CPC in water could
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not be tested because of the limited solubility of this compound in water at 
room temperature. The two higher CPC concentrations used in these 
experiments crystallized repeatedly at room temperature, and were kept 
at 36°C. for the time allowed for the gel to equilibrate.

Alkali Halides

The effect of some alkali halides on the swelling state of PHEMA hy­
drogel is given in Figure 4. The chlorides have a marked salting out or 
deswelling effect on the PHEMA hydrogel, while bromides show a very 
slight, if any, deswelling in comparison with pure water. Iodides exhibit 
a marked swelling or salting-in effect on the hydrogel.

Fig. .5. Water content of PHEMA hydrogel in alkali sulfate solutions and in solutions 
of sodium acetate, sodium trichloroaeetate, and sodium t hiocyanate.

In spite of having left the iodide solutions in the dark during the time 
required for the PHEMA to equilibrate, some iodide ions obviously were 
oxidized to free iodine, as evidenced by the yellow color of the solutions. 
The iodine, or more likely T -  ions, combine with HEMA, producing vary­
ing degrees of yellow color in the gel depending on the solution concen­
tration.



HYDROPHOBIC INTERACTION 3109

Alkali Sulfates

The results of the swelling experiments with THEM A gel in alkali sulfate 
aqueous solutions are given in Figure 5. The three sulfates tested showed 
about the same deswelling or salting-out power for PHEMA.

Miscellaneous Salts

Sodium acetate in water was found to increase the swelling capacity of 
PHEMA hydrogel, which reached a maximum swelling in relatively low 
salt dilutions decreasing its swelling power as the concentration of the salt 
was raised in Figure 5.

In the concentrations tested both sodium trichloroacetate and sodium 
thiocyanate were found to be strong swelling agents for PHEMA hydrogel 
(Fig. 5).

DISCUSSION

The primary structure of homogeneous PHEMA hydrogel is a covalently 
linked three-dimensional network. In conjunction with this covalently 
bonded structure, PHEMA chains are held together by some noncovalent 
forces in a secondary structure giving the hydrogel, independent of its 
history, its characteristic swelling stability in water. A significant amount 
of hydrogen bonding between polymer segments is unlikely in water; 
hence, the feasibility that these bonds contribute in any considerable way 
to the stabilization of the secondary structure of PHEMA hydrogel is very 
slight. Interaction of the hydrophobic portions of the polymers with each 
other, the so-called hydrophobic bonding, is probably a very important 
factor in holding together PHEMA segments in an aqueous environment. 
The hydrophobic interaction may be localized between the a-methyl 
groups of the repeating units, or perhaps, but less likely, distributed 
throughout the whole hydrophobic backbone of the network.

By analogy to globular proteins,6 and more closely paralleled with un­
ionized poly (methacrylie acid) in aqueous solutions,7-8 as was indicated in 
the introduction to this report, it is safe to assume that hydrophobic bonds 
play a very important, perhaps the most important role in the stabilization 
of PHEMA hydrogel. The addition of microsolutes to the hydrogel seems 
to confirm this hypothesis. The hydrogel swells beyond its swelling 
equilibrium in water when some juncture points in the network are broken 
by the effect of some addends. These broken juncture points are obvi­
ously the noncovalent crosslinks, since the covalent bonds are stable under 
these circumstances. Solutes that decrease the solvent power of water for 
PHEMA will induce the creation of additional bonding between hydro- 
phobic residues in the polymer segments, creating a tighter network and 
less swollen gel than in pure water.

The ability of urea to stabilize the unfolded form of protein molecules 
is believed to originate mainly from its capacity to diminish hydrophobic
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Verdünnung der Monomerlösung und dem relativ niedrigen Vernetzungsgrad. Es wird 
angenommen, dass das PHEMA-IIydrogel zusätzlich zu seiner durch Kovalenzen 
verknüpften Netzwerksstruktur eine durch hydrophobe Bindungskräfte stabilisierte 
Sekundärstruktur besitzt. Der Zusatz niedermolekularer Stoffe zu dem Hydrogel 
scheint diese Hypothese zu bestätigen. Das Hydrogen quillt in Gegenwart von Harnstoff 
und dessen Methylderivaten über den Gleichgewichtswert in Wasser hinaus. Quellung 
wird auch durch organische Lösungsmittel wie Alkohol und Aceton, sowie durch Anionen 
wie Jodid, Acetat, Trichloracetat und Thiocyanat herbeigeführt. Chloride und Sulfate 
führten zu einem weniger stark gequollenen Gel als reines Wasser, während Bromide und 
Cetylpyridiniumchlorid in den untersuchten Konzentrationen nur eine geringe Ent­
quellung des Gels bewirkten. Wenn ein PIIEMA-Gel, das in wässrigen Lösungen 
organischer Lösungsmittel hergestellt worden war, in Wasser gebracht wird, durchläuft 
das Gel einen opaken Zustand, bevor es wieder transparent wird. Als Ursache dieses 
Phänomens wird die Tatsache angesehen, dass Wasser nicht in der Lage ist, die hydro­
philen Enden der ungeordneten Polymersegmente zu solvatisieren. Die Llomogenität 
des Gels wird wieder nach einer Umordnung der Ketten erreicht, die durch die Wech­
selwirkung der hydrophoben Teile der Polymersegmente gesteuert wird und die die 
Mehrzahl der hydrophilen Stellen im Netzwerk dem Lösungsmittel-Wassergemisch 
aussetzt.
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Mechanisms of Propagation, Transfer, and Short 
Chain Branching Reactions in the Free-Radical 

Polymerization of Ethylene
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■Japan Atomic Energy Research Institute, 
Takasaki Radiation Chemistry Research Establishment, 

Takasaki, Gumma, Japan

Synopsis
The propagation, transfer, and short-chain branching reactions in the free-radical 

polymerization of ethylene were studied at temperatures of 20-80°C. under pressures of 
160-400 kg./cm.2 by means of two-stage polymerization with the use of a specially de­
signed reaction vessel. In the first, stage, the polymerization was carried out in the pres­
ence of AIBN as the initiator, and in the second stage, the propagation occurred with 
living radicals in the absence of the initiator. In the second stage the polymer yield is 
shown to increase with reaction temperature and pressure, and the molecular weight of 
the polymer reached constant values which were dependent upon the temperature when 
the contribution of the polymer formed in the first stage was very small. It is shown that 
in the second stage the rate of propagation, transfer, and short-chain branching are all 
proportional to the second pow7er of ethylene fugacity, and that the activation energies of 
these reactions are 5.7, 23.4, and 10.9 kcal./mole, respectively. The polymer has no 
terminal vinyl group. The mechanism of these reactions is discussed on the basis of 
kinetic and energetic results.

INTRODUCTION

Free-radical polymerization of ethylene has been studied under such 
severe conditions as high pressures and temperatures.1-6 Recently, a 
few studies under milder conditions, of pressure and temperature have been 
reported.6'7 Lyubetzky et al.7 studied ethylene polymerization at 70°C. 
with azobisisobutyronitrile (AIBN) in benzene, and pointed out that the 
propagation reaction occurs with the living polymer radical in the crys­
talline phase. We have also suggested the existence of long-lived growing 
polymer radicals in both the 7-radiation-induced and AIBN-initiated 
polymerization of ethylene at. relatively low temperatures.8-11

In the previous work,11 we reported briefly on the post-polymerization 
of ethylene by the long-lived radical in reactions in a specially designed 
reaction vessel. This paper, a continuation of the above, is concerned 
with the kinetics of the post-polymerization of ethylene. The mechanism 
of propagation, transfer, and short-chain branching is discussed.

3115
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EXPERIM ENTAL

A stainless steel reaction vessel was specially designed as shown in Figure
1. It consisted of a main reactor chamber with a capacity of 75 ml. 
(B), a container of 2 ml. capacity (A) for the initiator, which was attached 
to the top cover of the reaction vessel. The container was a small, cylin­
drical, high-pressure vessel and could be sealed off from the main reactor 
chamber when lifted to the cover by rotating a handle (C). The sealing 
of the container was tested by an outside pressure of 450 kg./cm.2. The 
radical initiator, crystalline AIBN, was put into the container. After 
being swept out several times with ethylene, the reactor was charged with 
ethylene to the desired pressure. The reaction was carried out in two

Fig. 1. KeacLur assembly: (A) container of the initiator, (B) main reactor chamber, (C) 
handle for opening and closing the container.

stages. In the first stage, the initiator container was open to the reactor 
chamber under constant conditions. The container was then sealed off. 
After the reaction vessel was rapidly heated to the desired temperature 
and a part of the ethylene was vented to keep the pressure constant, the 
reaction in the second stage was followed under various conditions. The 
reactions in the first stage were always carried out under the same condi­
tions, i.e., 40°C., 400 kg./cm.2, 1.22 mmole of AIBN, and 2 hr., except for 
the experiments shown in Table I. The pressure was almost constant 
during the reaction since the polymerization was carried out to low con­
version. The temperature was kept constant to within ±  1°C.

The ethylene used was commercially available 99.9% pure material, 
free of CO and H2'S and containing less than 3 ppm oxygen. Commercial 
grade AIBN was twice recrystallized from acetone before use. The num­
ber-average molecular weight of the polymer was determined from the in-

Co alloy 
coa ting

SEALING OF ‘A '
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TABLE I
I n f lu e n c e  o f  t h e  P r e s s u r e  o f  F i r s t  S ta g e  o n  t h e  S e c o n d - S t a g e  P o l y m e r i z a t i o n

First stage“ Second stageb Total
polymerized 

monomer 
(C2H4), mole/1.

Monomer 
polymerized 

in second stage 
(C2H4), mole/1.

Pressure,
kg./cm.2

Pressure,
kg./cm.2

Time,
hr.

400 — — 0.058“ __
250 2 .0 0.155 0.097

4.0 0.240 0.182
0.0 0.396 0.338
8.0 0.489 0.431

250 — — 0.025“ ----
250 2.0 0.101 0.076

4.0 0.179 0.154
6.0 0.316 0.291
8.0 0.399 0.374

a Reaction temperature, 40°C.; time, 2.0 hr.; AIBN, 1.22 mmole. 
b Reaction temperature, 40°C.
“ P o l y m e r i z a t i o n s  w e r e  c a r r ie d  o u t  o n l y  in  fir s t  s ta g e .

trinsic viscosity by Tung’s formula.12 The concentration of methyl 
groups in the polyethylene was determined from the infrared absorption 
spectrum at 1375 cm.-1 (7.25 g) following the directions of Bryant and 
Voter.13

RESULTS AND DISCUSSION 

Propagation Reaction

Figure 2 shows a plot of the amount of polymer formed against the reac­
tion time. The amount of polymer in the second stage is considerable and 
proportional to the time. It is believed that radicals from AIBN pass 
from the container to the reactor chamber and the propagation reaction 
occurs, in the first, stage, giving long-chain radicals. In the second stage, 
where the container with initiator is entirely sealed off, though no addi­
tional radical is introduced into the reactor, the amount of polymer is 
found to increase at a considerable rate.* This demonstrates that the 
growing polymer radicals introduced in the first stage survive, and the 
propagation reaction occurs in the second stage. The steady increase of 
the amount of polymer in the second stage indicates that the termination 
reaction is almost eliminated and the propagation reaction proceeds at a 
constant rate. The slope of the line of the ratio of the amount of polymer 
M pii versus the time in the second stage in corresponds to the overall propa-

* In the second stage no initiating radical is introduced into the reactor chamber be­
cause the container of the initiator is completely sealed off. The reactor chamber is 
therefore entirely free of the initiator. This was proved by the experimental fact that no 
polymer formed when the entire polymerization was carried out with the initiator con­
tainer sealed off.
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where [R-] is the total concentration of polymer radicals irrespective of 
chain length in the second stage or at the end of the first stage, f M is the 
fugacity of ethylene, which is a reasonable measure of ethylene activity at 
high pressure.

TABLE II
Results of Two-Stage Polymerization Under Various Pressures 

and Temperatures"

Conditions of 
second stage

Total
polymer­

ized
monomer
(C2H4),
mole/1.

P „  of 
final 

polymer 
X 10~3

Monomer 
polymerized 

N v i = in second 
( M p t / P n ) ,  stage 

mole/1. (C2H4),
X 105 mole/1.

.Y,,n = N , ,  

formed 
in second 

stage, 
mole/1.
X 105

Temp., Pressure, 
°C. kg./cm.2

Time,
hr.

25 300 29 0.543 25.2 2.16 0.485 1.21
40 0.611 25.0 2.44 0.533 1.49
52 0.910 28.6 3.07 0.852 2.02
67 1.120 27.1 4.13 1.062 3.18

40 400 1 0.150 9.6 1.56 0.092 0.61
2 0.263 10.7 2.46 0.205 1.51
3 0.420 10.7 3.92 0.362 2.97
4 0.604 10.7 5.65 0.546 4.70

330 2 0.216 8.9 2.42 0.158 1.47
3 0.288 8.9 3.24 0.230 2.29
6 0.630 10.7 5.90 0.572 4.95

250 4 0.240 9.3 2.58 0.181 1.64
6 0.394 10.4 3.80 0.338 2.85
8 0.489 10.7 4.56 0.430 3.56

160 8 0.262 8.6 3.05 0.204 2.10
18 0.559 10.0 5.59 0.501 4.64
28 0.925 9.6 9.64 0.867 8.69

60 400 2 0.509 3.6 14.1 0.460 13.2
4 1.260 3.6 35.0 1.200 34.0

SO 400 1 0.742 0.32 231 0.680 230
2 1.202 0.32 376 1.140 375

300 i 0.408 0.43 96.0 0.360 95.0
2 0.791 0.32 251 0.730 250

160 3 0.378 0.35 108 0.320 107
4 0.484 0.32 151 0.430 150
6 0.795 0.32 246 0.741 245

“ Reaction conditions in first stage: AIBN, 1.22 mmole; pressure, 400 kg./cm.2; tem­
perature, 40°C.; polymerized monomer in first stage, 0.058 CJL mole/1.; F „ ,  6.1 X 
10s; number of polymer chains, 0.95 X 10~5 mole/1.

The plots of M Pu against tn at various temperatures are shown in Figure 6. 
The amount of polymer increases proportionally with the time, i.e., no 
termination occurs even at a temperature of 80°C. It is also shown that 
R„ increases with temperature. The Arrhenius plot is shown in Figure 7, 
from which an activation energy of 5.7 kcal./mole for the overall propaga­
tion was obtained.
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Time in 2nd s t a g e  (hi)

Fig. 4. Amount of monomer polymerized vs. reaction time in second stage at S0°C. 
under various pressures: (©) 160 kg./cm.2; (CD) 300 kg./cm.2; (O)400 kg./cmA Con­
dition in first stage same as in Fig. 3.

Ô
£

I
o
+&N

( F u g a c i t y ) 2 *  10'"" ( k g / c m 2 ) 2

Fig. 5. Overall rate of propagation vs. square of ethylene fugacity at various tem­
peratures: (O)40°C.; (•) 80°C.

Time in 2nd stage (hr.)
20 40  60

Fig. 6. Amount of monomer polymerized vs. reaction time in second stage at various 
temperatures: ( 0.) 25°C., 300 kg./cm.2; (O) 40°C., 400 kg./cm.2; (•) 60°C., 400 kg./ 
cm.2; (ffi) 80°C., 400 kg./cm.2.
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1/ T X IOM °K r 1
Fig. 7. Effect of temperature on the specific propagation rate at 300-400 kg./cm.2,

25-80°C.

Mpt (C2 H< mole /  I .)

Fig. 8. Degree of polymerization vs. amount of polymerized monomer: (O) 400 kg./cm.2; 
(®) 300-330 kg./cm.2; (0) 250 kg./cm.2; (•) 160 kg./cm.2

Transfer Reaction

As shown in Figure 8, the degree of polymerization (Pn) in the second 
stage increases with the polymer formation at the initial stage at 25 and 
40°C., while it decreases at 60 and 80°C. However, at the later stage 
where the total amount of polymer is quite a bit larger than the amount 
of polymer formed in the first stage, P n attains constant values, which 
depend mainly on the temperature and do not depend on the pressure over 
the range of 160-400 kg./cm.2. We designate the constant value of the 
degree of polymerization as the ultimate degree of polymerization, [Pn\. 
It is shown that the higher the temperature, the lower [Pn] becomes. 
Inasmuch as initiation and termination do not occur, the value of [/\] is 
determined by the ratio of the rates of chain propagation to chain trans­
fer.
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The ratio of polymer yield to molecular weight is the number of moles 
of the polymer chain. Therefore, the number of moles of the polymer chain 
formed in the second stage (Npn) is given as (M pt/P,,) — (M„/P„i), M v, 
being the total amount of polymer formed. The number of polymer chains 
is plotted in Figures 9 and 10 against reaction time under various pressures

Time in 2nd stage (hr.)
0  2 0  4 0  60  8 0

Time in 2nd stage (h r.)

Fig. 9. Number of moles of polymer chain vs. reaction time in second stage: (•) 
25°C., 300 kg./cm.2; (O) 40°C., 400 kg./cm.2; (®) 40°C., 330 kg./cm.2; (0) 40°C., 
250 kg./cm.2; (®) 40°C., 160 kg./cm.2.

Time in 2nd stage (h r)

Fig. 10. Number of moles of polymer chain vs. reaction time in second stage at higher 
temperatures: (•) 60°C., 400 kg./cm.2; (O) S0°C., 40(1 kg./cm.2; ( ! )  S0°C. 300 kg./ 
cm.2; (9) 80°C., 160 kg./cm.2.

and temperatures. These results demonstrate that N ,a increases pro­
portionally with the time. In addition, the increasing rate of the number 
of the polymer chains was found to be linear to the second power of ethylene 
fugacity (cf. Fig. 11).

The number-average degree of polymerization is expressed by eq. (2):

Pn =  +  fp .rd t  -  ( ' / , ) / / / ,r//} (2)
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(Fugacity ) 2 * I0~4 ( k g /c m 2) 2

Fig 11. Rate of increase in the number of polymer chains vs. ethylene fugacity: (O)
40°C.; (•) 80°C.

1/ T x !03 ( °K )“ '
Fig. 12. Effect of the temperature on the rate of increase in the number of polymer chains

at 2o-80°C.

where R t, R tr, and R, represent the rates of initiation, transfer, and ter­
mination bv the recombination of radicals, respectively.

For the two-stage polymerization, M and P a can be expressed by 
eq. (3)

Pn = M vt/{ [.fRidt +  f R lrdt -  +  [ / M i n }  (3)

where subscripts 1 and II denote the first and second stage, respectively. 
From eqs. (2) and (3), eq. (4) is derived,

[ / M L  =  (M pt/P„) -  (Mpl/Pnl) = Npn (4)

Thus,

Rtr = dNm/dt (5)

Equation (5) indicates that in the second stage the rate of the transfer 
reaction is given by the rate of increase in the moles of polymer chains.



3 1 2 4 M A C 1 I 1 ,  R I S E ,  I I / U U W A R A ,  K A G I Y A

From the fact that N pU is proportional to the reaction time (Figs. 9 and 10) 
and the rate of increase in N vn is proportional to the second power of 
ethylene fugacit.v (Fig. 11), the rate equation of the transfer reaction is 
given as

R tr =  / U R - l / V  (6)

From eqs. (1 )-(3) and (6), the degree of polymerization is given as

P n =  1 / { (MPi/Mpt)(\/Pni) +  (ktT/kp)(  1 -  M pi/Mpt)} (7)

When the value of M pi/Mpt becomes very small, i.e., M pt »  M pi in eq. 
(7), the ultimate degree of polymerization is given as

linhii/pi/ji/pO — o Pn = [Pn] = K/ktr (S)
This equation means that the ultimate degree of polymerization is equal 
to the ratio of the rate constant for the propagation reaction to that for the 
transfer reaction.

The temperature dependency of the number of polymer chains is shown 
in Figure 12 as an Arrhenius plot, from which an activation energy of 23.4 
kcal./mole for the transfer reaction is obtained.

Short-Chain Branching Reaction

The methyl group content in the polymer was determined from the in­
frared absorption spectrum at 1375 cm.“ 1 (7.25 /¿). The terminal methyl 
group is eliminated in calculating the content of the methyl group in poly­
mer side chains (CFF/1000C). This value is thought to correspond to the 
degree of short-chain branching, which is believed to be determined by 
the ratio of the rate of short-chain branching to that of the propagation 
reaction.

Figure 13 shows that the methyl group content in side chains is inde­
pendent of the ethylene fugacity. This indicates that the fugacity ex-

2 o 
oOO
o

X  I 0
o

0

Fugacity * 10 2 ( kg /c m 2)

l.o  1.5 2.0

Fig. 13. Methyl group content of polymer in the side chain vs. ethylene fugacity: (O)
4 0 °C .; ( • )S ( ) ° C .
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ponent of the rate of short-chain branching is the same as that of propaga­
tion. Thus, the rate equation of the short-chain branching is,

Rb =  k-b [R ' ] /**  (9)

where Rb and kt represent the rate and rate constant of short-chain branch­
ing, respectively. The degree of short-chain branching, then, equals the 
ratio of the rate constants of the short-chain branching to the propagation 
reaction. Figure 14 demonstrates that the methyl group content increases 
with increasing reaction temperature, and the difference of activation energy 
between the short-chain branching and the propagation is 5.2 kcal./mole. 
Since the activation energy for the propagation is above shown to be 5.7 
kcal./mole, that for short-chain branching is 10.9 kcal./mole.

o I------------1------------1-----------
2.8 3,0 3.2 3,4

1/ T  x 10 3 ( ° K ) ‘

Fig. 14. Effect of the temperature on the methyl group content of polymer in side chain
at 25-80°C.

Model of Coordination of Two Ethylene Molecules and 
Energetic Consideration of the Mechanism

As shown above, the ultimate degree of polymerization is equal to 
lip/kin and the degree of short-chain branching is kh/kv. These rate ratios 
are expressed in terms of the activation energy and activation entropy by 
eqs. (10) and 11.

\ E  n\ =  K / k t r
= exp { (AN// — A Str* )/# } exp { —(AS, — AElr)/RT} (10) 

(CHj/lOOOC) = k„/kp
= exp j (AS,* -  A S ,*)/# } exp { - ( A  E„ -  A EV)/RT) (11)

Then,

AS,* -  AS„* =  R In [Pn] +  (AEp -  AE tr)/T (12)

AS,* -  AS,* =  R In (CHs/lOOOC) +  (AEb -  AEP)/T (13)

where AS* and AE are the activation entropy and the activation energy 
for each reaction. The values of (AS,* — AStT*) and (AS,* — AS,*) are
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evaluated as listed in Table III. The magnitude of the activation energies 
and entropies decreases in the order: AEtr >  AEb >  AEv and AiStr* >  AS** 
>  AS,*.

TABLE III
Activation Energy and Entropy of Elementary Steps

Activation Activation
energy, entropy

kcal./mole difference, e.n.

Propagation “>. 7 à S , r  -  AS,, =  38.2
Transfer
Short-chain

23.4

branching in.«.) AS* -  AS,, =  It).7

On the basis of kinetic and energetic considerations, the reaction mech-
anisms shown in eqs. (14)—(16) arc proposted.

Propagation:
E, R

H ,C
-----C- N ’ll

1 ■ "
- ^ ch2

R. .M il
■ 1

H CH.,
•c^

h2 R

Chain branching:

„  H, H,
R...(T

-----G- -GH
1

~ ~ ^ C R
R. MTI,

t t  '
H\ /CH,

h2 h 2

Transfer:

h2..c t
-----C" '('II

IP

'T H-----► — GH +  1 ‘ ----- ►
IE MTH- :CX'H,

II 11

II
C
H

R,
Ç\

- t '
H

CH G IL — Cy /
\ GIL

Since all three elementary steps follow a second-order rate equation with 
respect to ethylene fugacity, the coordination of two associated monomers 
to the growing chain end is considered. The propagation reaction is an 
addition of ethylene to the radicals. Short-chain branching involves the 
addition of ethylene to the radicals and intramolecular hydrogen abstrac­
tion. In the transfer reaction, the growing radical abstracts the hydrogen 
from ethylene to form a dead polymer with a methyl group at its chain
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end and a radical as an intermediate, cyclization of which takes place im­
mediately. The cyclization is considered because of the fact that there is 
no vinyl group at the polymer end.

Considering that both the short-chain branching and the transfer reac­
tions involve hydrogen abstraction and that propagation is a simple ad­
dition of ethylene to the radical, it is reasonable that the activation energy 
of the propagation is less than that of branching and transfer. The fact that 
the activation energy for the transfer reaction is greater than that for short- 
chain branching may be due to the fact that transfer is a complex reaction 
of hydrogen abstraction and cyclization of the intermediate radical.

The entropy of the transition state of short-chain branching is con­
sidered to be greater than that of the propagation because the former in­
volves the abstraction of hydrogen from the polymer as well as the addition 
of ethylene to the radical, while the propagation proceeds only by the addi­
tion of ethylene. Tire greatest entropy is considered to be in the transition 
state of the transfer reaction because it is a hydrogen abstraction reaction. 
The order of magnitude in the activation entropy is the same as that of the 
entropy of transition states, since the initial states of these reactions are the 
same.

Thus the results of the activation energy and entropy are shown to be 
consistent with the proposed reaction mechanism.
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Résumé

Les réactions de propagation, de transfert et de ramification courte en cours de poly­
mérisation par radicaux libres de l’éthylène ont été étudiées à des températures de 20 à 
80°C sous des pressions de 160 à 400 Kg/cm2 au moyen de la polymérisation en deux 
étapes et en utilisant un réacteur spécialement conçu. Dans la première étape, la 
polymérisation était effectuée en présence d’AIBN comme initiateur et dans la seconde 
étape, la propagation résultait des radicaux vivants en absence d’initiateur, Dans la
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seconde étape, le rendement en polymère croissait avec une augmentation de tempéra­
ture et de pression, et le poids moléculaire du polymère atteignait des valeurs constantes 
qui dépendaient de la température lorsque la contribution du polymère formé dans la 
première étape était très faible. On a montré que dans la seconde étape, les vitesses de 
propagation, de transfert et de ramification courte étaient toutes proportionnelles à la 
seconde puissance de la fugacité en éthylène et que l’énergie d’activation de ces réaction 
était de 5.7, 23.4 et 10.9 Kcal/mole, respectivement. Le polymère n’a pas de groupe 
vinylique terminal. Sur la base des résultats cinétiques et énergétiques, un mécanisme 
de ces réactions est soumis à discussion.

