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Anionic Graft Polym erization o f Propylene Sulfide 
on Cellulose. I

ELIAHU COHEX,* YAIR AVNY, and ALBERT ZILKHA,
Department of Organic Chemistry, The Hebrew University, 

Jerusalem, Israel

Synopsis
The anionic graft polymerization of propylene sulfide on cellulose membrane was 

studied. Alkali cellulosates were used to initiate graft polymerization, and graft poly
mers of high polypropylene sulfide content were obtained in good yields. The graft 
polymerization was accompanied by a certain extent of homopolymerization. The ef
fects of reaction solvent, monomer concentration, cellulosate degree of substitution, and 
type of the alkali metal cellulosate on the graft polymer composition, yield, and on the 
molecular weight of the grafted side chains were investigated.

INTRODUCTION

The anionic polymerization of episulfides was only recently subjected to 
intensive studies.1'2 Marvel and Weil3 have shown that propylene sulfide 
can be polymerized by sodium ethoxide. Sigwalt and co-workers1 have 
shown that the polymerization propagates by mercaptide anion, derived 
from the opened episulfide ring. By using sodium naphthalene in tetra- 
hydrofuran (THE) as initiator, living polymers were obtained.1

Preliminary studies of the possibility of anionic graft polymerization of 
episulfides were reported in the literature. Most graft polymerization reac
tions, were carried on cellulose. Champetier4 reported the grafting of 
ethylene and propylene sulfide on alkali cellulose. Lazier and Signaigo5 
reacted dithioglycidol with alkali cellulose, rayon, polystyrene, and other 
polymers. Cremonesi6'7 investigated the grafting of ethylene sulfide on 
cellulose in the gas phase and in solution.

In the present work a detailed study of the anionic graft polymerization 
of propylene sulfide on cellulose membrane (cellophane film) is reported. 
Alkali metal cellulosate was used for initiating the graft polymerization.8“ 10 
Such method of initiation may prove to be a useful tool for the chemical 
modification of cellulose, since it wras shown11 that the conversion of cellu
lose to its cellulosate derivative did not lead to chemical degradation or to a 
change in its mechanical properties.

* Deceased July 16, 1970.

©  1971 by John Wiley & Sons, Inc.

a  *
n n n v it n m w r t
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EXPERIMENTAL

Materials

Dim ethyl sulfoxide (DAISO) was dried and fractionally distilled i n  v a c u o  

over calcium hydride. Tetrahydrofuran (THF) (Fluka) was dried over 
sodium benzophenone ketyl.12 Propylene sulfide (Fluka) was freshly 
fractionally distilled over calcium hydride under argon.

Cellulose membrane (Arthur H. Thomas dialyzer tubing, No. 4465-A2) 
was used.

Preparation of Alkali Metal Cellulosate

The reaction was carried in a closed glass cylinder equipped with a self
sealing rubber cap through which reagents can be added with a syringe. 
The cellulose membrane (0.535 g) was swelled in DMSO (40 ml) for 2 hr 
The DMSO was replaced by dry methanol (40 ml), and the methanol was 
exchanged four times within 4 hr. Alkali methoxide solution (50 ml) of a 
desired concentration was added. The reaction mixture was shaken 
mechanically for 10 min, and the methoxide solution was decanted. Ex
cess of alkali methoxide was removed from the membrane by extraction 
with dry DMSO and the degree of substitution (DS) of the cellulosate was 
determined by a known procedure.11

Graft Polymerization

The graft polymerization was carried out at room temperature under 
argon under anhydrous conditions. To the alkali metal cellulosate dry 
DMSO (50 ml) was added, followed by the required amount of propylene 
sulfide. The reaction cylinder was kept under constant shaking and at 
the end of the reaction, the DMSO solution was decanted and the cellulose 
membrane was neutralized by 2% acetic acid. The membrane was washed 
with water followed by ethanol and dried in  v a cu o  over phosphorus pentox- 
ide at 50°C. Homopolymer was removed by extraction with benzene for 
48 hr. The amount of homopolymer formed was determined from weight 
loss after extraction. Gas chromatography was carried out by using a 
Packard gas chromatograph Model 7300/7400. Nitrogen was used as 
carried gas (15 m l/m in), and L.80 m/x of 0.3 cm I.D . column containing 
the SE 30 (15%) packing on Chromosorb P 60/80 was used. The injection 
temperature was held at 200°C, the column temperature at 100°C, and the 
detector temperature at 200°C. Toluene was used as internal reference.

Isolation of the Grafted Poly (propylene Sulfide) Side Chains

Graft polymer (1.0 g) was ground by a W iley mill and treated with 72% 
sulfuric acid (10 ml) for 16 hr at 5°C. The reaction mixture was diluted 
with water (29 ml) and the hydrolysis was allowed to proceed at 100°C for 
4 hr. The poly (propylene sulfide) was isolated by centrifugation, washed 
with water, and dried in  v a c u o  over phosphorus pentoxide. The polymer
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was dissolved in benzene, filtered, and isolated by removal of the benzene 
in vacuo.

Intrinsic Viscosity of the Grafted Poly (propylene Sulfide)

The intrinsic viscosities were calculated from one-point viscosity measure
ment13 at a concentration of 0.1 g polymer/100 ml benzene at 20°C by using 
the equation:

V =  VoeM c

RESULTS

The alkali metal cellulosates were prepared by exchange reaction of 
cellulose with alkali methoxide solution in methanol. The cellulosate de
gree of substitution (DS) was controlled by the alkali methoxide concen
tration.11 The per cent conversion of monomer in the graft polymerization 
reaction was determined either from the weight increase of the membrane 
or by gas chromatography technique. The effect of time on the graft 
polymerization was studied by using lithium cellulosate (DS = 0.87) (Table
I, series A) and potassium cellulosate (DS = 0.73) (Table I, series B). 
The yields as well as the poly (propylene sulfide) content of the graft poly
mers increased with increasing the reaction time. The graft polymeriza
tion was accompanied to a certain extent by homopolymerization. No 
significant homopolymerization was observed at low conversions.

The influence of monomer concentration was studied (Table II). In
creasing the monomer concentration led to an increase in the poly (propylene 
sulfide) content of the graft polymers (ca. 30% to 70%), to a decrease in the 
graft polymerization yield, and to an increase in homopolymerization yield. 
Thus in the graft polymerization initiated by potassium cellulosate (Table
II, series B) increase from 2% to 44% in homopolymerization yield was ob
served, while in that initiated by lithium cellulosate (Table II, series A), 
the increase was from about 1% to 20% in the monomer range investi
gated.

In the cellulosate DS range studied, there was no significant change in 
the yield of the pure graft polymers and in their poly (propylene sulfide) 
content with change in the cellulosate DS (Table III).

The alkali metal counterion of the cellulosate did not influence the graft 
polymerization yield or the poly (propylene sulfide) content of the graft poly
mers with the same cellulosate (DS = 0.65) (Table IV). The graft 
polymerization yield was found to depend on the reaction solvent. Best 
results were obtained in DMSO (Table V).

To find out the molecular weight of the grafted side chains, the graft 
polymers were subjected to total hydrolysis of the cellulosic backbone. 
The insoluble polypropylene sulfides), thus severed from the graft poly
mers, containing a glucose endgroup, were isolated, and their molecular
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TABLE IV
E f f e c t  o f  A l k a l i  M e t a l  C e l lu lo s a te  o n  th e  G r a f t  P o ly m e r iz a t io n “

Expt. no. Alkali metal
Graft polymerization 

yield, %b

Poly(propylene 
sulfide) in graft 

polymer, %c

222 K 58.2 50.6
223 K 61.1 51.8
224 Na 57.5 50.3
225 Na 60.0 51.3
228 Li 62.2 52.2
229 Li 60.3 51.4

a Experimental conditions: cellulose membrane (0.535 g) was swelled in DMSO (50
ml) and reacted with 1.50tV alkali methoxide (50 ml) to give alkali cellulosate, DS =
0.65. Graft polymerization of propylene sulfide (0.941 g, 0.254 mole/1.) was carried in
DMSO (50 ml) at room temperature, reaction lime 4 hr.

b Determined from the weight increase of the cellulose membrane after extraction of
homopolymer.

0 Determined after extraction of the homopolymer from the crude product.

TABLE V
Effect of Reaction Solvent on Graft Polymerization“

Graft Poly(propylene
polymerization sulfide) in graft

Expt. no. Solvent yield, %b polymer, %°

253 DMSO 45.6 44.5
256 DMSO 40.3 41.5
257 THF 9.6 14.5
258 THF 10.9 16.1
259 Benzene 33.0 36.7
260 Benzene 26.0 31.4

a Experimental conditions: cellulose membrane (0.535 g) was swelled in DMSO (50 
ml) and reacted with 2.09jV lithium methoxide (50 ml) to give lithium cellulosate, 
DS = 0.97. Graft polymerization of propylene sulfide (0.941 g, 0.254 rnole/1.) was 
carried in 50 ml solvent at room temperature.

b Determined from the weight increase of the cellulose membrane after extraction of 
homopolypropylene sulfide.

c Determined after extraction of the homopolymer from the crude product.

weights were determined from viscosity measurements by using the rela
tionship:14

[v] = 0.33 X 10-W,/'-86

If it is assumed that an alcohólate group on the cellulose backbone can 
initiate graft polymerization of a single side chain, then the efficiency of the 
alcohólate groups in initiating graft polymerization can be calculated from 
the molecular weight of the grafted polypropylene sulfide and its content- 
in the graft polymers. The efficiency of the alkoxides in initiating the 
graft polymerization thus determined, and the molecular weights of the 
grafted side chains were found to depend on the reaction conditions. Thus
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the efficiency was very low (about 1-3%), it did not change with the poly
merization time (Table VI) but it decreased with increasing potassium cellu- 
losate DS (Table VI) and increased with increasing monomer content ration 
(Table VI). The molecular weights increased with time, decreased with 
increasing cellulosate DS and increased with increasing monomer concen
tration (Table VI). The number of anhydroglucose units per grafted side 
chain varied between 80 to 230, depending on the reaction conditions 
(Table VI). The results obtained with different alkali metal counterions 
(Table VI) showed that with potassium and sodium both the efficiency of 
the cellulosate and the molecular weights of the grafted chains were the 
same. Wit h lithium cellulosate the efficiency was lower and the molecular 
weights were higher.

DISCUSSION

In the present anionic graft polymerization it was shown that although 
the grafting on the cellulose membrane was a heterogeneous reaction, graft 
polymers having a high content of poly (propylene sulfide) can be obtained 
in high yield.

The course of the graft polymerization of propylene sulfide on the alkali 
metal cellulosate may be described by the following scheme [eqs. (1)—(3) ]:

Initiation:

C e l l— O -  +  C I U -  C I I — C H , *  C e l l— O — C H , — C H — S -
\

C H ,

(D

Propagation:
s

C e l l — 0 — C t U C H — S -
I

C I U

+  n  C E L — C H — C H 3

C e l l — O — ( C H , — C H — S )„ — C H , — C H — S —  ( 2 )

CH;i
I

c h 3

Termination:
C e l l — O — ( C H , — C H — S —  )„  -  C H » — C H S -  +  I P

I
C I U CIU

C e l l— 0 — ( C E L — C H — S  )„ + i— H  ( 3 )
I

C I U

The mercaptide ion formed in the initiation reaction propagates graft 
polymerization. The mercaptan endgroup formed in the termination 
reaction may remain intact, or may be oxidized to the corresponding disul
fide. However using the N-ethyl maleimide procedure16 for the detection 
of mercaptan groups and 1,4-dithiothreitol (Cleland’s reagent16) recom-
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mended for the determination of disulfide bonds in wool17 for the detection 
of disulfide linkages, no such groups were detected. This may be due to 
their very small concentration in the graft polymers. Actually the mo
lecular weights of the grafted side chains were relatively high so that the 
concentration of such groups is expected to be too low to be determined. 
The negative results also indicate that practically no single propylene sul
fide units attached to the cellulosic backbone are present as would have 
been the case if part of the mercaptopropyl units formed on initiation re
mained as such and did not propagate polymerization.

The low efficiency of the alkoxide groups in initiating polymerization 
may be due to the greater nucleophilicity of the growing mercaptide anions 
which lead to a higher propagation rate as compared with initiation. 
Furthermore, steric effects in initiation may be higher than those en
countered in the case of the propagation.

The suggested scheme for the graft polymerization does not account for 
homopolymer formation, which as shown was negligible at low conversion 
but increased with increasing per cent conversion of monomer or cellulosate 
concentration. Chain transfer to monomer during the propagation of the 
graft polymerization, which was found to be serious in the case of the corre
sponding anionic graft polymerization of propylene oxide18 (where abstrac
tion of a proton from the methyl group of the monomer occurred) does not 
seem to be dominant in this case, since it was reported1 that this reaction 
does not occur readily with mercaptide ion.

A more plausible route for homopolymer formation may be abstraction 
of a proton from the methyl group of the propylene sulfide by cellulosate 
groups, and this is expected to increase with increasing cellulosate DS, as 
found. There is also the possibility that traces of alkali methoxide, used 
in the metallation reaction, remained rather strongly adsorbed on the 
cellulose membrane and were not removed in the solvent exchange treat
ment. The fact that homopolymer formation was negligible at low con
versions points out that initiation of such a reaction is slow and is in agree
ment with these possibilities for homopolymerization. On increasing the 
monomer concentration there is a large increase in the extent of the homo- 
polymerization, and this can be explained by the fact that homopolymeri
zation, although it may be initiated by a relatively small number of initia
tion sites, it can, being a homogeneous reaction, compete effectively with 
the heterogenous graft polymerization.

The molecular weights of the grafted side chains were found to increase 
with the reaction time and with monomer concentration. This can be ex
plained if chain transfer to monomer is not dominant, and there is absence 
of termination. Actually the anionic polymerization of propylene sulfide 
in aprotic solvents was shown to be a “living” one.1

With the three alkali metals investigated it was found that the yields 
of the graft polymer were the same but the molecular weights of the grafted 
side chains initiated by the lithium cellulosate were higher. This means 
that the amount of the lithium alkoxide centers that participated in the
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grafting were smaller. This smaller efficiency may be due to the more 
covalent nature of the lithium alkoxide bond, which even in dimethyl 
sulfoxide is not completely dissociated.
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Synopsis

T h e  a d s o r p t io n  o f  io d in e ,  s i lv e r  n i t r a t e ,  a n d  m e r c u r ic  c h lo r id e  b y  c e llu lo s ic  m e m b r a n e s  
g r a f t e d  w i t h  p o ly p r o p y le n e  s u lf id e  w a s  in v e s t ig a t e d .  I t  w a s  fo u n d  t h a t  th e  g r a f t e d  
p o ly p r o p y le n e  s u lf id e  a d s o rb e d  io d in e  b y  c o m p le x a t io n  f r o m  a q u e o u s  s o lu t io n  o r  f r o m  
g a s e o u s  p h a s e . A d s o r p t io n  f r o m  w a t e r  le d  to  th e  f o r m a t io n  o f  a  c o m p le x  w i t h  m o la r- 
r a t io  o f  L  to  p r o p y le n e  s u lf id e  u n i ts  o f  1 , a n d  t h a t  w h i le  t h e  c o m p le x  fo r m e d  f r o m  g a s e o u s  
io d in e  h a d  a  m o la r  r a t io  I 2 to  p r o p y le n e  s u lf id e  a p p r o a c h in g  2 . M o s t  o f  th e  s u lf id e  
g r o u p s  p a r t i c ip a t e d  in  c o m p le x a t io n .  I t  w a s  fo u n d  t h a t  th e  c o m p le x a t io n  o f  t h e  p o ly 
s u lf id e  w a s  a c c o m p a n ie d  b y  d e g r a d a t io n  w h ic h  w a s  a t t r ib u t e d  to  h a lo g é n a t io n  o f  th e  
p o ly s u lf id e  a t  th e  t e r t i a r y  c a rb o n  a to m s . T h e  io d in e  c o m p le x  w a s  m o r e  s ta b le  in  w a t e r  
t h a n  in  o r g a n ic  s o lv e n ts , w h e r e  m o s t  o f  th e  io d in e  w a s  d e s o rb e d . T h e  g r a f t  p o ly m e r s  
a d s o rb e d  a ls o  b y  c o m p le x a t io n  s i lv e r  n i t r a t e  a n d  m e r c u r ic  c h lo r id e .  A d s o r p t io n  c o u ld  
b e  d e s c r ib e d  b y  a  F r e u n d l ic h  t y p e  is o th e r m .  A t  lo w  c o n c e n t r a t io n s  m o s t  o f  th e  s ilver- 
n i l  r a t e  p r e s e n t  in  s o lu t io n  w a s  a d s o rb e d .

INTRODUCTION

Complexes of halogens and heavy metal salts with n donors such as 
sulfides are well known.1 The products formed with halogens can be also 
regarded as sulfonium compounds.2“ The primary reaction of the halo
gens with alkyl sulfides is the formation of the n complex.1

1R S  +  X .  I !  S : X ; .

The complexes of alkyl sulfides with iodine are more stable than those 
with other halogens and have a characteristic absorption at 308 nip.3 
With simple alkyl halides this addition is quantitative and may be used 
for their estimation.3 Since these reactions are reversible, these compounds 
are excellent halogenating agents. This halogénation frequently involves 
the alkyl or aryl groups of the sulfide itself.1,2“

Complexes of alkyl sulfides with silver nitrate and mercuric chloride were 
reported in the literature.1 With silver nitrate the molar ratio of the silver

*  D e c e a s e d  J u l y  16 , 1 9 7 0 .
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to sulfur in the complex was generally 1:1. With mercuric chloride, molar 
ratios of 2:1, 1:1, 1:2 and others were obtained.1

Little has been reported on the donor properties of sulfide bonds in poly 
mers. Champetier4 reported the graft polymerization of ethylene and 
propylene sulfides on alkali cellulose and noticed that the graft polymers 
gave complexes with silver nitrate in aqueous solution. We have shown in 
the previous work5 that graft polymers of poly (propylene sulfide) are ob
tained by reaction between cellulose alcohólate and propylene sulfide. The 
present work deals with the adsorption of iodine, silver nitrate, and mer
curic chloride on cellulose membranes grafted with polypropylene sulfide. 
The cellulose membranes used were of high polypropylene sulfide) content 
and did not contain mercaptan groups. These graft polymers may be of 
interest as membranes, ion-exchange resins, and in their complexed form as 
chemical reagents.

EXPERIMENTAL

Poly (propylene sulfide)-grafted cellulose membranes were prepared as 
previously described.5 The cellulose membrane used was dialyzer tubing, 
No. 4465-A2 from Arthur H. Thomas Company.

Adsorption of Iodine from Aqueous Solution

Grafted cellulose membrane (0.120 g) was kept in standard iodine solu
tion (BDH) (50 ml) at constant temperature for the required length of time. 
The total amount of iodine taken up by the membrane was determined by 
titrating an aliquot of the iodine solution with standard thiosulfate solu
tion. The amount of iodine that was adsorbed by complexation was de
termined by titrating the membrane with thiosulfate. The difference be
tween these two titrations gives the amount of iodine which reacted with 
the membrane.

Adsorption of Iodine from Saturated Iodine Atmosphere

Grafted cellulose membrane (0.120 g) was kept in saturated iodine atmo
sphere, at constant temperature. The total amount of iodine taken up by 
the grafted membrane was determined from its weight increase, that of 
complexed iodine was determined by titration, while the amount of reacted 
iodine was calculated from the difference.

Adsorption of Silver Nitrate and Mercuric Chloride

Grafted cellulose membrane (0.090 g) was kept in standard silver nitrate 
and mercuric chloride solution at constant temperature, for the required 
amount of time. The amount of complexed silver nitrate was determined 
by titration of the solution with standard ammonium thiocyanate and from 
weight increase of the grafted membrane. Adsorption of mercuric chloride 
was determined from weight increase of the grafted membrane.
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RESULTS

Adsorption of Iodine by the Graft Polymer

The adsorption of iodine by poly (propylene sulfide) grafted on cellulose 
membranes was investigated both in solution and in the gas phase. The 
amount of iodine which interacted with the polymer in aqueous solution 
was determined from the decrease of the iodine solution concentration. 
I t was found that most of the iodine that was taken up from solution was 
adsorbed as a result of complex formation with the graft polymer and could 
be titrated by thiosulfate, while the other part reacted with the graft poly
mer and could not be recovered.

The amount of iodine which was taken up from the iodine solution by 
the graft polymer increased with time (Fig. 1). With a graft polymer con
taining 48% poly (propylene sulfide) and an 0.1IV aqueous iodine solution, 
a maximum value of 7.3 X 10-3 mmole I2/g graft polymer was taken up 
after 5 hr. In a control experiment with ungrafted cellulose membrane 
it was found that the iodine that was taken up from solution by the cel
lulose was much lower, 2.0 X 10~6 mmole I2/g. Therefore the adsorption 
of iodine by the cellulose in the graft polymers was neglected. Out of the 
iodine that was taken up from solution by the graft polymer, that part 
which was adsorbed by complexation reached a maximum value in a short 
reaction time and later decreased, being accompanied by an increase in the 
amount of iodine which reacted with the graft polymer (Fig. 1).

Graft polymers having different poly (propylene sulfide) contents were 
compared as regards their iodine adsorption from O.liV iodine solution 
(Table I) . A molar excess of iodine to the propylene sulfide units was used. 
The amount of complexed iodine increased with increasing the polypropyl
ene sulfide content, but the increase was not linear. Thus a graft contain
ing 23% polypropylene sulfide adsorbed 2.36 mmole I2/g graft, while that

F ig .  1. T i m e  d e p e n d e n c e  o f  io d in e  a d s o r p t io n  f r o m  a q u e o u s  s o lu t io n :  ( A )  t o t a l  io d in e  
t a k e n  u p ;  ( □ )  a d s o rb e d  io d in e  ( O )  r e a c t e d  io d in e .  G r a f t  p o ly m e r  o f  4 8 %  p o l y f p r o -  
p y le n e  s u l f id e )  c o n t e n t  w a s  u s e d .
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T A B L E  I
D e p e n d e n c e  o f  I o d in e  A d s o r p t io n  o n  P o ly  (p r o p y le n e  S u l f id e )  

C o n t e n t  o f  th e  G r a f t  P o ly m e r “

E x p t .
n o .

P o l y 
p r o p y l e n e  

s u l f id e )  
c o n te n t ,  %

Io d : in e  ( Is ) ,  m m o le 'g

[ Io d in e ]

[ P r o p y le n e  s u l f id e  s e g m e r ]

R e a c te d
C o m 
p le x e d T o t a lR e a c te d C o m p le x e d b T o t a l

2 1 0 2 3 1 .S 3 2 . 3 6  ( 5 6 . 3 ) 4 . 1 9 0 . 5 9 0 . 7 6 1 . 3 5
2 0 5 3 7 2 . 6 4 3 . 4 1  ( 5 6 . 4 ) 6 . 0 5 0 . 5 3 0 . 6 8 1 . 2 1

2 0 6 4 3 2 . 8 3 3 . 8 2  ( 5 7 . 4 ) 6 . 6 5 0 . 4 8 0 . 6 6 1 . 1 4
2 0 8 4N 4 . 1 6 3 . 1 4  ( 6 3 . 0 ) 7 . 3 0 0 . 6 4 0 . 4 8 1 . 1 2

2 1 5 5 4 3 . 5 3 4 . 3 0  ( 5 5 . 0 ) 7 . 8 3 0 . 4 8 0 . 5 9 1 .0 7
2 1 6 6 2 2 . 8 6 4 . 4 2  ( 6 0 . 7 ) 7 . 2 8 0 . 3 4 0 . 5 3 0 . 8 7
2 1 7 6 .S 3 . 5 3 4 . 8 1  ( 5 7 . 5 ) 8 . 3 4 0 . 3 9 0 . 5 2 0 . 9 1

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  p o ly m e r  ( 0 .1 2 0  g )  w a s  a l lo w e d  to  s t a y  in  a q u e o u s  
O . l iV  io d in e  s o lu t io n  (5 0  m l )  f o r  IS  h r  a t  r o o m  t e m p e r a t u r e .  C o m p le x e d  io d in e  w a s  d e 
t e r m in e d  b y  t i t r a t io n  w i ih  th io s u lf a t e .

ll T h e  v a lu e s  g iv e n  in  ( h e  p a r e n th e s e s  a r e  th e  p e r c e n ta g e s  o f  c o m p le x e d  io d in e  c a lc u 
la t e d  f r o m  th e  t o t a l  io d in e  t a k e n  u p .

containing 68% adsorbed only 4.81 mmole. Nearly 60% of the iodine 
taken up from the iodine solution was complexed by the graft polymer and 
the polypropylene sulfide content of the graft polymer did not change sig
nificantly this value (Table I). It can be seen from the molar ratio of com
plexed I2 to propylene sulfide units in the graft polymer that most sulfide 
bonds participated in complex formation. This molar ratio was found to 
decrease with increase in poly (propylene sulfide) content of the graft poly
mers.