Zusammenfassung

Die Wachstums-, Übertragungs- und Kurzketten Verzweigungsreaktion bei der radi­
kalischen Polymerisation von Äthylen wurde bei Temperaturen von 20 bis 80°C, bei 
einem Druck von 160 bis 400 kg/em2 mittels einer Zweistufenpolymerisation unter 
Verwendung eines eigens konstruierten Reaktionsgefässes untersucht. In der ersten 
Stufe wurde die Polymerisation unter Verwendung von A1BN als Starter ausgeführt, in 
der zweiten Stufe erfolgte das Kettenwachstum mit Hilfe lebender Radikale in Abwesen­
heit eines Starters. Wie gezeigt wurde, stieg die Polymerausbeute in der zweiten Stufe 
mit der Reaktionstemperatur und dem Druck an, während das Molekulargewicht kon­
stante Werte annahm, die temperaturabhängig waren, wenn der Anteil des in der ersten 
Stufe gebildeten Polymeren sehr gering war. Es wurde gezeigt, dass in der zweiten 
Stufe die Geschwindigkeiten von Kettenwachstum, Übertragung und Kurzkettenverz­
weigung durchwegs dem Quadrat der Äthylenfugazität proportional sind und dass die 
Aktivierungsenergien dieser Reaktionen 5,7, 23,4 bzw. 10,9 Kdal/Mol betragen. Das 
Polymere besitzt keine endständige Vinylgruppe. Der Mechanismus dieser Reaktionen 
wurde auf der Grundlage der kinetischen und energetischen Ergebnisse einer Diskussion 
unterzogen.
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Synopsis

The stability of liquid formaldehyde produced by pyrolysis of a-polyoxymethylene 
was studied in connection with the presence of impurities in the monomer. Liquid mono­
mer was divided into several fractions by means of the distillation. The stability of 
each fraction for polymerization is dependent on the order of fraction, that is, the mono­
mer obtained in the early fractions of distillation was much more stable with regard to 
polymerization than later distillate. Analyses of the monomer fractions indicated that 
various impurities such as carbon dioxide, water, methanol, and methyl formate were 
present in the early monomer distillates. From the influence of these impurities on the 
stability of liquid formaldehyde, it was found that small amounts of carbon dioxide and 
hydrogen cyanide noticeably depressed the polymerization, and that with acetic acid 
and maleic anhydride the rate of polymerization decreased with small amounts of these 
compounds but increased with an excess of additive. On the other hand, the addition 
of these acidic substances did not affect the molecular weight of the polymer produced. 
From the fact that the acidic substance retards only the initiation of polymerization, it 
has been concluded that the spontaneous polymerization of formaldehyde in bulk or in 
toluene solution is initialed by an anionic species.

INTRODUCTION

It is well known that a highly pure sample of liquid formaldehyde 
polymerizes even at temperature of — S0°C. after several hours.1 Satis­
factory agents for inhibiting polymerization have not yet been discovered, 
although hydroquinone was reported to increase the stability of form­
aldehyde to a slight extent-.2 Formaldehyde is soluble in nonpolar solvents 
such as diethyl ether, chloroform, or toluene, but its stability is little 
improved by solvation.1

Staudinger3 observed that oxygen inhibited the rate of spontaneous 
polymerization of formaldehyde and concluded that an alkali in the 
reaction system, for example on the glass wall of the reaction vessel, may 
initiate the polymerization. On the other hand, Enikolopyan et- al.4'3 
and Machàcèk et al.6 reported that acids such as formic acid and carbon 
dioxide terminate the growth of the polymer chain in polymerization of 
formaldehyde by anionic catalysts, causing a decrease in both the rate
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of polymerization and the degree of polymerization. The role of formic 
acid as a chain transfer agent has been described in the literature.7

The present investigation centered on the stability of liquid formaldehyde 
in connection with impurities in the monomer. It was found that a 
suitable quantity of acid and acid anhydride effectively retards the rate 
of spontaneous polymerization, yet has no effect on the degree of poly­
merization of the resulting polymer. On the basis of these results, an 
anionic mechanism for the spontaneous polymerization of formaldehyde 
is proposed.

EXPERIMENTAL

a-Polyoxymethylenc was dried in vacuo at 50°C. and stored in a desic­
cator over silica gel before use. A 100 g. portion of a-polyoxymethvlene 
was put into a 500 ml. flask and pyrolyzed by heating in a closed system 
under reduced pressure. The gaseous product was passed through a 
tube packed with silica gel which was maintained at — 15°C. and was 
condensed into a reservoir at —7S°C.

The content of impurities in the monomer was determined by gas 
chromatography (Yanagimoto, Type GCG-3D) with polyethylene 
glycol) or diglvcerol.

Glass ampules of 30 ml. capacity were used as reaction vessels; they 
were baked under vacuum before use. The monomer was fractionally 
distilled in vacuo and each fraction was separately condensed into an am­
pule at. — 7S°C. In another experiment , the first fraction (ca. 10 vol.-%) was 
discarded, and oidy the middle fraction being simultaneously condensed 
into several ampules at — 78°C.

Toluene used as solvent was dried over metallic sodium and was dis­
tilled before use. Additives such as telluric acid, boric acid, stearic 
acid, pivalic acid, acetic acid, maleic anhydride, and carbon dioxide were 
commercial products. Hydrogen cyanide was prepared by decomposition 
of potassium cyanide by sulfuric acid according to the usual method.

Solid additives were put in the ampule before addition of monomer. 
In the case of liquid and gaseous additives purified toluene and liquid 
additive dissolved in toluene or the gaseous additive were introduced by 
syringe into the ampule through a rubber stopper which fitted into a side 
arm of the ampule. The ampule was then sealed off and maintained 
at 0 ±  1°C. After a given time, the ampule was cooled again to — 7S°C. 
Cooled diethyl ether was added to prevent the polymerization of unreacted 
monomer during separation. The polymer formed was filtered off under 
cooling and dried in vacuo at room temperature and weighed.

The inherent viscosity of polymer was measured with an Ostwald 
viscometer, starting with a solution containing 0.5 g. of polymer in 100 
ml. of p-chlorophenol containing 2% of a-pinene at 60°C. When not 
enough polymer for viscosity study was obtained in the 30-min. polymeri­
zation time separate experiments with a longer polymerization time were 
carried out to produce polymer for this purpose.
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RESULTS AND DISCUSSION

Impurities Contained in the Monomer and the Polymerization Rate

The purified monomer was analyzed by gas chromatography and the 
content of impurities detected was 0.12-0.16 vol.-% water, 0.07-0.13 
vol.-% methanol, 0.006-0.007 vol.-% methyl formate, and 0.17-0.21 
vol.-% carbon dioxide. In order to observe the influence of these impuri­
ties on the rate of polymerization of the monomer, the purified monomer

TABLE I
Polymerization Yield of the Distillate 
and the Content of Carbon Dioxide“

No. of 
distillate

Distillate,
vol.-%

Content of 
CO2, mole-%

Polymerization 
yield, wt.-%

1 0 - 1 1 3.26 0
2 11-25 0.55 9.8
3 25-40 0.04 ca. 100

a Monomer concentration, 50 vol.-% in toluene solution; temperature, 0°C.; reaction 
time, 30 min.

was fractionated by distillation into four parts of distillate, and the poly­
merization yield of the monomer from each part of distillate was measured 
at 0°C. in toluene solution at a concentration of 50 vol.-%. Of these impuri­
ties, only the presence of carbon dioxide was related to the polymerization 
yield of the monomer, as shown in Table I. It was found that the increase 
of carbon dioxide markedly decreased the polymerization yield.

Influence of Added Carbon Dioxide on the Stability 
of Liquid Formaldehyde

To determine the quantitative effect of carbon dioxide on the stability 
of liquid formaldehyde, carbon dioxide was added to the monomer in 
bulk, and the polymer yield was examined 30 min. later after holding 
at 0°C. In this experiment the monomer used was simultaneously dis­
tilled into the ampules in order to equalize the initial concentration of 
carbon dioxide. From the results shown in Figure 1, it was found that 
carbon dioxide at a concentration of above 2 mole-% inhibited the poly­
merization of formaldehyde. Furthermore, liquid formaldehyde in a 
homogeneous solution containing 50 mole-% carbon did not polymerize at 
— 78°C. even after a month.

Influence of the Addition of Various Acids and Acid Anhydrides 
on the Stability for Polymerization of Formaldehyde Solution

A detailed study of the influence of some weakly acidic substances on 
the stability of the monomer was carried out.
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Fig. 1. Influence of the addition of carbon dioxide on the stability of liquid formaldehyde; 
5 g. monomer in 30-ml. ampule; 0°C.: 30 min.

to
ooto

ADDITIVE / MONOMER, mol ratio x 102
Fig. 2. Influence of (O, •) carbon dioxide and (A,  ▲) hydrogen cyanide on the poly­

merization rate and the inherent viscosity of polymer in toluene solution; monomer con­
centration, 50 vol.-%; 0°C., 30 min.
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¡1
ACETIC ACID /  MONOMER , mol r a t i o  x 10 

0 10 20 30 kO 50

Fig. 3. Influence of (O, •) acetic acid and (A, A)  maleic anhydride on the polymeriza­
tion rate and the inherent viscosity of polymer in toluene solution; monomer concentra­
tion, 50 vol.-' f ; ()°C.; 30 min.

The monomer used in the experiment was found by analysis to contain 
0.09 vol.-% carbon dioxide, 0.13 vol.-% water, and 0.10 vol.-%, methanol 
as impurities. The impurities contents of the monomer used in subsequent 
experiments were almost the same as described above.

The polymerization was carried out in toluene solution at a monomer 
concentration of 50 vol.-% at 0°C. for 30 min.; results are shown in 
Table II. The rate of polymerization was depressed by the addition of 
acidic substances, especially inorganic compounds such as telluric acid, 
boroic acid, hydrogen cyanide, and carbon dioxide, while the molecular 
weight of the polymer obtained was not affected by the addition of these 
acidic substances.

Figures 2 and 3 show the influence of hydrogen cyanide, carbon dioxide, 
maleic anhydride, and acetic acid on the stability of the monomer in 
toluene solution. The polymer yield decreased rapidly with addition 
of these compounds. A marked depressing effect was observed with 
carbon dioxide, while a slight increase in the rate of polymerization was



RETARDATION OF SPONTANEOUS POLYMERIZATION 3135

seen with addition of excess acetic acid or maleic anhydride. It was 
also found that the degree of polymerization was not affected by the 
addition of acidic substances.

Role of Acidic Substances in the Polymerization

It has been reported that cationic and anionic catalysts easily give 
polymerization of formaldehyde.8-11 However, the mechanism of spon­
taneous polymerization of anhydrous formaldehyde in a condensed phase 
has not been elucidated clearly. Only the ionic initiation of this poly­
merization has been proposed in early st udies.

As described above, addition of small amounts of acidic substances gen­
erally reduces the rate of spontaneous polymerization of formaldehyde, 
but these acidic substances do not affect the molecular weight of the 
polymer produced over the entire range of concentration studied. This 
means that an acidic substance retards only the initiation of polymerization, 
which should be caused by an anionic species in the reaction system. 
If acidic substances examined terminate the growth of polymer chain, 
as Enikolopyan et ah5 reported, the molecular weight of the resultant 
polymer should be affected. The role of hydroquinone, reported by 
Spence,2 can be also understood as that of proton donor.

Addition of excess acetic acid or maleic anhydride slightly increased 
the polymerization yield. The optimum amount of acid depressing 
polymerization varied with the dissociation constant of acid used. It 
is considered that the concentration of proton produced by dissociation 
of acid in the reaction system increases with the acidity of acidic substance 
used, and when the proton concentration is comparable to the concen­
tration of an anionic initiating species the polymerization is the most 
effectively depressed. An excess of proton causes a cationic polymeriza­
tion of the monomer.

Acid anhydride acts as acid in cooperation with water present in the 
monomer used. Thus, proton is produced from carbon dioxide by dis­
sociation equilibrium with water, according to eq. (1):

K\ Ki
FLO +  C 02 w- fbCOs — 11+ +  HCOs" (1)

where AT and AY are the equilibrium constants. Thus, the proton con­
centration is inversely proportional to the square root of the concentration 
of carbon dioxide.

[11+] =  K , V t [ H 2C O , ] V j

= AY :Ay, Y(.,()..l1o ;u ,0 ] 'a  (2)

The rate of polymerization should be, therefore, inversely proportional 
to the square root of the concentration of carbon dioxide. This relation­
ship between the rate of spontaneous polymerization and the concentration 
(jf carbon dioxide is satisfied in Figure 4, which was calculated by using 
the experimental values shown in Figure 2.
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(c 0 2 /  CH20 , mol % ]  “ 1//2

Fig, 4. Relation between the concentration of carbon dioxide and the polymerization
rate.

From the fact that the acidic substance retards only the initiation of 
polymerization, it may he concluded that the spontaneous polymerization 
of formaldehyde in bulk or in a toluene solution is initiated by an anionic 
species.

The authors wish to express their thanks to Dr. K. Fujimura, Director of Takarazuka 
Radiation Laboratory, who gave us useful advice on the research work and the permission 
for the publication of this paper, and also to Mr. Y. Otsuka and Mr. T. Nishida for much 
helpful assistance.
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Résumé

La stabilité du formaldéhyde liquide produit par pyrolyse d’o-polyoxyméthylcne a 
été étudiée en rapport avec des impuretés contenues dans le monomère. Le monomère 
liquide était divisé en différentes fractions au moyen de la distillation. La stabilité de 
chaque fraction du point de vue de la polymérisation dépendait de Tordre de la fraction, 
c’est-à-dire, le monomère obtenu dans les fractions premières de distillation était très 
stable pour la polymérisation comparées aux dernières fractions. Des résultats analyti­
ques du monomère formé indiquaient que diverses impuretés tel que du CO>, de l'eau, 
du méthanol et du formiate de méthyle étaient présents dans le monomère. Au départ 
de ces résultats sur l’influence des impuretés sur la stabilité du formaldéhyde liquide on a 
trouvé que de faibles quantités de CO-> et d’acide cyanhydrique diminuaient remarquable­
ment la polymérisation et qu’en présence d’acide acétique et d’anhydride maléique la 
vitesse de polymérisation décroissait avec la quantité de ces composés, mais qu’elle 
reaugmentait avec une quantité en excès. Par ailleurs l’addition de substances acides 
n’effectait pas le poids moléculaire du polymère produit. Du fait que la substance acide 
ne retarde que l’initiation de la polymérisation, on en conclut que la polymérisat ion spon­
tanée du formaldéhyde en bloc ou en solution toluénique est intiée par une espèce anioni­
que.

Zusammenfassung

Die Stabilität von flüssigem, durch Pyrolyse von «-Polyoxvmethylen hergestelltem 
Formaldehyd wurde in Verbindung mit einer im Monomeren enthaltenen Verunreinigung 
untersucht. Das flüssige Monomere wurde mittels Destillation in mehrere Fraktionen 
geteilt. Die Stabilität jeder Fraktion im Hinblick auf Polymerisation hängt davon ab, 
um die wievielte Fraktion es sich handelt, d.h. das in der Anfangsfraktion der Destil­
lation erhaltene Monomere war äusserst polymerisationsbeständig, mehr als das in 
einer späteren Fraktion enthaltene Monomere. Eine analytische Untersuchung des 
gebildeten Monomeren ergab, dass verschiedene Verunreinigungen wie Kohlendioxyd, 
Wasser, Methanol und Methylformiat im Monomeren enthalten sind. Aus Unter­
suchungen über den Einfluss dieser Verunreinigungen auf die Stabilität flüssigen 
Formaldehyds ging hervor, dass kleine Mengen an Kohlendioxyd und Cyanwasserstoff 
die Polymerisation beträchtlich hemmen und dass bei Zusatz von Essigsäure und 
Maleinsäureanhydrid die Polymerisationsgeschwindigkeit mit der Konzentration 
dieser Verbindungen zunächst abnahm, während sie bei Zugabe eines Überschusses 
anstieg. Andererseits hatte der Zusatz dieser aciden Substanzen keinen Einfluss auf das 
Molekulargewicht der entstandenen Polymeren. Aus der Tatsache, dass die Sub­
stanzen mit Säurecharakter nur den Polymerisationsstart verlangsamen, wurde geschlos­
sen, dass die spontane Polymerisation von Formaldehyd in Substanz oder in Toluollösung 
durch eine anionische Spezies ausgelöst wird.
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Synopsis

Dialkylzinc-Lewis base systems are found to be active catalysts for the polymeriza­
tion of alkylene oxides. The diethylzinc-dimethyl sulfoxide system is especially ef­
fective in the preparation of high polymers of ethylene oxide and propylene oxide. Di- 
ethylzine does not react with dimethyl sulfoxide, but there is strong association between 
the compounds. The proton magnetic resonance spectrum of a poly(ethylene oxide) 
prepared by the catalyst system suggests that the re-butoxyl group is attached to the end 
of the polymer chain. Polymerization of ethylene oxide seems to be initiated by the 
ethyl-zinc bond. The active species of the system seems to be diethylzinc coordinated 
with dimethyl sulfoxide. The efficiency of the catalyst system for the formation of 
high molecular weight polymer is 10—*—1()—*. The other part of the catalyst is responsi­
ble for the formation of low polymers.

INTRODUCTION

Various catalyst systems containing metal-oxygen or metal-nitrogen 
bonds have been reported to induce the polymerization of alkylene oxides, 
yielding polymer of extremely high molecular weight.1 Metal alkyls 
themselves are generally only slightly active in the polymerization of 
alkylene oxide, and hence various cocatalysts containing active hydrogen 
are proposed. These cocatalysts react with a metal alkyl to form the 
metal-oxygen or the metal nitrogen bonds. In the present paper is 
described the catalytic activity of dialkylzinc--Lewis base systems, a 
new type of catalyst systems, in the high polymerization of alkylene oxides.

EXPERIMENTAL

Reagents

Diethylzinc was purified by distillation, b.p. 117°C. The concentration 
of the solutions of diethylzinc was determined by chelatometry.'2 Dimethyl 
sulfoxide was refluxed over calcium hydride and distilled under reduced 
pressure. Tetramethylene sulfoxide and diphenyl sulfoxide were pre­
pared according to the procedures of Tarbel3 and Shriner,4 respectively. 
Triethylamine was distilled in the presence of acetic anhydride, dried

3139



:U40 FUliIlkAWA, KAWABATA, KATO

over alumina, and redistilled. Ethylene oxide was dried over calcium 
hydride and distilled three times. Propylene oxide was refluxed over 
potassium hydroxide pellets, dried over calcium hydride, and fractionated. 
Epichlorohydrin was purified by distillation. Benzene, toluene, tet- 
rahydrofuran, p-dioxane, and acetonitrile were purified by the usual 
methods.6 Nitrogen was purified by passage through a tube containing 
copper turnings in a furnace at 200°C. followed by passage through a 
dioxane solution of the metal ketyl produced from sodium and ben- 
zophenone. Other reagents were commercial products and were used 
without further purification.

Procedure

Polymerizations were carried out under a nitrogen atmosphere in 
sealed Pyrex test tubes. The polymer was recovered by evaporating 
the solvent and unchanged monomer at room temperature in vacuo. The 
recovered poly(ethylene oxide) was dissolved in acetonitrile containing 
methanol, the solution was centrifuged, and the upper layer was dried 
in vacuo. Poly(ethylene oxide) of low molecular weight was washed 
several times with isopropanol and purified by freeze-drying from benzene. 
The recovered poly (propylene oxide) was dissolved in benzene containing 
methanol, the solution was centrifuged, and the upper layer was dried 
by the frozen benzene technique. The viscosity of poly(ethylene oxide) 
and poly (propylene oxide) solutions was measured at 30° C. in acetonitrile 
and at 25°C. in benzene, respectively, with an Ubbelohde-type viscometer. 
The molecular weight of poly(ethylene oxide) was calculated by use of 
eq. (I).6

The calculation of the M v value from the viscosity data in acetonitrile 
by eq. (1) was assumed not to lead us into serious error, although the 
equation had been obtained in water at 30°C.

[ij] =  1-25 X i o - 4 M v°-n (1)

The number-average molecular weight of poly(ethylene oxide) of low mo­
lecular weight was measured with a Mechrolab vapor-pressure osmometer. 
The acetone-insoluble fraction of poly(propylene oxide) was measured 
at 0°C. by separating it from a 1% solution of the polymer.7 The volume 
of the evolved gas from catalyst systems was measured by a gas buret 
at 25°C. Vapor-phase chromatographic analysis of the evolved gas was 
made on a Yanagimoto 3DH gas chromatograph with the use of squalane 
as the liquid phase. The chemical analysis for sulfur in the polymers 
was performed according to the sodium azide method.8 The fractionation 
of polyethylene oxide) was made at 0°C. by means of the acetonitrile- 
isopropanol system. The infrared spectra of catalyst systems were 
measured with a Hitachi EPI-G double-beam spectrophotometer at 
room temperature under nitrogen atmosphere. The proton magnetic 
resonance spectra were obtained with a Japan Electron Optics Lab.
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3H-60 spectrometer using tetramethy]silane as the internal standard in 
deuterochloroform at room temperature.

RESULTS AND DISCUSSION

Polymerization o f Alkylene Oxides by 
Dialkylzinc Sulfoxide Systems

The catalytic activity of diethylzinc in the polymerization of ethylene 
oxide and propylene oxide is greatly enhanced when an appropriate 
amount of dimethyl sulfoxide (DMSO) is added as a cocatalyst. The 
catalytic activity of the system is not very sensitive to the ratio of DMSO 
to diethylzinc, although the optimum mole ratio lies between 1 and 2.

Fig. 1. Comparison of the infrared spectrum of diethylzinc with those of various di- 
ethylzinc-DMSO systems: (.4) without D M 8 0; (B) just after mixing; (C) after aging
for 1 hr. at 80°C.; (D ) after aging for 10 hr. at 110°C. Toluene was used as solvent; 
DMSOidiethylzine = 1.

The catalytic activity of the system is further enhanced by thermal aging 
of the catalyst at elevated temperatures before polymerization. Some 
typical results of the polymerization of ethylene oxide and propylene 
oxide by the diethylzinc-DMSO system are shown in Table I, where the 
catalyst system was used after aging at 110°C. for 10 hr. The poly­
merizations proceed homogeneously in toluene. In hexane, however, the 
polymerizations proceed heterogeneously. The catalyst system affords 
crystalline poly (propylene oxide) which is insoluble in cold acetone.*

* The insoluble fraction is about 20% of the polymer.
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The catalyst system has some slight activity in the polymerization of 
epichlorohydrin. The diethylzinc-tetramethylene sulfoxide system is 
less effective than the diethylzinc-DMSO system in the polymerization 
of ethylene oxide and propylene oxide. The diethylzinc-diphenyl sul­
foxide system shows even less activity in the polymerization.

Reaction of Diethylzinc with DMSO

The reaction of diethylzinc with DMSO was examined in order to 
clarify the active species of the catalyst system. When DMSO was 
added to a toluene solution of diethylzinc, no evolution of gas was observed 
during the aging of the system both at 90°C. and at 110°C. for a long time, 
and the catalyst system after aging was still capable of evolving gas on 
hydrolysis by the addition of methanol. The volume of the evolved gas 
as measured by a gas buret was nearly equal to the calculated value if 
we assumed that the diethylzinc remained unchanged during the heat 
treatment. The evolved gas was ascertained by use of vapor-phase 
chromatography to be pure ethane. These facts indicate that diethylzinc 
does not react with DMSO under these reaction conditions.

TABLE II
Gases Evolved on Quenching the Diethylzinc-DMSO System 

by Methanol-[A]a

DM SO/ 
L t2Zii 

mole ratio
Et.Zn, 

mole/l.

Cat alyst 
system,
' ml.

Evolved gas

ml. <•//o

0 1.000 0.500 23.77 —

1.0 0.032 0.536 23.60 99.3
2 .» 0.874 0.572 23.68 99.6

8 The catalyst system was aged at. 1)0°C. for 2 hr. Toluene was used as the solvent.

TABLE III
Gases Evolved on Quenching the Diethylzinc--DMSO System

by Methunol-[B]a

DM SO/
Et2Zn Et-jZn,

Cat alyst 
system,

Evolved gas

mole ratio mole/1. ml. ml. C '0

0 1.000 0.500 24.68 —
1.0 0.932 0.536 24.32 98.5
2.0 0.874 0.572 24.60 99.8

a The catalyst system was aged at 110°C. for 10 hr. Toluene was used as the
solvent.

Infrared Studies on the Diethylzinc DMSO System

The infrared spectra of the catalyst system were obtained in order to 
determine whether the diethylzinc DMSO system was only a mixture
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Fig. 2. Infrared spectra of 1 )MSO with or without diothylzinc: (.1) without diethyl-
zinc; (B ) just after mixing; D A I S O :diethylzinc = 1; (C) after aging for 1 0  min. at 
110°C., DM SO: diethylzinc = 1. Toluene was used as solvent.

of diethylzinc and DMSO or whether the compounds associated with each 
other. When DMSO was added to a toluene solution of diethylzinc, the 
absorption bands of diethylzinc shifted to a lower frequency, as can be 
seen in Figure 1. Figure 2 shows infrared spectra of DMSO in the catalyst 
system which indicate some shifts of bands to lower frequency on the 
addition of diethylzinc. These facts suggest that the diethylzinc-DMSO 
system is a system of strongly associated compounds rather than a mixture 
of diethylzinc and DMSO.

Proton Magnetic Resonance Spectrum of Polyfethylene Oxide) 
Prepared by the Diethylzinc-DMSO System

On the assumption that the active species of the diethylzinc-DMSO 
system for the polymerization of alkylene oxides is the diethylzinc co­
ordinated with DMSO, the ethyl group of diethylzinc might be presumed 
to be attached to the endgroup of the polymer chain. The proton mag­
netic resonance spectrum of a polyethylene oxide was taken at an elevated 
sensitivity in deuterochloroform, which is shown in Figure 3. The poly­
ethylene oxide) was prepared in toluene by use of the diethylzinc-DMSO 
system. The number-average molecular weight of the polymer was 
about 1000. In Figure 4 is shown the proton magnetic resonance spectrum 
of diethylene glycol di-n-butyl ether. Comparing Figure 3 with Figure 4,
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Fig. :3. Prolun magndic reSOllanl;e spel;tnun of a poly(ethylene oxide) ill CDCI,. The
polymer was prepared by use of tho diethylzinc-Dl\lSO system in tuluelle.

TMS

10 r

Fig. 4. Proton magnctic l'eSO!1l111Ce spectrum of diethylenc glycol di-n-butyl ether ill
CDCI,.

we concluded that the n-butoxyl group was attached to the end of the
polymer chain (I). The peak at 9.1 T was assigned to the methyl group
and that at 8.7 T was assigned to the two methylene groups adjacent to
the methyl group.

CH3CH,CI f,CH,O---f-CH,CH,O+n-H
I

In the case where DMSO acts as an oxidizing agent for diethylzinc and
the ethoxyl group initiates the polymerization of ethylene oxide, the
ethoxyl group will be attached to the end of the polymer chain (II), and
the peak due to the methyl group will appear at 8.8 T and no absorption
at 9.1 T. The possibility can be ruled out from the spectrum shown in
Figure 3.

CH3CH,O-f-CHzCH,O+,,-H
II

Other possibilities of initiations by the species like III, IV, and V are
al130 ruled out by the negative results of 1:1 chemical analysis fol' :,mlfur*
in the polymers of structures of VI, VII, and VIII.

CH3SOCHzZn­
III

CH3SCHzZn­
IV

* Analysis would be able to detect the presence of 1 sulfur atom per 1000 polymer
chains, but the results were still negative.
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CH3CH,(CH3 ),SOZn­
V

C11 3SOCH,CH,CH,O-+CH,CH,O+,,-H
1'1

CH 3SCH,CH,CH,O-+CH,CH,O+,,-H
vn

CH3CH,(CI-Ia),SOCH,CI-I,O-+CH,CH,O+,,-H
YIn

The active species of the diethylzillc-D:\lSO system for the high pol:,-­
merizatioll of alkyIClle oxides is concluded to be diethy Izinc coordillated
with D.MSO.

Efficiency of the Diethylzinc-DMSO System in
the Polymerization of Ethylene Oxide

The poly(ethylelle oxide) prepared by use of the catalyst system was
separated into two parts by dissolving the polymer in acetonitrile followed
by pouring the solution into diethyl ether. The number-average molecular
weight of the polymer uf the soluble part was determincd by vapor-pressure
osmometry. * The polymer of the insoluble part was further fractionated

TABLE IV
Fractiunation Data uf the Ether-1n~olublePart of Puly(ethylene Oxide)

Prepared by the Diethylzinc-Dl\ISO Sy~tem'

Fraction

2
:3
4

6
7

• (.iil.)" = 1.16 X 10'.

1L' j X 100

4.6
4.7
7.3

17. ;)
21.1
42.3

2.;)

l'll j, dJ./g.

1.8;j
:3.4;)
;j.OO
6.4;j

6.65
~.()5

905

illtU several parts of different molecular weight by use of the isopropanol­
acetonitrile s~·stem. Table IV illdicates the molecular weight distributiull,
and Figure 5 shows the cumulative amoullt of the polymer as a fUllction
of the reduced viscosity-average molecular weight. 9 The dashed curve
ill Figure 5 shows the must probable distribution. lO As is obvious in
Figure 5, the ratio lJtel Xf" for the insoluble part of the polymer lies be­
tween 1 alld 2. The M v value of the insoluble part uf the polymer is
not appreciably different from the AI" value.

* The soluble pul~'lrer wa..; purified a~ follows. A small amount of methanol was
added to an acetunitrile ~ulntiun of pulymer, the wlutiol\ wa~ centrifuged, and the upper
layer was dried in t'awo. Subsequently, the pulymer wa,;; wa~hed ~everal t.ime~ with iso­
propanul and purified by freeze drying from benzene.
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TABLE VI
Polymerization of Propylene Oxide by

the Diethylzinc-Triethylainine System“

Diéthylzinc, Conversion, Mi
mole-% 0//O dl./g.»

5.0° 49 1.5
1.0' 9 0.65
5 .0d ion 5.7
1.0d 14 2.3

a Polymerization was carried out in toluene solution at 70°C. for 250 hr. The con­
centration of propylene oxide is 7.1.'> m ole/l.; E l3N /E t2Zn = 2.

b Viscosity at 25°C. in benzene.
c The catalyst system was used without aging.
d The catalyst system was aged at 90°C. for 1 0 hr. prior to the polymerization.
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Résumé

Des systèmes zinc-dialcoyle-base de Lewis sont des catalyseurs actifs pour la poly­
mérisation d ’oxydes d ’alkylène. Le système diéthylzinc-diméthyl sulfoxyde est par­
ticulièrement efficace dans la préparation de hauts polymères d’oxyde d’éthylène et 
d’oxyde de propylène. Le diéthylzinc ne réagit pas avec le diméthyl sulfoxyde, mais ces 
corps s’associent facilement les uns aux autres. Le spectre de résonance magnétique 
protonique d’oxyde de polyéthylène préparé avec ces systèmes catalytiques suggère 
que le groupe n-butoxylique est attaché à l’extrémité de la chaîne polymérique. La 
polymérisation de l’oxvde d’éthylène semble être initiée par le lien zinc-ét.hyl Les 
espèces actives des systèmes semblent être le diéthylzinc coordonné avec le diméthyl 
sulfoxyde. L’efficacité de ce système catalytique pour la formation de polymère de 
poids moléculaire élevé est de l()- , -1 0 _!. L’autre partie du catalyseur est responsable 
de la formation de polymères bas.

Zusammenfassung

Systeme aus Dialkylzink und Lewis-Basen stellen, wie gefunden wurde, aktive Kata­
lysatoren für die Polymerisation von Alkylenoxyden dar. Das Diäfhylzink-Dimethyl- 
sulfoxyd-System ist bei der Herstellung von Hochpolymeren des Äthylenoxyds und 
Propylenoxyds besonders wirksam. Dinthylzink reagiert zwar nicht mit Diméthyl-
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sulfoxvd; beide Verbindungen sind aber stark miteinander assoziiert . Das protonen­
magnetische Resonanzspektrum eines mit diesem Katalysatorsystem hergestellten 
Polyäthylenoxyds deutet an, dass die re-Butoxylgruppe an ein Ende der Polymerkette 
gebunden ist. Die Äthylenoxydpolymerisation scheint durch die Äthyl-Zinkbindung 
gestartet zu werden. Die aktive Spezies des Systems dürfte das mit Dimethylsulfoxyd 
koordinierte Diäthylzink sein. Der Nutzeffekt des Katalysatorsystems für die Bildung 
von Polymeren hohen Molekulargewichts beträgt 1 ()—1 1 ()" 2. Der andere Teil des 
Katalysators ist für die Bildung niedermolekularer Polymerer verantwortlich.

Received February 28, 19(17 
Prod. Xo. 544SA
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Persulfate-Initiated Polymerization of Acrylamide*

J. P. RIGGSf and F. RODRIGUEZ,
Geer Laboratory for Rubber and Plasties, School of Chemical Engineering, 

Cornell University, Ithaca, New York 14850

Summary

A dilatometric technique was used to obtain conversion-time data for the polymeriza­
tion of acrylamide initiated by potassium persulfate in water. The results are sum­
marized by the empirical rate expression, — f/[Mi]/di = Rv = A\s4 K 2»Ss0 8]II-6[M i] *•“ , 
and A, 25 =  1.7(1 X l()n exp ¡ —16,900/7/2’ } l.°-75/mole~°-15-min. Persulfate was varied 
over the range 9.5 X 10~ 4 to 5.2 X 10-2  mole/1., and initial monomer concentration 
[Mi] was varied from 0.05 to 0.4 mole/1. The temperature range was 30-50°C. Re­
sults of analysis of the kinetics and energetics of the polymerization favor a cage-effect 
theory rather than a complex-formation theory to explain the order with respect to 
monomer.

The present work examines the mechanism by which acrylamide is 
polymerized by persulfate, a simple free-radical initiator which is also 
a component of many redox couples. In further work, the system will 
be extended to the redox couple persulfate-thiosulfate.1'2

Acrylamide (CH2=CH CO N H 2) is a white, water-soluble, crystalline 
solid, melting at 84.5°C. and possessing good thermal stability in the 
solid form.3 The polymerized form of acrylamide, and, hence, the growing 
radical, is also water soluble. The monomer has been polymerized by 
a number of techniques: 7-ray initiation,4 ultrasonic waves,5 and photo-
polymerization.6'7 Dainton and co-workers made detailed studies of 
the polymerization kinetics in aqueous solution using x-rays and 7-rays 
for initiation8 and also studied the photosensitized initiation by hydrogen 
peroxide and ferric ion.9 Redox polymerizations of acrylamide include 
the initiation systems chlorate-sulfite,10 persulfate-metabisulfite,11 Ce-
(III)-3-chloro-l-propanol,12 and ferric ion-bisulfite.13 There is apparently 
no published work on the polymerization of acrylamide induced by the 
conventional peroxidic or azo dissociative initiators alone.

Dainton89 used dilatometry and rotating-sector experiments. In 
general, his results follow the classical pattern for free-radical poly­
merizations, with first-order dependence of rate on monomer concentration. 
However, with the chlorate-sulfite redox system, Suen10 found that,

* Presented to the Division of Polymer Chemistry, 149th Meeting, American Chemical 
Society, Detroit, April 1965.

f Present address: Celanese Corp. Research Center, Summit, N. J.
3151
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although initial rates depended on the first power of monomer concen­
tration, the conversion-time data were best fitted by a five-halves power 
on the monomer concentration. Suen’s hypothesis that monomer is 
adsorbed by polymer was not borne out in a subsequent study with per­
sulfate-metabisulfite as the initiation system,11 but the five-halves power 
persisted.

EXPERIMENTAL

Water used as solvent in the kinetic studies was singly distilled and 
further purified by percolation through an ion-exchange demineralizer. 
Acrylamide was supplied by the Borden Chemical Company and was 
recrystallized from chloroform. The recrystallized product was washed 
several times with benzene, aspirated briefly in a Büchner funnel, and 
then dried under vacuum, at room temperature, for 12-15 hr. The 
purified acrylamide was stored in the dark over calcium chloride. The 
inorganic salts used were of analytical grade and were not purified further.

The basic parts of the apparatus consisted of two deaeration units, 
a dilatometer, constant temperature baths, a magnetic stirrer used to

Fig. 1. Schematic of polymerization: (A) deaeration units (see Fig. 2); (B) adjust­
able contact thermometer; (C) variable-speed agitator; (D) 150 w. lamps; (E ) vari­
able-speed magnetic stirrer; (F) on-off valve; (VI) TVa-turn brass needle valve; (Y2) 
polyethylene needle valve; (V3J polyethylene needle valve; (V4) three-way T-bore, 
Pyrex stopcock; (1) glass V connecting to dilatometer heads via flexible tubing; (2) 
flexible tubing connection to dilatometer capillary.
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spin a small, Teflon-coated stirring bar in the bulb of the dilatometer, 
and a tubing system to purge and blanket the reactant solutions with 
nitrogen. Figure 1 shows a schematic of the polymerization equipment.

For deaeration (Fig. 2), solutions were introduced into a central cylinder, 
21 cm. long, constructed by fusing a section of 28-mm. tubing to a fritted- 
glass filter which functioned as a porous plate for dispersing nitrogen 
evenly into small bubbles over the entire cross-section. A system of 
glass tubing connected the cylinder to three, three-way stopcocks which 
permitted both deaeration and evacuation of the reactant solutions in 
the central cylinder and, in conjunction with the dilatometer heads, 
provided a closed system for transfer of deaerated solutions to the di­
latometer.

Fig. 2. Dilatometer and deaeration unit (stopcocks connecting filling tubes and reaction
bulb not shown).

The dilatometer (Fig. 2) consisted of two filling tubes fitted with special 
heads and connected to a stirred reaction bulb on which was mounted a 
long, precision-bore capillary. The 1 mm. bore of the capillary per­
mitted measurement of volumetric contraction of the reaction mixture 
from the height h of the liquid in the capillary.

Kinetic data were taken regularly to high conversions and, in many 
cases the reaction was followed to more than 80% conversion. In all 
runs, the polymerization was allowed to continue in the dilatometer to 
at least 95% completion, after which the product was transferred to a 
test tube, and held at temperature for an additional 3-4 hr.

By assuming the fraction of monomer converted is directly proportional 
to the decrease in volume accompanying the polymerization, and long 
chains, one obtains for the rate of polymerization

= ! ,M |«/(/*o -  ha) } (clhfdt)Rv =  -  d[M]/dt (1)
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The difference in capillary height at zero and infinite time (h0 — h„) de­
pends on the initial monomer concentration and the particular shrinkage 
characteristics of the monomer-polymer system in a given medium. The 
shrinkage factor reported by Dainton8 of 5.0 ±  0.25 X 10~5 mole acryl­
amide polymerized for each millimeter contraction in a 1-mm. capillary 
was confirmed in this work and used throughout.

RESULTS AND DISCUSSION 

Initiator Concentration

The influence of persulfate was studied over a 55-fold concentration 
range, and the results are compiled in Table I. The half-order dependence

TABLE I
Initial Polymerization Rate (7ipo) versus Persulfate Concentration“

[K-ÄOglo, 
mole/1. X 10s

Rp0j
mole/l.-min. X 103

Initial
pH

Final
pH

0.953 0.402 4.08 4.20
2.96 1 .08 4.21 4.21
4.16 1.16 3.98 3.94
7.81 1 .5S 3.88 3.90

10.4 1.79 3.74 3.68
14.1 2 . 1 2 3.68 3.62
18.2 2.26 3.58 3.62
40.0 3.43 3.34 3.33
52.1 4.21 3.20 3.20

“ [M]e = 0.2.38 mole/1. ; T =  30°O.

of initial rate on initiator concentration (Fig. 3) is the usual result for a 
reaction uncomplicated by transfer or termination reactions involving 
the initiator or related species. On the other hand, the conversion-time 
data are not conventional, and are best correlated, to high conversions, 
on the basis of a 1.25-order with respect to monomer (Fig. 4).

Fig. 3. Dependence of the initial rate of polymerization Rp0 on the initial concentrations 
of initiator [KoSaOsJo and monomer [Mo].
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Fig. 4. Course of polymerization in terms of dilatometer reading h plotted assuming the 
rate proportional to monomer concentration to the 1.25 power.

Monomer Concentration

All results (Table II and Fig. 3) are satisfactorily correlated within 
experimental uncertainty by a line with a slope of 1.25, in agreement with

TABLE II
Initial Polymerization Rate versus Monomer Concentration3

[Mio, 
mole A

RPo,
mole/l.-min. X 103

Initial
pH

Final
pii

0.0498 0.362 3.40 3.41
0.0798 0.612 3.40 3.50
0.125 1.26 3.50 3.53
0.175 2 2 2 3.50 3.48
0.39S 5.27 3.49 —

3 [K,S,08]o = 2.61 X IO"2 mole A ; T  = 30°C.

the data of Figure 4. It should be recalled that the previously cited 
work10,11 on the redox-initiated polymerizations showed a five-halves 
order dependence over the course of the reaction and a first-order depen­
dence on initial monomer concentration, in contrast to the results of this 
study. The data obtained here then cast further doubt on the plausi­
bility of the purely physical monomer-adsorption hypothesis.

Molecular weights were difficult to measure and reproduce. Some 
solutions were unstable and crosslinked on standing a few days. Based 
on the rate dependence, it is expected that molecular weight should depend 
more on monomer concentration than on initiator. If initiator concen­
trations are ignored, an exponential dependence on monomer concentration
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Conceal
TAREE III

ration Dependence of Molecular 'Areight

Monomer concn., Initiator concn., Molecular weight
rnole/1. mole/1. X 102 F’

1
X o

0.041)8 2.61 0.53
0 . 1 2 Ö 2.61 2. IS
0.127) 9.03 1.49
0.177) 2.61 3.63
0.170 2 .2 0 4.94
0 .23S 0.097)3 1 0 . 6
0.238 1 .04 2.84
0.37)3 6.70 3.90
0.404 0.452 8.04
0.940 0.807 14.3

8 M v =  (1470 [tj] )'-51, data of Collinson et al.8

to the 1.09 power is obtained, in reasonable agreement with the rate 
dependence on 1.25 (Table III and Fig. 5). The corresponding correlation 
with initiator concentration— taking into account monomer dependence— 
is not as satisfying (Fig. 6).

Fig. f>. Viscosity-average molecular weight M„ as a function of initial monomer cuneen-
trillion.

10*
(liter/mol.)1’29 

10 r \

CK2Se08]o, mois/liter
Fig. 0. Viscosity-average molecular weight, as a function of initial persulfate concentra­

tion.
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Temperature

A plot of the empirical rate constant, ki.s& against the reciprocal of the 
absolute temperature yields values of 16.9 kcal./mole for the collective 
activation energy and 1.7 X 10u l.(l-75/m ole_0-75-min. for the Arrhenius 
factor (Fig. 7).

Fig. 7. Arrhenius plot to determine activation energy.

pH

Initial and final pH’s for runs at variable initiator and monomer con­
centrations are listed in Tables I and II. Both studies show no appre­
ciable change in pH over the course of the reaction, and for the five runs 
at constant initiator concentration, there is little change in initial pH. 
There does, however, seem to be a decrease in initial pH with increasing 
persulfate. At this point, it should be noted that investigations of the 
decomposition of persulfate in aqueous solution have shown the reaction 
is pH-independent in the range covered here.14 Consequently, one 
would not expect the rate of initiation to be influenced by the acidity, 
and, indeed, this is indirectly confirmed by the half-order dependence 
of rate on persulfate concentration.

Also, a recent study15 over the pH range 1-13 has shown that although 
the propagation constant kp and the termination constant kt decrease as 
pH increases, the ratio I:„/k is almost constant.

Analysis

The kinetic results can be summarized in the empirical rate expression

R v =  fci.i5[Iv2S20 8]»-5[M]1-® (2)

where fci>25 = 1.70 X 1011 exp { —16,900/727’ } L0-76/mole~°-76-min. At 
30°C., fci.25 = 0.108 ±  0.003, an 1 average value from seven runs. Inter­
pretation of these results, especially the unusual order with respect to 
monomer, is logically pursued by first considering the kinetics of the 
thermal decomposition of persulfate. Then, the various postulates
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regarding polymerization which will lead to deviations from first-order
behavior can be evaluated.

It has been known for some timel6 that the persulfate decomposition
in aqueous solution follows a first-order law, and evidence that the measured
process is fission of the peroxide bond was provided by Eager and Winkler l7

in a study of the oxidation of mercaptans by potassium persulfate. Sub­
sequently, Bartlett and Cotman,18 who used neutral and alkaline solutions,
proposed the scheme of eqs. (3) for their results:

S208-2 - 2S04-:-

S04-:- + H 20 - HS04- + ·OH

2·0H - H 20 + 1/20 2

(3a)

(3b)

(3c)

where dots denote free radicals.
These results were confirmed in a detailed study by Koltholf and Miller, 14

who, using 180-labeled solvent, showed that the oxygen evolved came
from the water. They also showed that in addition to the primary process
above, a secondary, acid-catalyzed decomposition occurs which is in­
significant above a pH of 3.

With this information, it is evident that the thermal decomposition
of persulfate yields two species capable of initiating polymerization,
the sulfate radical-ion and the hydroxyl radical. In the presence of
monomer, a straightforward scheme is as shown in eqs. (4).

k,

S04 + H 20 ~ HS04- + ·OH
kil

804-:- + M -- ::vI.
ki~

·OH + 2\1~ 1\1·
le p

+ lH -- l\In + I'

k,

+ ~lk' -- PY + k

(4a)

(4b)

(4c)

(-!d)

(-!e)

(4f)

(5)

where the letter subscripts denote the degree of polymerization of radical
(M· ) and polymer (P) species.

Reactions (4b) and (4c) compete for the sulfate radical-ion. So, if
the hydroxyl radical were a poor initiator of polymerization, the rate of
initiation would depend on monomer concentration, yielding (5) for the
rate of polymerization if k t2 = 0:

k [M]'/2
R - _P (2k k )'/,.[S 0 -2]1;' ---=-----"'---------,--,-

P - k/J' 1 H 2 8 (k
2
+ ktdM])Ij,

(As shown below, a rate equation of this form does describe the experimen­
tal results.) However, there is good evidence for the high reactivity of
hydroxyl radicals, and, in particular, the opinion that acrylarnide is a
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very efficient scavenger for hydroxyl radicals.8,19,2o Indeed, recent data2l

indicate that k i2 has a value of 1.1 X 10" I./mole-min. Hence, this
reaction scheme is quite conventional, and the rate of polymerization is
given by

(6)

which differs from the empirical results by the power on the monomer
concentration. Nevertheless, one can use this scheme, with the empirical
exponent on the monomer concentration, to obtain some information
about the initiation process and some idea of the agreement between this
and previous work on the magnitude of the rate coefficients. Adjusting
Dainton's results to 30°C., one obtains kp/kI 5 = 38I.°.5/moleo.5-min.o.5,
with E p - E//2 = 1.5 kcaI./mole. For the persulfate decomposition,
Kolthoff and Millerl4 report that at 30°C., kl = 3.18 X 10-6 min.-1

and E 1 = 33.5 kcaI./mole. Using the above with a persulfate concen­
tration of 0.01 mole/I. and a monomer concentration of 0.238 mole/I.,
one obtains calculated values for the initial rate Rpo and activation energy
E A which can be compared with the experimental values (Table IV).

TABLE IV

Experimental
Calculated

a E p - E,/2 - Ed2.

R po, mole/I.-min.

1.78 X 10-3

1.59 X 10-3

E A , kcal./mole

16.9
18.2 a

Since the collective activation energy is almo::;t entirely determined by
E l , the degree of agreement seen here indicates that the rate-controlling
::;tep which introduces radicals into the system is the unimolecular decom­
position of persulfate. The significance of thi::; point will become evident
below.

A dependence on monomer concentration greater thall fir::;t-order was
observed early in the study of catalyzed polymerizations, and the theoret­
ical treatments to explain such behavior have gone in three directions;
viz., (1) the complex theory,22 (2) the cage-effect theorY,23 and (3) the
solvent-transfer theory.24,25 These have been reviewed in the literature
recentlY,26,27 and the subsequent discussioll is drawn largely from these
latter sources. The cage effect is also discussed by Flory28 and Beving­
ton. 29

First, it is clear that the solvent-transfer theory can be disregarded as
far as this work is concerned. This explanation is based on retardation
arising from the transfer radical being unreactive in reinitiating poly­
merization, and, as pointed out above, the hydroxyl radical is very reactive
towards acrylamide.
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Complex Theory

This theory proposes the formation of a complex between initiator and
monomer, and that the rate of initiation is then determined by the rate
of decomposition of the complex. For this study, the following reactions
would be suitable for such a scheme in addition to reactions (4b)-(4f):

(7a)

(7b)

The concentration of the complex formed in reaction (7a) is given by eq. (8):

(8)

(9)

With the usual assumptions, the rate of polymerization is then given by
eq. (9):

(
2k )';'( K )1/2R = k ~ ----"- [80 -2]';'rM]';'

P P k I 1 + K c rlV1 ] 2 8 -

This equation describes a change in the order of reaction with respect
to monomer from 1.5 to 1.0 with increasing monomer concentration.

Cage-Effect Theory

This alternative explanation is based on the premise that when a catalyst
decomposes into two radicals, the surrounding solvent molecules form
a potential barrier to their separation by diffusion. The isolation of
these "caged" radicals thus encourages their destruction by mutual
recombination. The mechanism adds the (lOa)-(lOf) reactions to (4b)­
(4f), where the parentheses indicate species contained in a solvent cage:

k,
(804 --;-) + M ----+ 1\1.

(lOa)

(lOb)

(lOc)

(lOd)

(lOe)

(lOf)

Reactions (lOb), (lOc), (lOd), and (lOe) are the alternative routes a
primary radical within the cage might follow, i.e., recombination with
its primary partner, reaction with a monomer molecule contained in the
wall of the cage, reaction with one of the solvent molecules forming the
cage, and diffusion out of the cage. Reactions (1Of), (4b), and (4c) are
analogous reactions for a random radical, but it should be remembered
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that they can occur only after reaction (lOe). Also, there is an important 
difference between reactions (10b) and (lOf): While the latter is second-
order with respect to the randomized radical, the former is a first-order 
process because the primary radicals are formed in caged pairs.

Neglecting reaction (lOf) because monomer is present in reasonable 
concentration and making the other conventional assumptions, one derives

Rp kp [S20 8~2
/  M M ]  +  Ay +  Ay \ 
U [ M ]  +  hi +  kg +  ks) (ID

The steps characterized by Ay +  kg and by kb [M] represent the different 
avenues by which the primary radical can escape from its cage. It is 
clear that the relative magnitudes of these terms will determine the depen­
dence on monomer concentration. If Ay +  kg A6 [ AI ], then the rate 
is always first-order in monomer. On the other hand, if Ay +  kg <$c 
Ay [M], ecp (11) becomes

Rp =  K P
2h
k,

[S20 8
Ay

Ay +  Ay[M]
[M]’ ( 1 2 )

Here the dependence on monomer concentration again varies from a 
power of 1.5 to 1.0 as the concentration increases. Thus, interpretation 
of kinetic orders greater than unity hinges on the dominance of a reaction 
between caged radicals and monomer molecules in the cage wall (However, 
for a different concept, see below).

Equation (12), which is of the same form as eqs. (5) and (9), can be 
rearranged to give:

[M ]3 = Ay
R p- K k p2(2k) [S20 s - 2 ]

(1 +  K [ M]) (13)

where, considering the complex and cage-effect theories, k = Ay or Ay, and 
K = K c or k6/kb. The suggested plot (Fig. 8) yields /v, or h/kb equal 
to 5.06 l./mole. Jenkins30 has presented plots like Figure 8 for the poly­
merization of styrene initiated by benzoyl peroxide in toluene and of acry­
lonitrile initiated by azobisisobutyronitrile in dimethylformamide. Cal-

Fig. 8. Plot of eq. (13) demonstrating the predicted dependence of the cage and complex
theories.
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culations from his plots give values for K c or h/h  of the order of 103 for 
each system, which is many times the result of this study.