The amount of iodine that reacted with the graft polymer increased with 
increasing the polypropylene sulfide) content of the graft. About 40%

T A B L E  I I
D e g r a d a t io n  o f  th e  G r a f t  P o ly m e r s  in  A q u e o u s  I o d in e  S o lu t io n “

E x p t .  n o .

P o ly
(p r o p y le n e

s u l f id e )
c o n te n t ,  %

R e a c te d
io d in e ,

m m o le /g

W e ig h t loss, %

G r a f t e d
m e m b r a n e

P o ly
(p r o p y le n e

s u l f id e )

2 1 0 2 3 0 . 5 9 19 8 3
1 7 7 2 8 0 . 5 4 2 3 81
2 0 5 3 7 0 . 5 3 31 8 3
1 9 0 4 2 0 . 4 9 3 6 8 7
2 0 6 4 3 0 . 4 8 3 7 8 7
1 8 2 4 9 0 . 4 2 3 6 7 4
2 0 8 4 8 0 . 6 4 3 9 81
2 1 5 5 4 0 . 4 8 4 6 8 6

2 1 6 6 2 0 . 3 4 4 8 7 8

E x p e r i m e n t a l  c o n d it io n s  as in  T a b le  I .
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F ig .  2 . A d s o r p t io n  o f  g a s e o u s  io d in e  b y  g r a f t  p o ly m e r s  o f  v a r io u s  p o ly  (p r o p y le n e  
s u l f id e )  c o n te n t s :  ( A )  5 1 % ;  ( B ) 4 6 % ;  ( 0 ) 2 6 % #

of the iodine taken up from the iodine solution reacted with the graft poly
mer.

It was found that partial degradation of the polymers occurred during 
their interaction with the aqueous iodine solution (Table II). This deg
radation was accompanied by weight loss of the graft polymers, which in
creased with increase in the polypropylene sulfide content of the graft 
polymers. It should be attributed to the chemical degradation of the poly
propylene: sulfide) alone, since in a control experiment with ungrafted 
cellulose membrane no weight loss was found.

The adsorption of iodine vapor from a saturated iodine atmosphere was 
investigated with graft polymers of different polysulfide contents (Fig. 2); 
the maximum amount of iodine taken up was reached within 30 hr. In
crease in the poly (propylene sulfide) content led to an increase in the 
amount of iodine taken up, but the ratio of iodine to propylene sulfide 
units remained constant. Thus a graft polymer of 51% polvsulfide con
tent took up 11.5 mmole I2/g  graft, corresponding to a molar ratio of io
dine to propylene sulfide of 1.67. A similar graft polymer of 46% poly
propylene sulfide) content took up 10.4 mmole l2/g, corresponding to a 
molar ratio of 1.67, while a graft polymer of 26% polvsulfide content took 
up 6.0 mmole I2/g, corresponding to a molar ratio of 1.70. In a control 
experiment with an ungrafted cellulose membrane, it was found that under 
the same conditions less than 0.5 X 10~fi mmole I2/g cellulose was adsorbed.

The desorption of the graft polymers in air at room temperature is de
scribed in Figure 3. After 400 hr, the graft polymers still contained iodine. 
The amount of complexed iodine and reacted iodine at the end of the de
sorption experiment was determined for the graft polymers containing 26%

4
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and 46% poly (propylene .sulfide). The total amount of iodine that re
mained attached to the polymers was 2.90 and 4.20 mmole/g, respectively, 
and out of this, the amount of reacted iodine was 0.S4 and 0.37 mmole I-2/g 
graft, respectively. From these results it can be calculated that at least 
86-96% of the iodine taken up by the graft polymer from the iodine atmo
sphere was adsorbed by complexation.

The stability of the iodine-graft polymer complex in different solvents 
was determined. A graft polymer of 51% polysulfide content was allowed 
to take up iodine from a saturated iodine atmosphere until the molar ratio 
of iodine to propylene sulfide was 0.85. The complexed graft polymer was 
allowed to stay in 50 ml solvent for 70 hr at 30°C, and the released iodine 
was determined by titration. It was found that 7.5% of the complexed 
iodine was released in water, 50% in benzene and 75% in alcohol.

Adsorption of Silver Nitrate by the Graft Polymers

The adsorption of silver nitrate from aqueous solution, by the graft poly
mers was investigated. Experiments were performed with a molar ex
cess of silver nitrate to the propylene sulfide units. It can be seen (Table 
III) that within 7 min 50% of the maximum value of adsorption was ob
tained, and within 2 hr adsorption was almost complete. A maximum 
value of adsorbed silver nitrate of 3.02 mmole/g graft, corresponding to a 
molar ratio of silver nitrate to propylene sulfide of 0.53 was obtained. A 
control experiment with ungrafted cellulose membrane showed that all the 
silver nitrate adsorption should be attributed to the polypropylene sulfide. 
The adsorption of silver nitrate from solution was affected by temperature. 
Increase in temperature led to decrease in adsorption (Table IY).

The adsorption of silver nitrate from aqueous solutions of different con
centrations by the graft polymer is given in Tables V and VI. Experi
ments were performed with either a molar excess of silver nitrate (Table V)

T A B L E  I I I
S i lv e r  N i t r a t e  A d s o r p t io n  ( T im e  D e p e n d e n c e )“

G r a f t
p o ly m e r ,

g

A d s o r p t io n  
t im e ,  h r

A d s o r b e d  s i lv e r  n i t r a t e ,  g

[A d s o rb e d
s i lv e r

n i t r a t e ]

[P r o p y le n e
s u lf id e

s e g m e r]
F r o m  w e ig h t  

in c re a s e
F  r o m  

t i t  r a t  io n  b ( M m o le /g

0 . 0 7 9 7 ( m i n ) 0 . 0 2 4 0 . 0 2 3 1 . 3 4 0 . 2 4
0 . 0 8 7 0 . 5 0 . 0 4 4 0 . 0 4 2 2 .8 1 0 . 5 0
0 . 0 8 4 2 . 0 0 . 0 4 4 0 . 0 4 3 2 . 9 8 0 . 5 3
0 . 0 8 3 4 . 0 0 . 0 4 3 0 . 0 4 2 2 . 9 4 0 . 5 2
0 . 0 8 6 1 6 .0 0 . 0 4 6 0 . 0 4 4 3 . 0 2 0 . 5 3

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  c o p o ly m e r  c o n ta in in g  4 2 (/ ( p o ly ( p r o p y le n e  s u l f id e )  
w a s  u s e d . A d s o r p t io n  w a s  c a r r ie d  a t  2 0 ° C ,  u s in g  0 . L V  s i lv e r  n i t r a t e  s o lu t io n  (1 5  m l ) .  

b D e t e r m in e d  f r o m  th e  d e c re a s e  o f  th e  t i t e r  o f  th e  s i lv e r  n i t r a t e  s o lu t io n .
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T A B L E  I V
S i lv e r  N i t r a t e  A d s o r p t io n  ( T e m p e r a t u r e  D e p e n d e n c e ) 11

[A d s o rb e d  s i lv e r  
n i t r a t e ]

G r a f t  p o ly m e r ,  g T e m p e r a t u r e ,  ° C
A d s o r b e d  s i lv e r  

n i t r a t e ,  m m o le /g b
[P r o p y le n e  s u lf id e  

s e g m e r]

0 . 0 7 8 o 3 . 1 9 0 . 5 5
0 . 0 7 5 3 0 2 . 8 5 0 . 4 9
0 . 0 7 9 5 0 2 . 7 7 0 . 4 8
0 . 0 9 0 SO 2 . 5 1 0 . 4 3

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  p o ly m e r s  o f  4 3 %  p o l y p r o p y l e n e  s u l f id e )  c o n te n t  
w e r e  k e p t  in  0 . 1 N  s i lv e r  n i t r a t e  s o lu t io n  (2 5  m l ) fo r  2 2  h r .

b D e t e r m in e d  f r o m  th e  d e c re a s e  o f  th e  t i t e r  o f  s i lv e r  n i t r a t e  s o lu t io n .

T A B L E  V
S i lv e r  N i t r a t e  A d s o r p t io n  (E x c e s s S i lv e r  N i t r a t e ) “

G r a f t
S i lv e r  n i t r a t e  

e q u i l ib r iu m

[A d s o rb e d
s i lv e r

n i t r a t e ]

[ P r o p y le n e
p o ly m e r , c o n c e n t r a t io n , A d s o r b e d  s i lv e r s u lf id e

g S i lv e r  n i t r a t e ,  N  m m o le /g b n i t r a t e ,  m m o le /g 1’ s e g m e r]

0 . 0 9 5 0 . 7 6 0 7 3 3 . 5 6 . 9 7 1 . 0 1

0 . 0 8 3 0 . 4 1 5 3 9 2 . 0 6 . 9 1 1 . 0 0

0 . 0 9 4 0 . 2 0 0 1 8 3 .  1 4 . 5 0 0 . 6 5
0 . 0 8 2 0 . 1 0 0 8 8 . 0 3 . 6 6 0 . 5 2
0 . 0 7 8 0 . 0 5 0 4 0 . 8 2 . 8 9 0 . 4 2

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  p o ly m e r  o f  5 1 .3 %  p o ly  (p r o p y le n e  s u l f id e )  c o n te n t  
w a s  u s e d . A d s o r p t io n  w a s  c a r r ie d  o u t  a t  2 0 ° C  fo r  2 4  h r  w i t h  th e  u s e  o f  O .L V  s i lv e r  n i 
t r a t e  s o lu t io n  (2 5  m l ) .

b D e t e r m in e d  f r o m  th e  d e c re a s e  o f  t h e  t i t e r  o f  th e  s i lv e r  n i t r a t e  s o lu t io n .

or a molar excess of propylene sulfide units (Table VI). In the former 
case a molar ratio of one between silver nitrate and propylene sulfide units 
was obtained on using concentrated silver nitrate solutions. In the second 
case the per cent of silver nitrate adsorption increased with decrease of

F ig .  4 .  A d s o r p t io n  o f  s i lv e r  n i t r a t e ,  a  =  s i lv e r  n i t r a t e  a d s o rb e d , m m o le /g  g r a f t  p o l y m e r ; 
c =  e q u i l ib r iu m  s i lv e r  n i t r a t e  c o n c e n t r a t io n ,  m m o le / 1.
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T A B L E  V I
S i lv e r  N i t r a t e  A d s o r p t io n  

(E x c e s s  o f  P r o p y le n e  S u l f id e  S e g m e r s )“

G r a f t

g

S i lv e r  
n i t r a t e ,  A r

S i lv e r
n i t r a t e

e q u i l ib r iu m
c o n c e n t r a t io n

m m o le /g 1’

A d s o r b e d  s i lv e r n i t r a t e

[A d s o rb e d
s i lv e r

n i t r a t e ]

[ P r o p y le n e
s u lf id e

s e g m e r]m m o le /g 07 c/('

0 . 1 6 5 0 . 1 0 0 4 5 . 4 3 . 3 1 5 4 . 6 0 . 4 7
0 . 0 8 3 0 . 0 5 0 2 5 . 5 2 . 9 6 4 8 . 8 0 . 4 2
0 . 0 8 1 0 . 0 2 5 6 . 5 2 . 2 8 7 4 . 0 0 . 3 2
0 . 0 8 0 0 . 0 1 0 0 . 6 1 . 1 8 9 4 . 0 0 . 1 7

a E x p e r i m e n t a l  c o n d it io n s :  g r a f t  p o ly m e r  o f  5 2 %  p o ly  (p r o p y le n e  s u l f id e )  c o n te n t
w a s  u s e d . A d s o r p t io n  w a s  c a r r ie d  o u t  a t  2 0 ° C  fo r  4 8  h r  w i t h  th e  u se  o f  s i lv e r  n i t r a t e  
s o lu t io n  ( 2 0  m l ) .

b D e t e r m in e d  f r o m  th e  d e c re a s e  o f  t h e  t i t e r  o f  th e  s i lv e r  n i t r a t e  s o lu t io n .
0 P e r c e n ta g e  o f  s i lv e r  n i t r a t e  in t r o d u c e d .

silver nitrate concentration. From an O.OliV solution 94% of the silver 
nitrate was complexed by the graft polymer.

The adsorption at different silver nitrate concentrations (Table VI) 
can be described by a Freundlich-type isotherm (Fig. 4), a = Kc11"; a 
being the amount of silver nitrate adsorbed per gram adsorbent, namely 
grafted polypropylene sulfide; c is the equilibrium concentration, and K 
and n are constants. In the presence of excess propylene sulfide units, K 
was 1.38 and n = 4.2, and with excess AgNCh, K  was 1.19 and n = 3.71.

F ig .  5 . A d s o r p t io n  o f  m e r c u r ic  c h lo r id e ,  a  =  m e r c u r ic  c h lo r id e  a d s o rb e d , m m o le /g  
g r a f t  p o ly m e r ;  c =  e q u i l ib r iu m  m e r c u r ic  c h lo r id e  c o n c e n t r a t io n ,  m m o le / 1.
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Adsorption of Mercuric Chloride by the Graft Polymers
The extent of adsorption of mercuric chloride from aqueous solution by 

the graft polymers was time-dependent (Table VII). After 24 hr almost 
all sulfide bonds participated in complex formation leading to a molar ratio 
of mercuric chloride to propylene sulfide units close to 1. Adsorption was 
also investigated at several concentrations in the presence of molar excess 
of mercuric chloride (Table VIII). The adsorption can be described by a 
Freundlich-type isotherm (Fig. 5).

T A B L E  V I I
M e r c u r ic  C h lo r id e  A d s o r p t io n  

( T i m e  D e p e n d e n c e )“

[A d s o rb e d  m e r c u r ic
c h lo r id e ]

A d s o r b e d  m e r c u r ic [P r o p y le n e  s u lf id e
R e a c t io n  t im e ,  h r c h lo r id e ,  m m o le /g b s e g m e r]

5  ( m in ) 0 . 7 4 0 . 1 1

0 . 2 5 1 . 1 6 0 . 1 7
0 . 5 0 1 . 7 3 0 . 2 5
1 . 0 0 2 . 7 9 0 . 4 0
6 . 0 0 5 . 2 5 0 . 7 6

2 4 . 0 0 6 . 5 8 0 . 9 6

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  p o ly m e r  (0 .0 .S 6  g )  o f 5 1 %  p o ly  (p r o p y le n e  s u l f id e )
c o n te n t  w a s  le f t  in  0 . 2 0 6 4 /  m e r c u r ic  cF lo r i d e  s i> lu tio n  a t  2 0 ° C .

b C a lc u la t e d  f r o m w e ig h t  in c r e a s e .

T A B L E  V I I I
M e r c u r i c  C h lo r id e  A d s o r p t io n “

| A d s o r b e d

M e r c u r ic
m e r c u r ic
c h lo r id e ]

c h lo r id e
e q u i l ib r iu m m e r c u r ic [p r o p y le n e

M e r c u r ic c o n c e n t r a t io n , c h lo r id e , s u lf id e
G r a f t  p o ly m e r ,  g c h lo r id e ,  M m m o le ,  l . 1. m m o le /g 0 s e g m e r]

0 . 0 8 7 0 . 0 2 4 1 3 .7 1 2 . 8 4 0 .4 1
0 . 0 8 5 0 . 0 4 6 3 2 . 5 6 3 . 7 9 0 . 5 5
0 . 0 S 9 d 0 . 0 8 6 7 0 .6 3 4 . 8 2 0 . 7 0
0 .0 9 1 0 . 0 8 6 6 9 . 0 0 4 . 6 9 0 . 6 8

0 . 0 8 4 0 . 0 9 7 7 9 .7 2 5 . 1 3 0 . 7 5
0 . 0 8 6 0 . 2 0 6 1 8 3 . 0 0 6 . 5 8 0 . 9 6

“ E x p e r im e n t a l  c o n d it io n s :  g r a f t  p o ly m e r  o f  5 1 %  p o l y p r o p y l e n e  s u l f id e )  c o n te n t  
w a s  k e p t  f o r  2 4  h r  a t  2 0 ° C  in  m e r c u r ic  c h lo r id e  s o lu t io n  (2 5  m l  ). 

b D e t e r m in e d  f r o m  w e ig h t  in c r e a s e  o f  t h e  g r a f t  p o ly m e r .  
c D e t e r m in e d  f r o m  w e ig h t  in c re a s e .  
d E x p e r im e n t  w a s  p e r fo r m e d  a t  p H  6 .

DISCUSSION
Cellulose membranes grafted with poly (propylene sulfide) showed high 

adsorption capacity for iodine from aqueous solution and from the gas
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phase. Adsorption is by complexation of the iodine with the sulfide bond 
of the graft polymer, and it is expected that increase in poly (propylene sul
fide) content will lead to an increase in complexed iodine, as found. It was 
found that from aqueous solution (contrary to adsorption from the gas 
phase) the amount of the sulfide bonds participating in complexation de
creased with increase in poly (propylene sulfide) cont ent . This may be 
attributed to a decrease in the accessibility of the grafted cellulose mem
brane with increase in its poly (propylene sulfide) content. With gaseous 
iodine, accessibility of the reagent is expected to be less hindered.

The highest molar ratio of complexed iodine to propylene sulfide units, 
in the graft obtained in aqueous solution was 0.76. This ratio indicates 
that in the complex approximately one iodine molecule (I2) is complexed 
by the sulfur of the sulfide bond. The results obtained in the adsorption 
of gaseous iodine, indicate that under these conditions complexation of 
another iodine molecule takes place. From the high molar ratio obtained 
(1.70) it can be seen that most sulfide bonds were complexed with two iodine 
molecules. Such complexes of iodine are known.6

The extent of complexation varies with the solvent in which the adsorp
tion is carried out. Best results were obtained in the absence of solvent. 
The iodine-poly (propylene sulfide) graft polymer complex is rather stable in 
water but is less stable in organic solvents such as methanol and benzene, 
i.e., solvents which have high solvation or complexation for iodine.

The complexation reaction with iodine was accompanied by degradation 
of poly (propylene sulfide). This degradation led to scission of the grafted 
side chains, and thus to a weight decrease of the graft polymer. A possible 
route for the degradation reaction is described below. It is known that 
halogen complexed by sulfur can migrate to a neighboring carbon atom 
and lead to substitution accompanied by hydrogen halide evolution.20 
Thus the complex of chlorine with dimethyl sulfide was converted to its a- 
chloro derivative and that of bromine diphenyl sulfide was converted to its 
p-bromo derivative.2“

CILSCIL +  Ct. — (CH3)2SC12 — CFL—S—CH.C1 +  HCI

In the case of the iodine interaction with the graft polymer there was, 
besides the iodine which was adsorbed by complex formation, iodine which 
reacted with the graft polymer. The iodine may have reacted either by 
direct substitution, quite possibly at the tertiary carbon atom, which is 
the most active site in poly (propylene sulfide), or by migration of the 
iodine in the sulfur complex to this site leading to a segmer of halosulfide.

I
I

-v s—CII— CII—S-----* — S—CH,—C—S~v +  III
I ■ I
CII3 I2 CII:,

The fact that the amount of iodine complexed by the graft in water passed 
through a maximum, while the amount of reacted iodine increased with 
time, may suggest that the complexed iodine may have disappeared, in 
such a reaction.
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Now ( lie substituted iodine in the poly (propylene sulfide) chain is both 
in an a- and ¡3- position relative to a sulfur atom. /3-Halosulfides are known 
to undergo rapid hydrolysis,2b the phenomenon being attributed to the 
formation of episulfonium ion in a rate determining step. The iododeriva- 
tive of the poly (propylene sulfide) is therefore expected to be hydrolyzed 
in water to the a-hydroxysulfide derivative, which in turn is unstable in 
water and can hydrolyze with rupture of the sulfide bond, forming a mer
captan and an aldehyde or ketone:

I  O I I  0

I I II
—S—Clh—C—S +  11,0 -> ~vS—Clio—C—S~v <***¡3—c its—C—CII3 +  IIS™ 

C H a C I I 3

Such a reaction will lead to scission of the poly (propylene sulfide) graft ed 
side chains from the cellulosic backbone. The fact that the degradation 
was especially manifested only in the experiments performed in water sup
ports the suggested scheme for the degradation.

The graft polymers based on the cellulosic membranes adsorbed silver 
nitrate and mercuric chloride. The complexation yields were high, and in 
concentrated solutions all sulfide bonds in the graft polymer participated in 
complexation irrespective of the heterogenous nature of the reaction, 
leading to molar ratios of metal salt to sulfur in the graft polymer of 1:1. 
This complexation is an equilibrium reaction, and it could be described by 
a Freundlich-type isotherm. With a molar excess of metal salt, the K  
value of silver nitrate adsorption was 1.19 and of mercuric chloride absorp
tion was 1.20. The n values determined were 3.71 and 3.03, respectively.

The fact that the complexation reaction is an equilibrium one, then in
dicates that an increase in the molar ratio of propylene sulfide units in the 
graft polymer to silver nitrate could lead to increase in complexation. 
This in fact was found, and experiments conducted in the presence of such 
a molar excess showed that the per cent of complexed silver nitrate in
creased with decrease in its concentration. Thus from 0.0LV solution, 
94% of the silver nitrate was complexed.

In conclusion, the graft polymers of poly (propylene sulfide) on cellophane 
have been shown to have good adsorption for iodine and for metal salts 
such as silver nitrate and mercuric chloride. These properties of the 
grafted cellulose membranes may be of practical interest. Further studies 
in this area are in progress.
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P o ly m e r iz a t io n  o f  4 - V in y lp y r id in iu m  S a lts .

I I I .  A  C la r if ic a t io n  o f  th e  M e c h a n is m  o f  

S p o n ta n e o u s  P o ly m e r iz a t io n

J. C. SALAMONE,* B. SNIDER, and W. L. FITCH,
Macromolecular Research Center, Institute of Science and Technology, 

The University of Michigan, Ann Arbor, Michigan 48105

Synopsis

T h e  m e c h a n is m  o f  t h e  s p o n ta n e o u s  p o ly m e r iz a t io n  o f  4 - v i n y l p y i r i d i n e  o n  q u a t e r n iz a -  
t io n  o r  p r o t o n a t io n  h a s  b e e n  in v e s t ig a t e d .  R e s u lts  in d ic a t e  t h a t  in i t i a t i o n  is  c a u s e d  b y  
th e  n u c le o p h il ic  a t t a c k  o f  4 - v i n y l p y r id i n e  o n  th e  d o u b le  b o n d  o f  4 - v i n y l p y r id i n i u m  io n .  
I t  w a s  s h o w n  t h a t  h a l id e  io n s  d o  n o t  c o n t r ib u t e  s ig n i f ic a n t ly  to  th e  i n i t i a t i o n .  I n  th e  
case  o f  a c id  s a lts  o f  4 - v i n y l p y r id i n e  a  h y d r o g e n - t r a n s fe r  p o ly m e r iz a t io n  o c c u r r e d  to  g iv e  
a n  io n e n e  p o ly m e r  w i t h  p y r i d in i u m  u n i ts  in  th e  m a in  c h a in .  T h e  “ m a t r i x ”  p o ly m e r iz a 
t io n  o f  4 - v in y l p y r id i n e  o n  p o ly  (p h o s p h o r ic  a c id )  o r  p o ly ( a c r y l ic  a c id )  a ls o  r e s u l te d  in  
io n e n e  f o r m a t io n .  C o n d it io n s  u n d e r  w h ic h  s ta b le  4 - v i n y l p y r id i n i u m  s a lts  c a n  b e  o b 
ta in e d  a r e  d is c u s s e d .