The above treatment of the cage effect, although concept ually somewhat 
useful, as evidenced by Figure 8, is limited and, perhaps, misleading. 
Noyes31-34 has discussed the kinetics of competitive processes when 
reactive fragments are produced in pairs, and his discussion* differs from 
the above in that the significant competition is considered to be between 
secondary recombination [reaction (lOf), where the reactants are radicals 
from a specific dissociation which have re-encountered each other in the 
course of random diffusion] and initiation of polymerization [in this 
case, reaction (4c)]. More specifically, Noyes makes the following obser­
vations. (1) Molecules in the wall of the cage [cf. reaction (10c)] cannot 
compete with primary recombination [reaction (10b) ] which takes place 
in a period that may be the order of a vibration; i.e., 10-13 sec.— except 
when the mole fraction of monomer is near unity. Comparatively, 
secondary recombination would be expected to occur in a maximum time 
of about 10-9 sec. (2) If ka [M ]»  ki [SON], and the monomer is 
relatively unreactive compared to a radical-radical reaction, a limiting 
initiation efficiency, independent of monomer concentration, is attained, 
where the monomer molecules catch all radicals that escape primary and 
secondary recombination. To increase this efficiency, reaction of monomer 
with radical must compete with secondary recombination, and to do so, 
ka must be at least 107 1./mole-sec. At very large values of kn, this 
competition may be effective at monomer concentrations on the order 
of 0.01M. (3) The fraction of radicals reacting with monomer that
would otherwise have undergone secondary recombination— that is, 
the increase in efficiency of initiation—is, to a first approximation (with 
the primary assumption being that the probability a radical will react 
with monomer in a given time interval is not dependent on the time since 
the formation of the radical) given by

K ia[ M ]'/!

Hence, the total rate of initiation is given by

R i  =  IU  +  N ia [M ]‘A (14)

where K0, K u and a are constants, the value of K , being determined 
mainly by the magnitude of ka in reaction (4c). The parameter a, which 
defines the rate of increase of the enhanced initiation, depends on the 
frequency of diffusive displacements in the medium and, hence, is related 
to the molecular parameters describing diffusive motion.32-34

With the rate of initiation given by eq. (14), the rate of polymerization 
is

R„ = (kp‘ki'/')(.K;! +  iNa[M ]1A)1/j[M]
* The authors are grateful to I he referee for calling their attention to this work.

( 1 5 )
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and this defines an exponential dependency on monomer concentration 
between 1.00 and 1.25. If Kia »  K u, R„ <x which is the experimental 
result here.

Rearranging eq. (15) and using the data of Table II and Figure 3, one 
finds that a plot of /f„o2/[l\I]o2 versus [M]o0-3 is fairly linear, although 
it does show more scatter than Figure 8. The data are, however, too 
coarse to yield a meaningful figure for the ratio of Kia to Ku.

Comparison of Cage-Effect and Complex Theories

The fact that four conceptually different approaches lead to the same 
kinetic conclusion is an unsatisfactory state of affairs, although not par­
ticularly unusual. The complex theory has generally been rejected for 
two reasons.26,30 Although K c experimentally increases with temperature, 
the negative entropy change usually accompanying complex formation 
would predict the opposite; and efforts to detect the existence of a 
complex through melting point-composition relationships or by spectro­
scopic examination have been inconclusive.

The cage-effect theory has found considerably more support, although 
it has its critics also.28,30 In the present work, consideration of the primary 
dissociative process indicates that the cage-effect, is energetically more nearly 
equivalent to the conventional mechanism, for which there is experimental 
confirmation. Formation of a complex between monomer and persulfate 
should alter measurably the activation energy. Inasmuch as the cal­
culation made above demands almost exact correspondence to the acti­
vation energy for persulfate decomposition, there is substantial support 
for the hypothesis of cage formation. However, application of the cage- 
effect hypothesis to persulfate decomposition in the absence of monomer 
can be interpreted to be incompatible with application to the poly­
merization ; the point is not clear.

Resolution of some of the theoretical difficulties experienced here will, 
perhaps, be obtained with studies with other simple, peroxidic initiation 
systems.
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Résumé

Une technique dilatométrique a été utilisée pour obtenir des résultats conversion- 
temps pour la polymérisation de l’acrylamide initiée au persulfate de potassium dans l’equ 
Les résultats sont résumés par une expression de vitesse empirique: —d[M i]/df =  Rp
=  fci.25 (K 2S2Os)0-5[M i] 1-25 et A'l.25 =  1.70 X  1 0 11 exp j — 16.900/ / üjP} en lit.re0-75/m ol+0-75 

minute. La concentration en persulfate variait de 9.5 X 10-4  à 5.2 X 10- 2  mole/litre, 
et la concentration initiale en monomère, [A l i ] , était variée de 0.05 à 0.4 mole/litre. Le 
domaine de température s’étendait de 30 à 50°C. L’analyse de la cinétique et des 
données énergétiques de la polymérisation est favorable à la théorie de l’effet de cage, 
plutôt que la théorie de formation d’un complexe en vue d’expliquer l’ordre par rapport 
au monomère.

Zusammenfassung

Um den Zusammenhang zwischen Zeit und Umsatz bei der durch Kaliumpersulfat 
gestarteten Polymerisation von Acrylamid in Wasser zu ermitteln, wurde eine Dilato­
metertechnik angewandt. Die Ergebnisse lassen sich durch die empirische Gleichung 
für die Geschwindigkeit —<f[M]i/<ft = Rp =  fcil25K2S2O80's[M ]i1’Z5 und fc i ,25 = 1,70. IO11 

exp { — 16.900/Ä21} in Liter0’75 M ol-0,75 min-1. Die Persulfatkonzentration wurde im 
Bereich von 9 ,5 .10-4  bis 5 ,2 .10- 2  Mol/Liter variiert, während die Ausgangskonzentra­
tion an Monomerem, [M]i, zwischen 0,05 und 0,4 Mol/Liter verändert wurde. Die



ACRYLAMIDE 3165

Temperaturen lagen zwischen 30 und 50°C. Die kinetische und energetische Analyse 
der Polymerisation spricht im Hinblick auf die Erklärung der Reaktionsordnung bezü­
glich des Monomeren eher für eine Käfigeffekt-Theorie als für eine Komplexbildungs­
theorie.
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Polymerization of Acrylamide Initiated by the 
Persulfate-Thiosulfate Redox Couple

J. P. RIGGS* and F. RODRIGUEZ,
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Synopsis

Conversion-time data were obtained for the polymerization of acrylamide initiated 
by the redox couple persulfate-thiosulfate by using a dilatometer. A plot of initial 
rate as a function of thiosulfate concentration shows a well-defined maximum and three 
distinct regions of behavior. In each region the shape of the conversion-time curves 
demonstrates the differences in apparent order with respect to monomer arising from 
changes in initiator concentration during an individual run. A reaction mechanism 
is proposed to explain the results, and a limiting form of the rate expression is derived 
for each of the three regions. The ranges of concentration studied are: persulfate, 
9.5 X  1()—4—4.7 X 1 ()~2i)/; thiosulfate, 2 X 10-5-2  X  10_2iV; initial monomer, 0.05- 
1.011; and temperature, 30-50°C. Within these ranges the initial rate shows a half­
order dependence on persulfate and a first-order dependence on initial monomer concen­
tration.

The persulfate-thiosulfate redox couple has been investigated alone1'2 
and as an initiation system for free-radical polymerizations; for example, 
it has been used in the polymerization of acrylonitrile,3 methacrylamide,4 
and methyl acrylate.6 This would seem to make it a good candidate for 
studying acrylamide polymerization, with the objective of reconciling 
past kinetic studies on this monomer.6-10 However, the results of the 
present study (1) indicate that the earlier studies with the persulfate- 
thiosulfate system are not directly applicable in interpreting the mechanism 
of the acrylamide polymerization; (2) raise additional questions regarding 
the mechanism of the reaction between persulfate and thiosulfate; and
(3) demonstrate a number of effects resulting from the generation of 
several transient initiator species, and from the consumption of the per­
sulfate and thiosulfate ions throughout the course of the polymerization.

EXPERIMENTAL

Deaerated solutions were reacted in a stirred bulb and the decrease in 
the volume of the system was followed by measuring the height of liquid

* Present address: Celanese Corp. Research Center, Summit, N. J.
3167



3168 J. I>. RIGGS AND F. RODRIGUEZ

in an attached capillary. The materials and dilatometric equipment 
previously described10 were used. The thiosulfate solutions were de­
aerated in a separate unit and added to the dilatometer bulb before mo­
nomer and persulfate solutions were added. This was done because small 
weights of polymer were produced in the deaeration unit when the thio­
sulfate and monomer were mixed and deaerated together.

RESULTS AND DISCUSSION 

Effect of Thiosulfate

The dependence of initial rate on thiosulfate concentration (Fig. 1; for 
tabulations of all data, see ref. 11) shows three distinct regions of behavior. 
Runs covering the concentration range 8.20 X 10~6-9.96 X 10_3i)/ 
were made with random use of the same batch of deionized solvent and 
two different preparations of recrystallized monomer. The remainder 
of the runs were made with the use of acrylamide from a third recrystal­
lization and a second batch of deionized water. Consequently, the 
influence of adventitious impurities in the reagents would appear to be 
negligible.

The dominant maximum in the curve, occurring at a thiosulfate con­
centration in the vicinity of 10_4M, is well defined, and the inverse half­
order dependence in the middle region also seems well established. The 
behavior at the two extremes of the curve are not as well defined. At 
the low-concentration end, the data indicate a slope greater than one-half, 
but it was difficult to obtain initial rates in this region. It is probable, 
as discussed below, that there is sufficient experimental uncertainty in 
the point at the lowest concentration to suspect that the actual depen-

\ ~MV
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-o----a-a-o,
Final _/
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Fig. 1 . Initial rate of polymerization, viscosity-average molecular weight, j ? r, 
and final pH as a function of initial thiosulfate concentration, [Na^Oa]». Initial mon­
omer concentration [M,]o = 0.238,1/; initial persulfate concentration [K.S20 8|u = 
9.54 X 10 4 M ; T =  30°C.
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deuce may be half-order, which is theoretically more tenable. A detailed 
analysis of the kinetic and molecular weight effects obtaining at a high 
ratio of persulfate to thiosulfate will be made in a subsequent publication. 
Emphasis here will be on the second and third regions.

Fig. 2. Course of polymerization in terms of dilatometer reading h at various initial 
thiosulfate concentrations corresponding to the first and part of the second regions of 
Fig. 1.

Fig. 3. Course of polymerization in terms of dilatometer reading at various initial thio­
sulfate concentrations corresponding to region II of Fig. 1.
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Fig. 4. Course of polymerization in terms of dilatometer reading at various initial thio­
sulfate concentrations corresponding to region III of Fig. 1 .

At the high-concentration end, the rate appears to level off— approaching 
zero-order with respect to thiosulfate— and then decreases rapidly. Al­
though not firmly established experimentally, mechanistic considerations 
developed below indicate the rate falls off in this area with slope less than
- V »

Such behavior strongly suggests a chain process operative in the inor­
ganic initiation sequence and, quite surprisingly, significant termination 
between inorganic species.

Representative “ first-order” plots showing the course of the poly­
merization with time in these three regions are given in Figures 2-4, and 
a number of general observations can be made: The pronounced curva­
ture of the data shown in Figure 2 is characteristic of the behavior when 
persulfate is present in large excess, and the latter portions of these plots 
approach in a regular manner the rate obtained in the absence of thiosul­
fate, given approximately by curve A (see the previous paper10) . This cur­
vature and the abrupt transition from a relatively high to a low, residual rate 
does, of course, indicate the rapid consumption of thiosulfate and, more 
fundamentally, a failure to maintain stationary-state conditions. The ac­
celerating effect of thiosulfate on the rate is also very evident. Even at the 
lowest concentration used, with persulfate in excess by a factor of fifty, there 
is a sixfold increase in the initial rate, and a comparison of curves B and A 
shows this activation is enough to increase appreciably the fractional conver­
sion at a given time.

Up to a point, increasing the concentration of thiosulfate increases 
the percentage conversion over which first-order kinetics are obeyed, 
and Figure 3 shows the excellent linear behavior—up to 70-80% conver­
sion—that exists over the lower part of the middle region of Figure 1.

The data of Figure 4 correspond to initial rates at the high-concentration 
end of Figure 1, and there is a definite difference in the character of these
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curves as compared to the previous plots. The rates described by the 
upper two curves, corresponding to initial rate data on each end of the 
zero-order region in Figure 1, fall off slowly with increasing conversion 
and can be approximately characterized as first-order over about 50% 
of the reaction. The lower curve describes the course of reaction at the 
highest concentration of thiosulfate used and, although linear in the 
range 20-50% conversion, possesses an unusually long initial retardation 
period.

There is a well-defined minimum in the average molecular weight 
(Fig. 1) and, in close correspondence to the kinetic data, a transition 
region showing a local maximum at the high-concentration end. The 
recurrence of this behavior at high thiosulfate concentrations contributes 
to the “ realness”  of this effect.

R Po x I02,

- mol. liter "'m in. 
or

• Mv . , A

•

AA"  ̂%
/ /  A slope =0.5

0.1 1.0 10 100 
[ K 2S 2° 8 ]0x l ° f  m o le s/ lite r

Fig. 5. Initial rate of polymerization and viscosity-average molecular weight as a 
function of initial persulfate concentration. [Milo = 0.238.'!/; [NatHiOj]« = 1.49 X 
1 0 ' 'M: T = 30°C.

Effect of Persulfate

Initial rates (Fig. 5) show a “ normal” half-order dependence on persul­
fate. Conventionally, this is attributed to quadratic termination between 
polymer radicals, but this explanation is hardly consistent with the effects 
of thiosulfate observed here. As shown below, the effect of persulfate 
can be reconciled with the previous results on the basis of a quadratic 
termination between inorganic radicals.

The conversion-time data (Fig. 6) show features both unique to this 
series and similar to previous results. The curvature of the plots for the 
runs at the two lower concentrations (curves A and B) indicates the 
polymer radical concentration is steadily increasing with time. It is 
clear this behavior results from a decrease in thiosulfate concentration 
over the course of the polymerization, in confirmation of the previously 
noted inverse dependence on thiosulfate. Similar behavior is observed 
for the other two runs, and it is evident the conversion range over which 
this particular curvature prevails decreases with increasing persulfate
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Fig. 6 . Course of polymerization in terms of dilatometer reading at various initial per­
sulfate concentrations corresponding to Fig. 5.

concentration. Analogous to the plots of Figure 2, the curves here show 
a transition to a much lower rate at progressively smaller conversions 
as the ratio of persulfate to thiosulfate— and, consequently, the rate of 
consumption of thiosulfate—is increased. This latter point is important, 
for it can be interpreted as evidence for the existence of the same rate­
controlling initiation step in the first two regions of Figure 1.

The lack of any effect of persulfate on molecular weight is also shown 
in Figure 5. This is consistent with linear termination by thiosulfate 
as a dominant reaction.

Effect of Monomer
A first-order dependence of both initial rate and average molecular 

weight on initial monomer concentration is shown in Figure 7.

Fig. 7. Initial rate of polymerization and viscosity-average molecular weight as a 
function of initial monomer concentration, [K2S20 8]o =  2.S3 X 1 0~SM ; [Na2S2O3]0 = 
2.98 X 10~3M ; T = 30°C.
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In reference to Figure 1, the thiosulfate concentration corresponds 
to the second region. However, the persulfate concentration is about 
twice as great, and, predictably, the course of the reaction (not shown 
here) has exactly the same features as curves A and B of Figure 6.

Effect of Temperature

For the second and third regions of Figure 1, lines B and C of Figure 8 
demonstrate that the usual Arrhenius dependence is followed over the 
range 30-50°C. Slopes of these plots yield activation energies of 12.3 
and 12.8 kcal./mole, respectively, and the fact that they are almost the 
same supports the conclusion that the primary process introducing radicals 
into the system is the same for the two regions, and that any competing 
reaction coming into dominance at high thiosulfate concentrations has

Fig. 8 . Effect of temperature on the polymerizat ion and the molecular weight at various 
initial thiosulfate concentrations corresponding to the three regions of Fig. 1.

a low energy requirement. Temperature dependence in the first region 
of Figure 1 was experimentally poorly defined, but does appear to have a 
lower activation energy.

The effect of temperature on molecular weight, also shown in Figure 8, 
is the normal behavior for an initiated polymerization. Note that, at 
all temperatures, the relative magnitudes of the molecular weights at 
the different thiosulfate concentrations follow Figure 1.

Effect of pH

Final pH data are shown as a function of thiosulfate concentration in 
Figure 1. The initial pH was 4.27 ±  0.08, and comparison with the 
final values shows a decrease with time up to a thiosulfate concentration 
of about 3 X 10~3M, after which there was an increase. The final pH
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also shows a maximum, paralleling the changes in molecular weight and
kinetic behavior at this level of initiator concentration.

Sorum and Edwards2 report that the rate of the persulfate-thiosulfatc
reaction does not depend on pH in the range 4-10.5, and Dainton et aP2
have shown that although the propagation constant k p and the termination
constant k, both diminish by about an order of magnitude as the pH is
increased from 1 to 13; k p /k,o.5 is almost constant. In this work, where
linear termination by thiosulfate is important, some effed of pH on k p

would be felt, but it is not significant. This agrees with previous 1o results.
Sorum and Edwards also examined the change of pH with time, and did

find variation as the reaction progressed. Their results were similar to
those obtained here and were attributed to side reactions which did not
influence the main reaction to any extent.

Effect of Inert Salts

Sodium sulfate and sodium perchlorate were u:;ed a:; inert additives,
and the results are shown in Figure 9, which is a plot te:;ting the effect of
ionic strength as predicted by the Br~n:;ted-Bjerrum equation. 13 The
dashed line drawn in the low ionic strength region would be in agreement
with the theoretical prediction of linear behavior. The po:;itive
effect corresponds to a reaction between ions of the same charge,
but the large slope is difficult to interpret. Also, although deviation
from linear behavior would be expected at the higher ionic strengths, the
saturation effect found here is most anomalous.

In an early investigation,l a large, positive effect was observed with
the addition of potassium chloride to the aqueous, persulfate-thiosulfate
system. In a more recent study,2 this effect has been explored in more
detail: It was found that there was a large, positive, specific effect of
cations, essentially no influence by anions of strong acids, and a general
inhibitory effect by anions of weak acids. For example, monovalent
cations affected the rate in the order K + > NH4+ > Na + > Li+, and data
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for chloride salts showed that the effect of potassium was about twice
that of sodium.

Based on the limited amount of information obtained here, it is not
valid to attempt a correction to the previous data. Also, the salt con­
centrations used in the above studies were quite a bit greater (on the order
of 10-21\1 for the reactions and 10- 11\1 for the inerts) than used for this
work, and all the data to this point show a high degree of internal con­
sistency.

Analysis

Interpretation of these results has a twofold objective: first, it is
necessary to reconcile this study with those of the persulfate,IO chlorate­
sulfite,S persulfate-metabisulfite,4 and the x- and /,-ray-initiated6 poly­
merizations; the second task is to obtain a reaction mechanism.

Apparent Order with Respect to Monomer. The five-halves order with
respect to monomer reported for the chlorate-sulfite and persulfate­
metabisulfite initiations was based on deviation from first-order results
during the course of the polymerization. Initial rates showed a first-order
dependence on initial monomer concentration. The latter behavior was
also observed here, but examination of Figures 2, 3, 4, and 6 shows it is not
possible to assign a fixed apparent order from the conversion-time data.
There are three possibilities: results shown in Figure 2 (especially curves
B, C, D, E, and F) could be linearized by a power on the monomer con­
centration greater than unity; the data of Figure 3 show first-order
behavior; and the curves of Figure 6 (particularly A, B, and C) could
be fitted to a straight line by using a kinetic order less than unity.

Since the monomer adsorption hypothesis of Suen et aLB would make it
impossible to obtain orders of unity or less, this work would seem to
experimentally negate their postulate, and supports the conventional
mechanism of initiation observed by Dainton.6 ,7 Fundamentally, the
deviation from first-order kinetics must, then, result from a failure to
maintain a constant concentration of growing polymer radicals, i.e., non­
stationary state behavior, which, in turn, is simply a consequence of the
change in the rate of initiation throughout the polymerization.

Previous Work on the Mechanism of the Persulfate-Thiosulfate Re­
action. The stoichiometry is given by the reaction

(1)

but the kinetic picture, especially in view of this work, is nebulous. Several
workers 1•2 report that the reaction is first-order with respect to persulfate
and "almost, though not quite, independent of the thiosulfate concen­
tration."

In the work of Sorum and Edwards,2 it was reported that the rate of
change of thiosulfate concentration with respect to its own concentration
was zero-order, and that there was a first-order dependence on persulfate.
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It was postulated that the disappearance of. thiosulfate was governed by
the relation

(2)

where kb [X] is considered a dominant catalytic influence, arising from
the formation of complex ions containing cations and thiosulfate. For
the uncatalyzed reaction (ka) the scheme of eqs. (3)-(8) was proposed.

kd
8

2
0 g-2 __ 280

4
-:-

."804 -:- + HOH -- H804- + ·OH

Fast

·OH + 820.-2 - OH- + 8~03-:-

kJ

820 3 -:- + 8Pg-2 __ 804.820 3- 2 + 804-:-

k.

820 3 -:- + 804-:- __ 804.820 3- 2

Fast

804·820 a- 2 + 820 a- 2
- 840 6-

2 + 804- 2

(3)

(4)

(5)

(6)

(7)

(8)

It is difficult to apply the above development to the acrylamide poly­
merization, since the results shown in Figures 1 and 2 are most simply
interpreted by postulating a bimolecular reaction between persulfate
and thiosulfate anions. It should also be noted that in the scheme pre­
sented for the uncatalyzed reaction, the induced decomposition of per­
sulfate by reaction (6) can occur only after reaction (5). In the presence
of monomer, especially acrylamide, which is highly reactive toward the
hydroxyl radical,6,14 it is unlikely the latter would occur to any extent
at low thiosulfate concentrations.

In an early study on the polymerization of acrylonitrile in aqueous
solution, Morgana used the persulfate-thiosulfate system, both alone
and catalyzed by copper. For the uncatalyzed polymerization, it was
reported that the rate of polymerization was independent of thiosulfate
concentration. This is hardly consistent with the data for the acrylamide
polymerization, and the tentative mechanism proposed by Morgan is
not applicable to this work.

Proposed Mechanism of the Persulfate-Thiosulfate-Initiated Poly­
merization of Acrylamide. The data of this study were obtained at gen­
erally lower concentrations than used previously, and over a much greater
range of thiosulfate concentration. This latter point alone-in view of
the very restrictive nature of the data in Figure 1 in terms of obtaining a
satisfactory reaction scheme-justifies postulation of a mechanism.

The proposed mechanism is given in eqs. (9)-(21), along with rate
equations (22)-(25) for the radical intermediates.
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kd

820 8-
2- 2804:- (9)

I"

820 8 -
2+ 820 3 -

2- 804 -:- + 804- 2+ 820 3 -:- (10)

k,

804 -:- + HOH - H804- + ·OH (11)

k,

804-:- + 820 3 -:- - 804.820 3-2 (12)

(804.820 3-2 + 820 3- 2_ 8406-2 + 804-2) (13)

k.

820 3 -:- + 820 3 -:- - 840 6- 2 (14)

k,

·OH + 820 3-
2- 820 3 -:- + OH-

kil

804 -:- + ::\11 - 1\11'

(Hi)

(17)

ki~

·OH + :\h - 1\11 ' (18)

k p

l\In ' + lUI - Mn+l (19)

k,

1\l j • + M k • - PjH (20)

kdt

M j , + 820 3- 2 - P j 8 + 80a- 2 (21)

d [804-:-]1dt = :2kd [820 8-2] + kd820 g -2 ][820 3-2]

- k2 [80 4:-]- k3 [804 -:-][820 a-:-] - k i1 [804 -:-][l\ltl (22)

d[·OHJldt = k2 [80 4 -:-] - k i2 [l\'h][·OH]- kd·OH][8 20 a- 2 ] (23)

d [820 3 -:- JIdt = kl [820 8 -2] [820 a-2] - lea [804-:- ][820 a-:-]

- k4 [820 3 -:- J2 + k6 [. OH ][820 a-2] (24)

d[lVI· Jldt = k id804 -:-][:\ltl + le i2 [·OH][:\ld

- kd ,[820 3 - 2 ][:'II·] - k,[:\l· F (25)

The basic assumptions embodied in this scheme are that the thiosulfate
radical-ion is unreactive in initiating polymerization and that, at sufficiently
high concentrations of this radical, reaction (12) dominates in the com­
petition with reaction (17), making the hydroxyl radical essentially the
only initiating species. The first assumption is supported by some addi­
tional evidence, other than the kinetic prediction developed shortly.
Bunn,4 in a (kinetically inconclusive) study of the initiation of meth­
acrylamide polymerization by the pel'sulfate-thiosulfate system, did
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report that, by estimation of the amounts of tetrathiunate pruuuced,
reaction between monomer and thiosulfate radical-ion did not occur to
any extent. Also, in a study of endgroups produced in poly (methyl
methacrylate) as a result of initiation by redox persulfate systems,5 it was
found, in contrast to initiation by persulfate alone, that, with the exception
of thiosulfate, hydroxyl endgroups were not present unless the concen­
tration of the reducing sulfoxy compound was very low. In addition,
the data showed that the ratio of hydrolyzable to nonhydrolyzable end­
groups was the largest for the persulfate-thiosulfate couple.

In reference to Figure 1, it is evident that the various competing reactions
proposed here do, in a qualitative manner, predict the observed behavior.
At low thiosulfate concentrations, the increased rate (over that for the
persulfate-initiated polymerization) stems from rapid production of sulfate
radical-ions by reaction (10). As the initial thiosulfate concentration
is increased, two changes occur: The concentration of thiosulfate radical­
ion reaches a level where reactions (12) and (14) become important, and
degradative termination by reaction (21) starts to compete effectively
with the normal quadratic termination. These effects produce the max­
imum in the curve and explain the simultaneous decrease of the rate and
molecular weight throughout part of the second region of Figure 1. Fi­
nally, the behavior at high thiosulfate concentrations can be understood by
considering the competition introduced by reactions (15) and (16) [and,
perhaps, (13)]. These steps would initially oppose each other in terms
of their effect on the rate, since the consumption of thiosulfate in
reaction (15) [and (13)] would increase the rate by competing with re­
action (21), and the reaction with hydroxyl radical in (16) would decrease
the concentration of the initiating species, thus decreasing the rate of
reaction (18). With this reasoning, one would expect the rate to level
out over a small range of thiosulfate concentration, and then decrease
rather precipitously as the hydroxyl radical concentratiun is reduced.
As shown in Figure 1, this is the observed behavior. Again, it is possible
to cite some additional supporting evidence: Bacon 15 and l\Iorgan3

both report the addition of sodium bisulfite across the double bond of
acrylonitrile, and in a later paper16 Bacon states a similar reaction occurs
between acrylonitrile and sodium thiosulfate. Note also that reactions
(15) and (16), especially the former, predict an increase in pH over the
course of the reaction at high thiosulfate concentrations, which does
agree with the results given in Figure 1. However, this pH effect has
been attributed to a side reaction. 2 Finally, the reaction between thio­
sulfate and monomer would be expected to affect the final molecular
weight, and the local maximum at the high concentration end of Figure 1
agrees with this prediction.