INTRODUCTION

The spontaneous polymerization of 4-vinylpyridine upon quaternization 
or protonation to form the corresponding poly-4-vinylpyridinium salt has 
been of considerable interest.1-9 Previous investigations of these reactions 
indicated that stable 4-vinylpyridinium salts are not normally obtained. 
Kabanov et al. reported1 that the spontaneous polymerization resulting 
from the reaction of 4-vinylpyridine with alkyl halides was unaffected by 
free-radical inhibitors, that neither acrylonitrile nor styrene were incorpo
rated into the polycation, and that the resulting polymer contained no un- 
quaternized pyridine groups. It was proposed that spontaneous polymeri
zation resulted from the addition of the counterion to the /3-position of the 
double bond of the 4-vinylpyridinium wait to yield a highly resonance sta
bilized zwitterion (la, II = alkyl or H). Propagation to form the poly-4- 
vinylpyridinium salt was considered to occur by the specific addition of

*  T o  w h o m  in q u i r ie s  s h o u ld  b e  a d d re s s e d . P r e s e n t  a d d re s s : P o ly m e r  S c ie n c e  P r o g r a m ,  
D e p a r t m e n t  o f  C h e m is t r y ,  L o w e l l  T e c h n o lo g ic a l  I n s t i t u t e ,  L o w e l l ,  M a s s a c h u s e t ts  0 1 8 5 4 .

1 1 9 3

©  1971 b y  John W iley  & Sons, Inc.
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R  R

1  a ,  X  =  c o u n te r io n  
b , X  =  4 - v i n y l p y r i d i n i u m

I to a 4-vinylpyridinium ion, thereby maintaining a resonance stabilized 
zvitterionic endgroup.1

It has also been suggested that the spontaneous polymerization of
4-vinylpyridine upon quaternization could result from a charge-transfer 
polymerization between neutral vinylpyridine and quaternized vinylpyri- 
dine.10 The neutral pendent pyridine functions were then believed to be 
quaternized after their incorporation into the polymer.

Recently, however, an alternative method of initiation was suggested for 
the spontaneous polymerization of 4-vinylpyridine upon quaternization. 
In a study of the quaternization of 4-vinylpyridine by methyl p-toluenesul- 
fonate we were able to isolate the stable monomeric salt 4-vinyl-A^-methyl- 
pyridinium p-toluenesulfonate (VMPTS, Ha) from the initial stage of the 
reaction. As the reaction progressed, spontaneous polymerization to give 
Ilia  occurred. An NMR study showed that although VMPTS was stable

C H . , = C H  
" 1

—f- C H ,— C H d —

© P
t X - |

C H :l
I

C H:,
I I I I I

a ,  X  =  p - C H 3C oH 4S O j -  
1), X  =  C H 3S O r  
c, X  =  I -

in DMSO-d«, polymerization could be initiated by the addition of pyridine. 
From these results it was suggested that the spontaneous polymerization 
was caused by the attack of unquaternized 4-vinylpyridine on the /3-position 
of the double bond of a 4-vinylpyridinium ion to give a zwitterionic prop
agating species (lb). The proposed initiation step was supported by the 
synthesis of a dimeric model compound from the addition of pyridine to 
VMPTS.11

Since acid salts of 4-vinylpyridine were expected to polymerize by a simi
lar mechanism, the spontaneous polymerization of 4-vinylpyridine by strong 
acids in aqueous solution was also studied. In contrast to previously re
ported results1 it was found that poly-4-vinylpyridinium salts did not 
form.12 Instead, either ionene polymers with the pyridinium units in the 
main chain (IV) or monomeric vinyl salts (V) were obtained. The assign
ment of structure IV, a poly(l,4-pyridiniumdiyl ethylene salt), was con
firmed by the independent synthesis of IVd from the intermolecular con-
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C H . , = C H

V

a , X  =  C F 3C O O -
b ,  X  =  I -
c, X  =  n o 3-
d ,  X  =  c i -

densation of 4-(2-chloroethyl)pyridine and by the preparation of a model 
dimeric compound.12

This investigation is concerned with the further elucidation of the 
mechanism of spontaneous polymerization of 4-vinylpyridinium salts and 
of the structure of the resulting polymers. The syntheses and stabilities of 
several monomeric 4-vinylpyridinium salts are also described.

EXPERIMENTAL

4-VinyI-iV-MethyIpyridinium Methyl Sulfate (lib)

To a solution of 3 ml (32 mmole) of dimethyl sulfate in 70 ml of anhy
drous tetrahydrofuran (THE) at — 10°C was added 1 ml (10 mmole) of 
4-vinylpyridine. After 24 hr at — 10°C the crystals were filtered, washed 
with THE and with ether, and then dried for 12 hr in vacuo at 25°C yield
ing 1.1 g (50%) of colorless needles, mp 73-75°C. NMR (D20) showed 8 8.8 
and 8.0 (4H, 2d, ,7 = 6 Hz, pyridinium CH), 7.0, 6.4, and 6.0 (3H, 3d of d, 
J gem = 1 Hz, J cis = 10 Hz, J trans = IS Hz, -C H  =CH2), 4.3 (3H, s, 
N—CH,) and 3.8 (3H, s, CH3SO r).

A nal. C a lc d  f o r  C 9H 14N S 0 4: C ,  4 6 . 7 4 % ;  I I ,  5 . 6 6 % ;  N ,  6 .0 6 % , ;  S , 1 3 .8 6 %  
F o u n d :  C ,  4 6 . 5 4 % ;  H ,  5 . 8 6 % ;  N ,  6 . 0 3 % ;  S , 1 3 .6 9 % .

4-Vinyl-A-methylpyridiilium Iodide (lie)

To 5 ml (81 mmole) of iodomethane in 75 ml of dry 1,2-dimethoxyethane 
at — 10°C was added 1 ml (10 mmole) of 4-vinylpyridine. After 16 hr at 
—10° the yellow methiodide crystals were filtered, washed with dimethoxy- 
ethane and with ether and then dried, yielding 656 mg (25%) of large yellow 
needles, mp 137°C with polymerization. NMR (D20) showed 8 8.8 and 8.0 
(4H, 2d, 7 = 6 Hz, pyridinium CH), 7.0, 6.4, and 6.0 (3H, 3d of d, J sem 
= 1 Hz J cts = 10 Hz, J tTaLnS = IS Hz, —CH -CH2) and 4.3 (3H, s, 
N—CH3).

An a l . C a lc d  f o r  C sH i 0N I :  C ,  3 8 .8 7 % ;  H ,  4 .0 8 % , ;  N ,  5 .6 7 % ,;  1 , 5 1 . 3 6 % .  F o u n d :  
C ,  3 8 .8 4 % ;  1 1 ,4 .1 2 % , ;  N ,  5 . 6 2 % ;  1 , 5 1 . 3 8 % .

4-Vinylpyridinium Nitrate (Vc)
To 1 ml (15 mmole) of 70% HN0:l in 50 ml. of THE at 0°C was added 

dropwise with stirring a solution of 0.5 ml (5 mmole) of 4-vinylpyridine in
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THF. The crystals were filtered, washed with THF and with ether, and 
then dried in vacuo, giving a quantitative yield of 4-vinylpyridinium nitrate, 
mp 155°C. X.MR (D20) gave 5 8.8 and 8.0 (4H, 2d, .] = 6 Hz, pyridin- 
ium CH), and 7.0, 6.4, and 6.0 (3H, 3d of d, J eem = 1 Hz, J cis = 10 Hz, 
J trans = 18 Hz,--CH=CH>).

A n al . C a lc d  f o r  CtH ^ O s: C , 5 0 . 0 0 % ;  I I ,  4 . 7 9 % ;  N ,  1 0 .0 6 % .  F o u n d  C ,
4 9 . 8 9 % ;  1 1 , 4 . 8 5 % ;  N ,  1 0 .8 0 % .

4-VinyIpyridinium Iodide (Vb)

This monomeric salt was prepared by a procedure similar to the above 
with 1 ml (7.o mmole) of 57% hydriodic acid. A quantitative yield of 
4-vinylpyridinium iodide was obtained, mp 175°C with polymerization. 
XAIR (D20) gave 5 8.8 and 8.0 (4H, 2d, J  = 6 Hz, pyridinium CH), and
7.0, 6.4, and 6.0 (3H, 3d of d, ,/Kcm = 1 Hz, .Jcis = 10 Hz, J lrans = 18 Hz, 
—CH=CH2).

A n a l . C a lc d  f o r  C 7I I SN I : C ,  3 6 . 2 3 % ;  H ,  3 . 0 4 % ;  N ,  6 . 0 4 % ;  I ,  5 4 .0 9 % .  F o u n d :  
C ,  3 6 . 1 4 % ;  1 1 ,3 .2 6 % , ;  N ,  0 . 1 0 % ;  1 , 5 4 . 8 3 % .

NMR Studies of d-Vinyl-iV-methylpyridinium Salts

The effects of salts on the stability of 4-vinyl-iV-methylpyridinium methyl 
sulfate (lib) were investigated. NMR spectra revealed that no polymeri
zation occurred after 2 weeks when 2.15 mmole of either XaBr, Xal, 
XaCICh, or Na2S04 was added to a solution of 50 mg. (2.15 mmole) of lib  
in D,\lS()-d6. The monomer was stable for this time in the absence of 
added salts. When one equivalent of XaCN was added to a DMSO-de 
solution of lib, no monomer could be detected after 30 min. A similar 
study with 5 mole-% XaCX showed that 70% polymerization had occurred 
after 16 hr.

The stability of 4-vinyl-W-methylpyridinium iodide in DMSO-d6 and in 
D>0 was also investigated. It was found that no polymer formation could 
be observed after 2 weeks.

l-Methyl-4-benzhydry!idine-l,4-dihydropyridine (Via).

This pyridone methide was prepared by a modification of the procedure 
of Chiehibabin and Benevolenskaya.13 Diphenyl-4-pyridylmethane was 
quaternized quantitatively with dimethyl sulfate in benzene. The precipi
tate was dissolved in water and added to 2XT NaOH. The precipitated 
methide was extracted into ether, the solution was dried over Xa2SOi and 
Xa2C03, and the ether was removed in vacuo. The resulting oil was dis
solved in 300 ml ethanol containing 1 g XaOH and cooled to — 10°C, giving 
orange needles, mp 109-110°C (lit.13 mp 112-113°C). X.MR (DMSO-d6) 
gave S 7.05 (10H, s, phenyl CH), 6.2 and 5.75 (4H, 2d, ./ = 8 Hz, dihydro
pyridine CH) and 2.95 (3H, s, X—CH,).
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Matrix Polymerization of 4-Vinylpyridine on Poly (phosphoric Acid)

To 0.5 ml (5 mmole) of 4-vinylpyridine in 5 ml H20  was added 275 mg 
(4.9 meq) of poly (phosphoric acid) (approx. H6P40i3) in 5 ml of H20. After 
3 days the solution was lyophilized, giving a white powder which was shown 
to be ionene polyphosphate. NMR (D,0) gave 8 7.0-9.1 (4H, br, pyridin- 
ium CH), and 5.0 (2H, br, N—CH2). The «-methylene hydrogens under
go complete deuterium exchange in less than 30 min.

Poly (acrylic Acid)

Poly (acrylic acid) was obtained by heating a degassed 50% dioxane solu
tion of freshly distilled acrylic acid containing 1 mole-% benzoyl peroxide 
at 60°C for 24 hr. The polymer was purified by exhaustive dialysis against 
deionized water followed by lyophilization. The molecular weight of the 
poly (acrylic acid), determined viscometrically in 2N NaOH at 24°C by 
using the formula, [17] = 1.5 X 10~3 ili0-54, was 150,000.14

Matrix Polymerization of 4-Vinylpyridine on Poly(acrylic Acid)

To a solution of 100 mg (1.4 mmole) of poly(acrylic acid) in 10 ml of H20  
was added 0.105 g (1 mmole) of 4-vinylpyridine. After 3 hr the solution 
was opaque, and a white precipitate had formed. Upon addition of 150 mg 
of N'aHCOj the solution cleared, and the precipitate redissolved giving a vis
cous, colorless solution. The solution was placed on a column of the 
strongly basic anion exchange resin Dowex 1-X8, 100-200 mesh in the chlo
ride form. The sample was eluted with 200 ml of water, the eluate was 
lyophilized, and the resulting solid was dried in vacuo. In this procedure 
the polyacrylate was not removed because it was excluded from the anion- 
exchange resin.16 NMR showed this material to contain 1 equivalent of 
ionene polymer to 1.4 equivalents of poly acrylate.

Polymerization of 4-VinyIpyridine by Monomeric Acids

Ionene formation in a solution of 4-vinylpyridine in acetic acid (ca. 10%) 
was followed by NMR spectroscopy. Initially, only 4-vinylpyridinium ion 
was observed. However, after 80 min, 80% conversion to ionene polymer 
was observed. The NMR spectrum of a solution of 4-vinylpyridine in tri- 
fluoroacetic acid indicated only 4-vinylpyridinium ion was present after 3 
days.

Poly-4-vinylpyridine

To 1 ml (36 meq) of 96% H2S04 was added 0.5 ml (5 mmole) of 4-vinyl- 
pyridine. After 15 min the reaction mixture was added to 100 ml H20  and 
stirred for 2 days until the polymer dissolved. The pH of the solution was 
adjusted to 9 by addition of Na2C03. The precipitated poly-4-vinylpyri- 
dine was separated by filtration and purified by two reprecipitations from 
methanol to ether. NMR (DMSO-d6) showed 8 8.2 (2H, br, pyridinium
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CH), 6.7 (2H, br, pyridinium CH), and 2.6-1.0 (3H, br, backbone CH). 
Poly-4-vinylpyridine could also be obtained by addition of 4-vinylpyridine 
to a heterogeneous mixture of benzene or nitromethane and excess sulfuric 
acid, followed by purification as described above.

Deuterium Exchange

The deuterium exchange of the a-methylene protons of the ionene pre
pared from 4-vinylpyridine and trifluoroacetic acid in nitromethane was 
studied as a 10% solution in D20  under various conditions. A study of the 
effect of temperature revealed that complete exchange of the a-methylene 
protons occurred after 24 hr at 80°C. The characteristic absorptions of the 
vinyl endgroup also disappeared, and two broad absorptions at 6.05 and
6.45 of the shape expected for an a-d-vinyl group were observed.16 In LV 
DC1, the NMIt spectrum remained unchanged after 3 days. In 0.571/ 
Na2C03 in D20, the ionene was degraded within 48 hr to a gum which con
tained 4-vinylpyridine. When 20 mole-% of 4-vinylpyridine was added 
to the ionene solution, 50% deuterium exchange occurred after 39 hr. The 
formation of 4-vmylpyridinium-a-d groups was also believed to occur in this 
case.

RESULTS AND DISCUSSION 

Nucleophilic Addition: Initiation

The initiation of the spontaneous polymerization of 4-vinylpyridinium 
salts has been considered to arise from a nucleophilic attack on the acti
vated double bond. Initiation by this process is supported by the re
ported additions of nucleophiles such as cyanide,17 sulfide,18 sulfite,17 thio
urea,19 and primary, secondary, and tertiary amines20'21 to 2- and 4-vinyl
pyridine under acidic catalysis. Kabanov et al. have suggested that the 
spontaneous polymerization of 4-vinyl-W-methylpyridinium halides was 
initiated by the nucleophilic attack of the halide ion on the activated double 
bond.1

In order to investigate the proposed initiation mechanism of Kabanov 
et al., the additions of various anions to 4-vinyl-7V-methylpyridinium 
methyl sulfate (VMPMS, lib) were investigated by NAIR spectroscopy. 
We have previously shown that 4-vinyl-N-methylpyridinium p-toluene- 
sulfonate can be obtained in low yield from the reaction of 4-vinylpyridine 
and methyl p-toluenesulfonate in benzene at room temperature.11 This 
yield can be improved greatly by doing the reaction in anhydrous tetra- 
hydrofuran (THE) for 1 week at — 10°C. It was also found that a 50% 
yield of VMPMS could be obtained from the reaction of 4-vinylpyridine 
and dimethyl sulfate in THE for 1 day at —10°. The latter salt was 
utilized for the nucleophilic addition studies because it was more readily 
available and because the NAIIt absorption of the counterion did not ob
scure the spectrum of either the 4-vinyl-V-methylpyridinium ion (II) or 
the resulting polycation (III).
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The NMR spectrum of a 10% solution of VMPMS showed no observable 
polymerization after 2 weeks at room temperature. This is consistent with 
the previously reported stability of VMPTS.11 When 1 equivalent of 
NaBr, Nal, Na2S04, or NaClCh was added to a 10% solution of VMPMS 
in DMSO-d6 or D20  no polymerization could be detected after 2 weeks. 
However, when 1 equivalent of NaCN was added to the DMSO-d6 solution, 
all monomer was consumed within l/ 2 hr. When only 0.05 equivalent of 
NaCN was added, 70% conversion to poly-4-vinyl-V-methylpyridinium 
methyl sulfate (lib) had occurred after 10 hr.

The fact that no addition could be observed with either bromide or iodide 
ion militates against the initiation mechanism suggested by Kabanov et al. 
Although it may appear unusual that halide ions do not add to the double 
bond, it should be noted that the reactivities of nucleophiles in SN2 substitu
tion and in addition to s/;2-carbon have been shown to be unrelated.22-24 
In particular, it has been noted that nucleophilic reactivity in addition re
actions corresponds closely with basicity, with weak bases such as iodide 
and bromide being unreactive.22-24 Furthermore, it was recently shown 
for the polymerization of several vinyl monomers that the initiation ability 
of anions increased with their basicity.25 From the results of this investiga
tion and previous studies it appears that the reactivity of nucleophiles to
ward 4-vinylpyridinium salts is also related to their basicity.

Since bromide and iodide are much weaker bases than 4-vinylpyridine, 
the spontaneous polymerization of 4-vinyl-N-alkylpyridinium halides can 
also be considered to be caused by attack of unquaternized 4-vinylpyri
dine.11 Consequently, it could be expected that an alkyl halide salt, once 
formed and removed from excess 4-vinylpyridine, would be stable in solu
tion. In order to investigate this possibility we have prepared 4-vinyl-iV- 
methylpyridinium iodide (VMPI, lie) and have studied its stability in 
solution. The methodide salt was prepared in moderate yield from the re
action of 4-vinylpyridine with excess iodomethane in dry 1,2-dimethoxy- 
ethane at — 10°C. NMR studies indicate that this salt is stable in 
DMSO-c/e or D20  solution for 2 weeks.

Since the attack of iodide on the 4-vinylpyridinium ion is a reaction be
tween two oppositely charged species to give a neutral (or zwitterionic spe
cies), the rate of reaction might be expected to increase greatly in nonpolar 
solvents. On the other hand, the rate of addition of pyridine to the 4-vinyl
pyridinium ion should be relatively unaffected by the polarity of the solvent.

Although the rate of addition of iodide ion has been shown to be negligible 
in a polar solvent, iodide addition could become significant in nonpolar 
solvents. The relative rates of these additions were easily determined in 
dichloromethane since the methiodide monomer is slightly soluble in this 
solvent,* while the polymer is insoluble. When 1 mmole of pyridine was 
added to a solution of 1 mmole of VMPI in 35 ml of dichloromethane, 70 
mg of Hie was obtained after 1 day. However, when no pyridine was

*  T h e  s o lu b i l i t y  o f  th is  m o n o m e r  is  p r o b a b ly  d u e  to  th e  f o r m a t io n  o f  a  c h a r g e - t r a n s fe r  
c o m p le x  w i t h  p a r t i a l  n e u t r a l i z a t io n  o f  c h a rg e .
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added, only 6 mg of precipitate, which may be due to the presence of trace 
impurities, had formed after 2 days. This difference in reactivity indicates 
that pyridine attack is much faster than iodide attack in both polar and 
nonpolar solvents.

The initiation of spontaneous polymerization of 4-vinyl-IV-alkylpyridin- 
ium salts by 4-vinylpyridine was probably not considered likely by Kabanov 
et al. because iodometric titration did not indicate the presence of unreacted 
double bonds. However, it has been established that the addition of elec
trophiles, such as 1+ in the iodometric titration, does not occur with elec
tron-deficient double bonds.'26 Consequently, it is not surprising that no 
unreacted double bonds were detected by this method.

Propagation
The mechanism of propagation has been considered to occur from the 

nucleophilic addition of I to a 4-vinylpyridinium ion to continuously regen
erate a zwitterionic endgroup [reaction (1)]. Since the active group is a

R

X —f - C H ,— C H - f c C H —  C H

(O J P (i)

4-pyridine methide, the proposed propagation mechanism was investigated 
by utilizing l-methyl-4-benzhydrylidine-l,4-dihydropyridine (Via), a 
pyridone methide which can be obtained in a stable crystalline state. The 
more closely related analog of the growing chain end, VIb, has been re-

V l a ,  R  =  C 6H-, 
b, R  =  H

ported to be an unstable oil which could not be purified.27
NMR studies showed that when 2 mole-% Via was added to a 10% solu

tion of VMPI or VMPTS in I)MSO-<7fl, complete conversion to the cor
responding polymers occurred within 10 min. These results support the 
proposed propagation step of Kabanov et al. The rapid addition of the 
methide is in accord with its high basicity (p /\H of 12.1 for its conjugate 
acid).27 Since the zwitterion of the chain-end is a stronger base than Via, 
it would be expected to add to a vinylpyridinium ion even faster. The 
initiation step in the spontaneous polymerization is significantly slower than 
the propagation step, most likely because the zwitterionic endgroup is much 
more basic than 4-vinylpyridine (pKa 5.6).5
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Charge-Transfer Polymerization

In a study of the spontaneous polymerization of 2-vinylpyridine with 
iodomethane, Iwatsuki et al. found that at low conversion (0.05-0.5%) the 
product was only 80% quaternized.10 It was also found for a variety of 
partially quaternized polymers that there was a charge-transfer absorption 
at. 360 mn which had a maximum absorbance at 70% quaternization. From 
these data it was suggested that the spontaneous polymerization resulted 
from a charge-transfer copolymerization of 2-vinyl-fV-niethylpyridinium 
iodide (electron acceptor) and 2-vinylpyridine (electron donor), followed by 
complete quaternization of the neutral, pendent pyridine groups. This 
method of polymerization was also suggested for the spontaneous polymeri
zation of 4-vinylpyridinium derivatives.

The presence of a charge-transfer band between 1,4-dime thy lpyridinium 
ion and iodide ion has been well established.28 It seems likely that the 
charge-transfer absorption noted by Iwatsuki et al. occurred from the inter
action of pyridinium and iodide and not from the interaction of pyridinium 
and pyridine. Indeed, in poly-4-vinyl-fV-methylpyridinium iodide, pre
pared by polymerization of 4-vinylpyridine with iodomethane, we have 
found a charge-transfer absorption at 360 ni/u of 0.35 for a 5 X 10- W  solu
tion, a value which is similar to that reported by Iwatsuki et al. However, 
in poly-4-vinyl-Àf-methyipyridinium p-toluenesulfonate, prepared by poly
merization of 4-vinylpyridine with methyl p-toluenesulfonate, an absorp
tion of only 0.02 was observed for a 5 X 10~3M  solution.

If a charge-transfer copolymerization were operative, it coidd be expected 
that the 4-vinyl-./V-me thy lpyridinium ion would undergo charge-transfer 
polymerization with other electron-donating vinyl monomers. Since butyl 
vinyl ether has been shown to participate readily in charge-transfer poly
merizations as an electron donor,29 it could be expected that this monomer 
would charge-transfer copolymerize with VMPI. NMR and infrared spec
tra indicate that no incorporation of the vinyl ether occurred when 4-vinyl
pyridine was quaternized with methyl iodide in butyl vinyl ether as solvent.

The lack of complete quaternization at very low conversion in the spon
taneous polymerization of 2-vinylpyridine by methyl iodide would be ex
pected if initiation occurred by attack of 2-vinylpyridine. This sponta
neous polymerization is probably similar to that previously described for 
4-vinylpyridine.

Ionene Polymers

The protonation of 4-vinylpyridine3-8 has been reported to yield the cor
responding poly-4-vinylpyridinium salt. When polymeric acids were em
ployed, several unusual features were noted. The rate of polymerization 
was markedly higher than with monomeric analogs and only protonated 
vinylpyridinium ions reacted to form an insoluble, stoichiometric, polyacid- 
polybase complex. For these reasons, this reaction was termed a “matrix” 
polymerization.4'5
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Since it has been shown that the reactions of 4-vinylpyridine with mono
meric acids can yield ionene polymers (IV),12 an investigation of the prod
uct obtained from the reaction of 4-vinylpyridine with poly(acrylic acid) 
and poly (phosphoric acid) in aqueous solution was undertaken. In both 
systems, NMR spectra revealed that ionene formation had occurred from 
these matrix polymerizations. Under the conditions employed there were 
no indications of the formation of poly-4-vinylpyridinium salts. It is in
teresting to note that Gvozdetzskii and Kabanov determined at DP„, of 20 
by gel permeation chromatography for the product from the matrix poly
merization of 4-vinylpyridine on poly (phosphoric acid).7 This value is 
similar to the DP of 15-20 determined by NMR endgroup analysis for the 
ionene polymer prepared from trifluoroacetic acid and 4-vinylpyridine in 
nitromethane.12

Since ionene formation occurred with poly (acrylic acid), a weak polymeric 
acid, the reaction of 4-vinylpyridine with a weak monomeric acid was also 
studied. An NMR time study of a solution of 4-vinylpyridine in glacial 
acetic acid revealed that 80% conversion to ionene polymer occurred after 
80 min. A similar study with strongly acidic trifluoroacetic acid revealed 
only the presence of the 4-vinylpyridinium ion. Ionene formation can ap
parently occur in the presence of excess weak acid because protonation is 
not complete and neutral pyridine groups are present to allow polymeriza
tion to occur.

The kinetics of the polymerization of 4-vinylpyridine in various aqueous 
buffer systems have also been studied by Kabanov et al.M The initial 
rate of polymerization was found to be dependent upon the monomer con
centration and the pH of the solution. The pH dependence exhibited a

IX
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sharp maximum near the pK a of 4-vinylpyridinium ion. This result is in 
accord with a propagation step which involves the addition of a neutral 
pyridine to a vinylpyridinium ion as must occur in ionene formation [reac
tions (2)—(4) ]. Reaction (2) is identical to the proposed initiation mecha
nism for the spontaneous polymerization of 4-vinyl-V-alkylpyridinium salts 
to give poly-4-vinylpyridinium salts. However, in this case reaction (3) is 
much faster than reaction (1), so that only VIII is formed. This com
pound can then lose a proton to regenerate a nucleophilic species (IX) ca
pable of further addition.

It has been shown that the 4-methyl protons of 1,4-dimethylpyridinium 
iodide undergo rapid deuterium exchange.30 Since the ionene polymers also 
have methylene protons adjacent to the 4-position, it was expected that 
these a-methylene protons would also exchange, and this exchange could 
indeed be observed under a variety of conditions. The facile exchange of 
these protons can presumably occur by the abstraction of a proton by base 
to give a resonance stabilized zwitterion (X). This can then undergo deu- 
teration or elimination. The latter process leads to polymer degradation.

X

It has previously been suggested that stable 4-vinylpyridinium salts can 
be prepared when quaternization is rapid, when the counterion is a poor 
nucleophile, and when no excess 4-vinylpyridine is present.11'12 Several 
4-vinylpyridinium salts have been prepared by fulfilling these conditions. 
In addition to the previously reported preparation of the trifluoroacetic 
acid salt (Va),12 the hydriodic (Vb) and nitric acid (Vc) salts of 4-vinylpyri- 
dine have also been prepared by addition of 4-vinylpyridine to excess acid in 
THF at 0°C. Ionene formation results when the acid salts are dissolved in 
solvents in which dissociation occurs.

The formation of poly-4-vinylpyridine was noted when 4-vinylpyridine 
was added to a heterogeneous mixture of excess sulfuric acid and benzene or 
nitromethane, followed by neutralization. The same product could also be 
obtained in neat sulfuric acid. I t is highly unlikely that the propagating 
zwitterion can exist in concentrated sulfuric acid, since related compounds 
undergo rapid protonation.27 In this case polymerization could be of a 
cationic nature.

T h e  a u th o r s  g r a t e f u l l y  a c k n o w le d g e  th e  s u p p o r t  a n d  e n c o u r a g e m e n t  o f  P r o fe s s o r  C .  G .  
O v e r b e r g e r  d u r in g  t h e  c o u rs e  o f  th is  w o r k .
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Effect o f Amines on the Ceric Ion-Initiated 
Polym erization o f Vinyl Monomers. I. 
Polym erization o f Acrylonitrile by Ceric 

Ion-Trielhylam ine Catalyst System
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Department of Macromolecules, Indian Association for the 

Cultivation of Science, Calcutta 32, India

Synopsis
The polymerization of acrylonitrile was studied in aqueous solution with eerie am

monium sulfate in the presence of triethylamine as initiator at 30, 40, and 50°C. The 
rate of polymerization was found to be linear with the concentration of the amine and 
independent of ceric ion concentration. A reaction scheme involving initial complex 
formation between ceric ion and the amine and subsequent disproportionation of the 
conplex to produce free radicals is proposed for the initiation reaction. The termina
tion step is postulated as involving oxidation of the polymer chains by ceric ions. The 
results have been explained in the light of the proposed reaction scheme.

INTRODUCTION

Ceric salts in presence of various organic reducing agents have been used 
as effective initiators in the polymerization of vinyl monomers. Most of 
the investigations however, have been made with alcohols, glycols, amides 
etc.,1-6 as reducing agents. No detailed study has been made with amines 
as reducing agents. In a previous communication7 we reported a few pre
liminary observations with ceric ion-amine redox systems as initiators in 
vinyl polymerization. In the present paper, we report a detailed study 
on the aqueous polymerization of acrylonitrile initiated by ceric ammonium 
sulfate in presence of triethylamine.

EXPERIMENTAL

Materials

Acrylonitrile from Koch-Light Laboratories Ltd. was purified following 
the method of Bamford et al.8

Triethylamine was freed from primary and secondary amines by refluxing 
with acetic anhydride. It was then dried over activated alumina and 
distilled twice under reduced pressure.

1505
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All other reagents used were of either E. Merck G. R. grade or B. D. H. 
Analar grade quality and were used as received without further purifica
tion.

Ceric ammonium sulfate was dissolved in 1M  sulfuric acid to make a 
stock solution of 0.05M  in ceric sulfate. This stock solution was used to 
prepare the polymerization recipes.

Nitrogen used for deaeration of the experimental system was purified 
by passing through several columns of Fieser’s solution, then through lead 
acetate solution, and finally dried by passing through a tower of concen
trated sulfuric acid. However, while flushing aqueous solutions the 
nitrogen is further passed through a tower containing distilled water in 
order to compensate for any loss of water vapor which might occur during 
long flushing of the aqueous solutions.

Doubly distilled water, which was further boiled for some time to remove 
any dissolved gas, was used for preparing polymerization recipes and all 
the standard solutions.

Polymerization Procedure

The reaction vessel was a 100-ml Pyrex tube sealed at the bottom and 
fitted at the top with B-24 standard joints carrying inlet and outlet tubes 
for nitrogen. The inlet and outlet tubes were fitted with Pyrex vacuum 
stopcocks and were provided with a B-14 cone and a B-14 socket at their 
ends, respectively, so that all the vessels for a particular set of experiments 
could be deaerated side by side in order to maintain identical conditions.

In a typical experiment, the reaction vessels containing appropriate 
quantities of water, acid, and ceric solution were flushed with nitrogen for 
30 min. The vessels were then disconnected from each other after closing 
the stopcocks of the outlet and inlet tubes and placed inside a water bath 
set at the required temperature (accuracy within ±0.05°C). After the 
vessels had attained the temperature of the bath, required amounts of the 
amine and monomer (which were deaerated separately) were introduced 
quickly, and the components were mixed by shaking. There was some 
induction period before the polymerization started which was indicated by 
the appearance of a haze in the initially clear solution. The turbidity in
creased as the polymerization progressed, and ultimately the polymers pre
cipitated out. Stirring the reaction mixture hastened the precipitation 
of polymer which is known to affect the rate of polymerization in hetero
geneous systems and has been reported by Yuguchi and Watanabe to de
press the rate.9 The reaction solution was therefore left undisturbed in our 
study. For calculation of the rate of polymerization, the point, of ap
pearance of the turbidity was taken as the zero point. After definite inter
vals, the vessels were removed from the bath, opened, and 50 cc of hydro- 
quinone solution (1.0%) was introduced. The contents of the vessel were 
then poured into a large volume of water and the precipitated polymer was 
filtered through a weighed, sintered, gooch crucible, washed thoroughly 
with warm water, and dried in vacuo at 40-45°C to a constant weight.
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RESULTS

Acrylonitrile was polymerized in aqueous solution at 30, 40, and 50°C 
with ceric ammonium sulfate in sulfuric acid in presence of triethylamine. 
A typical set of time-conversion curves for 30°C at various triethylamine 
concentrations (1.65 X 10 2 to 4.00 X 10~'2 mole/1.) at constant ceric ion 
(8.3 X 10~4 mole/1.) and monomer concentrations (1.0125 mole/1.) are 
shown in Figure 1. The acid strength of the medium was also kept con
stant.

The relationship between the rates of polymerization and the correspond
ing amine concentrations for the three temperatures are shown in Figure 2. 
The rate of polymerization was found to vary linearly with the amine con
centration for all the temperatures.

It can be seen from Figures 1 and 2 that while ceric ion alone can initiate 
polymerization, the addition of triethylamine to the reaction system in
creased the rate of polymerization. F’urther, the induction period was 
found to decrease with increasing amine concentration.

Fig. 1. Effect, of triethylamine on the ceric ion-initiated polymerization of acrylo
nitrile at 30°C; [CeIV] = 8 .3  X 10~< mole/1.; [H2S04] = 1.66 X 10“1 mole/1.; [M]- 
1.012.5 mole/1.
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Fig. 2. Dependence of Rp on triethylamine concentration at [M] = 1.0125 mole/l. ;
[CeIV] = S.3 X IO“1 mole/l.; [H2S04] = 1.66 X 10“1 mole/l.

Table I shows the effect of ceric ion concentration on the rate of polym
erization. It can be seen that the rate is independent of the initial ceric 
ion concentration under otherwise identical conditions.

The influence of monomer concentration on the rate was next studied to 
determine the overall polymerization rate equation. The concentration 
of the monomer was kept within its solubility range at the particular tem
perature under investigation. The results for 30, 40, and .r)0°C are sum
marized in Table II.

The effects of variations of sulfate ion and H+ ion concentrations were 
also studied, and the results are reported in Table III and Table IV, respec-

TABLE I
Effect, of [CeIV] on the Rate of Polymerization“

[M], mole/l. [CeIV] X 104, mole/l.
Initial rate Rp X 10B, 

mole/l.-sec

1.0125 0.6 35.02
8.3 35.42

15.0 35.86
30.0 34.99

0.3800 0.6 9.64
8.3 9.88

30.0 9.90

* [EtaA] = 3.3 X IO“* mole/l.; [H2S04] = 1.66 X 10“1 mole/l.; 30°C.
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tively. The concentration of sulfate ion was varied by adding sodium sul
fate. R t was found to decrease with increasing sulfate ion concentration, 
whereas the reverse was true for H+ ion concentration.

TABLE II
Effect of Monomer Concentration on the Rate of Polymerization“

Temperature, °C [M], mole/1.
Initial rate R„ X 106, 

mole/1.-sec

30 0.225 5.06
0.380 9.90
0.6384 18.60
1.0125 35.42

40 0.225 £ 8.81
0.5062 20.76
0.7593 35.43
1.0125 50.23

50 0.225 11.99
0.38 24.70
0.5062 33.49
0.7593 58.84
1.0125 79.66

* [CeIV] = 8.3 X lO“4 mole/1.; [ILSOj] = 1.66 X 10~‘ mole/1.; [HtaA] = 3.3 X 10-1
mole/1.

Effect of Sulfate Ion
TABLE III

on the Rate of Polymerization at 30°Ca

[NasSCh] X It)2, mole/1. Initial rate Rp X 10s, mole/L-sec

0 3.64
1.22 2.28
2.03 1.62
3.00 1.35

a [M] = 1.0125 mole/1; [EtjA] = 1.65 X 10 2 mole/1; [Celv] = 8.3 X 10-4 
mole/1; [II+] = 35.0 X 10-2 mole/1.

TABLE IV
Effect, of Hydrogen Ion Concentration on the Rate of Polymerization at 30°C“

[H +], mole/1. Initial rate !{,, X 10s, mole/l.-sec

0.35 3.64
0.25 2.86
0.15 2.09

* [M] = 1.0125 mole/1.; [Et3A] = 1.65 X 10 2 mole/1.; [CeIV] = 8.3 X 10 4 mole/1.

The activation parameter for overall rate of polymerization was deter
mined by plotting log Rv against 1/2' in figure 3. A straight line was ob
tained, from the slope of which the activation energy was calculated to be 
about 10 kcal/mole.
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Fig. 3. Dependence of initial rate on absolute temperature at [M] = 1.0125 mole/1,;
|CeIV] = 8.3 X 10"4 mole/1.; [Et„A] = 3.3 X 10“2 mole/1.

DISCUSSION

The polymerization of acrylonitrile in aqueous media initiated by ceric 
ion in presence of trie thy lamine shows characteristic features of hetero
geneous polymerization. The reaction system, though homogeneous be
fore initiation of polymerization, becomes heterogeneous as soon as po
lymerization starts due to the insolubility of the polymer in aqueous phase. 
With the progress of polymerization, autocatalysis of the reaction as- 
cribable to radical occlusion due to precipitation of the polymer, is also ob
served (Fig. 1).

From Figures 1 and 2, it can be seen that the presence of triethylamine 
along with ceric salt considerably increases the rate of aqueous polymeriza
tion of acrylonitrile over that initiated by ceric salt alone. Induction 
period was also found to be reduced in presence of the amine. Evidently, 
some oxidation-reduction process takes place between the ceric salt and 
triethylamine, producing cerous ion and a transient free-radical species 
which initiates the polymerization.

The primary function of an activator in a redox system is to act as an 
electron donor, and it facilitates the production of primary radicals by 
interaction with the catalyst . In case of the ceric ion-alcohol redox system 
it has been shown by Duke and co-workers10'11 and later by Ardon12 that 
ceric ions form reversible complexes with alcohols and glycols and that the 
disproportionation of these complexes is the rate-determining step of the
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oxidation-reduction processes. In the case of alcohols, the mechanism of 
the initiation reaction can be written quite generally as shown in eq. (1),

K' w
CeIV +  RCH2OH ^  B '------- * Cem +  H+ +  RCHOH (1)

where CeIV represents the ceric complexes present in aqueous solution, B' 
the ceric-alcohol complex and RCHOH a free radical which can initiate 
polymerization.

The above scheme was adopted by Mino et al.2 and Ivatai et al.4 in their 
studies of the polymerization of acrylamide and acrylonitrile involving 
ceric ions in presence of alcohols, poly (vinyl alcohol), and glycol as reducing 
agents.

A similar complex formation between ceric salt and triethylamine can be 
visualized in our system also:

K
CeIV +  A ^  B ------- * Cem +  H+ +  R (2)

where CeIV is ceric ion or any inorganic complex thereof present in the solu
tion, A is the amine, B is the ceric-triethvlamine complex, and R is the free 
radical formed on the amine. K  is the equilibrium constant for the com
plex formation, and kd represents the rate constant for the decomposition 
of the complex.

In presence of a monomer, the free radical R starts the chain reaction as
shown in eqs. (3)-(8).

R +  M M (3)

CeJV +  M M +  Cem +  H+ (4)

Mn + M — ^  M, + x (5)
% t r ,  M

Mm +  M ------- » M„ +  M (6)

M, +  A M„ +  A (7)

M , +  CeIV — M» +  CeTTI +  H+ (8)

Here M represents the monomer, M the radical formed by the reaction of 
primary radicals or ceric ion with monomer, M„ and Mn the growing poly
mer chain and dead polymer, respectively, and the k are the rate constants 
for the respective reactions. Reaction (4) takes account of the fact that 
ceric ion, by itself, can initiate polymerization in absence of the amine.

The reactions (2), (3), and (4) thus represent the initiation steps, reaction 
(5) the propagation step, and reactions (6) and (7) the chain transfer reac
tions involving monomer and amine, respectively.

It has been seen from Table I that at constant pH and sulfate ion con
centration the rate of polymerization is independent of the total ceric ion 
concentration. This indicates that ceric ion is responsible for both the
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initiation and termination of the polymer chain. Reaction (8) represents 
the oxidative termination of the polymer chain by ceric ion. Oxidative 
termination by ceric salt has also been reported by various other work-
erg 2,4,13,14

Assuming that the equilibrium between the forward and backward reac
tions to form the ceric ion-triethylamine complex is established rapidly 
compared to the decomposition rate of the complex and if all the primary 
radicals R are captured by the monomer, we get the expression (9) for the 
rate of polymerization Rp, by applying steady-state assumption to both 
[R ] and [M ] separately,

Rp = MM][M]
= (kp/k t)(kdK[.A][M] +  k/[  M]*) (9)

The average degree of polymerization P„ is given by,

p  ________ __________________________-  do)
* fc,[CeIV][M] +  M m [M ][M ] +  M a[A][M] V

or
1

fn
ktr.M ktr,a [A] fcJCe1' ]

K  +  k  P  [M ] +  kp[ M]

Cm +  Ca
[A]
[M]

Ay[CeIV]
M M] ( I D

Here, Cm = k t P i i t ] k p  and Ca = k t r , A / k v  represent the chain transfer co
efficients with respect to the monomer and the amine, respectively.

Inspection of eq. (9) shows that the expression for Rp contains no term 
involving ceric ions, i.e., Rp is independent of the ceric ion concentration, 
which is in agreement with our experimental observation.

Equation (9) further shows that the plot of Rp against amine concen
tration should be linear, which has also been observed (Fig. 2). Ex
trapolation of the data to zero amine concentration gives Rp values which 
are in reasonable agreement with the experimental data for Rp obtained in 
absence of the amine. A similar linear dependence of Rp on glycol con
centration has been found by Katai et al.4 in their study with acrylonitrile 
polymerization initiated by the ceric ion-ethylene glycol redox system.

Table V
Values of Different Rate Constants

Tempera
ture, °C

A\. :IV X 
106, 1./mole-sec 
(From Fig. 2)

(k„/kt)kiK  X 
104, 1./mole-

sec
(From Fig. 2) kp/k ia

hi X 10s, 
1. /mole-sec

kdK  X 105, 
1. /mole-sec

30 4.87 9.88 58.8 8.28 1.68
40 7.32 13.83
50 14.64 18.45

a Data of Saha and Chaudhuri.15
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lo g M -
Fig. 4. Plot of log \ l tp — ikv k.) k'j [M]2j vs. log [M] at three different temperatures. 

[Ce,v] = 8,3 X 10-4 mole/1.; [Et3A] = 3.3 X 10“2 mofe/1.; [HjSOJ = 1.66 X 10"1 
mole/1.

It can be seen from eq. (9) that the intercept on the R p axis in Figure 2 
represents {kv/ k t)kt'[ \l]1. Since monomer concentration is known, 
(kp/kt)kt' can be calculated. Moreover, the slope of Figure 2 gives 
(,k„/kt)kaK . The values are reported in Table V.

As regards the dependence of R„ on monomer concentration, it can be 
seen that the rate equation (9) contains two terms involving monomer 
concentration, one depending on the first power and the second on the 
square of the monomer concentration. It is evident that the first term 
refers to the polymerization by the redox system, whereas the second to the 
polymerization by ceric ion alone. Depending on the system concerned 
and conditions involved, one or the other term may play a major part in the 
polymerization reaction resulting in a first order or second order dependence 
of the rate on monomer concentration. This may be the reason for dif
ferent order between 1 and 2 observed by different authors in polymeriza
tion initiated by different ceric ion systems. Equation (9) shows that a 
plot of log {Rp — (k f /k^k /lM]2} vs. log [M] should give a straight line 
having a slope equal to unity. The plots which are shown in Figure 4 are 
found to be linear as expected, with slopes nearly equal to 1. From the 
intercepts we get the values of (kv/ k t)kdK  (8.34 X 10 4, 12.93 X 1(D4 and 
19.56 X 10~4 1./mole-sec at 30, 40, and 50°C, respectively), which are 
found to be in reasonable agreement with the values obtained from the 
plot of R P against amine concentration (Table V).
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The reaction scheme suggested above, therefore, adequately describes 
the polymerization process occurring in the present system. This indi
cates that the assumptions made are reasonably valid at least in the range of 
concentrations of reactants employed in the present study.

From a knowledge of the {kP/kt)k(' and (kv/k t)kdK values as determined 
above (Table V), k t and kdK can be evaluated, provided k„/kt is known. 
k„/kt can be determined with the help of eq. (11) if the degree of polymeri
zation of the polymer is known. The molecular weights of the polymers 
in the present system could not be determined as the polymers were in
soluble in usual solvents. However, when triethanolamine was used in 
place of trie thy lamine, the polymers obtained were soluble and P„ could 
be determined. The foregoing scheme for ceric-triethylamine system was 
found to be valid with ceric-triethanolamine system also, and kp/k t from 
the latter case was found15 to be 58.8 at 30°C. This value for kp/k t was 
utilized for calculating k /  and kdK values (Table V). This is not un
reasonable, considering the similarity of the effects of triethylamine and 
triethanolamine in ceric ion-initiated polymerization of acrylonitrile.15

Now, from the kinetic scheme developed for the system, it can be shown 
that,

Ri/Ri = (kdK /k /)  [A]/[M] (12)

where R, refers to the rate of initiation by the ceric ion-amine system and 
R t' that by ceric ion alone.

Since the value obtained for ku' i.e., the rate constant for initiation by 
ceric ion alone, is very small compared to that for k„K, it is evident from 
eq. (12), that, the rate of initiation by the ceric ion-triethyl amine system 
will be higher than that by ceric ion alone as long as the ratio [A ]/ [M ] is not 
less than about 10-3. Actually, it has been found by us that the rate of 
ceric ion disappearance by reduction with monomer is so slow in absence of 
the amine that accurate determination of ceric ion disappearance by titra
tion was difficult. From eq. (9) it can be seen that, at low monomer con
centration, the term ¿/[M ]2 maybe negligible compared to kdK [A][M], and 
the rate may show first-order dependence on monomer under such condi
tions. Our experimental results also show similar trends. From the above 
discussions it is evident that the contribution to the overall rate of polym
erization due to ceric ion alone is quite small compared to that due to the 
redox initiator. (We have found that with the highest monomer concen
tration employed by us, the contribution due to ceric ion alone is not more 
than 15% of the total rate at 30°C.)

Activation Parameters
The knowledge of Rv and the kinetic constants, (k„/kt)kaK and (kp/k t)kf' 

at 30, 40, and 50°C have been utilized in the computation of activation 
parameters by plotting them against l /T  (Figs. 3 and 5). From the plot 
of log Rp against l /T ,  the overall activation energy for the rate of polymeri
zation for the present system is found to be about 10 kcal/mole. This is 
similar to the order of values usually observed in redox polymerization.1617
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Fig. 5. Variation of (a) {kp/ k t) kdK  and of (b) (k j k , ) k 't with temperature.

From Figure 5, the values for (Ev — E t +  EkdK) and (Ep — E t +  E /)  
are obtained as 6.2 and 10.7 kcal/mole, respectively. From these values, 
we get a value of 4.5 kcal/mole for (E /  — EkdK), i.e., the activation energy 
needed for initiation by ceric ion alone is about 5 kcal/mole higher than 
EkdK. As can be seen from eq. (12), this indicates that initiation by ceric 
ion-amine system will be more facilitated than by ceric ion alone. Further, 
the value of Ev for acrylonitrile in water has been reported by Dainton et 
al.18 to be 4.1 kcal/mole. Using this value for E v, we get the following 
values:

EkiK — E t = 2.1 kcal/mole
and

E i  — E t = 6.6 kcal/mole

In other words, the termination of the polymer chain by ceric ion is ener
getically favored over initiation by ceric ion either alone or in presence of 
the amine.