Rate Laws

In developing the quantitative rate laws obtaining with the above
mechanism, there are three cases to consider, corresponding to the three
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regions shown in Figure 1. The discussion here will be confined to the
second and third regions which, as shown in Figures 3 and 4, can be treated
by stationary-state techniques-especially the second. The kinetic and
molecular weight effects attending the behavior shown in the first region
will be considered in a subsequent publication.

For the cases discussed below, it is assumed that the thermal decom­
position of persulfate [reaction (9)] is negligible, and that 1c4 [S20a -:- ]
» kdS04 -:-]. The resulting relations are obtained by setting equa­
tions (22)-(25) equal to zero.

Region D : In this region,

ka[S20 a7 ]» 1c2 + kid:.\Id
kdMd » k6 [S20a-2]
kat [S20a-2] »kt[M·]
kdS20g-2]» k6 [·OH]

With thcHe assumptioni:i,

R plI = (kpk2/kakat)(klk4)'j,([S20g-2j'h/[S20a-2 J'h) [~Id (~(j)

and, at 30°C.,

(kpled kakat)(k1k4) '/2 = 2.2 X 10-2 ± 0.2 min. -I (27)

If one approximates the activation energy for propagation E p at 2.00
kcal./mole,17 the propagation rate coefficient, kp is about 1.17 X 106

I./mole-min. at 30°C.7 This gives

(k2/kakat)(klk4)'j, = 1.9 X 10-8 mole/I. (28)

This middle region is the most thoroughly investigated experimentally,
and the rate equation exactly predicts the observed behavior (Figs. 1, 3, 5,
and 7). The above mechanism also clarifies the difference in the shape of
the curves in Figures 3 and 6. Increasing the thiosulfate concentration
increases reactions (10) and (21) proportionately, while increasing the
persulfate concentration increases the rate of consumption of thioi:iulfate
by reaction (10) over the course of polymerization, and, hence, reducei:i
the fraction of total thiosulfate consumed in the termination reaction.

Region DI. The same assumptions apply here as for the second region,
except that termination of hydroxyl radicals by thiosulfate, reaction (16),
is considered significant, and with the possible exception of the relative
magnitudei:i of kdS20g-2] and k6 [· OR); however, it can be i:ihown that
the form of equation (16) ii:i not altered if this restriction ii:i relaxed. Thii:i
results in

_ le pk2ki2 (Je Ie )'/2 [S20g-2]o'/2[1\1do2

R pUII1
- Jeakat 1 4 (kd 1do + k6 [S20a-2]0) [S20a-2]o'/2

The important points to notice about this relation are (1) the strong,
inverse dependence on thiosulfate concentration and (2) in view of the
fact that reactions (16) and (18) are of a free-radical nature, the activation
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energies obtained in the second and third regions would be expected to
be nearly equal, as is shown in Figure 8.

CONCLUSIONS

This work demonstrates a wide range of effects on both kinetic effects
and molecular weight dependence, resulting from the generation of different
initiator species, the relative reactivity of these species, and from the
change in concentration of the primary inorganic ions throughout the
polymerization. It does seem that the apparent order with respect to
monomer observed in two previous investigations8 •9 is a consequence of
this latter effect, and such an interpretation reconciles the results of other
studies6- 10 and this work.

It can also be stated that the proposed mechanism quite satisfactorily
describes the experimental results, but, in view of the previous work with
the penmlfate-thiosulfate system, it cannot be said the mechanism of the
inorganic interaction is understood. In this respect, it should be noted
that consideration of a possible effect of trace impurities of copper, cited
in other studies,I-3 does not seem relevant here, since it has been shown18

that, assuming cuprous ions are not involved in a termination reaction,
any catalysis attributable to an oxidation-reduction cycle involving cupric
and cuprous oxidation states will occur only if a reaction of the type

takes place. The mechanism proposed here does not require this step.
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Les donnees conversion-temps ont ete obtenues pour Ill, polymerisation de I'acrylamide
initie par un systeme redox persulfate-thiosulfate; elles ont ete obtenues par dilato­
metrie. Un diagramme de Ill, vitesse initiale en fonction de Ill, concentration en thiosul­
fate montre un maximum bien dMini et trois regions de comportement distinctes. Dans
chaque region, Ill, forme des combes conversion-temps montre les differences d'ordre
apparent par rapport au monomere, resultant du changement de Ill, concentration en
initiateur au COlus de chaque essai individuel. Un mecanisme de reaction est propose
en vue d'expliquer les resultats et, une fonne limite de l'expression de vitesse est derivee
pom chacune des trois regions. Le dnmaine de concentration (en mole/litre) ctlldie
etait: Ie perslllfate, 9.;) X 10-' a4.7 X 10-2 ; thisulfate,:2 X 10-5 a 2 X 10-2 ; Ill, con­
cent.ration en monomere initial de 0.05 ii. 1.0, tandis que Ill, temperature allait de 30 ii.
.'10°C. Endeans ces domaines, Ill, vit.esse initiale montrait une dependance en persulfate
de l'ordre de un demi et une dependance directe de premier-ordre en fonction de la con­
centration en monomere initial.

Zusammenfassung

Fur die durch das Redox-System Persulfat-Thiosulfat gestartete Polymerisation
wurden mitteL~ eines Dilatometers die Zeit-Umsat,z-Kurven aufgenommen. Eine
Auftragung del' Anfangsgeschwindigkeit als Funktion der Thiosulfatkonzentration
zeigt ein gutausgebildetes lHaximum und drei getrennte Verhaltensbereiche. In jedem
Bereich veranschaulicht die Gestalt del' Zeit-Umsatz-Kurve die Unterschiede in del'
scheinbaren Reaktionsordnung bezuglich des Monomeren, die sich aus den Anderungen
del' Starterkonzentration wahrend jedes einzelnen Versuchs ergeben. Zur Erklarung
del' Resultate wird eine Reaktions-mechanismus vorgescWagen und ausserdem eine
Grenzform del' Geschwindigkeitsausdrucke fUr jeden del' drei Bereiche abgeleitet. Die
untersuchten Konzentrationen (Mol/Liter) lagen in folgenden Bereichen: Persulfat
9,5·10-' bis 4,7'10-2 ; Thiosulfat 2.10-5 bis 2.10-2 ; Anfangsmonomerkonzentrat,ion
0,05 bis 1,0; die Temperatur lag zwischen 30 und ;)O°C. Innerhalb diesel' Bereiche zeigt
die Anfangsgeschwindigkeit eine Wurzelabhangigkeit von del' Persulfatkonzentration
und eine Abhangigkeit erster Ordnnng von del' Anfangsmonomerkonzentration.
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A Redox-Initiated Xylan-Poly(sodium Acrylate) 
Grail Copolymer

JOHN A. CHURCH, Princeton Laboratory, American Can Company, 
Princeton, New Jersey 08540

Synopsis

An aspen 4-0-methylglucuronoxylan was grafted with poly(sodium acrylate) (PSA) 
in 3.41V NaOH at 25-30*0. with the use of a persulfate-thiosulfate redox initiator sys­
tem. The formation of a true graft copolymer was indicated by fractional precipitation 
and light-scattering studies, physical mixtures of the two pure polymers being used as 
references. A grafted fraction was isolated, containing no ungrafted xylan but possibly 
some PSA homopolymer, which contained 96.5% PSA and 3.5% xylan, or an average 
of 3.2 PSA chains of M n approximately 90,500 per xylan chain of M n approximately 
10,500.

INTRODUCTION

The 4-O-methylglucuronoxylan readily obtained from temperate-zone 
hardwoods1 is almost unexplored as a substrate for graft copolymerization. 
Recently “ living”  polystyrene was coupled to a permethylated aspen 
xylan through the esterified 4-O-methylgiucuronic acid group in tetrahydro- 
furan;2 however, an unmodified (albeit deacetylated) xylan of this type 
has apparently not been used as the host polymer in a graft copolymer. 
Such a substrate may also serve, with obvious limitations, as a soluble poly­
meric model for cellulose grafting reactions.

In the present work, an initiator-monomer combination was sought 
which would be soluble in an alkaline xylan solution at 25°C. and in which 
would be generated radicals capable of abstracting hydrogen atoms from car­
bohydrates. The ammonium persulfate-sodium thiosulfate redox couple3 
and acrylic acid (as acrylate ion in NaOH solution) met these requirements. 
At appropriate concentrations, clear deoxygenated solutions containing 
all of these compounds underwent essentially quantitative polymerization 
in 35 min. at 25-30°C. Turbidity developed during polymerization ex­
cept at xylan concentrations of less than 1%.

The isolated products (amorphous, white, hygroscopic materials) were 
characterized by fractional precipitation and light-scattering studies. 
The results were compared with the results of identical studies on physical 
mixtures of the catalyst-treated xylan and poly (sodium acrylate) (PSA) 
separately prepared and also obtained by hydrolysis of the suspected graft

3183
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copolymer. The observed differences supported the hypothesis that a 
true graft copolymer was synthesized, although the bulk of the xylan 
remained ungrafted.

EXPERIMENTAL 

Preparation of Xylan

The xylan was extracted with 10% KOH from a neutral sulfite semi­
chemical aspen pulp. It. was bleached with acidified sodium chlorite and 
deashed with dilute HC1. Its characteristics and those of the catalyst- 
treated xylan used in the reference physical mixtures, all on an oven-dry 
basis, are listed in Table I.

TABLE I
Xylan Characteristics

Material
hi,

dl./g.“ I ‘ J ‘ M  cw M S "
Ash,

c ;
/ C

Xylose
residues,

a p

Original 
xylan (II)

0.64 120 17,400 -8 6 .2 ° 0.5 15.7

Catalyst- 
treated 
xylan (Na)

0.47f 92 13,600 -8 1 .2 °  
( —82.0°>

2.6 13.1

a Intrinsic viscosity in 0.5.1/ cuene at 25.00°C. with Craig-Henderson viscometer.4 
b Main-chain degree of polymerization, from relationship of LeBel and Goring.5 
c Molecular weight as Na salt. 
d Specific rotation in 5.0% NaOH.
6 Xylose residues per 4-O-methylglucuronosyl xylose unit..6 
f Inappreciably different in acid form, 
s Estimated for acid form.

Grafting Procedure

Although many grafting runs were made, the results of only one are 
reported here. Other reaction conditions also yielded graft copolymers.

Eastman acrylic acid and reagent grade ammonium persulfate, sodium 
thiosulfate pentahydrate, and sodium hydroxide were employed in making 
up the grafting solutions. The formulation giving the product reported 
here contained 80% distilled water, 14% NaOH, 4%  acrylic acid, and 2% 
xylan (including water added with the catalyst but neglecting the catalyst 
itself). Both the xylan and the acrylic acid were present as their anions 
in the strongly alkaline medium (SAN in OH~ after neutralization of the 
acid). The mixture was deoxygenat.ed with nitrogen in a polymerization 
bottle equipped with a magnetic stirrer before the freshly mixed aqueous 
catalyst mixture was syringed in. The amount of ammonium persulfate 
was 1.35% of the monomer weight; a 2:1 mole ratio of thiosulfate to per­
sulfate was used.3 The total weight of the mixture was 125.2 g.
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The mixture became turbid within 1 min., and its viscosity increased 
rapidly. A temperature rise of about 5°C. occurred. After 35 min., 
when no further temperature rise or viscosity increase was noted, the 
products were poured slowly into excess methanol agitated moderately 
in a 1-gal. Waring Blendor. The finely divided, hygroscopic white pre­
cipitate was washed thoroughly with methanol and ether and dried in 
vacuo at 50°C.

Characterization of Products

Overall Composition. The product (8.15 g .; 90.0% of theory) ex­
hibited [<*]d =  —23.4° (e, 1 in 5% NaOH), corresponding to a xylan 
content (Na form) of 28.8% (assuming a specific rotation of —81.2° for 
the xylan after contact with the catalyst; see Table I). The ash content 
by direct ignition was 23.8%, corresponding to a xylan content (Na form) 
of 29.0% (assuming the theoretical Xa20  content of 1.5% for the xylan 
and 32.9% for PSA, which are close to the figures obtained by ashing the 
pure polymers). Accordingly, the xylan content of the product was taken 
to be 28.9%. The expected xylan content was 27.8% if 100% polymeriza­
tion had occurred.

Preparation of Physical Mixtures. The xylan used in the physical 
mixtures was obtained by subjecting the original xylan to the grafting 
conditions, substituting an equivalent amount of acetic acid for the acrylic 
acid. The characteristics of the recovered product are given in Table I. 
Such a treatment, often neglected in comparisons of suspected graft co­
polymers with physical mixtures, should make the comparison more 
valid.

The PSA used in the physical mixtures was separately prepared under 
conditions similar to the grafting reaction, except of course omitting the 
xylan. A range of products with varying molecular weights was prepared 
by varying the catalyst concentration and thiosulfate:persulfate ratio. 
In addition, PSA was obtained by hydrolyzing the suspected graft in re­
fluxing IN  sulfuric acid and recovering the residue. The characteristics 
of some of these polymers are given in Table II.

TABLE II
Polyfsodium Acrylate) Characteristics

hi j Ash,
Polymer dl./g.» M n %

PSA-1 1.09 390,000 — 34.6
PSA-2 0.89 260,000 136,000 32.3
PKA-GPd 0.71 173,000 — 29.5

“ Intrinsic viscosity in 2.01V NaOII at 25.00°C. with Craig-TIenderson viscometer.4 

11 From relationship of Sakamoto.7
« Determined in 0.5A7 NaCl with Meohrolab high-speed membrane osmometer. 
d Obtained by hydrolysis of suspected graft.
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evident that excellent resolution of the two polymers in the physical mix­
ture was achieved. However, with the suspected graft, the PSA fractions 
contained significant amounts of xylan, which is good evidence for the 
existence of a true graft copolymer.
k The total amount of xylan associated with the PSA in the case of the sus­
pected graft (i.e., the total xylan precipitated up to the 35-ml. ethanol addi­
tion level) was 0.0214 g., or 7.4% of the total xylan present in the material. 
The amount of xylan recovered when only 16 ml. of ethanol had been 
added to the solution was 0.0190 g. (divided between seven fractions up to 
this point). For comparison, one large fraction was precipitated from a 
fresh solution of the suspected graft by the addition of 16 ml. ethanol. 
The amount of xylan recovered in admixture with PSA was 0.01S4 g., in 
excellent agreement with the above result. With the physical mixture, 
the amount of xylan recovered at this point (and at the 35 ml. point) was 
nil, even when one large fraction of PSA was precipitated with 16 ml. 
ethanol from a fresh solution of the physical mixture in the same fashion 
as the suspected graft. Therefore, coprecipitation of ungrafted xylan was 
not a complicating factor.

No pure PSA was recovered from the suspected graft. Although it is 
likely that homopolymer was formed, its solubility was apparently too 
similar to the graft copolymer to enable its separation.

Light-Scattering Studies

It has been shown previously8'9 that in a graft copolymer composed of 
polymers with considerably differing solubilities, the coagulation of the 
coacervate droplets formed by addition of a nonsolvent for one of the 
polymers to a dilute solution of the copolymer is usually retarded as com­
pared to the coagulation of the coacervate droplets of the less soluble 
homopolymer in a physical mixture of the two. In the terminology of 
Mysels,10 the graft may exhibit “ diuturnal” behavior, while the physical 
mixture is “ caducous.”  This is due to the protective action of the solvated 
chains of the more soluble polymer of the graft, which extend from the sur­
faces of the coacervate droplets into the surrounding solution. Conse­
quently, under such conditions, the light-scattering properties of the sus­
pension in the case of the relatively more stable graft change more slowly 
than the light-scattering properties of the corresponding physical mix­
ture.

Figures 3 and 4 show the behavior of the scattering ratio (90°-0°) for 
dilute solutions of the suspected graft and several physical mixtures. 
The solvent-precipitant ratios corresponded to points in the fractional 
precipitations where PSA and any attached xylan precipitated but where 
xylan homopolymer remained in solution; the original addition (3 ml.) of 
ethanol corresponds to point A in Figures 1 and 2, and the subsequent 
addition of 1 ml. ethanol brought the solvent composition to point B in 
these figures. It is evident that the change in the scattering ratio was
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much slower with the suspected graft than with the physical mixtures. 
Also, rather substantial changes in the compositions of the physical mix­
tures, which would surely bracket any errors in determination of the com­
position of the suspected graft or of its molecular weight, had negligible 
effects on the rate of change of the physical mixture scattering as compared 
to the suspected graft scattering. In addition, the fact that the scattering 
in the physical mixtures was due only to coagulating PSA droplets, as ex-

HR. A FTER  ADDITION OF 3.0 ML, ETHANOL

Fig. 3. Scattering ratios, aF(Gs/Gw), for suspected graft copolymer and physical mix­
tures; corrected for solvent scattering; additional 1.0 ml. ethanol added at 1.03 hr.: 
(A) suspected graft copolymer (0.0100%); (O) physical mixture with PSA-1 (M w 
390,000); ( X )  physical mixture with PSA-2 (Mw 260,000); (■ ) physical mixture with 
PSA-GP (M w 173,000). Physical mixtures contain 0.0071% PSA, 0.0029% catalyst- 
treated xylan.

HR. A FTER ADDITION OF 3.0 ML. ETHANOL

Fig. 4. Scattering ratios, aF(GJG„,), for suspected graft copolymer and physical mix­
tures; corrected for solvent scattering; additional 1.0 ml. ethanol added at 1.03 hr.: 
(A) suspected graft copolymer (0.0100%); (O) physical mixture with PSA-2, [PSA] = 
0.0100%; (■ ) physical mixture with PSA-2, [xylan] = 0; ( X )  physical mixture with 
PSA-2. Physical mixtures contain 0.0071% PSA, 0.0029% catalyst-treated xylan, ex­
cept as noted.
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pected from the fractional precipitation results, is shown in Figure 4, where 
omitting the xylan from the physical mixture had no significant effect.

Visual observations correlated well with the instrumental results. The 
suspensions of the suspected graft remained nearly uniformly turbid with 
none or with only extremely minute particles visible to the eye; with the 
physical mixtures, gradual coagulation and formation of very small floes 
was apparent. The floes remained in suspension and did not settle out 
during the brief periods when measurements were taken and stirring con­
sequently interrupted.

The observed behavior suggests that minute droplets of PSA were formed 
when limited amounts of ethanol were added to the dilute solutions of the 
suspected graft or the physical mixtures. In the case of the graft, highly 
solvated chains of xylan extended from the surfaces of the droplets into the 
surrounding solution and consequently inhibited coagulation of neigh­
boring droplets. With the physical mixtures, the droplets consisted of 
essentially pure PSA with no such protective surfaces; hence, coagulation 
occurred readily.

The evidence which has been presented strongly supports the hypothesis 
that a true graft copolymer, consisting of a xylan backbone with attached 
PSA chains of relatively high molecular weight, was formed. The yield 
was low under the conditions employed, however, and more than 90% 
of the xylan charged to the reaction vessel remained ungrafted.

Proposed Structure of the Graft Copolymer

The catalyst system employed generates free hydroxyl radicals3 which 
are capable of abstracting hydrogen atoms from carbohydrates.11 Attack 
may be favored at anomeric C—H bonds for reasons discussed elsewhere.12 
Assuming formation of a xylan free radical at this point, the acrylate poly­
mer may then propagate outwards; the resultant copolymer is depicted 
as structure I. A LaPine-Leybold molecular model was constructed to 
confirm the steric possibility of such a structure.

I

An estimate of the average number of PSA chains per xylan chain re­
quires a knowledge of tire number-average molecular weights (Mn) of both 
polymers. Since the M J M n ratio for PSA-2 was 1.91, the M„  for PSA-GP, 
isolated from the graft copolymer, was taken as 173,000/1.91, or 90,500
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(not enough was available for osmometry). The value of \I„ for the 
grafted xylan is not known. However, for acid-degraded xylans, the 
M J M n ratio was found to be about 1 ,.3;5 although the degradation mech­
anism was different here, the value of M n for the grafted xylan chains was 
taken as 13,600/1.3, or 10,500. Up to the 35 ml. ethanol addition level 
in the graft fractionation, 0.5828 g. PSA and 0.0214 g. xylan had been re­
covered, or 6.4 X 10~° mole PSA and 2.0 X 10~6 mole xylan. There was, 
therefore, an average of only 3.2 PSA chains per xylan chain, even though 
the graft copolymer contained 96.5% PSA. Although the amount of PSA 
homopolymer in this material is unknown, the fact that no xylan homopoly­
mer could be isolated from the material precipitated up to the 35-ml. 
ethanol addition level indicates the presence of at least one grafted PSA 
chain per xylan chain, leaving a maximum of 2.2 homopolymer PSA chains 
per xylan chain.
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Résumé

Grâce à un système initiateur oxydo-rédueteur à base de persulfate et de thiosulfate 
on a pu greffé le 4-O-méthyglucuronoxylane avec le polyacrylate de sodium (PSA) dans 
NaOH 3.6-Y à 25-30°C. La formation d’un copolymère greffé vrai était prouvée par 
précipitation fractionnée, par des études de diffusion lumineuse, en utilisant des mélanges 
physiques des deux polymères purs comme références. Une fraction greffée a été isolée, 
ne contenant pas du xylane non-greffe, mais peut-être quelques liomopolymères PSA, 
qui contenaient 96,5% PSA et 3.5% de xylane, ou en moyenne 3.2 chaînes de PSA de 
Mn approximativement égal à 90.500 par chaîne xylanique de M n approximativement 
égal à 10.500.

Zusammenfassung

Auf ein aus Espen stammendes 4-O-Methylglucuronoxylan wurde unter Verwendung 
eines Persulfat-Thiosulfat-Redox-startersystems Polynatriumacrylat (PSA) in 3,6.Y 
NaOH bei 25-30°C aufgepfropft. Fraktionierte Fällungen und Streulichtuntersuch­
ungen, bei denen die physikalischen Gemenge der beiden reinen Polymeren ftls Bezugs-
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Substanz verwendet wurden, sprachen für die Bildung eines echten Pfropf Copolymeren. 
Eine der isolierten gepfropften Fraktionen, die kein ungepfropftes Xylan, aber mög­
licherweise etwas PSA-IIomopolymeres enthielt, bestand zu 96,5% aus PSA und zu 3,5% 
aus Xylan. Dies entspricht einem Durchschnitt von 3,2 PSA-Ketten mit einem M n 
von ungefähr 90.500 pro Xylankette (Af„ ca. 10.500).
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Reactive Fiber. V. 
of p -Styrenes

Preparation and Polymerization 
ulfonyl (/3-chloroethyl) amide
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Synopsis

•/>-Slyrenesulfonyl(/3-chloroetliyl)amide (III) was prepared and copolymcrized with 
styrene (Mi). The monomer reactivity ratios were determined (n =  0.25 ±  0.1, 
r2 = 1.25 ±  0.25), and Q and e values were calculated (1.69 and 0.28, respectively). 
The polymer reacts with nucleophilic reagents such as amines and phenols in the presence 
of pyridine to the extent of 15-98%. Fibers from copolymers of acrylonitrile and III 
react with Congo Red in the presence of pyridine.

INTRODUCTION

Polymers having chemically reactive groups and their reactions have 
been reported in a series of studies.1-7 Epoxy, aziridinyl, isocyanato, 
and /3-chloroethylaminosulfonyl groups attached to polymer chains were 
found to be very reactive and were widely used in the preparation of 
reactive polymers and fibers. Monomers with sulfonyl aziridine groups 
were rather unstable and difficult to purify. Addition of hydrochloric 
acid to the sulfonyl aziridine group gives a monomer with a /3-chloro­
ethylaminosulfonyl group. The reaction of /3-chloroethylaminosulfonyl 
groups with nucleophilic reagents in the presence of bases has been reported8 
to be similar to that of sulfonyl aziridines.

In the present paper, the preparation and polymerization of p-stvrene- 
sulfonyl(/3-chloroethyl)amide (III) is described. Chemical reaction of 
the polymer of III with nucleophilic reagents was studied. The fiber 
prepared from the copolymer of acrylonitrile and III reacted readily 
with Congo lied in the presence of pyridine. The reactivity of the dye 
with fiber was investigated.

RESULTS AND DISCUSSION 

Preparation of p-Styrenesulfonyl(/3-chloroethyl )amide

p-Styrenesulfonyl chloride (II) was prepared from the reaction of 
potassium, p-styrenesulfonate (I) with phosphorus pentachloride in ehloro

* Present address: Department of Chemistry, Yale University, New Haven, Conn,,
3193
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form in the presence of hydroquinone. After several treatments a fraction 
boiling at 120-125°C./1 mm. Hg was obtained. The yield of this fraction, 
which might be II, was very low. It polymerized easily even when kept 
at Dry Ice temperature. Since isolation of II failed, crude II was used 
in this experiment. p-Styrenesulfonamide, m.p. 137-13S°C. (lit.9 m.p. 
136-137°C.), was obtained by treatment of II with ammonium hydroxide. 
Pure crystalline p-styrenesulfonyl(d-chloroethyl)amide (III) was obtained 
by the addition of hydrochloric acid to p-styrenesulfonvl aziridine. From 
the two processes considered for the preparation of III, process A gave 
III by two-step reaction involving (1) condensation of II and aziridine 
in the presence of triethylamine and (2) addition of concentrated hydro­
chloric acid to crude sulfonyl aziridine and recrystallization of III from 
petroleum ether. In process B, no reaction occurred, and II was recovered. 
Bestian10 has reported that process B is an effective method for the prep­
aration of methansulfonyl(/3-chloroethyl)amide from methansulfonyl 
chloride and aziridine.

I l l  is soluble in common organic solvents. Its infrared absorption 
spectrum showed an X- H stretching band at 3270 cm.“ 1, sulfonate absorp­
tion bands at 1320 and 1150 cm.-1, double-bond bands at 3070, 1625, 
983, and 910 cm.-1, and a p-phenylene band at 840 cm.-1.

Preparation of Polymer

III was polymerized in the presence of a.a'-azobisisobutyronitrile 
(AIBAT). Polymers obtained by bulk polymerization at 60-90°C. were 
insoluble. However, polymers prepared in toluene, tetrahydrofuran 
(THF), or dimethylformamide (DAIF) solution at monomer concentra­
tions of 20-25% were white powders which were soluble in DAIF and 
THF. These experiments are summarized in Table I,
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TABLE I
Polymerization of III

III,
g-

AIBN,
mg.