Tables III and IV show that the rate of polymerization increases with in
crease of H + ion concentration, while the effects of sulfate ion concentration 
is the reverse, i.e., the rate decreases with increase in sulfate ion concentra
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tion at constant hydrogen ion concentration. It is known that cerium 
forms complex ions with various anions, and several complexes involving 
sulfate ions are possible in ceric sulfate solution.19 The relative concen
trations of these different complexes which are in equilibrium with each 
other are functions of the pH and sulfate ion concentrations. The various 
complexes will have different reactivities, each one with its own character
istic rate constant, and as such the values of the kinetic constants which 
have been determined earlier are only overall values. It is thus evident 
that any change in the conditions which affects the relative concentrations 
of the complexes will change the overall values of the constants such as 
k dK , k t, k i and k t, and hence the overall rate of polymerization. For these 
reasons the kinetic constants in the present study were determined at par
ticular concentrations of ceric, hydrogen, and sulfate ions and are valid 
under these conditions only. Katai et al.20 found that highly sulfated 
complexes, which predominate at higher S042- or HS04̂  and lower H+ ion 
concentrations, are the less reactive species as regards the complex forma
tion with ethylene glycol. It is possible that the same holds for complex 
formation with amine also. However, from the variation of the overall 
rate of polymerization with II + and S042~ concentrations observed in our 
study, it is not possible to draw any conclusion regarding the individual 
reactivities of the various ceric complexes towards each reaction step.
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Spectroscopy o f Irradiated Vinyl Chloride- 
Propylene Copolymers
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Synopsis
S p e c t r a  o f  v i n y l  c h lo r id e - p r o p y le n e  c o p o ly m e r s  i r r a d i a t e d  a t  l o w  t e m p e r a t u r e  in  

v a c u u m  h a v e  b e e n  o b t a in e d  a t  s e le c te d  te m p e r a t u r e s  in  t h e  r a n g e  1 3 0 - 3 3 5  ° K .  C o p o ly 
m e rs  a n d  P V C  h o m o p o ly m e r  pas s  t h r o u g h  id e n t ic a l  in t e r m e d ia t e  s ta te s  o f  d e h y d r o 
c h lo r in a t io n  in  w h ic h  a lk y l ,  a l l y l ,  a n d  p o ly e n y l  r a d ic a ls  a r e  o b s e rv e d .  S u b s ta n t ia l  s p e c 
t r a l  d i f fe re n c e s  b e t w e e n  c o p o ly m e r s  a n d  P V C  a p p e a r in g  in  t h e  f in a l  s ta te s  o f  d e h y d r o 
c h lo r in a t io n  a f t e r  w a r m in g  a b o v e  r o o m  t e m p e r a t u r e  a r e  c o n s is te n t  w i t h  s h o r te r  a v e r a g e  
p o ly e n e  le n g t h s  in  t h e  c o p o ly m e rs .  T h is  p r o b a b ly  r e s u lts  f r o m  t e r m in a t io n  o f  p o ly e n e  
g r o w t h  b y  p r o p y le n e  c o m o n o m e r .  S p e c t r a l  d i f fe re n c e s  a t  lo n g  w a v e le n g th  b e tw e e n  
c o p o ly m e rs  w i t h  v a r y i n g  a m o u n t s  o f  p r o p y le n e  a r e  m in o r  c o m p a r e d  to  th e  b a s ic  c h a n g e s  
b e t w e e n  c o p o ly m e r  a n d  h o m o p o ly m e r .

INTRODUCTION
Radiation-induced degradation of poly(vinyl chloride) is charac

terized in part by loss of hydrogen chloride, color formation, and a steady- 
state population of free radicals.1-6 While several mechanisms have been 
proposed to account for dehydrochlorination,4 there is general agreement as 
to the final state in which conjugated double bonds (polyenes) as well as 
stable polyenyl radicals3'4 appear along the PVC chains. Numerous 
estimates have placed the maximum polyene length at from seven7 to 16-171 
conjugated double bonds, but spectra of degraded PVC films indicate the 
presence of an assortment of polyene lengths.

In a recent study of PVC homopolymer irradiated at low temperature, 
Salovey et al.8 obtained ultraviolet visible spectra in vacuum at 159, 243, 
and 286°Iv and after warmup to 363-373°K. Distinct spectral changes 
appearing at each temperature were associated with alkyl, allyl (2520 A), 
dienyl (2910 A), trienyl (3300 A), and polyene-polyenyl radical growtho .
(4000-6000 A). Spectra representing PVC in advanced states of de- 
hydrochlorination, where long-chain polyene-polyenyl radical bands pre
dominate, included clear contributions from allyl and short-chain polyenyl 
radicals in the region 2000-4000 A as well. From this observed depen
dence of spectral band position on polyene length and from the ap
pearance of ultraviolet-visible spectra of PVC at high levels of dehydro- 
chlorination it is apparent that ultraviolet-visible spectroscopy provides a 
means of evaluating the polyene population of dehydrochlorinated PVC.

1 5 1 7

©  1 9 7 1  b y  J o h n  W i l e y  &  S o n s , I n c .
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In recent years, vinyl chloride copolymers have become commercially 
available. These incorporate small percentages of such comonomers as 
propylene randomly dispersed along the polymer chains. If the effect of 
the comonomers is to block dehydrochlorination, such copolymers raise the 
interesting possibility that shorter polyene sequences may, on the average, 
result in the degraded state. To test this possibility and to determine the 
mechanism of dehydrochlorination of irradiated vinyl chloride-propylene 
copolymers, three such copolymers were subjected to electron irradiation 
and spectral studies at selected temperatures. Vinyl chloride homopolv- 
mer, reported earlier, has been included in the experiments as a point of 
reference. Conclusions have been drawn as to the effect of propylene 
comonomer on average polyene sequence length and rate of dehydrochlori
nation. A gross mechanism for free-radical dehydrochlorination in 
irradiated copolymers is proposed.

EXPERIMENTAL
Three PVC copolymers, designated P-1, P-2, and P-3, and a high molecu

lar weight PVC homopolymer were employed for the experiments. Trace 
metal analysis by emission spectroscopy detected Ca, Mg, Fe, Al, Cu, and 
Si for the copolymers and Ti, Cu, Al, Mg, and Ca for the homopolymer 
at estimated levels of 0.00001-0.00009%, with Ca in P-3 and Ti in the ho
mopolymer at levels of 0.0001-0.0009%. Total ash content for all samples 
was less than 0.01%. Infrared analysis of the four samples by potassium 
bromide disk indicated some C =  0  at 1730 cm-1 in PVC homopolymer 
and none in the copolymers. Density measurements on the copolymers 
established 3.3% propylene for P-1, 4.7% for P-2, and 5.5% for P-3.9,10 
Average lengths of uninterrupted vinyl chloride, in terms of molecules 
vinyl chloride/molecule propylene, were calculated as 19.7 for P-1, 13.6 
for P-2, and 11.6 for P-3, assuming random distribution of propylene.

Films of the four materials were molded between 0.010 in. sheet Mylar- 
backed 6 X 6 X Va-in. aluminum plates at 15 tons total pressure on t he film 
areas, with a preheating time of 1-2 min at 3 tons pressure. Molding 
conditions for the four materials were: for PVC homopolymer, 8 min at 
130-132°C; for P-1, P-2, and P-3, 7 min at 123-127°C. Eight to ten 
thickness measurements over the spectral portion of the film by means of an 
electronic micrometer (J. W. Dice Co.) yielded average thicknesses of 2.9 
mils for P-2, 3.3 mils for P-3, and 3.2 mils for the homopolymer, with errors 
estimated at ±0.1 mil. Micrometer measurements on P-1 gave 4.5 ± 0.5 
mils. Film dimensions were 7 X 25 mm.

All experiments were performed in a cryostat designed to expose film 
samples to electron irradiation at low temperatures in vacuum and to permit 
subsequent spectral measurements over a wide temperature range.11 
Films inside the cryostat were mounted across three slit openings each of 
0.125 X 0.782 in. on a support normal to electron and spectral beams. 
Rotation between the horizontal, for irradiation, to the vertical was ac
complished by means of a manually operated probe. Standard 0.005 in.
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copper-constantan thermocouples monitored film-center and film-support 
temperatures throughout each experiment. Thermal gradients were ob
served across the W in. film widths and were attributed to heating of the 
films in vacuum by thermal radiation. These gradients varied with tem
perature of the film support, being 50 -69°K with film support at 85°K, 28- 
36°K with support at 201 °K, zero at room temperature, and 16-19°K with 
support at 351°K. Film temperatures reported are maximum, deriving 
from thermocouples mounted in the lower center of each film, with the upper 
portion reserved for the spectral beam. Low-temperature spectra were 
observed to be highly insensitive to temperature changes within broad 
temperature intervals, implying that one species alone predominates in each 
temperature interval across the gradient. Notwithstanding thermal 
gradients, the clear advantage to analysis in vacuum lies in the rapid 
removal of hydrogen chloride gas at each temperature minimizing recom
bination reactions and hydrogen chloride autocatalytic effects. Cryostat 
pressures were normally near 10 ~6 torr.

A Van de Graaff accelerator (High Voltage Engineering) operating with 
a beam current of 50 /uA at 1 MeV delivered a dose of 5 Mrad to the polymer 
at a rate of 0.081 Mrad/sec. Spectra were recorded on a Cary Model 14 
spectrophotometer. In each figure the lower curve is of arbitrary spectral 
intensity. Scattering from the quartz cell windows displaced this and all 
subsequent curves by a constant amount, yielding absolute spectral 
intensity differences in all figures.

Results and Discussion
Repeated studies of the three copolymers following irradiation and 

warmup indicated identical behavior up to advanced stages of dehydro- 
chlorination where minor differences were noted. To evaluate the effect of 
propylene comonomer on polyene sequence length, a direct comparison with 
PVC homopolymer was necessary. Accordingly, P-3 and P-2 together 
with the homopolymer were included in the same experiment, being thus 
subject to the same dose and thermal history. P-3 has been selected to 
represent copolymer results in comparison with PVC homopolymer. 
Differences between P-1, P-2, and P-3 are briefly discussed.

Figures 1 and 2 summarize irradiation-induced changes in the P-3 
copolymer film. Figure L4, a control spectrum of the copolymer at 147° K, 
is identical to that for the homopolymer, at 133°K (Fig. 3A). Absorption 
around 2200 A is evidently the long-wavelength edge of a PVC electronic 
band with Xmax below 2000 A.12

Figure IS was recorded at 152°K, 100 min after irradiation to a total dose 
of 5 Mrad at 140°K. Spectral changes indicate band growth to the blue of 
2200 A; only the long wavelength edge appears. A discontinuity at 2500 A 
implies secondary band growth in this region. The curve was unchanged 
after 183/ 4 hr storage at 154°K and is assigned to alkyl radicals generated by 
electron irradiation and stabilized at this temperature. Previous workers3 
have irradiated PVC at 77 °K and obtained ESR data interpreted as cor
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WAVELENGTH (Â)

F ig .  1. I r r a d i a t e d  c o p o ly m e r  P - 3  i n  vacuo' .  ( A )  c o n t r o l ,  u n i r r a d ia t e d ,  1 4 7 ° K ;  ( B )  
1 0 0  m in  a f t e r  i r r a d i a t i o n  a t  1 4 0 ° K ,  re c o r d e d  a t  1 5 2 ° K ;  ( C )  w a r m e d  f r o m  1 5 4  to  2 3 8 °  K  
o v e r  2 .0  h r ,  s to re d  a t  2 3 8 ° K  fo r  4 .2  h r ;  ( D )  s to re d  a t  2 3 7 ~ 2 3 8 ° K ,  2 1 .2  h r ;  ( E ) w a r m e d  
f r o m  2 3 7  t o  2 9 8 ° K  o v e r  1 .7 5  h r ,  s to r e d  a t  2 9 8 ° K ,  2 .7  h r  ( i n t e n s i t y  a d ju s t e d ) ;  ( F ) 
s to r e d  a t  2 9 8 - 2 9 9 ° K  f o r  7 2 .7  h r ;  ( G )  w a r m e d  f r o m  2 9 8  to  3 2 5 ° K  o v e r  4 .9  h r ,  th e n  
w a r m e d  a t  2 9 8 - 3 3 2 ° K  o v e r  2 .3  h r .

responding to the alkyl radical mixture —CH2—CH—CH2—, —CHC1—■ 
CH—CHC1—, —CH2—CC1—CH2—. Alkyl radicals in irradiated poly-

o
ethylene have been assigned to 2150 A.13

The spectrum (Fig. 1C) obtained after a 2-hr warmup from 154 to 
238°K and storage at 238°K for 4.2 hr, reveals major band growth at 2460 
A, the position of which suggests that it is related to the secondary band 
noted previously. Slow growth of this species at 237 °K is evident in Figure 
ID, the spectrum representing 17 hr further storage at 237°Iv. Two addi
tional bands, considerably less intense, appeared at this temperature at ° ° . . . . . .3250 A and 3850 A. Their origin is not clear at this time and no assign
ment is made. Band growth at 2460 A is assigned to allyl radicals resulting 
from dehydrochlorination next to an alkyl radical [eq. (1) ].

I I  H  H
I . I !—c—c—c—c- 
[ I I I

C l  H  C l  H

Of the three possible alkyl radical species, that with chlorine adjacent to the 
radical is considered likely to stabilize itself in this manner. Allyl radicals

H  H  H

! . I I
— — C—C—C =C — +  H C l  (1 )

I I
C l  H
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Fig. 2. Irradiated copolymer P-3 in oxygen, 298°K: (A) similar to Fig 1G; (B ) Ex
posed to 1 atm O-j, 55 min; (C) exposed 129 min; (D) exposed 18.8 hr at room tem
perature.

have been observed in irradiat ed polyethylene with assigned ultraviolet ab
sorption at 2580 A.13’14

In the third stage of the warmup, films were warmed to 298°K over 105 
min. Curves E and F of Figure 1 are spectra resulting after storage for 2.7 
and 70.0 hr additional at 299°K. A banded structure from 2700 to 5100 A 
superimposed on a broad continuum appears and evolves slowly at room 
temperature. It is noteworthy that the band at 2460 A has increased and 
shifted as well. Such banded spectra are characteristic of long-chain 
polyenes. Loss of successive molecules of hydrogen chloride adjacent to 
ally 1 radicals initially yields polyenyl radicals [eq. (2) ].

H 11 H H H H H H h
1 . 1 1 1 1 - H C l  | . 1 i i

—c —c —c = = c--C - P > P 1■O¡1oTo
- ) - c —I I1 1 

Cl H
1
Cl

1
H

1
Cl

1
H

1
Cl

(2)

As polyenyl radicalc oncentrations increase, crosslinking, chain transfer, 
and other radical termination reactions occur, transforming some poly
enyl radicals into polyenes. The mixture of polyenes and polyenyl 
radicals therefore accounts for spectra observed at room temperature. 
Reported spectra for polyenes and polyenyl radicals in irradiated poly
ethylene indicate a separation of about 500 A between polyenes and their 
corresponding radicals, with the radical band at longer wavelength. /\max
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for polyenes and polyenyl radicals shifts to the red on increasing conjugation 
length from one to five double bonds.13

A final stage in the thermal treatment of the copolymer involved heating 
for 4.93 hr to a maximum of 325°K and subsequent heating for 2.33 hr to a 
maximum of 332°K. Curve G of Figure 1, recorded at room temperature, is 
the spectral response to heating. Considerable intensification of the 
banded structure has occurred, with extension of the banding past 5100 A. 
The broad continuum is likewise intensified and developed well into the

o
visible. No corresponding growth of the band at 2460 A is evident; on the 
contrary, the nearly constant intensity of this band together with growth of 
spectral intensity immediately adjacent strongly suggests that the band at 
2460 A has declined. Consistent with this is the appearance of a well 
resolved singlet at 2900 A (Fig. 1(7), formerly a shoulder on the larger 2460 
A band (Fig. IE). Curve G of Figure 1 indicates growth of long-chain 
polyene and polyenyl radical concentration due to thermally accelerated 
dehydrochlorination, transforming allyl and polyenyl radicals present at 
room temperature (Fig. 1E, IF) into longer sequences.

On termination of the warmup spectra, all of which were recorded in 
vacuum, the cell was opened to pure oxygen at room temperature. Figure 
2 illustrates the spectral response with time of exposure to oxygen, this

WAVELENGTH (Â)

Fig. 3. Irradiated vinyl chloride homopolymer in vacuo: (A ) control, unirradiated 
133°K; (B) 95 min after irradiation at 122°K; (C) warmed from 135 to 231°K over 2.0 
hr, stored at 229°K for 21.1 hr; (D) warmed from 229 to 29S°K over 1.75 hr, stored at 
298-299°K for 72.6 hr; (E) warmed from 298 to 328°K over 4.9 hr then warmed at 
298-335°K over 2.3 hr.
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Fig. 4. Irradiated vinyl chloride homopolymer in oxygen, 298°K: (A) similar to 
Fig. 3E-, (B) exposed to 1 atm CL, 50 min; (C) exposed 124 min; (D) exposed 18.6 hr at 
room temperature.

being a measure of the extent to which the species present are subject to free 
radical scavenging. Figure 2A is similar to Figure 1G; Figures 2B, 
2(7, and 2D represent exposures to oxygen for 0.92, 2.2, and 18.8 hr, re
spectively. All bands as well as the broad continum decrease with time 
of oxygen exposure, with traces of the banded structure remaining from

o  o
3200 A to 4700 A. It is noted that oxidation products absorb in the 
region 2000-3000 A, which undoubtedly accounts for a portion of the 
intensity remaining in this region. The rapid initial response to oxygen 
followed by an apparent leveling off lends support to the view that polyenyl 
radicals as well as polyenes exist at this stage of the dehydrochlorination 
with the former accounting for much of the initial reaction with oxygen. 
While polyenes as well as polyenyl radicals would be expected to react 
rapidly with oxygen, it is not unreasonable to assume that the latter react 
more rapidly. Kinetic data on the relative rates of reaction of these two 
species are lacking, however, as data on bleaching of degraded PVC in 
oxygen15 refer to the polyene-polyenyl radical mixture. With the assump
tion that polyenyl radicals react faster, Figure 2D may represent the spec
trum of a residual population of less-reactive polyenes together with oxida
tion products. Upon prolonged storage in air it is observed that residual 
polyenes are significantly reduced as well.

Corresponding states in the radiolysis of the homopolymer (Figs. 3 and 4) 
have been previously discussed8 and are included here for comparison.
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Films for copolymer P-3 and homopolymer received the same dose, thermal 
treatment, and oxygen exposure. It is clear that the two systems exhibit 
similar response to radiation and warmup to room temperature. Signifi
cant differences in behavior appeared only after heating above room tem
perature.

Figure 5 presents copolymer and homopolymer spectra on common 
coordinates with appropriate adjustment for film thickness. Corresponding- 
states in the thermal history of copolymer and homopolymer are represented

Fig. 5. Spectra of (- -) vinyl chloride homopolvmer and (------) propylene copolymer
P-3: (A ) P-3 copolymer irradiated in vacuo, stored at 298-299°K for 72.7 hr (Fig. IF); 
(B) PVC homopolymer irradiated in vacuo, warmed from 229 to 298°K over 1.75 hr, 
stored at 298-299 °K for 72.6 hr (Fig. 377); (C) P-3 copolymer irradiated in vacuo, warmed 
from 298 to 325°K over 4.9 hr, then warmed at 298-332°K for 2.3 hr; (D ) PVC homo
polymer heated from 298 to 328°K over 4.9 hr; (E ) PVC homopolymer irradiated in 
vacuo, warmed from 298 to 32S°K over 4.9 hr, then warmed at 298-325°K for 2.3 hr 
(Fig. 3/i).

by A-B  and C-E. Curves A and B of Figure 5 were obtained following 
storage for 72.7 and 72.6 hr at 298-299°K after warmup from 230-240°K. 
Figure 5C was recorded at room temperature after heating the copolymer 
for 4.93 hr to a maximum of 325°K followed by 2.33 hr heating to a maxi
mum of 332°K. Figure 5E  represents the corresponding response for 
heating of PYC homopolymer for 4.93 hr to a maximum of 328°K and 2.33 
hr to a maximum of 335°K. Figure 5D represents the spectrum of the 
homopolymer after 4.93 hr heating to 328°K.
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An observation of prime importance in Figure 5 is the difference in 
contour between homopolymer and copolymer curves. Note the appear
ance of a distinct maximum (Fig. 577) at 5100 A and relatively intense ab
sorption from 5100 to 7000 A. This development, already evident in 
Figure 5B, is best compared to copolymer spectra in the pair of curves 
5C-57). Absorption for PVC homopolymer (Fig. 577), rises abruptly to 
4900 A where it levels off, intensifying again at 3400 A. The copolymer 
spectrum (Fig. 5C) shows no such leveling off; it increases throughout the 
spectral range. Equally important is the area between curves C and D, 
from 4800 to 7000 A, the difference due to increased absorption in this region 
by PVC homopolymer.

Polyene spectra are often characterized by a banded structure super
imposed on a continum, the peak of which shifts to longer wavelengths with 
increasing polyene length.13’16 Assuming negligible perturbation of the 
polyenes and polyenyl radicals by the surrounding environment, it may be 
concluded that spectra of the mixture of polyenes and polyene radicals 
along PVC chains likewise relate to their length. An interpretation of 
Figure 5 is therefore possible: greater spectral absorbance in the long 
wavelength region for the homopolymer indicates the presence of longer 
polyene lengths than for PVC-propylene copolymer irradiated to the same 
dose and subjected to a similar thermal history. Propylene units along 
copolymer chains apparently block dehydrochlorination, yielding shorter 
polyene sequences on the average.

A tentative conclusion regarding rate of dehydrochlorination may also be 
drawn from Figure 5. While the experiments described were not designed 
specifically for quantitative measurements of polyene growth by spectros
copy, large differences in rate of polyene growth would be noted. Curves
5.4 and 57? for copolymer and homopolymer suggest comparable rates of 
growth at room temperature. Curves 5C and 577 suggest a faster rate of 
polyene growth for the homopolymer above room temperature. As total 
spectral absorption in the 7000-2000 A region has been taken as propor
tional to total hydrogen chloride loss,17 the implication is a greater de- 
hydrochlorination of homopolymer above room temperature following irra
diation, compared to the copolymer.

Copolymers P-1 and P-2 with 3.3% and 4.7% propylene were analyzed by 
the same methods. As expected, these systems passed through the same 
postulated states as P-3 following irradiation and warmup. Spectra of the 
highly dehydrochlorinated states revealed only slightly increased absorp
tion compared to P-3 in the long wavelength region, consistent with longer 
polyene sequences on the average. Apparently, small changes in propylene 
content lead to small differences in visible absorption at long wavelengths.

Conclusions
PVC-propylene copolymers irradiated at low temperatures and subjected 

to controlled thermal history pass through the same states of dehydro- 
chlorination as vinyl chloride homopolymers, reported earlier. Differences
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in polyene chain length appear after exposure to room temperature and 
above. Ultraviolet-visible spectra indicate longer polyene lengths in PVC 
homopolymer than in the copolymers, based on spectral absorbance in the 
5100-7000 A regions of the spectra. Total spectral growth from 7000 to 
2000 A supports a faster rate of dehydrochlorination for PVC homopolymer 
following irradiation and heating above room temperature.

It is concluded that propylene units randomly dispersed along the co
polymer chains effectively block dehydrochlorination or “unzipping” yield
ing, on the average, shorter polyene lengths.

A lower rate of dehydrochlorination in the copolymers could be explained 
if the chain transfer rate constant is less than the propagation rate constant. 
This is likely to be true, especially since the experiments were all carried out 
below the T„ of the polymers.

It remains to illustrate the mechanism whereby propylene comonomer 
blocks dehydrochlorination. A typical structure for PVC-propylene co
polymer is I.

H H rH  CHal H H
I

I !
II ci

I
—C—C-t-C—C --C —c

H H 
I

I I
II Cl

If a polyenyl radical with n double bonds exists in the vicinity of the propyl
ene group (structure II)

H II II H
I I I I
I I
H Cl

additional loss of IICl yields III,

—C—C—(C=C— )„—C—C-+-C—C --C —C

II Cl 
II

Il CH7
I
I I
H H

H II
L I

II c i

II H
I I

II H
I

—c —C—(C=C— )„+ c —c  - - c —c
III Cl

c h 3

I .
II H

H II

II C.
Ill

which cannot dehydrochlorinate further in the right-hand direction. 
Propylene units to the left would block dehydrochlorination in that direc
tion by a similar mechanism.

The slight spectral differences between three PVC-propylene copolymers 
with 3.3%, 4.7%, and 5.5% propylene may be due to an insensitivity of 
polyene spectra to small changes in polyene sequence length, in which case 
the obvious spectral differences appearing in vinyl chloride homopolymer 
spectra imply considerably longer polyene and polyenyl-radical sequences in 
the latter.