Solvent,
g-

Temp.,
°C.

Time,
hr.

Yield,
C/c

hi,
dl./g."

1 . 0 6 — 85-95 8 76 gel
0.5 5 — 60-80 5 70 gel
0 .5 10 Toluene,

0.5
70 o 46 1.63b’c

0.5 5 TIIF, 65-7 0 20 50 0.15

1 . 0 5 DMF,
4.0

60-65 19 52 0.54 d

0.5 5 DMF,
0.5

70 •3 To gel

“ In DM Fat 30°C. 
b 0.2 g./10() ml., DMF, 30°C.
c Calcd. for homopolymer (CioHiiSO.NCl),,, 5.70% X ; found for homopolymer, 

5.66% N.
Found for homopolymer, 5.50% N.

Determination of Monomer Reactivity Ratios

Monomer feed versus copolymer composition is shown in Table II 
and Figure 1. The monomer reactivity ratios of III (M2) with styrene 
(Mi) were determined and Q, e values of III were calculated as follows: 
D = 0.25 ±  0.1, r2 =  1.25 ±  0.25, Q = 1.69, e =  0.28.

TABLE IT
Copolymerization of Styrene (Mi) and III (Mi) in Diuxane at S5°C.

Monomer feed Copolymer composition

Expt.
no.

[Mil,
mole-%

DR],
mole-%

N, 
( '¡0

[AIi],
mole-%

D id ,
mole-%

i 32.92 67.08 4.97 25.74 74.26
2 39.28 60.72 4.92 27.22 72.78
QO 55.95 44.05 4.38 41.56 58.44
4 60.05 39.95 4.28 43.91 56.09
5 79.81 20.19 3.45 60.61 39.39
6 90.02 9.98 2.17 79.33 20.67

Copolymerization with Acrylonitrile

Copolymerization of acrylonitrile and III was conducted by redox 
polymerization in aqueous dispersion and by solution polymerization. 
Redox polymerization gives higher conversion than solution polymerization 
but the polymer obtained in redox polymerization has poor solubility 
and tends to gel. The product of solution polymerization is more soluble 
in DMF and can be spun into strong fibers, while redox polymer is difficult 
to spin and gives weak libers. In solution polymerization, 111 enters
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Fig. 1 . Copolymerizal.ion curve for styrene (M i)-III (M 2): (• ) experimental; (------ )
theoretical.

the copolymer at a faster rate than in aqueous redox polymerization. 
The results are shown in Tables III and IV.

Wet-Spinning of Copolymer With Acrylonitrile

Solutions (13—16 wt.-%) of the copolymer in DM1', were spun under 
nitrogen pressure (1 atm.) into ethylene glycol and the coagulated fiber 
drawn in 92-90° C. hot water. The physical properties of the fibers 
are shown in Table V.

Reaction of Polymer

Polymer with /3-chloroethvlaminosulfonyl groups was expected to 
react with nucleophilic reagents, such as amines and phenols in the pres­
ence of base according to eq. (1):

b a s e
— SOJM HCH-.CH.Cl +  R H  — * — S O . N I I C I h C H . U  +  HC1 (1)

where RH denotes nucleophilic reagents.
Conversions in reactions with a variety of nucleophiles were calculated 

from elemental analyses. The results are shown in Table VI. For a 
comparison the reaction of p-toluenesulfonyl(/3-chloroethyl)amide (IV) 
as a model compound of poly-III was studied with /3-naphthylamine,
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p-toluidine, and thiophenol in pyridine. The reaction conditions and 
elemental analyses are shown in Table VII and Table VIII.

IV-.'!

TABLE VIII
Elemental Analyses of Model Compound

pound Found Cal od. Found Calcd. Found Calcd.

IV - 1 66.91 67.04 5.56 5.92 8 . 0 1 8.23
IV-2 62.81 63.14 6.29 6.62 9.01 9.21
IV-3 58.40 58.63 5.51 5.58 4.43 4.56

Reaction of Fibers

Fibers were treated with Congo Red in aqueous solution at 95°C. for 
1 hr. in the presence of pyridine. The amount of dye taken up by fiber 
was determined by the colorimetric method. The extraction of colored 
fibers with hot water and boiling acetone gave no decoloration. Therefore, 
the dyes taken up by the fibers seem to be combined chemically. Table 
IX  shows the results obtained at various concentrations of pyridine in 
the treatment. Figure 2 shows the effect of pyridine concentration in 
the dye solution on the amount of dye on fiber. The low level of III in 
copolymer from redox polymerization gave poor dye uptake unless the 
pyridine concentration was over 25%, but copolymer obtained from 
solution polymerization was ver}- reactive with dye even at lower pyridine 
concentration. Figure 3 shows the relation between the reaction time 
and the amount of the reaction. The amount of dye reacted is less than 
ca. 50% in every case, assuming equimolar reaction of Congo Red and the 
d-chloroethylamino group. The fiber treated with Congo Red did not 
dissolve in any solvent. This may indicate the reaction of Congo Red
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rig. 2. Effect of pyridine concentration in the dye solution on amount of dye in fiber.

Fig. 3. Relation between reaction time and extent of reaction.

with two moles of /3-chloroethylamino group and crosslinking of polymer 
chains (V ):

S03N;i SO:)Na
V
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EXPERIMENTAL

Preparation of p-Styrenesulfonyl(d-chloroethyl)amide

To a suspension of 100 g. (0.450 mole) of potassium p-styrenesulfonate 
(I) in 450 ml. of chloroform with 1 g. of hydroquinone, was added 120 g. 
(0.576 mole) of phosphorus pentachloride slowly over a period of 1 hr., 
with vigorous stirring with cooling by an ice-water bath. After the 
addition was completed the reaction was continued at 45-50°C. for 2 hr. 
The precipitate was removed by filtration and the chloroform was removed 
under reduced pressure from the filtrates. The yellow oily residue was 
dissolved in 500 ml. of ether and washed with ice water for several times. 
The organic layer was taken and dried by calcium chloride and the ether 
was removed under reduced pressure carefully. The crude p-styrene- 
sulfonyl chloride (II) was obtained in 74.0 g. yield (81.2%).

To a solution of 74.0 g. (0.365 mole) of crude II in 200 ml. of dry toluene 
was added a mixture of 15.7 g. (0.365 mole) of aziridine and 37.0 g. (0.365 
mole) of triethylamine dropwise with stirring at a temperature of —5 to 
5°C. over 0.5-1 hr. After the addition was completed, the reaction was 
carried out at room temperature (20-25°C.) for 15 min. The reaction 
mass was filtered to remove Et3N HC1. Excess concentrated hydro­
chloric acid was added dropwise into the filtrates with stirring under 
cooling with ice water. The organic layer was separated and washed 
with water several times and dried with calcium chloride. The residue 
after removal of the solvent was crystalline or an oil which was extracted 
with the large volume of petroleum ether. White, needle-shaped crystals 
were obtained from the petroleum ether. The recrystallization was 
repeated several times from petroleum ether. The yield was 20.1 g. 
(18.2% overall). The melting point was 77.5-78.5°C.

A n a l . Calcd. for C,„TI12KO,NCl: C, 48.87%; II, 4.92%; N, 5.70%, Found: 
C, 49.17%; H, 4.90%; N, 5.76%.

Polymerization of III

A 1-g. portion of III, 0.005 g. of AIBN as an initiator, and 4 g. of DAIF as 
a solvent were sealed in an ampule under an atmosphere of nitrogen. 
The ampule was kept at 60-65°C. for 20 hr. The viscous polymer solution 
was poured into methanol to precipitate the polymer. Reprecipitation 
was carried out three times with DMF-methanol.

A n a l . Calcd. for (Ci„H12S02NCl)n: N, 5.70%, Found: N, 5.50%,

Determination of Monomer Reactivity Ratios

Accurately weighed portions of 3.5 g. of each of the monomers, styrene 
(Mi) and III (M2), wore sealed in an ampule with 5 ml. of dioxane as a 
solvent and 5 mg. of AIBN as an initiator under an atmosphere of nitrogen. 
The copolymerization was allowed to proceed below 10% conversion. 
The obtained polymer was reprecipitated three times with THF and
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methanol. It was dried in vacuo. The composition of the copolymer 
was determined by elemental analysis.

Copolymerization of Acrylonitrile and III

Redox Polymerization. In a flask under an atmosphere of nitrogen 
were placed 380 ml. of distilled water, 3.5 ml. of OTA" H2S04, 26.5 g. (0.5 
mole) of acrylonitrile, and 1.0 g. (0.004 mole) of III. The mixture was 
kept at 32°C. and stirred for 5 min., and then 0.8174 g. of (NH4)2S208 as 
an oxidizing agent was added. After 1 min., 0.4088 g. of Na2S203 as a 
reducing agent was added. The copolymerization was carried out at 
32°C. for 2 hr. The mixture was filtered and the copolymer was poured 
into methanol and washed several times. The yield was 21.4 g. (77.7%); 
[v ] =  2.2 dl./g. (DMF at 30°C.).

A n a l . Found for AN-III copolymer: N, 24.62%. Calcd. for III units in the co­
polymer, 1.99 mole-%.

Solution Polymerization. In a flask under an atmosphere of nitrogen 
were placed 53 g. (1 mole) of acrylonitrile, 3.6955 g. (0.015 mole) of III, 
and 3.5 ml. of THF. The mixture was kept at 60-65°C., were stirred for 
5 min., and then 0.035 g. of AIBN as initiator was added. The solution 
copolymerization was carried out at 60-65°C. for 2 y 4 hr. The copolymer 
was poured into methanol and washed several times. The yield was
14.5 g. (26.5%); fo] =  3.1 dl./g. (DMF at 30°C.).

Anal. Found for AN -III copolymer N, 19.88%. Calcd. for III units in copoly­
mer, 9.03 mole-%.

Wet-Spinning of the Copolymer

A 7-g. portion of copolymer, containing 9.03 mole-% of III units and 
having [77] =  3.1 dl./g. was dissolved in 43 ml. of DMF at 70-75°C. 
The dissolved copolymer was kept overnight at room temperature. The 
dope was extruded into an ethylene glycol coagulation bath at room 
temperature under a pressure of 1 atm. of nitrogen, through a spinneret 
having six holes of 0.12 mm. diameter. The fiber was drawn 3.3 times 
in a hot water bath kept at 95°C. The physical properties of the fiber 
are shown in Table V.

Reaction of Poly-III

In 3 ml. of DM F was dissolved 0.04 g. of poly-III. To the solution 
were added 5 ml. of pyridine and 1.1 g. of aniline. The reaction was 
carried out under a reflux temperature for 3.5 hr. and the solution was 
poured into methanol to precipitate the polymer. The polymer was 
washed several times. Other reactions were carried out by the same 
method. The results are shown in Table VI.
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Activation energies obtained from these values were 1 2 .4  kcal./mole for kn and 4 .5 5  
kcal./mole for kts', with frequency factors 7 .1 5  X  1 0 6 and 1 .6 2  X  1 0 2, respectively. 
kt is considered to be substantially zero, since the calculated value was very small or 
negative.

Table II shows that the termination effect of ECA is much higher than that of benzene. 

This may be due to the polar group of ^ C = 0  of ECA. Since kp is in the range of

1 0 - 1 0 0  l./mole-min.,1 the ratio kt,'/kv is much smaller than 1. On the other hand, the 
corresponding ratio for ethyl acetate was higher than 1 according to the report of Higa- 
shimura and Okamura.3 This difference may be due to the effect of the cliloro function 
in ECA.

Figure 1.

In the above discussion, we used the value of kp obtained previously.1 However, 
there is a possibility that the increase of polarity with the increase of [ECA] increases kp 
as described in the previous report.1 On the contrary, the overall rate decreases in­
creasing [ECA], as shown in Figure 1. Therefore, the termination effect of ECA is 
strong enough to make this polarity effect negligible. For a more detailed analysis, 
this effect must be taken into consideration. At present, the above described approxi­
mate estimation gives a rather satisfactory result as shown by the following discus­
sion.

The stationary rate of polymerization R , and the induction period t  were obtained
from Figure 1 as in the previous report.2 These values are plotted in Figures 3 and 4
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Figure 3.

[E C A) (mol/l )

Figure 4.

against the concentration of ECA. As described in the previous report,2 Ah and r are 
given by

As =  (Kkikp/kr) [C] S[M] B2,8

t = ------------------k- ------------------- (12)
A T . - U C l o t M V - 8 In ( [ M ] , / [ M ] 0)

According to Table II and the results in the previous report,1 ki$' is much larger than 
k„ and kt. Therefore, ecp (13) is obtained in the present experimental conditions.

A'T — /c<s'[iS,J (13)

TABLE III

Measured Calculated

ki,'/(Kk,k,,[C\»[M]»2-8) 29S 399“
A, V (/vA-1-A,,[C]«,[M 1 <,1 •81 n [M ],/[M ]„) lit) 102

“ [C], =  [Clo was assumed for the calculation.
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Slopes of Figures 3 and 4 give values of A^'/(/vA-,A-ji[C]S[1M]*2-8) and ip.,'/(A7r;l-,,[C]o- 
[M)o1-8lu [M],/[M]o), respectively. On the other hand, these values are calculated by 
using kjK, kp, and ku' obtained previously1 and in the present experiment. As shown 
in Table III, there is good agreement between measured and calculated values.

From this agreement of kinetic parameters as well as the above discussion, the poly­
merization mechanism proposed by us is considered to be very reasonable.
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Polysu Ifonamide- Ureas

A recent publication of Iwakura and his co-workers1 on the synthesis of polysul­
fonamide-ureas has prompted us to report similar findings on these types of polymers, 
which were produced independently in our laboratories.

We have selected 4-isocyanatobenzenesulfonyl chloride (I) as the monomer of choice, 
because it can be readily obtained by direct phosgénation of sulfanilic acid. The inter­
facial polymerization of I with suitable diamines produces polysulfonamide-ureas (II), 
in which the sulfonamide group provides an acidic site for subsequent salt formation. 2

4—OCN—C6114S( )2C1 +  ILN— It—NIL, -*  — £ NII—O—N11C6H4S02NIIR 3 „—

b
I II

The structure of the polymers was determined by comparison of their infrared and 
NMR spectral data with that of model compounds prepared from I and n-butylamine 
(m.p. 136°C.) and aniline (m.p. 229°C.), respectively. The polysulfonamide-ureas, 
being partially addition and partially condensation polymers, dissociate at their urea 
linkage at approximately 250-300°C. The model compounds likewise dissociate at 
255 and 257°C., respectively.

The polymers are prepared by reacting I with the indicated diamines by using an in- 
terfacial polymerization method, 3 and the yields are generally high (see Table I). How-

TABLE I
Polysulfonamide-Ureas from 4-Isocyanatobeuzenesulfonyl Chloride 

And Aliphatic Diamines

Diamine Solvent“
Yield,

% V  inh*3
T d e c ;

°C.°
H2N— (CH2)6—n h 2 CH2CI2 97 0.31 285
H2N— (CH2)6—NH2d Toluene S8 0.37 257
H2N— (C1I2)4—CI I—NH 2 Toluene 58 0 . 2 2 241

I
CII3

OIL

H2NCIT2—C—CIIoCII— (CH2)2NH2 Toluene 94 0 . 1 1 208

CHj CI-I3 
H2N—(CH2)i2—NIL CH2C12 92 0 . 1 0 254

HN^ NsiH Toluene 84 0.07 309

H2N C H , C H C H X T L N I L Toluene 93 0.13 204

a Aqueous sodium carbonate was used as the acid acceptor. 
b The inherent viscosities were measured in DMF (1 % conen.) at 30-S°C. 
c The decomposition temperature was determined on a Perkin-Elmer (DSC-1) dif­

ferential scanning calorimeter.
d A 1:1 mixture ol 4-isocyanatobenzenesulfonyl chloride and 1,3-benzenodisulfonyl 

dichloride was used.

ever, no significant changes with regard to the molecular weights were observed with a 
variety of organic solvents. Although the yields somewhat vary, depending on the 
solvent used, the inherent viscosity ot the obtained polymers was of the same magnitude. 
The polymers are insoluble in most organic solvents, wit h the exception of 1 IMF, DMSO, 
and hexafluoroisopropanol. All of the polymers produced were thermoplastic materials, 
which could lie melt-pressed into films. The film quality depended upon the molecular 
weight and ranged from brittle to tough.



NOTES 3213

The use of a mixture of I and 1,3-benzenedisulfonyl chloride as monomers gives only 
slight improvement of the polymer properties.

The ease of formation as well as the high yields obtained from I and a variety of com­
mercially available diamines provides attractive economics, which renders these poly­
mers useful for intermediate temperature thermoplastic polymers.

Experimental

4-IsocyanatobenzenesulfonyI Chloride (I). To a suspension of 259.58 g. (1.5 moles) 
of sulfanilic acid in 900 ml. of o-dichlorobenzene at 165°C. simultaneously 13 g. (5% 
by weight) of iV,iV-dimethy]formamide in 1 0 0  ml. of o-diehlorobenzene and phosgene 
is added (rate: 1 g./min.) until a clear solution is obtained. Approximately 3 moles of 
phosgene are required for complete reaction. In the absence of DMF catalyst, a huge 
excess of phosgene and long reaction times are necessary to achieve conversion. 4 After 
purging with nitrogen for 90 min. and removal of the solvent 247.5 g. (76%) of 4-iso- 
cyanatobenzenesulfonyl chloride, b.p. 115-120°C./0.5-0.7 mm., m.p. 50-52°C., is ob­
tained by vacuum distillation.

The monomer was redistilled and its purity was checked by vapor-phase chromatogra­
phy (retention time 4.7 min. at 180°C. using a Perkin-Elmer 15 ft. X 'A  in. S.E. 30 column 
with 2.5% steroid packing). Isocyanate equivalent determination6 indicated 99.6% 
purity.

Polysulfonamide-Ureas. General Method. A 10 g. portion of I (0.046 mole) was 
placed in 300 ml. of dry methylene chloride. The aqueous phase consisted of 5.3 g. of 
Na2C 03 and 5.9 g. of hexamethylenediamine in 300 ml. of deionized water. The reac­
tants were cooled with an ice-salt bath. The aqueous phase was placed in a home blender, 
and the organic phase was rapidly added to the aqueous phase with high-speed stirring. 
The polymer formed immediately and precipitated as a white granular material. Stir­
ring was continued for 1 0  min., after which time 2 0 0  ml. of water was added to the blender 
and the potymer was fdtered off. The filtered polymer was again placed in the blender 
with 200 ml more of water and stirred, and then filtered on a sintered glass filter. It was 
washed several more times with water (to neutral pH) on the filter and then dried in a 
circulating air oven followed by drying in a vacuum oven. The yield was 14 g. (97%), 
>jinh = 0.31 (1% solution in DMF at30.8°C.).
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Reaction of Nitrogen Dioxide with Polystyrene Films

No fundamental work is available on the effect of NO, gas on polymers, except for
some scattered observations and one paper by Japanese workers on the effect of NO,
gas on polyethylene. I.' The reaction with small molecules such as olefins, however, has
been investigated. 3

The present work is concerned with the reaction of NO, gas with polystyrene films
from t.he standpoint, of main-chain rupture.

EXPERIMENTAL

Materials

All solvents were of analyt.ical reagent grade. Polystyrene was supplied by The Dow
Chemical Company; it was prepared isothermally and had a weight-average molecular
weight of 3.72 X 10· (as measured in our laboratory by light scattering by ~1r. C.
McDonald) and a MwiM " ratio of 2.3.

The polymer was purified by dissolving in methyl ethyl ketone and twice precipitating
with ethanol. It was dried to cOllstant weight in vacuo at 60°C. NO, gas was obtained
from the Matheson Company, Inc.

Apparatus

An all-glass high vacuum apparatus, evacuated to about 10-.-10-6 mm. Hg was used.
Pressures were measured with a Pyrex spoon gauge, which was used as a r.ero pressme
indicator; the NO, pressure was compensated by outside air pressure, measured with a
mercury manometer, as NO, gas reacts with mercury. Polymer films were kept in
separate containers (attached to the vacUlUll system). The reaction temperature
was kept constant. by immersing these containers into a water bath. Ordinary high
vacUlUll grease and silicone grease were attacked by NO" but Fluorolube GR-544
(Hooker Chemical Corp.) was found to be satisfactory.

Preparation of Polymer Films

Glass rings of 2.6 cm. diameter and about 2 cm. in height, polished on either end, were
placed on aluminum foil, which was spread on a horizont·al alld opt.ically Hat metal 1"1lI'­

face. A 6% (w Iv) polystyrelle solution in benzene was placed illside the glass rings.
The solvent was allowed to evaporate at a definite rate, which was controlled by par­

tially covering the ring. In this way transparent films of even thickness, except for the
edge of the film adhering to the glass ring, were obtained. Films of varying thicknesses,
from about 10 to several hundred microns could be made in this way by varying the rate
of vaporization. Films of about 20 I-' were takell for the experiments. It was shown by
separate experimellts, t.hat for films up to about 601-', diffusion effects were negligible.
The films were dried in vacuo at· 60°C. for about. 2 days prior to exposure t.o NO,. In­
trinsic viscosities before and after various periods of exposlll'e were measmed in a
Cannon-Fenske viscomet.er at 2,5.00 ± O.02°C.

Results

The films were exposed to NO, for various periods of time and to a range of tem­
peratures and NO, pressures. After exposure, their intrinsic viscosities were determined
ill benzene solutions.

The intrinsic viscosities were transformed into number-average chain lengths as fol­
lows. The weight-average molecular weights of the unexposed sample and one sample
exposed for 22 hr. t.o 30 cm. Hg of NO, gas at ,'),')oC. were measured by light scattering.
The initial sample had a ratio of weight-average to number-average molecular weight
equal to 2.3, typical for a random distribution. Thus, (,he weight-average chain lengths
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of these samples, divided by t.wo, gave the corresponding number-average chain lengths.
A sample having the random distribution obeys the relationship (1):

(1 )

The parameters K and 'Y can be determined if the number-average molecular weights
and the intrinsic viscosities for at least two samples are known. This was the case, and
the number-average molecular weights for any degraded sample can be found. The
unexposed sample had a weight~average molecular weight of 3.72 X IDS and the exposed
sample of one of 1.f>7 X 1()5; their respective intrinsic viscosities were 1.067 and 0.53
dl./g. Finally the molecular weights were transformed into number-average chain
lengths. The values for K and 'Y were O.;)R'i X 10-' and O.SI, respectively.
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Fig. 4. Arrhenius plot for N 02 pressure of 30 cm. Tig.

Figure 1 shows the results for exposure at CO, 30, and 15 cm. ITg NOa pressure at 55°C. 
plotted according to the random theory. Figure 2 gives the rate constants as a function 
of NOa pressure at 55°C. Figure 3 gives an example of a random plot for 30 cm. Hg of 
NOa gas at 35°C. Figure 4 shows the Arrhenius plot for 30 cm. TTg of N 02 gas, which 
gives an equation as follows:

k = 1.66 X 106 g -i6Mo/«r hr. - 1

As the rate constants are directly proportional to the pressure, the equation can he 
written as:

k = P{5.52 X 104 e - i » « * )  hr.-'

The NOa pressures were measured at room temperature as centimeters of mercury 
while the container with the films is at the reaction temperature.

Infrared spectra of the unexposed and one exposed sample (19.5 hr., 30 cm. Hg, 
S0°C.) showed the presence of stretching vibrations due to the NOa group on an aliphatic 
chain in the exposed sample (aliphatic stretching vibration is located at 6.19-6.49 n 
and at 7.20-7.5 8 ju) . 4

DISCUSSION

The chain scission reaction is a typical random process. The most reactive point in 
the polystyrene molecule is the a-hydrogen atom. In a previous publication,6 “ weak 
points” were postulated in polystyrene, consisting of some hydroperoxide groups which 
led to chain scission with a lower energy of activation than that characteristic of normal 
main chain links. This view has recently been substantiated by experiments with iso- 
tactic polystyrene,5 which do not show any weak links, but give the energy of activation 
for normal links from the very start of the degradation reaction.

The energies of activation for bulk degradation were previously6 found to be as fol­
lows: 24.5 kcal./mole for weak links and 44.7 kcal./mole for normal links.

For initial rates of oxidative degradation, the energy of activation amounts to 26.2 
kcal./mole.78 All these energies of activation are appreciably larger than the one ob­
tained in the presence of N 02. Original weak links would, therefore, not be noticeable 
at relatively large and constant N 02 pressures, but could interfere at very low pressures 
of N 02.