The authors thank Dr. L. 1). Loan and Dr. F. A. Bovey for their helpful comments 
on the manuscript, and Mrs. G. A. Pasteur for infrared analysis of t lie samples.
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Mechanism o f Stabilization o f Polypropylene 
by Ultraviolet Absorbers

J. P. GUILLORY and C. F. COOK, Phillips Petroleum Company, Radiation 
Laboratories, PRC, Bartlesville, Oklahoma 74004

Synopsis
The ultraviolet screening properties of 2-hydroxyphenylbenzotriazoles and 2-hydroxy- 

benzophenones in polypropylene film were investigated by using photochemical and spec
troscopic techniques. The effect of light screening on polymer photostability was ex
amined by using filter solutions, and the fraction of ultraviolet light absorbed by stabi
lized film was calculated and compared to flexural failure times. It was found that the 
2-hydroxyphenylbenzotriazoles behave primarily as screeners of ultraviolet light whereas 
the 2-hydroxybenzophenones are both screeners and excited-state quenchers. The 
quenching characteristics of the latter have not been isolated and mechanistically ex
amined, but it is probably similar in nature to that of the nickel chelate stabilizers.

Introduction

Several different types of organic stabilizers have been used in the protec
tion of polyolefins from ultraviolet degradation. These stabilizers are 
usually divided into two classes because of the different mechanisms by 
which they prevent photodegradation. The ultraviolet absorbers (e.g., 
2-hydroxybenzophenones and 2-hydroxyphenylbenzotriazoles) reportedly 
function as light screeners, harmlessly disposing of the absorbed energy.1'2 
The reactive stabilizers (usually nickel chelates) are believed to operate by 
an energy-quenching mechanism, i.e., quenching the excited-states of poly
mer molecules by an energy transfer process.3-6 In this work we have ex
amined the mechanism of stabilization of the so-called ultraviolet absorbers 
and have shown that they do not all behave as light screeners only. The
2-hydroxybenzophenones function as screeners but also act by a second 
mechanism which extends the polymer film lifetime by several orders of 
magnitude over that resulting from a screening effect alone. Our results 
indicate that they are excited-state quenchers and their quenching effective
ness is less than that of the nickel chelate stabilizers.

Two different approaches were used to arrive at the above conclusion. 
In one, the light-screening properties of the stabilizers were actually mea
sured by comparing the flexural strength of stabilized polypropylene film to 
that of unstabilized film screened by filter solutions. The second tech
nique involved calculations of the per cent light absorbed by the polymer 
(LAP) for various concentrations of different stabilizers. A comparison of

1529

©  1971 by John Wiley & Sons, Inc.



1530 G U IL L O R Y  A N D  COOK

LAP to the flexural failure time of the corresponding polypropylene film 
was used to separate the light-absorption and energy-quenching properties of 
stabilizers.

Experimental

All irradiation experiments were conducted on 5-mil polypropylene film. 
The film was prepared from a dry-blended mixture of the desired ultraviolet 
stabilizer in nominal 3 MF polypropylene and was compression-molded at
20,000 lb pressure and 190°C for 2 min. Thermal degradation of the film 
during processing was prevented by the 2,6-di-ieri-butyl-p-cresol present in 
the polypropylene fluff (~0.03%). Both the ultraviolet-stabilized and 
unstabilized films were prepared by the above process.

Two different ultraviolet irradiation apparata were used. A cylindrical 
reactor with a 450-W Hanovia high-pressure mercury lamp was used to 
generate the light-screening data. In this system, each film was mounted 
behind a 1-cm Pyrex filter cell. Only ethanol was used in the filter cell in 
front of the ultraviolet-stabilized film. A filter solution of the appropriate 
stabilizer was used in the cells for the unstabilized film so that the polypro
pylene absorbed the same amounts and same wavelengths of light in both 
the stabilized and unstabilized cases. The ultraviolet absorption spectra 
of the stabilized films were used to determine the concentrations of ultra
violet stabilizers needed in the filter solutions. In the experiments involv
ing 0.1% ultraviolet stabilizer, the film was rotated 1S0° after every 50 hr of 
exposure to insure uniform light absorption. The temperature in this re
actor was maintained at 30-35°C. The data used in the LAP analysis were 
generated from 5-mil film exposed to ultraviolet light in an Atlas Twin En
closed Carbon Arc Weather-Ometer modified by the addition of eight fluores
cent sunlamps.6 The temperature of the Weather-Ometer was approxi
mately 65°C and the relative humidity 45%.

Samples in both experiments were tested for failure by ISO0 flex-bend. 
Each film was tested roughly every 40 hr until the first specimen of a formu
lation failed, after which the other specimens of that formulation were 
tested every 20 hours. Failure times were obtained by averaging the in
dividual failure times of three to four samples of each formulation, and were 
found to be reproducible to ±20%. Although the flex-bend test is some
what subjective, it is as objective a measure of physical property changes 
caused by light aging as the stress-crack test,7 the stiffness test,8 and other 
techniques for measuring brittle strength.9

To test the screening properties of ultraviolet stabilizers, 5-mil polypro
pylene film containing either 2-hydroxy-4-n-octoxybenzophenone (UV-1) 
or 2-(3',5'-di-fe/I-butyl-2'-hydroxyphenyl)-5-chlorobenzotriazole (UV-2) 
were irradiated in the cylindrical reactor. These films were compared to 
unstabilized film screened by the appropriate filter solutions. Filter solu
tion concentrations were adjusted so that the polypropylene in the unsta
bilized films absorbed the same amounts and wavelengths of light as that of
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TABLE 1 
Screening Solutions

No. Stabilizer and concentration Filter solution concentrations

I-A 0.25% UV-1 Ethanol only
I-B Unstabilized 2.38 X lO '6 M  UV-1 in ethanol

I I-A 0.1% UV-I Ethanol only
II-B Unstabilized 1.42 X 10 —5iljf UV-1 in ethanol

II I-A 0.1% UV-2 Ethanol only
III-B Unstabilized 1.35 X 10 ~6Af UV-2 in ethanol

the stabilized film containing the corresponding ultraviolet stabilizer. 
The filter solution concentrations are given in Table I.

Filter solutions were replaced every 50 hr before photodecomposition 
could cause any changes in their ultraviolet-absorption properties.

Light-Screening Effects

The failure times for the three sets of stabilized and unstabilized polypro
pylene film are listed in Table II.

Each of the three film sets were irradiated separately in the cylindrical 
reactor and no attempts were made to correct for lamp intensity fluctua
tions. Consequently, the failure time data can only be reliably compared 
for the stabilized and unstabilized film within each set. In addition, set I 
films were not rotated during the irradiation period. As a result, the light 
absorbed and degradation in the 0.25% UV-1 stabilized film occurred 
more on the surface than with the unstabilized film. In order to insure 
uniform absorption throughout the film, this run was repeated with 0.1% 
stabilized him and the films were rotated 180° after each 50-hr irradiation 
period (set. II). The same conclusions can be drawn from these results as 
from the set I data.

The results in Table II show that UV-2 functions primarily as a screener 
of ultraviolet light. The failure times for the stabilized and unstabilized 
films are essentially equal within experimental error. Only 5-10% of the 
UV-2 in the stabilized film was lost during the irradiation period.

TABLE II
Polypropylene Film Ultraviolet-Screening Results

No. Polypropylene film Failure time, hr

I-A 0.25% UV-1 1230 ±  170»
I-B Unstabilizedb 450 ±  SO

II-A 0.1% UV-1 1100 ±  200
II-B Unstabilizedb 225 ±  60

III-A 0.1% UV-2 800 ±  160
III-B Unstabilizedb 670 ±  150

a Standard deviation.
b Screened by the appropriate stabilizer filter solution listed in Table I.
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The UV-1 data indicate that this stabilizer does not function simply as a 
light screener. The stabilized film lasted at least three times as long as 
the unstabilized film even though the latter was screened by a UV-1 filter 
solution such that the polypropylene itself absorbed the same amount 
and same wavelengths of light in both the stabilized and unstabilized films. 
Approximately 75-8.r)% of UV-1 was lost in the stabilized film during the ir
radiation period (determined from ultraviolet spectra), so the difference 
between the stabilized and unstabilized films is even greater than a factor of 
three. This difference cannot be due to any antioxidant properties of UV-1 
because: (1) the film temperature never exceeded 35°C and (2) UV-2 
should be a better thermal stabilizer than UV-1, since the former has a hin
dered phenol segment in its structure, yet the failure times for stabilized and 
unstabilized films in the UV-2 case are essentially equal. The results of the 
UV-1 screening study can be rationalized if it is assumed that it acts as an 
energy quencher of excited polymer molecules in addition to being a light 
screener. Pivovarov10 and Nurmukhametov11 have proposed a similar 
mechanism to explain the stabilization effectiveness of 2-liydroxybenzo- 
phenones.

Our second method for examining the light absorption properties of ultra
violet stabilizers involves correlating the per cent light absorbed by the 
polymer (PAP) for various stabilizer concentrations with the correspond
ing film failure times. Based on the results of our light-screening experi
ments, such correlations with UV-1 and UV-2 should demonstrate that the 
latter acts primarily as a light screener whereas the former behaves as both a 
screener and an excited-state quencher. Data on the behavior of [2,2'-thio- 
bis(4-feri-octylphenolato) ]-n-butylamine nickel (II) (UV-3) is also included 
in this analysis, since nickel chelate stabilizers are believed to behave pri
marily as excited-state quenchers.3'5 The film failure data for these stabi
lizers are listed in Table III. The modified Weather-Ometer was used to 
obtain these results.

The ultraviolet absorption spectra of stabilized and unstabilized a-rnil 
films (unirradiated) were measured and are shown in Figures 1 and 2 for rep-

LAP Curves

TABLE 111
Film Failure Data for LAP Calculations

Stabilizer
concen
tration,

(%) UV-1

Time to failure, hr

UV-2 UV-3

0
0.1
0.25
0.5

70 ±  15“ 
190 ±  40 
390 ±  60 
580 ±  100

70 ±  15 
100 ±  15 
150 ±  30 
210 ±  30

70 ±  15 
100 ± 15 
340 ±  40 
690 ±  80

“ Average deviation from the mean.
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resentative samples. LAP was calculated by using these spectra and eq.
(1):

%  LAP =  100 X E [ 1 -  T(X)]
a p(x) ;

^ p(^) +  AS(X)_ (1)

Aim f¿) —*-
Fig. I. Ultraviolet absorption spectrum of unstabilized polypropylene film.

Fig. 2. Ultraviolet absorption spectra of ultraviolet stabilizers in 5-mil polypropylene 
film: (------) 0.25% UV-1; (- - )  0.25% UV-2; (--) 0.5% UV-3.
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where T(X) is the total light transmitted by the polymer-stabilizer system at 
wavelength X, A v(\) is the absorbance of unstabilized polypropylene at X, 
and A,(X) is the absorbance of ultraviolet stabilizer in polypropylene at X. 
Calculations of LAP by using eq. (1) assume that the quantum yield of 
polymer degradation is independent of wavelength, the degradation prod
ucts do not absorb, and the absorption spectra of polymer and stabilizer do 
not change during degradation. These conditions do not hold completely 
in the real system, but, as will be seen, the LAP-failure time comparison is 
useful in analyzing the screening and excited-state quenching properties of 
stabilizers.

Probably most of the absorption shown in Figure 1 for unstabilized poly
propylene film is due to light scattering. Some of the light, scattering was 
subtracted as shown by the artificial base line; any remaining uncertainty 
will only affect the absolute magnitude and not the relative values of LAP. 
Since light scattering is essentially the same for all films, conclusions based 
on the relative differences in LAP for different stabilization systems will be 
valid.

o
Calculated values of LAP for the 3000-3800 A system are shown in Table 

IV. A constant spectral energy distribution was assumed for the modified 
W eather-Ometer.

TABLE IV
Light Absorbed by the Polymer (LAP)

Stabilizer
concentration, %

LAP, %

UV-1 UV-2 UV-3

0 4.4 4.4 4.4
0.1 3.3 2.8 3.9
0.2.5 2.4 1 .7 3.4
0.50 1.6 0.9 2.9

The LAP values were also calculated by using the spectral energy distribu
tions of carbon arcs and fluorescent sunlamps as determined by Hirt.12 
This changed the magnitude of LAP but again did not change the relative 
values for the different stabilizer systems. Since we are primarily inter
ested in the relative behavior of LAP, the data in Table IV will be used in 
this discussion.

Plots of LAP versus film failure times for UV-1, UV-2, and UV-3 are 
shown in Figure 3. The UV-2 curve follows exactly that which would be 
predicted for a light screener, i.e., according to the kinetics of photooxida
tion of polymers, the effectiveness of an absorber varies as the square root 
of the change in concentration.13 Consequently, the failure point for 
0.5% UV-2 stabilized film should be the square root of five times that for 
0.1% stabilized film (or 2.24 X 100 = 224 hr). A value of 210 hours was 
actually measured. This again shows that UV-2 acts only as a screener of 
ultraviolet light.
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The UV-1 and UV-3 curves in Figure 3 do not follow the square root de
pendency on concentration. The stabilization effectiveness of UV-1 is 
greater than can be predicted by simple light screening. At the same level 
of polymer light absorption, UV-1 and UV-3 are much better stabilizers 
than UV-2. We propose that UV-1, like UV-3 and the other nickel che
lates, is an excited-state quencher.

Schmitt14 and Claudet2 have calculated the “protective effectiveness” 
of ultraviolet absorbers which they define to be the ratio of radiant energy 
absorbed by an unprotected polymer to the energy absorbed by the poly
mer in a system protected with an ultraviolet absorber. This factor is 
similar to LAP and was used to compare the protective ability of the var
ious stabilizers. However, the LAP plots give more insight regarding the 
mechanism of stabilization when it is realized that the light absorbers may 
stabilize polymers by both screening and energy quenching processes.

Summary and Conclusions

There has been a tendency in the literature to assume that those ultra
violet stabilizers which have high absorptivities function primarily as light 
screeners in protecting polymers. Our results prove that this is true for the 
2-hydroxyphenylbenzotriazoles; however, the 2-hydroxybenzophenones op
erate by an additional mechanism which is even more important than their 
screening properties. This mode is probably one of excited-state quench
ing. It is not unreasonable that organic molecules of this type can be en
ergy quenchers. Many studies of the energy transfer and energy quenching 
properties of aromatic and unsaturated organic compounds have been re
ported in the literature.4'15’16 However, it is interesting that the 2-hydroxy
benzophenones are apparently good excited-state quenchers, whereas the 
2-hydroxyphenylbenzotriazoles show no such quenching capabilities. This 
must be related to the nature and positions of the energy levels of these
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molecules or to the mechanism of energy transfer.16'17 We are presently 
engaged in a detailed study of the quenching properties of these stabilizers 
using photochemical energy transfer techniques. The results will be re
ported elsewhere.

In our study of the screening properties of ultraviolet absorbers, we have 
developed two different methods for evaluating stabilization effectiveness. 
These techniques can be used for testing any stabilizers in all types of poly
mers. The experimental ultraviolet screening test is useful in isolating the 
screening behaviors of stabilizers in order to evaluate other properties like 
energy quenching or antioxidant effects. The LAP analysis can be used 
with existing polymer failure data to examine in detail the effects of stabi
lizer concentration, ultraviolet screening, energy quenching, light-intensity 
distributions, or even synergism in various stabilization formulations. 
Both of these techniques are aimed at developing a better fundamental 
understanding of the stabilization mechanism.

We are indebted to R. I). Mathis and L. T. Nethertou for some of the preparation 
and ultraviolet exposures of the polypropylene films. In addition, we wish to thank Pro
fessor K. S. Becker of the University of Houston for many helpful suggestions.
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Synopsis
P o ly m e r iz a t io n  o f  s t y r e n e  h a s  b e e n  c a r r ie d  o u t  in  t h e  p re s e n c e  o f  f o r m a ld e h y d e  a t  3 0 ° C  

in  b e n z e n e  s o lu t io n  b y  u s in g  b o r o n  t r i f lu o r id e  e t h e r a t e  as  a  c a ta ly s t .  T h e  r a t e  o f  p o ly 
m e r iz a t io n  in  th e  i n i t i a l  s ta g e  w a s  a c c e le r a te d  w i t h  a d d i t io n  o f  fo r m a ld e h y d e ,  w h i le  th e  
s t e a d y - s t a t e  r a t e  o f  p o ly m e r iz a t io n  w a s  r e t a r d e d  in  th e  p re s e n c e  o f  fo r m a ld e h y d e .  T h e  
a c c e le r a t io n  fo r  t h e  r a t e  o f  p o ly m e r iz a t io n  w a s  fo u n d  o n ly  i n  a  s h o r t  t i m e  f r o m  (h e  b e 
g in n in g .  T h e  s t e a d y - s t a t e  r a t e  o f  p o ly m e r iz a t io n  fo l lo w e d  th e  e q u a t io n :

=  - d [  M ]  =  fc , [ C ]0» [ M R
' x d t k 2 +  k ,[  F ] „

w h e r e  [ C ] 0 a n d  [ F ] 0 a r e  i n i t i a l  c o n c e n t r a t io n s  o f  c a t a ly s t  a n d  fo r m a ld e h y d e ,  [ M ]  is  th e  
m o n o m e r  c o n c e n t r a t io n ,  a n d  k h k 2, a n d  k 3 a r e  c o n s ta n ts .  I t  h a s  b e e n  a s s u m e d  t h a t  th e  
c h a in - t r a n s f e r  r e a c t io n  d o e s  n o t  in v o lv e  fo r m a ld e h y d e  i t s e l f  b u t  r a t h e r  th e  r e a c t io n  
p r o d u c ts  o f  fo r m a ld e h y d e ,  s u c h  as p o ly s t y r e n e  h a v in g  e t h o x y  o r  h y d r o x y m e t h y l  e n d s .  
T h e  a p p a r e n t  c h a in - t r a n s fe r  c o n s ta n t  fo r  t h e  a d d e d  f o r m a ld e h y d e  h a s  b e e n  d e t e r m in e d  
to  b e  1 .6 3 .

INTRODUCTION
Numerous studies have been conducted on the thermal stability of poly- 

oxymethylene. In one of these,1 the copolymerization of formaldehyde 
with styrene and cyclic acetal with the use of cationic catalysts was at
tempted, and the copolymers obtained were found to have good thermal 
stability. The reactivity of formaldehyde with styrene in cationic poly
merization has not been reported because of the significant difference in 
their reactivities and of the poor reproducibility in the polymerization.

It is known that water,2’3 alcohols, organic acids,4'5 and ethers6-8 can act 
as chain transfer agent, terminator, or co-catalyst in the cationic polymer
ization. It was reported by Okamura et al.9 that the cationic polymeriza
tion of styrene was inhibited by the presence of a small amount of vinyl es
ters or acrylates. These unsaturated esters have been considered to react 
with the growing polymeric cation, leading to formation of stable or inactive 
ends.

Formaldehyde monomer is polymerized in the presence of cationic cata
lysts to polyoxymethylenes of moderate molecular weight.10-13 On the

1 5 3 7

©  1971 by  John W iley  & Sons, Inc.
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other hand, styrene monomer was well known t°  polymerize with an ob
servable rate in the presence of cationic catalysts. It is interested to 
know how the cross propagation reaction in the copolymerization of these 
monomers may proceed. The aim of the present study was to get infor
mation about the effect of a catalytic amount of formaldehyde in the 
cationic polymerization. To this end, the boron trifluoride etherate-cata- 
lyzed polymerization of styrene has been investigated at 30°C in benzene 
as a solvent under nitrogen atmosphere.

RESULTS AND DISCUSSION

Rate of Polymerization of Styrene in the Presence 
of Formaldehyde

As can be seen in Figure 1, time-conversion curves were influenced by 
addition of formaldehyde. It was shown that the initial rate of polymeriza
tion increased with increasing formaldehyde concentration, while in a few 
minutes after the beginning the rate of polymerization decreased with in
creasing formaldehyde concentration. The rate of polymerization was 
found to be dependent on the square of the monomer concentration, as 
shown in Figure 2. However, the unusual observation was made that the 
values of [M ]0/  [M ] extrapolated to zero time in Figure 2 were not unity but 
larger and different. Since the initial monomer concentration should be 
[ M ] o ,  it was suggested that styrene monomer has been consumed at un
usual rate during an early period in the polymerization. Shortly after the 
beginning of reaction, steady-state polymerization of styrene has com
menced, where the rate of polymerization is dependent on the square of 
monomer concentration. In the steady state, formaldehyde or its reaction

Time ( min )

F ig .  1. E f f e c t  o f  fo r m a ld e h y d e  o n  t h e  t im e - C o n v e r s io n  c u r v e  fo r  c a t io n ic  p o ly m e r iz a 
t io n  o f  s ty r e n e  in  b e n z e n e  a t  o 0 ° C :  ( • )  ( F ]  0 ;  ( O )  [FJ =  1 .7 2  X  1 0 ~ 3 m o l e /L ;  ( A )  [F ]  
=  4 .8 8  X  IC G 3 m o l e / l . ;  (A )  [F ]  =  1 .3 8  X  l t r 2 m o I e / l .  [ M ] ,  =  2 .2 7  m o le /1 .;  [ B F 3 - 0
( C 2H 5),]  =  6 .3 5  X  1 0 ~ 3 m o l e / l .
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products have been considered to act as chain-transfer agent or retarder, so 
that the rate of polymerization decreases with increasing formaldehyde 
concentration.

In the absence of formaldehyde, it was observed that the polymerization 
of styrene was initiated at some time after the beginning, i.e., an induction 
period was observed. It has been reported that the polymerization of sty
rene catalyzed by BF3-0 (C2H6)2 showed no induction period in the pres
ence of water14’15 but showed some induction period under the extremely an
hydrous conditions.6

F i g .  2 .  S e c o n d -o r d e r  p lo ts  f o r  t h e  p o ly m e r iz a t io n  o f  s ty r e n e .  S y m b o ls  as  s h o w n  in  F ig .  1 .

Effect of Formaldehyde at Steady State. It was shown by Higashimura 
and Okamura4 that the rate of cationic polymerization was affected by an 
additive as summarized in reactions (l)-(6).

Complex Formation:
C  + A B  ^  C A B  o r  C ' ( 1 )

Initiation:

C  +  M  — M , * (2)

C '  + M , * (3)
Propagation:

M „ *  + M -* M „ + 1 * (4)
Termination:

Mb* -* P „ (5)

M „ *  + A B  ^  Pb + (?) ( 6 )

Here AB, C, C', M, M*, and P„ are additive, catalyst, complex, monomer, 
growing active polymer, and dead polymer, respectively. The rate equa
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tion has been introduced under an assumption of steady concentration of 
the growing active polymer M thus:

R* = -d[U ]/d t (7)
= f c , [ M ] * ( f c , [ C ]  +  k i x[ C ' ] / k ,  +  fc„[AB])

In the present study, it might be considered that BF3-0(C-»H5)2 catalyst 
would exchange its ligand with formaldehyde as shown in eq. (S).

BFr O(C2IL>> +  CH,0 BFj-OCHs +  (C2IL)20  (S)

A difference in stability of each complex could be evaluated by comparison 
of the electron-donating ability of the ligands, i.e., formaldehyde and diethyl 
ether. It appeared that the lower the ionization potential of donor, the 
more stable the BFa-donor complex was.16 Since diethyl ether has a lower 
ionization potential than formaldehyde (Table I), Bl'VCKCbHs)» will be 
more stable than B F3 • OOH_>.
In addition, the greater stability of Bl-VCKCsHs)» was supported by the re
sults that B is • ClhOI 1 complex liberated methanol which acted as a chain- 
transfer agent or a terminator in the BIVO^Hs^-catalyzed polymeriza
tion of styrene,18 and that methanol and acetic acid were only chain-transfer 
agent or terminator in the cationic polymerization of styrene.5 Conse
quently, the ligand exchange reaction might not be taken into account, and 
diethyl ether was not considered to present in the polymerization system of 
this study.

Therefore the elementary reactions (1) and (3) as shown above were ne
glected, and the eq. (7) has been modified as follows:

R J R X =  1 +  ( k ix/ k t) l A n \  (9)
where R a was the rate of polymerization without formaldehyde. The ex
perimental result (Fig. 2) yields eq. (10):

Rx = kx’[ M]* (10)

Then R „ / R x was replaced by k a' / k x , where k , /  and k x' were constants for 
the overall rate of polymerization without and with formaldehyde, respec
tively. The value of k tt' / k x was related to the concentration of formalde
hyde [F]0, as shown in Figure 3. The linear relation in Figure 3 supports 
eq. (9), and indicates a value for k tx/ k t of 1.6 X 102.

T A B L E  I
I o n i z a t io n  P o t e n t ia l  o f  S o m e  O r g a n ic  C o m p o u n d s  as  E le c t r o n  D o n o r s

E le c t r o n  d o n o r F i r s t  io n iz a t io n  p o t e n t ia l ,  e V “

I L O 1 2 .6 1 ,  1 2 .6 ,  1 2 .5 9
C I T O 1 0 .9 0 ,  1 0 .8 7
C H 3O H 1 0 .9 5 ,  1 0 .8 5
C H 3C O O H 1 0 .7 ,  1 0 .6 6 ,  1 0 .3 8
( C 2H 6)20 9 . 6 5 ,  9 . 5 3

D a t a  o f  V e d e n e y e u  e t  a l . 17
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Investigation of the effect of catalyst concentration on the rate of poly
merization,leads to the interesting result (Fig. 4) that the rate of polymer
ization is dependent on the square of catalyst concentration. The results 
reported in the literature14-16 have shown a linear relation between rate of 
polymerization and catalyst concentration.

The rate equation was assumed to be expressed as follows:

R a - , k . [  C]”[M]2 (11)

F ig .  3 . E f f e c t  o f  fo r m a ld e h y d e  o n  t h e  s t e a d y - s t a t e  r a t e  o f  p o ly m e r iz a t io n  o f  s t y r e n e  
[M J o  =  2 .2 7  m o le /1 . ;  [ B F r 0 ( C 2H s) 2]o =  6 .3 5  X  1 0 ~ 3 m o l e /L ;  in  b e n z e n e ,  3 0 ° C .

[  M ] Q ( mol/1 )

F ig .  4 .  E f fe c ts  o f  i n i t i a l  c o n c e n t r a t io n  o f  m o n o m e r  a n d  B F 3 - 0 ( C 2H 5 ) 2  o n  th e  s t e a d y -  
s ta te :  r a t e  o f  p o ly m e r iz a t io n :  (a )  [ M ] 0 =  2 .2 7  m o l e /L ,  [ F ] 0 =  1 .7 2  X  1 0 - 3  m o l e /L ;  
( 6 )  [ B F r O ( C 2H 5 )2]o =  6 .3 5  X  1 0 - 3 m o l e / l . ,  [ F ] 0 =  1 .7 2  X  1 0 - 3 m o l e / l .
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T A B L E  I I
E f f e c t  o f  C a t a l y s t  C o n c e n t r a t io n  o n  t h e  R a t e  o f  P o ly m e r iz a t io n *

R u n  n o .
[C ] „  X  1 0 3, 

m o l e / 1 .
[F ]  o / [ C ]  », 

m o le /m o le
V  X  1 0 3 

1 . / m o le - m in

ka'/kx
n  =  1 n =  2

C - l 2 . 8 7 0 . 5 9 9 1 . 0 8 2 . 8 2 1 .2 8
C - 2 4 . 2 4 0 . 4 0 8 2 . 2 8 2 . 0 7 1 .3 1
F - 4 6 . 3 7 0 . 2 7 0 5 . 4 4 1 . 2 4 1 . 2 4
C - 3 8 . 6 0 0  2 0 1 1 1 . 1 0 . 8 2 1 . 1 1

F  3 6 . 3 5 0 . 1 2 0 5 . 9 6 1 . 1 3 b
F - r . 6 . 3 5 0 . 6 2 5 3 . 9 7 1 . 7 0 1’
F - 8 6 . 3 5 2 . 1 7 2 . 1 2 3 . 1 8 b
F - 0 6 . 3 5 0 6 . 7 4  (  =  * „ ' ) 1 . 0 0

*  [ M ] o  =  2 . 2 7  m o le /1 . ,  3 0 ° C ,  in  b e n z e n e  s o lu t io n .  
b C a lc u la t e d  b y  u s in g  th e  v a lu e  o f  N o .  F - 0  o n ly .

where ka[C]n = k a', and n was one or two. Some values of ka'/k x' were 
calculated by using eq. (11) in both cases, n = 1 and n = 2. The results of 
calculation are shown in Table II.
The rate of polymerization was shown to be well dependent on the square 
of catalyst concentration regardless of presence or absence of formaldehyde 
in the present study. It was explained that the unusual dependence of cat
alyst concentration on the rate was caused by the heterogeneity of poly
merization solution in the presence of catalytic amounts of water (0.6-3.1 X 
10-3 mole/1.). One of the reasons for such an unusual observation, would 
be an initiation mechanism following eq. (2') instead of the usual initiation 
step, eq. (2).

2 C  +  M ---------------> M *  ( 2 ' )

Effect of Formaldehyde at Early Stage. The acceleration of polymeriza
tion at the beginning may be explained by high reactivity of formaldehyde; 
thus the added formaldehyde has preferably reacted with catalyst to form 
the growing cation, leading to the formation of polystyrene having form
aldehyde units in the end groups. The polymers containing formaldehyde 
ends were considered to act as chain-transfer agent or retarder.

Addition of formaldehyde to the polymerization solution at steady state 
causes the rate of polymerization to accelerate once more, as shown in Fig
ure 5. Thereafter, the polymerization assumes a steady state again, but 
the rate of polymerization is now somewhat lower than that before the addi
tion of formaldehyde.

Since the accelerating effect of formaldehyde on the initial rate of poly
merization could not be evaluated by comparing the rate of polymerization 
at steady state, the extrapolated values of [[M]0/[M]) to zero time have 
been related to the concentration of formaldehyde as shown in Figure 6. A 
linear relation between ( [AI ]0/  [AI ]) ,^0 and [F]0 was observed. In other 
words, the styrene monomer consumed at the beginning was proportional 
to the initial concentration of formaldehyde up to an order of catalyst con-
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F ig .  5 .  E f f e c t  o f  a d d i t io n  o f  fo r m a ld e h y d e  a t  s t e a d y - s t a t e  o n  ( O )  c o n v e r s io n  a n d  ( • )  
[M]o/[M]. [M]o = 2 .2 7  m o le /1 . ;  [BF8-O(C2II3)2]0 = 2 .S 7  X  1 O ' 3 m o le /1 . ;  [ F ] „  = 
L 7 2  X  1 0 - 3  m o le /1 . ;  a d d e d  fo r m a ld e h y d e  =  0 .5  X  1 0 - 2  m o le  (c a . [F ]  =  2  X  1 0 - 3  

m o l e / 1 . ) .

1.05
~~Q

0 1
[M  I 0  ( mo 1 / 1  )

1.05

1.00

o
-o---- o-

) 5 10

[  C ] 0 X 103  ( m ol/1 )

F ig .  6 . E f fe c ts  o f  i n i t i a l  c o n c e n t r a t io n s  o f  m o n o m e r ,  c a t a ly s t  a n d  fo r m a ld e h y d e  o n  th e  
e x t r a p o la t e d  v a lu e s  o f  ( [ M ] „ / [ M ]  0 : (a )  [ M j „  =  2 .2 7  m o le /1 . ,  [ C ] Q =  6 .3 5  X  1 0 ~ 3

m o le /1 . ;  ( b ) [ C ] 0 =  6 .3 5  X  1 0 - 3  m o le /1 . ,  [ F ] 0 =  1 .7 2  X  1 0 - 3  m o le /1 . ;  (c )  [ M ] „  =  2 .2 7  
m o le /1 . ,  [F ] „  =  1 .7 2  X  I Q - 3 m o le /1 .

centration. While the values of ([M]0/[M]) ,_o were not affected by cata
lyst concentration, those values decreased slightly with increasing monomer 
concentration.

Degree of Polymerization

If cationic polymerization of styrene were influenced by addition of form
aldehyde as a chain-transfer agent, the degree of polymerization might be 
represented by the equation of Overberger et al.19 as follows:

1 I P ,  =  ( 1 / P o )  +  ( M A B ] / f c „ [ M D ( 1 2 )
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where Px and P0 are degrees of polymerization in the presence and absence 
of additive, respectively, and k tx/k v is the chain-transfer constant to the 
additive.

As it was confirmed that the degree of polymerization was independent to 
the conversion, reciprocal degree of polymerization for the polymers ob
tained at conversions of 11-15% has been plotted against the concentration 
of formaldehyde as shown in Figure 7, and a linear relation between them is 
given. The apparent chain-transfer constant for formaldehyde (k tx/k p) 
was calculated to be 1.63, which is comparable to the chain-transfer con
stant of acetic acid, (1.44)8 and that of hydroxymethyl-ended polyether, 
(6).8

F ig .  7 . R e la t io n s h ip  b e tw e e n  1 / P „  o f  p o ly s t y r e n e  a n d  [ F ] 0. [ M ] 0 =  2 .2 7  m o l / l . ;
[C ]o  =  6 .3 5  X  1 0 ~ 3 m o le /1 .

If the value obtained here were the true chain-transfer constant for for
maldehyde itself, it might be the relative reactivity of formaldehyde to sty
rene ( l/r2) for the copolymerization of formaldehyde (Mi) and styrene 
(M2). From this assumption r2 has been calculated to be 0.61; however, 
this was not consistent with the apparent reactivity ratio of r2 ~ 0 for the 
cationic copolymerization at — 78°C in toluene solution.22“ Thus it was con
cluded that any chain transfer reaction occurring was not to formaldehyde 
itself but to the reaction product of formaldehyde with other compounds.

Relation of the reciprocal monomer concentration with the reciprocal 
degree of polymerization at constant molar ratio of catalyst to formaldehyde 
is shown in Figure 8. It was reported that the self-termination constant for 
styrene was smaller than 0.1 X 10-2 for BF3-initiated polymerization in 
benzene20 and could be neglected as compared to the other chain transfer 
constants. Theneq. (13) was introduced

X
+  [ a ~  +  ~  [AB]/C T) It 1)

1
P

1
[M] (13)
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F ig .  8 . R e la t io n s h ip  b e t w e e n  1 /P „  o f  p o ly s t y r e n e  a n d  l / [ M ] n .  [C ]e  =  6 .3 5  X  1 0 ~ 3 

m o le /1 . ;  [ F ] 0 =  1 .7 2  X  1 0 ~ 3 m o le /1 .

where a = 11.10 mole/1. and 6 = 1.294 are constants for the polymeriza
tion. Therefore, the values of the chain transfer constants k ts/k p and 
k,m/k p for benzene and styrene monomer, respectively, were calculated to 
be 0.13 X 10-2 and 0.81 X 10-2, respectively. In this calculation it was 
assumed that [AB] was the same as [F]0 and k,x/k v was 1.63 as obtained 
above. These chain transfer constants for benzene and styrene agree well 
with those reported in the literature,20 i.e., 0.11 X 10-2 and 0.82 X 10^2 re
spectively. It was concluded, therefore, that the cationic polymerization 
of styrene at steady state goes through an identical propagation mechanism 
whether formaldehyde was present in the polymerization system or not.

Mechanism of Polymerization

It was recognized that a small amount of formaldehyde is dissolved in 
hydrocarbon solvent as a monomeric form.21,22b In this study, styrene mon
omer has never been polymerized with addition of a catalytic amount of 
formaldehyde only. On the other hand, formaldehyde monomer could be 
polymerized by BF3; the initiation mechanism proposed is as shown in eqs. 
(14) and (15).26'27

B F 3 +  G I R O  —  - B F 3 - O C H 2+  ( 1 4 )

b f 3 +  c h 3o  —  B F 3 —  O C H 2 )

B F 3 —  O C H 2 +  B F 3 —  [ B F 2O C H 2 I T R Y  f

While the mechanism of initiation for the BF3 -O^Eh^-initiated poly
merization of formaldehyde has not been shown yet clearly, it could be esti
mated to be similar to those for styrene and vinyl ethers [eqs. (16) ].23

B F 3 - 0 ( C 2H 6 )2 ^ : B F 3 - 0 C 2H 6- +  C 2H 3+  )

B F 3 - O C 2H 5-  +  C 2H 5+  +  GIRO —  [BFb-OC2H5]-+CHiOC2H6)

In the case of the catalyst system BF3-H 20, a similar mechanism for initia
tion has been proposed.220
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The acceleration of polymerization rate observed at the initial stage in 
the present study may be explained by the difference between formaldehyde 
and styrene in the reactivity to the catalyst. Thus, the initiation includ
ing catalyst and formaldehyde as shown in eqs. (16) would take place mainly 
at an early stage as compared to the initiation including catalyst and sty
rene. When all of the formaldehyde added had been consumed, the cationic 
polymerization of styrene was carried out through the usual initiation 
mechanism.

( mol/l )
F ig .  9 .  R e la t io n s h ip  b e tw e e n  ( F ] 0 P n a n d  ( [ M ] 0 — [ M ] ) :  ( o )  o b s e rv e d  v a lu e  o f  P v ; 

( • )  P n c a lc u la te d  b y  u s in g  k tm/ k v  a n d  k ts/ k v  a s s u m in g  k tx/ k „  to  b e  z e ro  a t  th e  b e g in n in g  
o f  p o ly m e r iz a t io n .

It was interesting to see that the quantity of monomer consumed in
stantaneously at the beginning, i.e., [M]0 — [M]„, is related to the molar 
quantity of styrene monomer contained in polystyrene believed to contain 
formaldehyde ends, i.e. [F]0P„, as shown in Figure 9, where [M]„ is given 
from ([M]0/[M ]a) I=0. Since the value of P n used was determined for the 
polymer obtained at steady state and [M ]0 — [M ]a would not be true moles 
of monomer consumed at zero time, [F]0P„ was not equal to but propor
tional to [M ]0 — [M ]a. As a result, it may be suggested that formaldehyde 
added has reacted at an early stage in the polymerization of styrene, lead
ing to the rapid initiation and the formation of compounds believed to act as 
chain-transfer agents or retarders, i.e., ethoxy- or hydroxy-methyl-ended 
polystyrene.
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EXPERIMENTAL 

Purification of Reagents

Styrene. Commercial monomer was washed with 20% of sodium hy
droxide and then 20% of sodium bisulfite. It was then washed with water 
repeatedly, dried over calcium chloride, and finally was distilled under ni
trogen at reduced pressure over barium oxide; bp 51-530C/26-28 mm.

Formaldehyde. This was obtained by pyrolysis of a-polyoxymethylene 
and purified by prepolymerization through two traps held at — 15°C. It 
was then dissolved in benzene and used as benzene solution.

BFr O(C2H6)2. Commercial reagent was fractionally distilled under 
reduced pressure in nitrogen atmosphere, only the middle cut being re
tained; bp 55°C/43 mm.

Catalyst was used as benzene solution.
Benzene. This was purified by the usual methods, and dried over so

dium metal.

Polymerization

All the polymerizations were conducted in a 500-ml, five-necked flask 
equipped with reflux condenser, stirrer, inlet tubes for reagents and nitro
gen, silicone rubber-mounted tube, and exit tube for polymerized solution 
and nitrogen. Reactions were conducted at 30° C under a stream of nitro
gen. The connections were glass joints with the exception of the exit tube, 
which was connected with a silicone rubber stopper. The exit tube has a 
buret for measuring the polymerization solution taken out.

Styrene monomer and benzene were distilled into the polymerization 
flask, and formaldehyde as benzene solution was added to the flask through 
the rubber mounting by using a hypodermic syringe. The concentration 
of formaldehyde in benzene was determined by the iodine method22 prior to 
or at the same time of polymerization. The concentration of water in the

F ig .  10 . R e p r o d u c i b i l i t y  in  th e  c a t io n ic  p o ly m e r iz a t io n  o f  s t y r e n e  a t  3 0 ° C  in  b e n z e n e :  
( O )  [w a t e r ]  =  1 .9 8  X  1 0 _ 3 m o l e /L ;  ( • )  [w a t e r ]  =  2 .0 8  X  1 0 ~ 3 m o le /1 . ;  ( A )  [w a te r ]  =  
5 .8 2  X  1 0 _ 3 m o l e / l .  [ M ] 0 =  2 .2 7  m o le ,  I . ;  [ C ]o  =  6 . 3 1 - 6 . 4 6  X  1 0 _ 3 m o l e / l .
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solution of polymerization was determined by the Ivarl-Fischer method on 
an aliquot taken with use of hypodermic syringe; this was found to be 
0.6-3.1 mmole/1. and comparable to that reported in the literature.24

The polymerization was started with an addition of catalyst solution to 
the flask through the rubber mounting by using a hypodermic syringe. 
Aliquots of the polymerization solution were transferred to the buret, mea
sured, and poured into a large amount of methanol at suitable time inter
vals. The polymer was reprecipitated into methanol from bepzene solu
tion and dried under reduced pressure at 60°C to constant weight.

The reproducibility of experiments is shown in Figure 10. The rate of 
polymerization in the present stjudy was found to be higher than that re
ported in the literature.14'18'18 This suggested that a small amount of 
water acted as a cocatalyst; however, larger amounts of water (>5 
mmole/1.) retard the rate of polymerization.

The degree of polymerization was determined by measurement of reduced 
viscosity at 25°C in benzene solution (c = 0.35-0.60 g/dl) in which the equa
tion of Pepper was used :26

lv] = 2.27 X 10- 4J?re°-72 (17)

The degree of polymerization of some polymers was also determined by 
ebulliometry and found to be in agreement with that determined by vis- 
cometry as shown in Table IIP

T A B L E  I I I
D e g r e e  o f  P o ly m e r iz a t io n  D e t e r m in e d  b y  D i f f e r e n t  M e t h o d s

S a m p le i)sv / c ,  d l / g

D e g r e e  o f  p o ly m e r iz a t io n  

B y .  v is c o m e t r y “ B y  e b u l l io m e t r y b

1 0 . 0 7 6 3 0 . 9 3 1 . 5
2 0 . 0 9 4 4 1 . 4 4 2 . 4
3 0 . 1 1 0 5 1 . 6 5 3 . 2

*  C a lc u la t e d  w i t h  u s e  o f  t h e  e q . ( 1 7 ) .
b D e t e r m i n e d  b y  u s in g  a  T a k a r a  E - 4  e b u l l io m e t e r  in  b e n z e n e  s o lu t io n .

Infrared spectra of polymers did not show distinct hydroxyl group 
absorption at 3400-3500 cm.-1
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Synopsis

T h e  m o le c u la r  w e ig h ts  ( M n, M v, a n d  M w )a n d  m o le c u la r  w e ig h t  d is t r ib u t io n s  o f  p o ly 
is o b u ty le n e s  s y n th e s iz e d  b y  y - i r r a d ia t i o n  in  th e  r a n g e  2 9  to  — 7 S ° C  h a v e  b e e n  d e t e r 
m in e d .  T h e  p lo ts  o f  lo g  M n, lo g  M „, a n d  lo g  M m v e rs u s  l / T  a r e  l in e a r  a n d  p a r a l le l  
( E a  =  — 6.36  ±  0 .5 ) ,  a n d  M w/ M n »  3 .0  ±  0 .5  o v e r  th is  t e m p e r a t u r e  ra n g e .  T h e  v is 
c o s it y - a v e r a g e  m o le c u la r  w e ig h ts  o f  p o ly is o b u t y le n e s  o b t a in e d  b y  y - i r r a d ia t i o n  w e r e  
c o m p a r e d  w i t h  th o s e  o f  p o ly m e r s  p r e p a r e d  b y  B F 3, E t A I C L ,  a n d  A 1C 13. I t  is fo u n d  t h a t ,  
a t  t h e  s a m e  p o ly m e r iz a t io n  t e m p e r a t u r e ,  th e  M „  o f  r a d ia t io n - in d u c e d  p o ly is o b u ty le n e s ,  
w h ic h  p r o p a g a te  b y  f r e e  c a r b o n iu m  io n s , is  s ig n i f ic a n t ly  h ig h e r  t h a n  th o s e  s y n th e s iz e d  
b y  t h e  L e w is  a c id s , w h ic h  p r o b a b ly  p r o p a g a te  v i a  io n  p a ir s .  T h e  im p l ic a t io n s  o f  th e s e  
f in d in g s  a r e  d is c u s s e d , a n d  i t  is  c o n c lu d e d  t h a t  t h e  c o u n te r io n  in  t h e  p r o x i m i t y  o f  t h e  
g r o w in g  c a t io n  im p e d e s  p r o p a g a t io n  to  a  g r e a t e r  e x t e n t  t h a n  i t  d o e s  th e  c o m p e t in g  
p ro c e s s  o f  c h a in  t r a n s fe r  to  m o n o m e r .

INTRODUCTION

It has been established that the radiation-induced cationic polymeriza
tion of isobutylene under anhydrous conditions occurs through propagation 
by free ions,1 whereas the propagating species in catalyzed polymerizations 
are probably earbonium-ion/counterion pairs. The problem of the nature 
of the propagating entities in carbonium-ion initiated polymerizations has 
been discussed in detail recently in various review articles.2-4 Essentially, 
the argument that ion pairs associated to a greater or lesser degree are the 
propagating entities in catalyzed cationic polymerizations rests on the fact 
that various initiators such as AlCL, B F 3 , TiCL, AlEtCL, under substantially 
identical conditions give very different rates of polymerizations and produce 
a wide spectrum of molecular weights. If the propagating carbonium ions 
were kinetioally free, such differences would not be expected to arise.
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It occurred to us that a readily available basis for comparison between 
cationic propagation by free ions and ion pairs resides in the investigation of 
the effect of temperature on the molecular weight distributions of polyiso
butylenes obtained with radiation initiation and with chemical initiation, 
i.e., BF3, AlCh, etc. Similarities and differences emerge, and the mechanis
tic implications are considered.

EXPERIMENTAL

The materials used and polymerization technique have been described.1 
The only change was to use graduated tubes so that the total amount of 
sample was known before irradiation. 7 -Irradiations were carried out 
either in a modified Gammacell-200 source1 or in another 60Co source located 
in the Reactor Chemistry Division of the Oak Ridge National Laboratory. 
Dose rates were calibrated by means of the standard ferrous-ion dosimeter. 
The temperature rise of the sample during the period of irradiation did not 
exceed 2 or 3°C in most of the experiments reported. After irradiation, the 
polymers were carefully isolated and dried to determine percent conversion.

Number-average molecular weights M n were obtained by membrane 
osmometry in toluene solution at 30°. Viscosity-average molecular weights 
M„ were calculated from measurements at a single concentration (0.1%) in 
diisobutylene solution at 20.0°C by using the equation of Flory.6 In addi
tion, the number-, viscosity-, and weight-average molecular weights (Mn, 
M v, Mw) and the molecular weight distributions (MWD) were obtained 
with a commercial gel-permeation chromatograph (GPC) (Waters As
sociates) using four polystyrene gel columns (106, 105, 104 and 103 A pore 
size ratings) and THF solvent at 23°C. The molecular weights w'ere ob
tained from GPC elution volumes with the aid of a calibration curve pre
pared from narrow polyisobutylene fractions covering the ~ 103 to ~ 106 
range. From GPC results M n, M,„ and Mw were obtained by standard 
procedures by using data taken at 1/2 count (2.5 ml elution volume).

Unsaturations wrere determined by the method of Gallo et al.6

RESULTS

Rates and G(-m) Values

According to the results in Table I, the rates of polymerization (percent 
conversion per unit time) and the G(—m) values (molecules of monomer 
converted to polymer per 100 eV) at the same dose rate are about a factor 
of ten greater at the higher temperatures, i.e., above — 22°C, than below 
this approximate value. Previous work1 has also shown that the maximum 
attainable rates can be obtained more reproducibly at higher temperatures.

The dose rates listed in Table I differ only by a factor of 2.5, so from the 
dose rate dependence of the polymerization rate one would expect1 the max
imum ratio of G(—m) values at these two dose rates to be \/2 .5  or 1.6. 
According to two data points obtained at 0°C (not included in Table I), 
this ratio was found to be 2.0, in fair agreement with expectation.
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Molecular weights are determined by chain transfer to tire monomer over 
the range of temperature examined. This conclusion follows since the 
kinetic chain length G{ — m)/Gi (where Gt < 1. is the yield of initiating 
species1 in molecules/100 eV) is always much greater than the degree of 
polymerization. Evidently termination of the kinetic chain by either ion 
recombination or impurities has negligible influence on molecular weights in 
this work.

Irradiation Dose and Molecular Weight Distribution

Since the possibility exists that the polymer will suffer radiation damage 
soon after its birth during the experiment, the effect of the total dose on the 
molecular weights and/or molecular weight distributions must be evaluated 
independently.

To this end, a polymer was prepared at — 70°C (Mn by GPC = 1,980,000, 
Table I) and reirradiated in vacuo at —7S°C to a dose of 1.5 X 10n eY/g, 
i.e., a dose twice that used originally to produce the sample. A comparison 
of GPC molecular weights before and after reirradiation is given in Table 
II.