If one assumes that the same Arrhenius equation, k = P (5.52 X 10* e-16200,-Br) hr.-1, 
can also be used for very small N 02 pressures, one obtains, for instance, for the rate con­
stant for a N 02 pressure of 7.6 X 10- 3  mm. Hg, with respect to health the maximum ac­
ceptable pressure in airfor humans avalué of k = 5.66 X 10-n  hr. -1  at 25°C. Thus it 
will take 4.11 X 105 days to produce one chain scission on the average in one original
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Absorption and differential permeation of 
water vapor in polyacrylamide film, 
2147

Acetylenic group, terminal, linear poly­
mers of vinyl monomers containing, 
999

Acetylenic moiety, linear polymers of 
acrylic monomers containing, 813 

Acid-catalyzed methanolysis of tri-O- 
methvlamylose and tri-O-methyl- 
ccllulose, 2133

Acidic substances, retardation of spon­
taneous polymerization of form­
aldehyde by, 3129

Acidic vinyl monomers, copolymeriza­
tion parameters of, 77 

Acids, dicarboxylic, synthesis of poly­
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azolines with, 1129 

petroselinic and oleic, perchlorocy- 
clopentadiene adducts of, vinyl 
esters of, polymers of, 1809 
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heptene-2 -carboxylic acid, and eo- 
polymerization with acrylonitrile, 
synthesis of, 1279

Acrolein vinyl monomers, copolymeriza­
tion parameters of, 77 

Acrylamide, and methacrylamide in 
aqueous solution, uranyl ion- sen­
sitized polymerization of, 637 

persulfate-initiated polymerization of, 
3151

polymerization of, initiated by per­
sulfate-thiosulfate redox couple, 3167 

7 -ray polymerization of, 531 
Acrylate, vinyl chloride, of melhoxy 

polyethylene glycol) copolymers, 
2946

Acrylates and methacrylates, homo­
polymers and copolymers of, of 
homoterpenylmethyl carbinol and 
a-campholenol, 1489 

Acrylic monomers containing an acety­
lenic moiety, linear polymers of, 813 

Acrylonitrile, copolymer of, endgroup of 
chlorate-sulfite-initiated, 2857 

copolymer ization with, synthesis of

1,4,5,6,7,7-hexachloro- and hex­
abromobicyclo-[2,2,1]-5-hep tene-2- 
carboxylic acid vinyl esters and,
1279

mechanism of emulsion polymerization 
of, 469

and methyl acrylate, copolymerization 
of, effect of reaction medium on,
1967

polymerization by p-toluenesulfinic 
acid, kinetics and mechanism of,
1297, 1307

role and effect of emulsifiers in emul­
sion polymerization of, 455 

12-Acryloxystearate and vinyl chloride, 
copolymers of, 2949

Acryloyl- and methacryloyl-a-amino acid 
amides, base-catalyzed polymeriza­
tion of, 1585

DL-Alanine NCA and L-alanine NCA,
2867

Alcohols, complex formation with
catalysts and isocyanates in prep­
aration of urethanes, 35 

Aldehyde and carbonyl groups, effects of, 
in graft copolymerization of methyl 
methacrylate on cellulose with ceric 
salt, 2791

Alicyclic compounds, unsaturated, ring­
opening polymerization of, 2209 

Alkenes, nitrogen-containing, copolymer­
ization of divinyl ether with certain, 
1265

a-Alkylacrylonitriles, new synthetic 
route to, and homopolymerization 
and copolymerization reactions, 563 

Alkylene/arylene polyether, synthesis of, 
from diphenolic acid and Rosenmund 
reduction to polyether aldehyde, 381 

Alkylene oxides, polymerization of, by 
dialkylzinc-Lewis base systems,
3139

A'-Alkylolacrylamides, 2957 
iY-Alkyl-substituted copolyamides with 

long methylene chain units, 107 
A'-Alkyl-substituted polyamides with 

long methylene chain units, 107 
Alkyl vinyl esters of brassylic (tridec- 

anedioic) acid, 2547
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Allyl acrylate and allyl methacrylate, 
linear polymers of, 323 

Allyl methacrylate and allyl acrylate, 
linear polymers of, 323 

Alternating copolymerization of carbon 
monoxide and ethylenimine by 
azobisisobutyronitrile or by 7 -ray 
irradiation, influence of addition of 
olefins on the, 1645

Aluminum chloride-cupric chloride, oli­
gomerization of halobenzenes by,
945

Aluminum sulfate-sulfuric acid complex, 
effect of temperature and solvents 
on stereospecific polymerization of 
vinyl alkyl ethers catalyzed by, 795 

Amine-catalyzed dicyandiamide cure, 
tertiary, of epoxy resins, mechanism 
of, 1609

Amines, polymeric, from poly(Schiff 
bases), preparation of, 1659 

Aminobutadienes, 2219 
Amino endgroups, detection and in­

corporation of, in free-radical poly­
merization of methyl methacrylate, 
151

Amorphous and crystalline samples of 
poly (ethylene terephthalate), ESR 
study of radicals trapped in, after 
7 -irradiation, 2199

Ammonium phosphate, determination of 
kinetic parameters for pyrolysis of 
cellulose and cellulose treated with, 
by differential thermal analysis and 
thermal gravimetric analysis, 833 

Anhydrides, aromatic cyclic, hydrolysis 
of, 2961

Anionic copolymerization of styrene and 
isoprene in cyclohexane, 2783 

Anionic graft polymerization of methyl 
acrylate to protein functional 
groups, 2535

Anionic polymerization, of lactams, 965 
relative reactivities of cis and trans 

crotonic compounds in, 27Ü1 
Anionic polymers, statistical character 

of, effect of impurities and the ini­
tiation and transfer rate constants 
on, 2269

Anionic and radical homopolymerization 
of maleimide and A'-n-butylmal- 
eimide, 1619

Aromatic cyclic anhydrides, hydrolysis 
of, 2961

Aromatic nuclei, polymerization of, 945

Aromatic poly (amie acids), fully aro­
matic polybenzoxazinones from,
2359

Aromatic polybenzoxazinones from 
aromatic poly(amic acids), 2359 

Aromatic polyhydantoins from bisimino- 
acetate and diisocyanates, 2289 

Aromatic polyquinazolinediones, fully, 
cyclodehydration to, 2523 

Aromatic polysulfonamides, 553 
Aromatic poly(ureido acids) by low-

temperature solution polymerization 
and cyclodehydration to fully 
aromatic polyquinazolinediones,
2523

Aromatic substitution, nucleophilic, 
poly(aryl ethers) by, 2399 

nucleophilic, poly (aryl ethers) by, 2415 
Aroyl peroxides containing reactive 

functional groups, 2964 
Arylene/alkylene polyether, synthesis of, 

from diphenolic acid and Roseti- 
mund reduction to polyether alde­
hyde, 381

Arylene-modified siloxanes, 2745 
Aryl sulfone linkages, polybenzimid­

azoles containing, 1113 
L-Aseorbic acid, kinetics of depoly­

merization of hyaluronic acid by, 
and inhibition of reaction by anions 
of lyotropic series, 931 

Asymmetric-induction polymerization of 
benzofuran, catalysts for, 2099 

Autoxidation, inhibited, of polypropylene, 
1683

of polypropylene, kinetics of, 2091 
Azobisisobutyronitrile-initiated poly­

merization of methyl methacrylate 
in benzene, 1107

a,a-Azobisisobutyronitrile or 7 -ray irra­
diation, isomerization polymeriza­
tion of 2-vinyl-l,3-dioxolane by,
2351

Base-catalyzed polymerization of
acryloyl- and methacryloyl-a-amino 
acid amides, 1585

Benzene, azobisisobutyronitrile-initinted 
polymerization of methyl meth­
acrylate in, 1107

tert-butyl hydroperoxide-initiated 
polymerization of styrene in, 1101  

Benzofuran, catalysts for asymmetric- 
induction polymerization of, 2099 

Bl'YCKCîHih, changes in concentration 
of tetraoxane produced during
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solution polymerization of trioxane, 
2977

copolymerization of tetraoxane with 
styrene catalyzed by, 1937 

copolymerization of trioxane with 
styrene catalyzed by, 1927 

effect of solvent on amount of tetra­
oxane produced in solution poly­
merization of trioxane catalyzed by, 
2989

polymerization of tetraoxane at low 
concentration catalyzed by, 2997

Bicvclopentene and other dicylic dienes, 
cyclocopolvmerization of, with sulfur 
dioxide to fused ring systems, 1827

Binary copolymerization, computer pro­
gram for calculations and automatic 
data plotting in, 401 

free energy changes of, 1383
Binary systems, radiation-induced solid- 

state polymerization in, 1899
3.3- Bis(ehloromethyl)oxetane, irradiated

monomer and polymer of, electron 
spin resonance study of, 265

Bis(cyclopentadienyl)titanium dichlo­
ride and diisobutylaluminum chloride, 
homopolymerization of ethylene and 
copolymerization with 1 -butene in 
presence of, 1119

4,4'-Bis(diphenylphosphino)biphenyl or
l,4-bis(diphenylphosphino)butene, 
copolymerization of, with trans-2fi- 
diazidohexaphenylcyelophospho- 
nitrile, 2S91

1.4- Bis(diphenylphosphino)butene or 
4,4'-bis(diphenvlphosphino)biphenyl, 
copolymerization of, with lrans-‘2,ti- 
diaziodohexaphenyleyclophospho- 
nitrile, 2891

l,3-Bis(2,3-epoxypropylphenyl )tetra- 
methyldisiloxanes, 2595

Bisimidazolines with dicarboxylic acids, 
synthesis of polyamides by poly- 
addition of, 1129

Bisiminoacetate and diisocyanates, 
aromatic polyhydantoins from,
2289

Bissuccinimides, polyaddition of, with 
diamines in synthesis of polyamides, 
15

Block copolymerization of methyl 
methacrylate with polyfethylene 
oxide) radicals, 43

Boundary effect on thermal degradation 
of copolymers, 2 1

Brassylic (tridecanedioic) acid, alkyl 
vinyl esters of, 2547

Bulk polymerization, of dioxolane, 
kinetics of, in presence of water,
1881

kinetics of, of trimeric phosphonitrile 
chloride, 3061

Butadiene, and isoprene, cationic poly­
merization of isobutene with, 2455 

mechanism of stereoregular polymeriza­
tion of, by homogeneous Ziegler- 
Natta catalysts, effects of the nature 
of bases and halogens, 521 

mechanism of stereoregular polymeriza­
tion of, by homogeneous Ziegler- 
Natta catalysts, effects of the 
species of transition metals, 511

1,3-Butadiene on cobalt and nickel 
halides, polymerization of, 429

1-Butene, copolymerization with, 
homopolymerization of ethylene 
and, in presence of bis(cyclopenta- 
dienyl)titanium dichloride and 
diisobutylaluminum chloride, 1119 

ethylene dimerization to, 681 
kinetic results on polymerization with 

heterogeneous metalorganic cat­
alysts, 205

ferf-Butyl hydroperoxide-initiated poly­
merization of styrene in benzene,
1101

Butyllithium-diethylzinc complex, poly­
merization of methyl methacrylate 
with, 1359

A’-n-Butylmaleimide, radical and anionic 
homopolymerization of maleimide 
and, 1619

a-Campholenol, homopolymers and 
copolymers of acrylates and meth­
acrylates of homoterpenylmethyl 
carbinol and, 1489

«-Caprolactam, direct determination of, 
in presence of nylon 6 and its 
oligomers by infrared spectroscopy, 
231

Caprolactam and pyrrolidone, copoly- 
merization of, 965

Carbon dioxide, kinetics of 7 -ray poly­
merization of formaldehyde in 
presence of, 2825

( larbonium ion salts, initiation process 
in polymerization of tetrahydro- 
furan with, 193

Carbon monoxide and ethylenimine, 
alternating copolymerization of, by
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azobisisobutyronitrile or by 7 -ray 
irradiation, influence of addition of 
olefins on, 1645

radical-initiated copolymerization of, 
in the presence of ethylene, 2031 

Carbon tetrachloride, polymerization of 
methyl methacrylate initiated by 
liquid sulfur dioxide-pyridine com­
plex in presence of, 2769 

Carbonyl and aldehyde groups, effects 
of, in graft copolymerization of 
methyl methacrylate on cellulose 
with ceric salt, 2791 

Carborane polymers, polysiloxanes, 365 
4-(o-Carboranyl)-l-butylmethyl siloxane- 

dimethyl siloxane copolymers, 
thermal behavior of, 2119 

Catalyses and properties of some binary 
systems containing the menthoxy 
group, 2099

Catalysts, for asymmetric-induction 
polymerization of benzofuran, 2099 

complex formation with alcohols and 
isocyanates in preparation of 
urethanes, 35

new, for isotactic polymethacrylo- 
nitrile, 2503

Cationic and free-radical polymerization 
of optically active 1-olefins, 619 

Cationic graft copolymerization of 
styrene onto natural rubber, 339 

Cationic polymerization, of a,/3-disub- 
stituted olefins, 1727 

double-bond opening of, in methyl 
propenyl ether, 3009 

of isobutene with butadiene and 
isoprene, 2455

of propenyl »-butyl ether, 1727 
of styrene catalyzed by rhenium penta- 

chloride, effect of ethyl monochloro- 
acetate on, 3207

of vinylcyclopropane and related com­
pounds, rearrangements of the pro­
pagating chain end, 227 

Caustic soda, action of, on fine structure 
of cotton and ramie, 2579 

Cellulose, and cellulose treated with
ammonium phosphate by differential 
thermal analysis and thermal gravi­
metric analysis, determination of 
kinetic parameters of pyrolysis, 833 

cotton, crosslinked deerystallized, 2563 
fine structure of, effect of reagents on, 

2579
formylation of, 2465

gel permeation properties of, 2563 
graft copolymerization of methyl 

methacrylate on, with ceric salt, 
effects of carbonyl and aldehyde 
groups in, 2791

Cellulose acetate-styrene graft copoly­
mers, isolated, 1341

Cellulose graft copolymers, preparation 
and characterization of, 1341 

Ceric salt, effects of carbonyl and alde­
hyde groups in graft copolymeriza­
tion of methyl methacrylate on cellu­
lose with, 2791

Cerium, grafting of polyacrylonitrile to 
granular corn starch by initiating 
with. 2967

Chain transfer and branching, 2681 
Chloral and dichloroacetaldehyde, co- 

polymerization of, catalyzed by or- 
ganometallic compounds, 975 

Chlorate-sulfite-initiated acrylonitrile 
copolymer, endgroup of, 2857 

Chlorinated fatty acids, homopoly mers 
and vinyl chloride copolymers of 
vinyl esters of, from Umbelliferae 
and Limnanthes clovglasn, 2899 

Chlorinated polystyrene, 2297 
p-Chlorostyrene and vinylidene chloride, 

copolymerization of 4-cyclopentene-
1,3-dione with, 1123 

Chromophore of polyacrylonitrile, 2637 
Cinnamide, hydrogen-transfer polym­

erization of, 675
Cobalt halide and nickel halide, polym­

erization of 1,3-butadiene on, 429 
Cobalt-60 7 -radiation, solid-state polym­

erization of 1,2,3,4-diepoxybutane 
initiated by, 1015

Cohesive energy densities of polymers 
from turbidimetric titrations, 1671 

Complex formation between catalysts, 
alcohols, and isocyanates in the 
preparation of urethanes, 35 

Computer program for calculations and 
automatic data plotting in binary 
copolymerization, 401 

Condensation polymerization, a,u-
disubstituted polymethylpolyphos- 
phonates and polyphenylpolyphos- 
phonates, 57

of d-tartaric acid with diamines, syn­
theses of optically active polymers 
by, 2441

Condensation polymers, stereoregular,
2481
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Conjugated double bonds in deeply 
colored polymers, 395 

Conjugates, fluorescent, of polyethylene- 
imine, 1 0 2 1

Copolyesters, randomness in, determina­
tion of, by high resolution nuclear 
magnetic resonance, 2259 

Corn starch, granular, grafting of poly­
acrylonitrile to, 1313 

granular, grafting of polyacrylonitrile 
to, by initiation with cerium, 2967 

Cotton cellulose, crosslinked decrystal­
lized, 2563

Cotton and ramie, action of caustic soda 
on fine structure of, 2579 

Cr(AcAc)3-A lE t3 catalyst system, hetero­
geneous, in isoprene polymerization, 
761

Crosslinked, decrystallized cotton cel­
lulose, 2563

Crosslinking of gelatin by aqueous per- 
oxydisulfate, 1

Crosslinking by initiator fnee-radicals, 
1165

Crotonic compounds, cis and tramé, rela­
tive reactivities of, in anionic polym­
erization, 2701

Crotonyl compounds, radical copolym­
erization of, with styrene, 2641 

Crystalline and amorphous samples of 
poly(ethylene terephthalate), EKR 
study of radicals trapped in, after 
^-irradiation, 2199 

Crystalline poly-p-ierf-butylstyrene,
2187

Crystalline poly(cyanoethyl)oxymethyl­
ene, 2247

0 -Cyanopropionaldehyde, polymeriza­
tion of, 2247

Cyclocopolymerization, of bicyclopentene 
and other ¿¡cyclic dienes with sulfur 
dioxide to fused ring systems, 1827 

of diallylamine derivatives in dimethyl 
sulfoxide, 1951

of dieyclic dienes and maleic anhydride 
to fused ring systems, 1845 

Cyclo- and cyclized diene polymers,
7 -ray-initiated polymerization of 1,3- 
dienes, 503

Cyclodehydration to fully aromatic poly- 
quinazolinediones, 2523 

Cycloelimination process, effect of ester 
spatial conformation on, 2333 

Cyclohexane, anionic copolymerization 
of styrene and isoprene in, 2783

Cyclohexylidenebisphenol polycarbonates, 
elastomers based on, 927 

4-Cyclopentene-l,3-dione, copolym­
erization of, with p-chlorostyrene and 
vinylidene chloride, 1123 

Cyclopolycondensations, 2359, 2523 
Cyclopolymerization of diastereomeric 

diepoxides, 2067
Decay of the ESR signal in ultraviolet- 

irradiated polyf methyl methacrylate), 
677

Decrystallized, crosslinked cotton cel­
lulose, 2563

Degradation, of an initial “ most
probable”  polymer, effect of volatile 
fraction on, 1573 

oxidative, of polystyrene, 1635 
thermal, of copolymers, boundary ef­

fect on, 2 1

1 legradation products, volatile, of organo- 
tin polyesters, 2458

Dehydrochlorination reactions in poly­
mers, 2297

Densities, cohesive energy of, of poly­
mers from turbidimetric titrations, 
1671

Depolymerization kinetics, theoretical, 
1573

Dialkylzinc-hydrazine catalyst, polym­
erization of propylene oxide with, 917 

Dialkylzinc-Lewis base systems, polym­
erization of alkylene oxides by, 3139 

Diallylamine derivatives, cyclocopolym­
erization of, in dimethyl sulfoxide, 
1951

Diamines, condensation polymerization of 
d-tartaric acid with, syntheses of 
optically active polymers by, 244 1 

polyaddition of bissuecinimides with, 
in synthesis of polyamides, 15 

Ilianilinoxysilanes and diphenoxysilanes, 
synthesis of polyaryloxysilanes by 
melt-polymerizing, with aromatic 
diols, 707

Diastereomeric diepoxides, cyclopolym­
erization of, 2067

iraras-2,6-Diazidohexaphenylcyclophos- 
phonitrile tetramer, copolvmerizu- 
tion of, with l,4-bis(diphenylphos- 
phinolbutane or 4,4'-bis(diphenyl- 
phosphino)biphenyl, 2891 

Diazomethane, gaseous, polymerization 
of, on silicone grease, 585 

Dibenzenechromium, polymerization of 
ethylene by, 683
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1 ¡¡barane redaction of corresponding 
acids, preparation of hydroxyl- 
terminated polysiloxanes by, 685

Dicarboxylic acids, synthesis of poly­
amides by polvaddition of bisimid- 
azolines with, 1129

Dichloracétaldéhyde and chloral, copolym­
erization of, catalyzed by organo- 
metallic compounds, 975

5,5-Dichloro-4-hydroxy-2,4-pentadienoic 
acid lactone, copolymerization of,
127

Dicyandiamide cure, tertiary amine-
catalyzed, of epoxy resins, mechanism 
of, 1609

2.4- Dicyanopentanes, high-resolution
nuclear magnetic resonance spectra 
of, 1855

Dicyclic dienes, bicyclopentene and other, 
cyclocopolymerizalion of, with sul­
fur dioxide to fused ring systems,
1827

and maleic anhydride, cyclocopolym­
erization of, to fused ring systems, 
1845

Dicyclopentadiene, single initial addition 
of, in terpolymerization of ethylene, 
propylene, and dicyclopentadiene, 243 

two-step addition of, in terpolymeriza­
tion of ethylene, propylene, and di­
cyclopentadiene, 251

Dielectric properties of vinylidene chlo­
ride-vinyl chloride copolymers, 1717

Diels-Alder polymers, 2721
Diene incorporation into isobutylene- 

diene copolymers effect of tempera­
ture on, 2712

Dienes, cyclo- and cyclized, 7 -ray- 
initiated polymerization of, 503 

dicyclic, bicyclopentene and other, 
cycloeopolymerization of, with sul­
fur dioxide to fused ring systems,
1827

dicyclic, and maleic anhydride, cyclo­
copolymerization of, to fused ring 
systems, 1845

Diepoxides, linear polymers from, 2192
1.2.3.4- Diepoxybutane initiated by cobalt- 

60 7 -radiation, solid-state polym­
erization of, 1015

Differential permeation and absorption 
of water vapor in polyacrylamide 
film, 2147

Diffusion in ethylene propylene rubber, 
1327

Diisobutylaluminum chloride, homopolym­
erization of ethylene and copolym­
erization with 1 -butene in presence 
of bis(cyclopentadienyl)titanium di­
chloride and, 1119

Diisocyanates, and bisiminoacetate, aro­
matic polyhydantoins from, 2289 

fluorinated, polyurethanes from,
2757

Diisotacticitv of polyfmethyl propenyl 
ether) and double-bond opening of 
methyl propenyl ether in cationic 
polymerization, 3009

N ,N-dimethyl 1 2 -acryloxystearamide, 
polymerization of, methyl 1 2 -acryl- 
oxystearate, and methyl 14-acryl- 
oxyeicosanoate, 1501

Dimethyl sulfoxide, cyclocopolymeriza­
tion of diallylamine derivatives in, 
1951

Diols, aromatic, synthesis of polyaryl- 
oxysilanes by melt-polymerizing 
dianilino- and diphcnoxysilai.es with, 
707

a,u-Diols from polymerization of ethylene, 
2693

Dioxolane, bulk polymerization of, 
kinetics of, in presence of water,
1881

solution polymerization of, kinetics 
of, in presence of water, 1889

1,3-Dioxolane group, preparation and 
polymerization of vinyl monomers 
containing, 287

Diphenolie acid, synthesis of an arylene/ 
alkylene polyether from, 381

Diphenoxvsilanes and dianiloxysilanes, 
synthesis of polyaryloxysilanes by 
melt-polymerizing, with aromatic 
diols, 707

Disproportionation, initiation through, 
1307

Dissociation constants of onuphic acid, 
2707

a,/3-Disubstituted olefins, cationic polym­
erization of, 1727

a,co- 1  lisubstituted polymethvlpolyphos- 
phonales, from condensation polym­
erization, 57

Divinyl ether, copolymerization of, with 
certain nitrogen-containing alkenes, 
1265

Double-bond opening of methyl propenyl 
ether in cationic polymerization,
3009
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Fine structure of cellulose, effect of 
reagents on, 2579

Fluorescence polarization method, studies 
of micro-Brownian motion of a poly­
mer chain by, 1 0 2 1

Fluorescent conjugates of polyethylene- 
imine, 1 0 2 1

Fluorinated diisocyanates, polyurethanes 
from, 2757

Fluorine-containing polyethers, prep­
aration of, 2343

Formaldehyde, gaseous, polymerization 
of, kinetics of, 1705 

7 -ray polymerization of, in presence 
of carbon dioxide, kinetics of, 2825 

spontaneous polymerization of, by 
acidic substances, retardation of, 3129 

Formylation of cellulose, 2465 
Free energy changes of binary copolym­

erization systems, 1383 
Free-radical polymerization, of ethylene, 

propagation, transfer, and short- 
chain branching in, 3115 

of methyl methacrylate, defection and 
incorporation of amine eudgroups 
in, 151

of p-vinylbenzyl methyl ether, kinet­
ics of, 1165

of vinyl ferrocene, 2091 
Free radicals, initiator, crosslinking by, 

1165
Furan, pyrrole, and thiophene, colored 

electrically conducting polymers 
from, 1527

/3-(2-Furyl)acrolein, polymerization of, 
in solution by ionizing radiation, 3219 

Fused ring systems, cyclocopolymeriza­
tion of bicyclopentene and other 
dicyclic dienes with sulfur dioxide to, 
1827

cyclocopolymerization of dicyclic dienes 
and maleic anhydride to, 1845 

Gamma radiolysis, quantitative deter­
mination of short branches in high- 
pressure polyethylene by, 2023 

Gaseous formaldehyde, polymerization of, 
kinetics of, 1705

Gelatin, crosslinking of, try aqueous 
peroxydisulfate, 1

Gel permeation chromatography, 2835 
effect of temperature and polymer 

type on, 987
and other methods, molecular weights 

of tetrahydrofuran-propylene oxide 
copolymers by, 2045

Gel permeation properties of cellulose,
2563

Glassy phase, solid-state polymerization 
in, 1899

Graft copolymerizations, of gaseous vinyl 
chloride and vinylidene chloride on 
preirradiated polypropylene, 439 

of methyl methacrylate on cellulose 
with ceric salt, effects of carbonyl 
and aldehyde groups in, 2791 

Graft copolymers, isolated cellulose 
acetate-styrene, 1341 

Grafting, in a heterogeneous medium in 
the presence of radical initiators, 
mechanism of, 1563 

of maleic anhydride on polyethylene, 
1547

of polyacrylonitrile to granular corn 
starch, 1313

of polyacrylonitrile to granular corn 
starch by initiation with cerium,
2967

in reaction of polyethylene and poly- 
(maleic anhydride), 1539 

Graft polymerization, anionic, of methyl 
acrylate to protein functional groups, 
2535

Graft polymers, cellulose, preparation and 
characterization of, 1341 

chain transfer and branching, 2681 
Granular corn starch, grafting of poly­

acrylonitrile to, 1313 
grafting of polyacrylonitrile to, by 

initiation with cerium, 2967 
Halides, cobalt and nickel, polymeriza­

tion of 1,3-butadiene on, 429 
metal, NM R studies on the stereo­

specific polymerization of methyl 
vinyl ether, polymerization by, 849 

Halobenzenes, oligomerization of, by 
aluminum chloride-cupric chloride, 
945

Halogens and bases, effects of nature of, 
on mechanism of stereo regular polym­
erization of butadiene by homo­
geneous Ziegler-Natta catalysts,
521

Heteroatom systems, structural effects 
in, 355

Heterocycle copolymers, ordered, 2429 
Heterocyclics, polyaromatic, pyrolysis of, 

1513
Heterogeneous medium in the presence 

of radical initiators, mechanism of 
grafting in, 1563
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1,4,5,6,7,7-Hexachloro- and hexabromo- 
bievelo-[2,2,1 ] -5-hep tene-2-car- 
boxylic acid vinyl esters and co- 
polymerization with acrylonitrile, 
synthesis of, 1279

High resolution nuclear magnetic reso­
nance, determination of randomness 
in copolyesters by, 2259 

Homopolymers, and copolymers of acry­
lates of homoterpenylmethyl car- 
binol and «-camphelenol, 14S9 

and vinyl chloride copolymers of vinyl 
esters of chlorinated fatty acids from 
Umbelliferae and Limnanthes doug- 
lasii, 2899

Homoterpenylmethyl carbinol and a- 
campholenol, homopolymers and co­
polymers of acrylates and meth­
acrylates of, 1489

Hyaluronic acid, kinetics of depolym­
erization of, by L-ascorbic acid, and 
inhibition of reaction by anions of 
lyotropic series, 931 

Hydrodynamics of a porous sphere 
molecule, 3029

Hydrogel, homogeneous poly(2-hydroxy- 
ethyl methacrylate), hydrophobic 
interaction in, 3103 

Hydrogen-transfer polymerization of 
cinnamide, 675

Hydrolysis, of aromatic cyclic anhydrides, 
2961

of polyacrylonitrile, 161 
Hydrolytic side reactions, 2415 
Hydrophobic interaction in poly(2 -hy- 

droxyethyl methacrylate) homo­
geneous hydrogel, 3103 

Hydroquinone derivatives, vinyl, syn­
thesis of, by the Wittig reaction, 993 

Hydroxyl-terminated polysiloxanes, prep­
aration of, by diborane reduction of 
corresponding acids, 685 

A'-TTydroxymethylacrylamide, redox 
behavior in photosensitized cross- 
linking of vinyl polymers containing, 
2705

Hydroxymethyl and pendent ester
groups, post-lactonization of vinyl 
polymers containing, 2655 

Imide-crosslinked poly(vinylphthalic
anhydride), thermal stability of, 2 2 0 2  

Impurities and the initiation and trans­
fer rate constants, effect of, on the 
statistical character of anionic poly­
mers, 2269

Infrared spectra of vinylpyridines com- 
plexed with zinc and cadmium salts, 
radical polymerizabilities and, 1083

Infrared spectroscopy, determination of 
tacticity in poly(vinyl chloride) by, 
2013

direct determination of e-caprolactam 
in presence of nylon 6 and its oligo­
mers by, 231

Inhibited autoxidation of polypropylene, 
1683

Initial “ most probable”  polymer, effect 
of volatile fraction on degradation of, 
1573

Initiation, through disproportionation, 
1307

in the y-radiation-induced polymeriza­
tion of ethylene, mechanism of, 1073 

and transfer rate constants and im­
purities, effect of, on the statistical 
character of anionic polymers, 2269

Initiator free radicals, crosslinking by, 
1165

Initiators, radical, mechanism of graft­
ing in a heterogeneous medium in the 
presence of, 1563

Insoluble polymer supports, reactivity 
of ester groups on, 1977

Intrachain interactions, influence of, on 
the kinetics of styrene polymeriza­
tion and copolymerization, 2159

Intrinsic viscosity of chain polymers, 
theories of, 2883

Ionic polymerization of p-vinylbenzyl 
methyl ether, 417

Ionizing radiation, polymerization of 
/3-(2-furvl)acrolein in solution by, 
3219

Irradiated monomer and polymer of 3,3- 
bis(chloromethyl )oxetane, electron 
spin resonance study of, 265

y-Irradiation, or a,a-azobisisobutyroni- 
t.rile, isomerization of polymeriza­
tion of 2-vinyl-l ,3-dioxolane by, 2351 

«»Co, 2 -vinvlnaphthalene post-polym­
erization initiated by, 2557 

ESR study of radicals trapped in amor­
phous and crystalline samples of 
poly(ethylene terephthalate) after, 
2199

Isobutylene-diene copolymers, effect of 
temperature on diene incorporation 
into, 2712

Isolated cellulose acetate-styrene graft 
copolymers, 1341
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Isoprene and butadiene, cationic polym­
erization of, 2455

Isobutene, cationic polymerization of, 
with butadiene and isoprene, 2455

Isocyanates, complex formation with
catalysts and alcohols in preparation 
of urethanes, 35

Isomerization polymerization of 2-vinyl- 
1,3-dioxolane by a,a'-azobisiso- 
butyronitrile or by 7 -ray irradiation, 
2351

Isoprene, polymerization of, hetero­
geneous Cr(AcAc)*-AlEt.s catalyst 
system in, 701

and styrene, anionic copolymerization 
of, in cyclohexane, 2783

Isotactic polymethaeryh»nitrile, new cata­
lysts for, 2503

Isotactic sequence lengths by ozonation 
of polyfpropylene oxide), 175

(3-Isovalerolactone, polymerization of,
891

Itaconic acid derivatives, polymerization 
of, 689

Kinetic parameters for pyrolysis of
cellulose and cellulose treated with 
ammonium phosphate by differential 
thermal analysis and thermal gravi­
metric analysis, 833

Kinetics, of autoxidation of polypropylene, 
2091

of bulk polymerization of dioxolane 
in presence of water, 1881 

of bulk polymerization of trimerie 
phosphonitrile chloride, 3061 

of emulsion polymerization, 2281 
of free-radical polymerization of p- 

vinylbenzyl methyl ether, 1165 
and mechanism of acrylonitrile polym­

erization by p-toluenesulfinic acid, 
1297, 1307

of non-equilibrium methylsiloxane poly­
merization and rearrangement, 741 

of polymerization of gaseous formalde­
hyde, 1705

of polymerization of vinyl chloride, 
precipitated polymer in, 1137 

of the 7 -radiation-induced polymeriza­
tion of methyl methacrylate in the 
solid state, 779

of 7 -ray polymerization of formalde­
hyde in presence of carbon dioxide, 
2825

of solution polymerization of dioxolane 
in presence of water, 1889

of styrene polymerization and copolym­
erization, influence of intrachain 
interactions on, 2159 

theoretical depolymerization, 1573 
Kinetic studies, 2005 
Lactams, anionic polymerization of, 965 
Lewis base-dialkylzinc systems, polym­

erization of alkylene oxides by, 3139 
Limnanthes douglasii. and Umbellifera*, 

homopolymers and vinyl chloride 
copolymers of vinyl esters of chlo­
rinated fatty acids from, 2899 

Linear polymers, of acrylic monomers 
containing an acetylenic moiety,
813

of alivi acrylate and alivi methacrylate, 
323

from diepoxides, 2192 
of vinyl aryl monomers containing 

another unsaturated group, 1245 
of vinyl monomers containing a ter­

minal acetylenic group, 999 
Lyotropic series, kinetics of depolymer­

ization of hyaluronic acid by l- 
ascorbic acid, and inhibition of re­
action by anions of, 931 

Maleic anhydride, and dicyclic dienes, 
cyclocopolymerization of, to fused 
ring systems, 1845 

grafting of, on polyethylene, 1547 
polymerization of, by an intense shock 

wave, 2939
Maleimide and A’ -n-butylmaleimide,

radical and anionic homopolymeriza­
tion of, 1619

Maleopimaric acid, polyimide-amides 
from, 2204

Mechanism, of acrylonitrile polj'meriza- 
tion by p-toluenesulfinic acid, kinet­
ics and, 1307

of emulsion polymerization of acrylo­
nitrile, 469

of stereoregular polymerization of buta­
diene by homogeneous Ziegler-Natta 
catalysts, effects of the nature of 
bases and halogens on, 521 

of stereoregular polymerization of 
butadiene by homogeneous Ziegler- 
Natta catalysts, effects of the species 
of transition metals, 511 

Membrane, permeability of, to dissolved 
oxygen, 2952

Metal nitrates, oxidizing, polymerization 
of A7-vinyl-carbazole initiated by,
1911
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Metals, transition, effects of species of, 
on mechanism of stereo regular poly­
merization of butadiene by homo­
geneous Ziegler-Natta catalysts, 511 

Metal salts, effects of, on polymerization, 
1083, 1911

Metal soaps, combination of, synergistic 
effect of, 2229

Methacrylamide and acrylamide in 
aqueous solution, uranyl ion-sensi­
tized polymerization of, 637 

2 -Methacrylamide-2 -methylpropanediol- 
1,3 and 2-methacrylamide-2-methyl- 
propanol-1, 2957

2-Met,hacrylamide-2-methylpropanol-l 
and 2 -methacrylamide-2 -methyl- 
propanediol-1,3, 2957 

Methacrylates and acrylates, homopoly­
mers and copolymers of, of homo- 
terpenylmethyl carbinol and a- 
campholenol, 1489 

Methacrylonitrile, influence of poly­
merization conditions on polymeriza­
tion and properties of polymers, 605 

stereospecific polymerization of, 2503 
stereospecific polymerization of, char­

acterization of crystalline poly- 
methacrylonitrile, 593 

Methacryloyl- and acryloyl-a-amino 
acid amides, base-catalyzed polym­
erization of, 1585

Methanolysis, acid-catalyzed, of tri-O- 
methylamylose and tri-O-methyl- 
cellulose, 2133

Methoxy polyfethylene glycol) copoly­
mers, vinyl chloride acrylate of, 2946 

Methyl acrylate, and acrylonitrile, co- 
polymerization of, effect of reaction 
medium on, 1967

anionic graft polymerization of, to 
protein functional groups, 2535 

Methyl 14-acryloxyeicosanoate, poly­
merization of, methyl 1 2 -acryloxy- 
stearate and A',Ar-dimethyl 12-acry 1- 
oxystearamide, 1501

Methyl 1 2 -aeryloxystearate, polymeriza­
tion of, A,A’-dimethyl 12-acryloxy- 
stearamide, and methyl 14-acryl­

oxyeicosanoate, 1501 
2 -Methyl-2 -butene oxide, polymerization 

of, 217!)
Methylene chain units, A'-alkyl-substi­

tuted polyamides and copolyamides 
with, 107

polyurethanes and polyureas with, 119

Methyl methacrylate, in benzene, azo- 
bisisobutyron i t rile-i nitiated poly- 
merization of, 1107 

block copolymerization of, with poly­
ethylene oxide) radicals, 43 

detection and incorporation of amino 
endgroups in free-radical polym­
erization of, 151

graft copolymerization of, on cellulose 
with ceric salt, effects of carbonyl 
and aldehyde groups in, 2791 

polymerization of, with butyllithium- 
diethylzinc complex, 1359 

polymerization of, initiated by liquid 
sulfur dioxide-pyridine complex in 
presence of carbon tetrachloride,
2769

at 90°C., reactivity ratios of styrene 
and, 1289

in the solid state, kinetics of the y- 
radiation-induced polymerization of, 
779

Met hyl propenyl et her, double-bond open­
ing of, in cationic polymerization, 
3009

Methylsiloxane, kinetics of non-equilib­
rium polymerization and rearrange­
ment, 741

a-Methylstyrene-p-methyl-a-methyl- 
styrene copolymers, N M lt study of, 
397

Methyl vinyl ether, NM R studies on the 
stereospecific polymerizat ion by 
metal halides, penultimate effect, 84!) 

N M lt studies on the stereospecific 
polymerization of, by sulfuric acid- 
aluminum sulfate complex, enau- 
tiomorphic catalyst sites model, 863

Micro-Brownian motion of a polymer 
chain by the fluorescence polariza­
tion method, 1 0 2 1

Microscopy, electron, xylene-stream
method for obtaining thin polyethyl­
ene specimens for, 1179

Molecular weight, influence of prepara­
tive conditions on, 215

Molecular weights of tetrahydrofuran- 
propylene oxide copolymers by gel 
permeation chromatography and 
other methods, 2045

“ Most probable” polymer initial, effect 
of volatile fraction on degradation of, 
1573

Nickel halide and cobalt halide, polym­
erization of 1,3-butadiene on, 429
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Nitrates, oxidizing metal, polymeriza­
tion of JV-vinylcarbazole initiated 
by, 1911

Nitrile groups in the side chain, emulsion 
copolymerization with styrene deriva­
tives containing, 1033 

physical and mechanical properties of 
copolymers with styrene derivatives 
containing, 1049

Nitrogen-containing alkenes, copolym­
erization of divinyl ether with cer­
tain, 1265

Nitrogen dioxide, reaction of, with poly­
styrene films, 3214

Nuclear magnetic resonance studies, high 
resolution, determination of random­
ness in copolyesters by, 2259 

high-resolution, of 2,4-dicyanopen- 
tanes, 1855
of polyacrylonitrile, 1059 

of a-methylstyrene-p-methyl-a- 
methylstyrene copolymers, 397 

of polyfvinyl formate), 257 
on the stereospecific polymerization 

of methyl vinyl ether, polymeriza­
tion by metal halides, penultimate 
effect, 849

on the stereospecific polymerization 
of methyl vinyl ether, polymeriza­
tion by sulfuric acid-aluminum sul­
fate complex, enantiomorphic cata­
lyst sites model, S63

Nuclei, aromatic, polymerization of,
945

Nucleophilic aromatic substitution, poly- 
(aryl ethers) by, 2399, 2415

Nylon 6 and its oligomers, direct deter­
mination of e-caprolactam in the 
presence of, by infrared spectros­
copy, 231

Nylon 6 7 -phase crystals, transition of, 
by stretching in the chain direction, 
3017

Nylon 1313, synthesis and polymeriza­
tion of monomers, 391

Olefins, «,/3-disubstit.uted, cationic polym­
erization of, 1727

higher terminal, low molecular weight 
by-products in Ziegler polymeriza­
tion of, 1191

«-Olefins, differences in polymerization 
activity of, with heterogeneous 
metalorganic catalysts, 205

1-Olefins, optically active, cationic and 
free-radical polymerization of, 619

Oleic and petroselinic acids, perchloro- 
eyclopentadiene adducts of, vinyl 
esters of, polymers of, 1809 

Oligomerization of halobenzenes by alu­
minum chloride-cupric chloride,
945

Onuphic acid, dissociation constants of, 
2707

Optically active and inactive poly- 
camphorates and polycamphor- 
amides, 2481

Optically active polymers, syntheses of, 
by condensation polymerization of 
d-tartaric acid with diamines, 2441 

Ordered heterocycle copolymers, 2429 
Organic photoconductors, 1699 
Organometallic polymers, 2927 

copolymerization of chloral and di­
chloracétaldéhyde catalyzed by, 975 

Organotin polyesters, volatile degradation 
products of, 2458

Oxidative degradation of polystyrene,
1635

2-Oxo-l,3-dioxolane group, preparation 
and polymerization of vinyl mono­
mers containing, 3Ü7 

Oxygen, dissolved, permeability of mem­
brane to, 2952

effect of, on 7 -radiation-induced poly­
merization of ethylene, 2731 

Oxymethylene and siloxane series, cal­
culated influence of sterie effects on 
polymerization-depolymerization 
equilibria in, 355

Ozonation, head-to-head units in poly­
propylene oxide) by, 407 

of polypropylene oxide), isotactic 
sequence lengths, 175 

Pendent ester and hydroxymethyl groups, 
post-lactonization of vinyl polymers 
containing, 2655

Perchlorocyclopentadiene adducts of 
petroselinic and oleic acids, vinyl 
esters of, polymers of, 1809 

Permeability of membrane to dissolved 
oxygen, 2952

Peroxides, aroyl, containing reactive func­
tional groups, 2964 

Peroxide vulcanization of polyfvinyl
alkyl ethers), identification of volatile 
products produced during, 785 

Peroxydisulfate, aqueous, crosslinking of 
gelatin by, 1

Persulfate-initiated polymerization of 
acrylamide, 3151
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Persulfate-thiosulfate redox couple, 
polymerization of acrylamide initi­
ated by, 3167

Petroselinic and oleic acids, perchloro- 
cyclopentadiene adducts of, vinyl 
esters of, polymers of, 1809 

7 -Phase crystals, nylon 6 , transition of, 
by stretching in the chain direction, 
3017

Phenolic resins, role of para-substituted 
phenols in curing of, 2807 

Phenols, para-substituted, in curing 
resole-type phenolic resins, 2807 

Phenylated phenylene units, 2721 
Phosphazene system, comparisons with 

the calculated influence of steric 
effects on polymerization-depoly­
merization equilibria in siloxane and 
oxymethvlene series, 355 

Phosphonitrilic chloride, trimeric, kinetics 
of bulk polymerization of, 3061 

Photochemistry of poly (lerl-butyl acry­
late), 2333

Photoconductors, obtained from reaction 
products of poly(9-vinyl anthracene), 
1699

organic, 1699
Photolysis of poly(ethylene terephthalate), 

481
Photosensitized crosslinking of vinyl 

polymers containing A’-hydroxy- 
methylacrylamide, redox behavior 
in, 2705

1-Phthalimido-l,3-butadiene and 1-suc- 
cinimido-1 ,3-butadiene, polymers of, 
2219

Polarization method, fluorescence,
studies of micro-Brownian motion of 
a polymer chain by, 1 0 2 1  

Polyacrylamide film, absorption and dif­
ferential permeation of water vapor 
in, 2147

Polyacrylonitrile, chromophore of, 2637 
grafting of, to granular corn starch, 1313 
grafting of, to granular corn starch 

by initiation with cerium, 2967 
high-resolution nuclear magnetic reso­

nance spectra of, 1059 
hydrolysis of, 161 
tacticity of, 1059, 1855 

Polyaddition, of bisimidazoline with di- 
carboxylic acids, synthesis of poly­
amides by, 1129

of bissuccinimides with diamines in 
synthesis of polyamides, 15

Poly(amic acids), aromatic, fully aro­
matic polybenzoxazinones from,
2359

Polyamides, synthesis of, by the poly- 
addition of bisimidazoline with di- 
carboxylic a.cids, 1129 

synthesis of, by polyaddition of bis­
succinimides with diamines, 15 

Polyampholytes, sjmthesis and evaluation 
of a series of regular, 537 

Polyaromatic heterocyclics, pyrolysis of, 
1513

Poly(aryl ethers) by nucleophilic aromatic 
substitution, 2399, 2415 

Polyaryloxysilanes, synthesis of, by melt- 
polymerizing dianilino- and di- 
phenoxysilanes with aromatic diols, 
707

Polybenzimidazoles containing aryl sul­
fone linkages, 1113 

Polybenzoxazinones, fully aromatic, 
from aromatic poly(amic acids),
2359

Poly-3,3-bis (chloromethyl )oxacyclo- 
butane (Penton) derivatives, 2843 

Poly(i«ri-butyl acrylate), photochemistry 
of, 2333

Poly-p-ierf-butylstyrene, crystalline,
2187

Polycamphoramides and polycamphor- 
ates, optically active and inactive, 
2481

Poly(chloroaldehydes), 975 
Poly(cyanoethyl)oxymethylene, crystal­

line, 2247
Polycyclopentadiene, chemical modifica­

tions of, 725
Polydimethylsiloxane blends, viscosity 

of, 3071
Poly-1 ,6-diselenahexamethylene, 1,2-

diselenane, and their effects on vinyl 
polymerizations, 903 

Polyesters, adsorbed on solid surfaces, 
conformation of, 651

organotin, volatile degradation prod­
ucts of, 2458 

Poly ethers, 2179
fluorine-containing, preparation of, 2343 

Polyethylene, grafting of maleic anhy­
dride on, 1547

high-pressure, quantitative determina­
tion of short branches in, by gamma 
radiolysis, 2023

and polytmaleic anhydride), grafting 
in reaction of, 1539



3250 SUBJECT INDEX

Puly(ethylene glycol) copolymers, meth- 
oxy, vinyl chloride acrylate of, 2946 

Polyethylenimine, analysis of, by spec­
trophotometry of its copper chelate, 
1993

fluorescent conjugates of, 1 0 2 1  

Poly(ethylene oxide) radicals, block co- 
polymerization of, with methyl meth­
acrylate, 43

Polyethylene specimens, thin, for elec­
tron microscopy, xylene-stream 
method for obtaining, 1179 

Polyfethylene terephthalate), amorphous 
and crystalline samples of, ESP 
study of radicals trapped in, after 
7 -irradiation, 2199 

photolysis of, 481
Polyhydantoins, aromatic, from bisimino- 

acetate and diisocyanates, 2289 
Poly(2-hydroxvethy] methacrylate)

homogeneous hydrogel, hydrophobic 
interaction in, 3103 

Polyimidazopyrrolones, 3043 
Polyimide-amides from maleopimaric 

acid, 2204
Polv(maleic anhydride) and polyethyl­

ene, grafting in reaction of, 1539 
Polymethacrylonitrile, isotactic, new cata­

lysts for, 2503
Poly(methyl acrylate), stereoregularity 

of, 2167
Poly(methyl methacrylate), ultraviolet- 

irradiated, decay of ESR signal in, 
677

Poly(methyl propenyl ether), diisotactieity 
of, and double-bond opening of methyl 
propenyl ether in cationic poly­
merization, 3009

Polynomial expansion of log relative 
viscosity and application to poly­
mer solutions, 2629 

Polyoxazolidones, 1865 
Poly-ro-phenoxylene sulfonamides, 935 
Polyphenylpolyphosphonat.es from con­

densation polymerization, 57 
Polytphosphine oxides) and poly(phos- 

phine sulfides), ferrocene-containing, 
2927

Polytphosphine sulfides) and polytphos­
phine oxides), ferrocene-containing, 
2927

Polypropylene, influence of preparative 
conditions on molecular weight and 
stereoregularity distributions of 
polypropylene, 215

inhibited autoxidation of, 1683 
kinetics of autoxidation of, 2091 
preirradiated, graft copolymerizations 

of gaseous vinyl chloride and vinyl- 
idene chloride on, 439 

Poly (propylene oxide), isot actic sequence 
lengths by ozonation of, 175 

by ozonation, head-to-head units in, 407 
Polyquinazolinediones, fully aromatic, 

cyclodehydration to, 2523 
Poly(Schiff bases), preparation of poly­

meric amines from, 1659 
Polysiloxanes, carborane polymers, 365 

hydroxyl-terminated, preparation of 
diborane reduction of corresponding 
acids, 685

Poly (sodium acrylate)-xylan graft co­
polymer, redox-initiated, 3183 

Polystyrene, chlorinated, 2297 
oxidative degradation of, 1635 

Polystyrene films, reaction of nitrogen 
dioxide with, 3214 

Polysulfonamides, aromatic, 553 
Polysulfonamide-ureas, 3212 
Polyureas with long methylene chain 

units, 119
Poly(ureido acids), aromatic, by low- 

temperature solution polymeriza­
tion and cyclodehydration to fully 
aromatic polyquinazolinediones, 2523 

Polyurethanes, from fluorinated diiso- 
cvanates, 2757

with long methylene chain units, 119 
Poly (vinyl alkyl ethers), identification 

of volatile products produced during 
peroxide vulcanization of, 785 

Poly(9-vinyl anthracene), photoconduc­
tors obtained from reaction prod­
ucts of, 1699

Poly (vinyl chloride), 1137
determination of tacticity in, by in­

frared spectroscopy, 2013 
thermal stabilizers of, mechanism of, 

2229
Poly(vinvl ether), stereoregularity of,

1233
Poly(vinyl formate), N M R stud}' of, 257 
Poly(vinylphthalic anhydride), imide- 

crosslinked, thermal stability of, 2 2 0 2  

Pore-size distribution, 2835 
Post-lactonization of vinyl polymers con­

taining pendent ester and hydroxy­
methyl groups, 2655

Post-polymerization, 2-vinylnaphthalene, 
initiated by “ Co -)-irradiation, 2557
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Propenyl n-butyl ether, cationic polym­
erization of, 1727

Propylene, influence of SeOCR on polym­
erization of, by TiCb-AUCTls)?, 2815 

and a-d-propylene, Ziegler-Natta polym­
erization of, 2487

terpolymerizatiou of, with ethylene 
and dicyclopentadiene, single initial 
addition of dicyclopentadiene, 243 

terpolymerization of, with ethylene and 
dicyclopentadiene, two-step addi­
tion of dicyclopentadiene, 251 

Propylene oxide with a dialkylzinc- 
hydvazine catalyst, polymerization 
of, 917

a-d-Propylene and propylene, Ziegler- 
Natta polymerization of, 2487 

Protein functional groups, anionic graft 
polymerization of methyl acrylate to, 
2535

Pulse radiolysis studies of styrene, 877 
Pyridine-sulfur dioxide complex, polym­

erization of methyl methacrylate 
initiated by, in presence of carbon 
tetrachloride, 2769 

Pyrolysis, of cellulose and cellulose
treated with ammonium phosphate 
by differential thermal analysis and 
thermal gravimetric analysis, de­
termination of kinetic parameters of, 
833

of polyaromatic heterocyelics, 1513 
Pyrrole, furan, and thiophene, colored 

electrically conducting polymers 
from, 1527

Pyrrolidone and caprolactam, copolym­
erization of, 965

Qttinoxaline units, polymers with, 545 
Padiation, ionizing, polymerization of 

/3-(2-furyl)acrolein in solution by,
3219

7 -Radiation, cobalt-60, solid-state polym­
erization of 1,2,3,4-diepoxybutane 
initiated by, 1015

copolymerization of trioxane by, 183 
y-Radiation-induced polymerization of 

ethylene, effect, of oxygen on, 2731 
mechanism of initiation in, 1073 

Radiation-induced polymerization of 
1,1,2-trichlorobutadiene, 2617 

Radiation-induced solid-state polym­
erization in binary systems, 1899 

Radical and anionic homopolymerization 
of maleimide and iV-n-butylmale- 
imide, 1619

Radical copolymerization of crotonyl 
compounds with styrene, 2641 

Radical-initiated copolymerization of car­
bon monoxide and ethylenimine in 
the presence of ethylene, 2031 

Radical initiators, mechanism of grafting 
in a heterogeneous medium in the 
presence of, 1563

Radical polymerizabilities and infrared 
spectra of vinylpyridines complexes 
with zinc and cadmium salts, 1083 

Radicals, ESR study of, trapped in 
amorphous and crystalline samples 
of poly (ethylene terephthalate) 
after y-irradiation, 2199 

Radiolysis, gamma, quantitative de­
termination of short branches in 
high-pressure polyethylene by, 2023 

Ramie and cotton, action of caustic soda 
on tine structure of, 2579 

Randomness in copolyesters, determina­
tion of, by high resolution nuclear 
magnetic resonance, 2259 

y-Ray-initiated polymerization of 1,3- 
dienes, 503

y-Ray irradiation or a,a'-azobisiso-
butyronitrile, isomerization of polym­
erization of 2-vinyl-l,3-dioxolane 
by, 2351

y-Ray polymerization, of acrylamide,
531

of formaldehyde in presence of carbon 
dioxide, kinetics of, 2825 

y-Ray radiation, polymerization of 
iV-vinylphthalimide by, 2942 

Reaction medium, effect of, on copolymer­
ization of acrylonitrile and methyl 
acrylate, 1967

Reactivity ratios of styrene and methyl 
metacrylate at 90°C., 1289 

Redox behavior in photosensitized cross- 
linking of vinyl polymers containing 
A’-hydroxymethylacrylamide, 2705 

Redox couple, persulfate-thiosulfate, 
polymerization of acrylamide initi­
ated by, 3167

Redox-initiated vinyl polymerization with 
thiourea as reductant, 135 

Redox-initiated xylan-poly(sodium acry­
late) graft copolymer, 3183 

Resins, epoxy, mechanism of tertiary
amine-catalyzed dicyandiamide cure 
of, 1609

resole-type phenolic, role of para-substi- 
tuted phenols in curing of, 2807
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Resole-type phenolic resins, role of para- 
substituted phenols in curing of, 2807 

Rhenium pentachloride, effect of ethyl
monochloroacetate on cationic polym­
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