Both distributions were almost symmetrical, and the maxima of both 
curves were almost at the same count, corresponding to a molecular weight 
of 5,200,000. Thus reirradiation lowers M n but enhances M v and Mw. 
This is peculiar, because after reirradiation one would expect to find low
ered Mw and M ,, with somewhat reduced M n. (These MWD determina
tions were repeated with a new set of columns but the results were essen
tially the same.) These results are most likely due to experimental varia
tion caused by the difficulties associated with determining very high molec
ular weights. A calculation also indicates that the danger of chain degra
dation under the conditions used is small. Thus assuming that the G 
value for random main-chain scission in polyisobutylene is 5, the probability 
for scission of a 2 X 106 M n molecule with a dose of 1.5 X 1017 eV/g is 0.025. 
Thus the irradiation doses used do not significantly alter the original molec
ular weights.

A further comment is necessary in view of some previous results by Stan- 
nett et al.7 which showed that the molecular weights of the polyisobutylene 
prepared at — 78°C under their conditions were controlled by the concur
rent radiation-induced degradation of the polymer. The essential differ
ence between the two studies is that the doses used by us (Table I) were 
only of the order of 0.001 Mrad, whereas Stannett et al.7 used ca. 1 Mrad. 
We were able to obtain polymer at these much lower doses because our G 
values are at least a thousandfold higher than those attained in earlier

T A B L E  I I

M n  X  1 0 “ 3 M v X  1 ( D 3 M w X  1 0 “ 3

B e f o r e  r e i r r a d ia t io n  
A f t e r  r e i r r a d ia t io n

19,SO 
1 3 5 0

5 7 4 0
6 8 4 0

6 8 0 0
8 9 0 0
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work.7-8 The data of Stannett et al.7 at — 78°C extrapolated to zero dose 
give close to 103 for M v, which is not in very good agreement with 6 X 106 
for M„ as directly determined by us. While it is difficult to determine pre
cise molecular weights above 106 by GPC, we believe that the overall con
sistency of our data (vide infra) and the absence of complications from 
radiation-induced degradation supports our results.

Molecular Weights and Molecular Weight Distributions
The effect of polymerization temperature on the various molecular weight 

averages are shown in Figure 1. The scatter of the data around the lines is

F ig .  1. E f f e c t  o f  p o ly m e r iz a t io n  t e m p e r a t u r e  o n  th e  w e ig h t - ,  v is c o s i ty - ,  a n d  n u m b e r -
a v e r a g e  m o le c u la r  w e ig h ts  o f  p o ly is o b u t y le n e s  o b t a in e d  b y  v a r io u s  in i t i a t o r s :  ( --------- )
m o le c u la r  w e ig h t  a v e ra g e s  o f  r a d i a t i o n - in i t ia t e d  p o ly m e r iz a t io n s ;  ( -  - )  v is c o s i ty -a v e r a g e  
m o le c u la r  w e ig h ts  o f  c a ta ly t ic -a l ly  p r o d u c e d  p o l y m e r ; 9 ( A )  M w b y  G P C ;  (■) M ,  b y  
G P C ;  ( O )  M r b y  v is e o m e t r y ; ( • )  M u  b y  G P C ;  ( O )  M n b y  o s m o m e t r y .
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considerable. There is a noticeable discrepancy between M„ obtained by 
osmometry and the GPC technique. Also, the M,. values obtained by vis- 
come try are consistently lower than those found by GPC. The reason for 
this discrepancy is unknown. The M„ (viscometric; and GPC) and M w 
values of the polymer obtained at — 47 °C are clearly too high (the data 
which are considered questionable are indicated by a question mark in 
Table I). In spite of this scatter the information conveyed by Figure 1 is 
valuable: it indicates a linear relationship between the logarithm of various 
molecular weight averages and l/T . Significantly, the slopes of the lines 
are similar within experimental variation. This reciprocal effect of the 
temperature on the molecular weights is well known.9'10 For comparison 
we have also included corresponding plots of M„ values (by viscometry) 
obtained in a previous study of isobutylene polymerization initiated by 
A1C13, BF3, and AlEtCF catalysts in methyl chloride solution.9 All M, 
plots are parallel within experimental error, and, significantly, the vertical 
displacement between the lines is such that the molecular weights ob
tained in catalytic polymerization are much lower than those produced by 
radiation-induced polymerization at the same temperature.

That the various log M  versus l /T  lines for the radiation-induced poly
merization are parallel over about three decades of M  from +29 to — 70°C 
implies that the molecular weight distributions characterized by Mm/M n are 
independent of the polymerization temperature in this range. This is borne 
out by the calculated polydispersity ratios Mw/M n = 3.0 ±  0.5 shown in 
Table I and by inspecting the original GPC distribution curves in Figure
2. This figure shows normalized MWD as weight fractions versus log M  
for seven polyisobutylenes prepared between +29 and —70°C. All the dis
tributions appear to be unimodal and slightly skewed toward low molecular 
weights.

DISCUSSION

The results show a considerable dependence on the polymerization 
temperature T. The logarithm of M n, M„ and Mw for radiation-induced 
polyisobutylenes increases linearly with l/T . The molecular weight dis- 
persity ratio Mw/M n is 3.0 ±  0.5 in the range from +29 to —70°C. All the 
slopes of the log M  versus l /T  lines are parallel; thus the E tT,m — E„ cal
culated from the linear Arrhenius plots for radiation-induced and cata- 
lytically initiated polymerizations are essentially the same. The molecular 
weights of radiation-induced polyisobutylenes are much higher than those 
of materials obtained by catalytic polymerization at the same temperature.

The fact that the molecular weights of radiation-induced polyisobutyl
enes increase with decreasing polymerization temperatures whereas the 
polymerization rates are not particularly sensitive to the irradiation tem
perature1 indicates that the molecular weights are governed by the ratio of 
rates of propagation and transfer to the monomer {kp/k tT,m). We cannot 
explain the deviation of the dispersity ratio (3.0 ± 0.5) from the theoretical 
value of 2.0.
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From the slope of the lines in Figure \ ,E V — E tr, m  = —6.36 ± 0.5 kcal/ 
mole. With this information, the activation entropies for the radiation-in
duced polymerization can be calculated as follows. For this system, the ab
solute rate constant for propagation at 0°C is kp = 1.5 X 10s 1./mole-sec.' 
While there is some uncertainty about the precise value of E„, a previous dis
cussion1 suggested that this is in the region of 2 kcal/mole. Adopting this 
estimate yields A v = 6.0 X 1091./mole-sec.
Since

DPn = (.ApMfr.m) exp\ — {Ev -  E tr,m)/RT}

we obtain A tT,m/A p = 1.40 X 102 (calculated from E„ — E trm = —6.36 
kcal/mole. Proceeding by A lr,m/A p = exp j(Adir„„t — , we ob
tain AiSir,mt — Pl  = 9.S cal/deg. The absolute value of the activation 
entropy change for propagation ASPJ is calculated from the equation

A v = (ekT/h) exp^AS4/M
to give AS„J = —15.6 cal/deg for the 1M  standard state of bimolecular 
reaction, and hence AS(r,mi = —5.8 cal/deg.

Comparison of the data for all the systems shows that the radiation-in
duced polymerization which proceeds through free carbonium ions pro
duces the highest molecular weight products. Since AIEtCl2 produces the 
highest molecular weights of the three catalytic systems, it is conceivable 
that this initiator gives rise to the least encumbered growing carbonium- 
ion/counterion pair. Conversely, the AlCh system which gives the 
lowest molecular weights possesses the tightest ion pair. From Figure 1, 
Etr,m — EP = 5.8, 5.9, and 5.9 kcal/mole for the polymerizations with 
AlEtClo, BF3, and AICI3. respectively. By assuming that M v/M n = 2, the 
A tr,m/Aj, values for these three catalyst systems are 220, 500, and 610, and 
from these values we obtain the corresponding entropy differences A<8ir,mi
— AiS/J = 10.7, 12.4, and 12.8 cal/deg.

It is interesting to compare these results with those obtained by Hayes 
and Pepper11 for the polymerization of styrene by sulfuric acid in ethylene 
dichloride. These authors found AiS(r,mJ — AS*,} = 17 cal/deg and E tr,
— Ej, = 7.5 kcal/mole. We might add that these and similar results ob
tained in other studies of cationic polymerization are derived from fairly 
reliable molecular weight determinations and do not depend on rate mea
surements or questionable assumptions about the mechanism of poly
merization.

Table III is a compilation of available activation parameters for the 
radiation-induced (free ion) and catalytically-initiated (ion pair) polymeri
zation of isobutylene.

Caution should be exercised when comparing the results obtained for the 
radiation-induced polymerization with those for the catalytically initiated 
polymerizations, because the former polyisobutylenes were obtained in 
bulk (12.5M) polymerization whereas the latter were prepared in 2,AIM  
methyl chloride solution. This choice of techniques was dictated by ex-
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T A B L E  I I I
A c t i v a t i o n  P a r a m e t e r s  f o r  R a d i a t io n - I n d u c e d  a n d  C a t a l y t i c a l l y - I n i t i a t e d  

P o ly m e r i z a t i o n  o f  Is o b u t y le n e "

C a t a l y t i c a l l y  i n i t i a t e d  p o ly m e r iz a t io n 11
- R a d ia t io n - in d u c e d

p o ly m e r iz a t io n 0A l C h b f 3 A l E t C b

A p, 1./m o le -s e c 6 . 0  X  1 0 9

A  it ,m, 1./m o le -s e c S .4  X  1 0 11

-4  It ,ra/ p 0 1 0 5 0 0 2 2 0 1 4 0
E p, k c a l /m o le 2

E ir .m ,  k c a l /m o l e 8 . 3 *
E  tr ,m ^P )  k o a l, /m o le 5 . 9 5 . 9 5 .  S 6 . 3 6

A iS p t,  c a l /d e g - 1 5 . 6
A S t r .m t ,  c a l /d e g — 5 . 8
A ^ i r . r a t  A S p J , c a l /d e g 1 2 . S 1 2 .4 1 0 . 7 9 . 8

a T h e  v a lu e s  a r e C a lc u la te d  f r o m  t h e  r t is u lts  g iv e n  in  th is  p a p e r a n d  f r o m  p r e v io u s
d a t a . 1

b G r o w in g  s p e c ie s : io n  p a ir s .  
0 G r o w in g  s p e c ie s : f r e e  io n s .

perimental necessity since, on the one hand, isobutylene cannot be poly
merized with high rates by 7-rays in the presence of methyl chloride dil
uent,12 while, on the other hand, the catalytic polymerization of this mono
mer in bulk might lead to erroneous results due to local heat effects. Also, 
the monomer concentration (dilution) might affect the slope of the log M  
versus 1 /T  lines, as has been shown in the isobutylene-methyl chloride- 
AICI3 system.13 However, the parallel between the slopes of the lines of the 
Arrhenius type in Figure I is striking and invites some careful speculation.

If it is assumed that the molecular weights are in the main determined 
by the ratio kp/k tr,m, the parallel lines in Figure 1 indicate that Ep — 
E tr,m ~ —6.0 kcal/mole. It is remarkable that the results for free-ion 
and ion-pair polymerization should be so similar. Evidently the presence 
of the counterion affects (increases or decreases) E„ and E tr.m by essentially 
the same amount. This in turn indicates that the counterion affects both 
propagation and transfer to monomer by an equal extent in the approach to 
the transition state. Again, it should be emphasized that these considera
tions are true only if the mechanism of propagation and transfer remain 
the same in the absence and presence of a solvent. This is probably the 
case with an inert solvent since random collisions with it do not change the 
energetics of the reaction.

As Ep — E tr,m in the radiation-induced and catalytically initiated poly
merizations are essentially the same, the factor responsible for the large dif
ference in molecular weights is the difference in A tT,m/A v for free-ion and 
ion-pair processes. The ratio of frequency factors was calculated (cf. Table 
III) for the catalyzed polymerizations by assuming that the ratio M„/Mn 
«  2 applies for catalytically initiated processes. This latter equivalence 
might not hold exactly but the introduction of a small correction factor 
would not affect the essential conclusion that the lower molecular weights
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associated with the catalytic polymerization result from a higher ratio of 
frequency factors A tr.m/Ap for catalytic over radiation polymerization. 
This conclusion expresses concisely the information contained in Figure 1.

The fact that AS tT,m — ASP is larger for ion-pair polymerization than for 
free-ion systems indicates that the counterion strongly influences the overall 
structure of the ion-pair transition states. Hayes and Pepper11 have al
ready referred to the generally smaller “steric requirements” for monomer 
transfer relative to propagation which means that the transition state of 
monomer transfer is much less compressed than that of propagation. The 
transition state for propagation can be regarded as a compact and sterically
demanding one, since the ir-orbital system of the incoming monomer must °approach closely (~l.f> A) to overlap with the unfilled p-orbital of the car
bonium ion. The large negative entropy of activation which must apply 
for ion-pair propagation evidently reflects a large displacement of the coun
terion from its initial position in the ground state. In contrast, the transi
tion state for chain transfer to the monomer does not have to be such a com
pact one. One representation of the latter may be a “loose” six-membered 
ring structure:14

where fre is the counteranion. In this transition state the counterion assists 
chain transfer to the monomer.

In summary, the present results may be interpreted by assuming that 
the counterion in the proximity of the growing carbonium ion impedes the 
propagation to a greater extent than it does the competing process of trans
fer to the monomer. Some generalizations about the propagation and 
transfer steps from both thermodynamic and kinetic considerations may be 
offered. We know that propagation involves an unfavorable entropy 
change but the reaction is strongly exothermic. Hence we may regard 
propagation as an energy-driven process. In comparison, the entropy de
mand of transfer to monomer is much less stringent than that associated 
with propagation. The exothermicity of transfer to monomer is very low 
and might be due to the slightly more favorable solvation of the small tert- 
butyl cation as compared to that of the polymer cation. Consequently,

C H

Cl

C H ,  C H :)
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transfer to monomer may be depicted as entropy-driven, and the process is 
favored relative to propagation by increasing temperature.

According to these results and conclusions then, highest molecular weight 
polyisobutylenes can be synthesized at the highest rate by free carbonium 
ions. Thus to achieve highest molecular weights with catalytic initiation, 
one should use a poorly nucleophilic, easily dissociable counteranion which 
can be specifically solvated. In this vein, it is not surprising that in the 
+29 to —78°C range, AlEtCh (i.e., the initiator which gives rise to the 
largest counteranion among the three examined) produces the highest 
molecular weight polymer. Below about — 78°C, BF3 produces highest 
molecular weights,9 but the reason for this crossover is unknown.

For highest molecular weights, carbonium-ion solvation is undesirable, 
and specific counteranion solvation would be desirable. Unfortunately, all 
the common solvents are nucleophilic and are unable to solvate anions. 
Indeed the success of anionic systems for “living” polymerizations is 
partly due to the ease of specific solvation of countercations. Preferential 
counteranion solvation in carbonium-ion polymerizations might perhaps be 
achieved with electron-deficient systems such as AlEt3, ZnEt2, etc. How
ever, cationic polymerizations in liquids such as these have not yet been 
described.

W e  a r e  g r a t e f u l  to  t h e  E s s o  R e s e a r c h  a n d  E n g in e e r in g  C o m p a n y  fo r  th e  d e t e r m in a t io n  
o f  s o m e  o f  t h e  m o le c u la r  w e ig h ts .  T h e  w o r k  d o n e  a t  t h e  U n i v e r s i t y  o f  T e n n e s s e e  w a s  
s u p p o r t e d  b y  th e  U .S .  A t o m ic  E n e r g y  C o m m is s io n  u n d e r  C o n t r a c t  N o .  A t - ( 4 0 -1  ) - 2 9 6 8 ,  
a n d  th is  is D o c u m e n t  N o .  O R O - 2 9 6 8 - 5 5 .
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Cationic Polym erization o f Vinyl Compounds in the 
Presence o f Tetra-n-bulylammonium Salts

TOSHIO MASUDA and TOSHINOBU HIGASHIMURA,
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis

T h e  e f fe c ts  o f  s a lts  w e re  e x a m in e d  in  c a t io n ic  p o ly m e r iz a t io n  o f  v i n y l  c o m p o u n d s .  
C a t io n ic  p o ly m e r iz a t io n  o f  s t y r e n e  w a s  c a r r ie d  o u t  a t  0 ° C ,  w i t h  a c e ty l  p e r c h lo r a te ,  s t a n 
n ic  c h lo r id e ,  s ta n n ic  c h lo r id e - t r ic h lo r o a c e t ic  a c id  a n d  b o r o n  t r i f lu o r id e  e t h e r a t e  as  c a t a 
ly s ts .  T e t r a - r a - b u t y la m m o n iu m  p e r c h lo r a te ,  f lu o r o b o r a te  a n d  io d id e  w e r e  u s e d  as s a lts .  
T h e  p re s e n c e  o f  s m a l l  a m o u n t s  o f  t h e  s a lts  c h a n g e d  b o t h  th e  p o ly m e r iz a t io n  r a t e  a n d  th e  
m o le c u la r  w e ig h t  o f  p o ly m e r  c o n s id e r a b ly .  T h e  c o n s id e r a t io n  o f  v a r io u s  e f fe c ts  le d  to  
t h e  c o n c lu s io n  t h a t  th e  re s u lts  a r e  e x p l ic a b le  p r in c ip a l l y  o n  th e  b a s is  o f  c o u n te r io n  e x 
c h a n g e . T o  c o n f i r m  th is ,  t h e  c o p o ly m e r iz a t io n  o f  2 - c h lo r o e th y l  v i n y l  e t h e r  w i t h  a - m e t h -  
y ls t y r e n e  w a s  in v e s t ig a t e d  a t  — 7 8 ° C .  T h e  c o p o ly m e r  c o m p o s it io n  c u r v e  w h e n  s t a n n ic  
c h lo r id e  w a s  u s e d  as c a ta ly s t  w a s  c h a n g e d  a n d  c o in c id e d  w i t h  t h a t  o f  p o ly m e r  o b t a in e d  
w i t h  a c e ty l  p e r c h lo r a te  c a ta ly s is  w h e n  th e  p e r c h lo r a te  s a l t  w-as a d d e d . T h is  s u p p o r ts  
th e  c o n c e p t o f  c o u n te r io n  e x c h a n g e .

INTRODUCTION

It is well known that neutral salts can affect the rates of ionic reactions 
in solution. The results have been interpreted principally on the basis of 
the change in ionic strength and the mass-law effect. Ingold and his col
laborators1 have carried out an extensive investigation of the effect of salts 
on substitution reactions, especially on solvolysis. Winstein et al.2 found 
both normal and special salt effects in solvolysis on the basis of their de
tailed experimental results. On the other hand, there have been few pa
pers on the salt effect in electrophilic addition to unsaturated compounds, 
which is intimately related to cationic polymerization. Recently, several 
studies have been reported on the salt effect in electrophilic addition.3-5 
For example, in a series of studies on the halogenation of olefins, it was 
found that a neutral salt acted not only as an electrolyte but also as a nucleo
phile.3'4

In view of the nature of ionic polymerizations, salt effects are to be antici
pated. In practice, it has been confirmed that a common ion depresses the 
dissociation of an ion pair and decreases the rate of propagation in anionic 
polymerization.6-7 In cationic polymerization there have been only two 
papers3'9 on salt effects, in which it was concluded that the added salt de
presses the dissociation of an ion pair similar to that in anionic polymeriza-

1 5 6 3
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tion, since the common salt lowers both the reaction rate and the molecular 
weight of the polymer formed.

However, the function of an added salt as a nucleophile has not been con
sidered in cationic polymerization, although it has been observed in elec
trophilic addition reactions. Therefore, in order to elucidate the functions 
of added salts in cationic polymerization, we have investigated (1) the in
fluence of tetra-n-butylammonium salts on the cationic polymerization of 
styrene catalyzed by acetyl perchlorate and metal halides and (2) the effect 
of tetra-n-butylammonium perchlorate on the composition of a copolymer 
obtained by cationic copolymerization of 2-chloroethyl vinyl ether with 
a-methylstyrene. The results were mainly interpreted in terms of counter
ion exchange and a terminating function of the added (tetra-n-butyl am
monium) salts.

1561

EXPERIMENTAL

Materials
Three salts, tetra-n-butylammonium perchlorate (/i.-Bu4NC10.i), tetra-n- 

butylammonium fluoroborate (n-Bu4NBE4) and tetra-n-butylammonium 
iodide (n-Bu4NI) were synthesized by a procedure [eq. (1)] similar to Euji- 
naga’s method.10

HC104
, --------------- > (t i- C 4H 9 )4N C 1 0 4

(w- C 4H 9)3N  +  n - C 4H J ---------------> (re -C 4H 9)4N I  f '  ( 1 )

X --------------- > (re -C 4H 9 )4N B F 4HBF.
Table I shows the composition and melting point of the salts obtained. As 
seen from Table I, the purity of the salts was more than 99.8%.

T A B L E  I
C o m p o s i t io n  a n d  M e l t i n g  P o i n t  o f  T e t r a - r a - b u t y la m m o n iu m  S a lts

S a l t

C o m p o s i t io n  fo u n d  (c a le d ) “ M p ,  ° C

H ,  % c, % C l  o r  I ,  % 0 , % O b s . L i t . 11

n - B m N C l O , 1 0 .5 8 5 6 . 2S 1 0 .4 8 1 8 .5 5 2 1 7 2 1 3
( 1 0 . 6 2 ) ( 5 6 . 2 5 ) ( 1 0 . 3 8 ) ( 1 8 . 7 4 )

n - B i p N B F i 1 1 .3 3 5s . 1 s — — 103 1 6 1 . 8
( 1 1 . 0 3 ) ( 5 8 . 4 2 )

n - B i p N I 9 . 8 4 5 1 . ,87 3 4 .6 3 — 147 1 4 8
( 0 . 8 3 ) ( 5 2 . 0 7 ) ( 3 4 . 3 0 )

“ V a lu e  in  p a r e n th e s is  is c a lc u la te d  v a lu e .

Styrene and a-methylstyrene were washed by aqueous alkaline solution, 
dried by standing over sodium sulfate, and then distilled twice from calcium 
hydride immediately prior to use, and 2-chloroethyl vinyl ether was puri
fied by a similar method.
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Acetyl perchlorate (AcClCh) was synthesized as described previously.12,13 
The concentration was determined spectroscopically on the basis of the re
action (2) [(C6H,5)3C + : e,i35 = 3.69 X 104 1./mole).14

( C 6H 5)3C O H  +  A cC 1 0 4 ---------------> ( C 6H 5 )3C +  +  C 1 0 4-  +  A c O H  ( 2 )

Stannic chloride (SnCh) and boron trifluoride etherate (BF3-OEt2) were 
purified by distillation. Methylene chloride, benzene, toluene, and nitro
benzene were purified by the usual methods.

Procedures
Polymerization was carried out in a flask fitted with a double cap and 

under a nitrogen atmosphere. Salt solutions were added to the monomer 
solutions through the double cap by a syringe, and polymerization was 
then initiated by addition of the catalyst solution.

Rates of polymerization were determined by measuring concentrations of 
unreacted monomer by gas chromatography. A first-order plot of mono
mer consumption was linear in all cases. Polymer was precipitated in a 
large quantity of methanol, washed, filtered, and dried. In the case of 
polymers which are soluble in methanol, after the evaporation of volatile 
materials the polymers were purified by freeze-drying.

Copolymer compositions were determined by measuring the residual mo
nomer concentrations by gas chromatography.

Limiting viscosity numbers [?;] were determined in benzene solution at 
30°C.

RESULTS AND DISCUSSION

Effect of Tetra-n-butylammonium Salts on the 
Cationic Polymerization of Styrene

Styrene was polymerized at 0°C by various catalysts with or without the 
tetra-n-butylammonium salt. In all cases a constant initial concentration 
of styrene (1.00 mole/1.) was used. In the procedure described above, the 
reaction system contained a small amount of water (ca. 1 mmole/1.). No 
polymerization occurred in the presence of the tetra-n-butylammonium 
salt without the addition of an acidic catalyst.

Effect of 11-BuJVClOi on the Cationic Polymerization of 
Styrene with Various Catalysts

To clarify the effect of a neutral salt on the rate of cationic polymerization 
of styrene, styrene was polymerized in methylene chloride solution with var
ious concentrations of added salt. ?i.-Bu4NC104 was used as the salt, and 
AcClCR, S11CI4, SnCL-CChCCLH (1:1 mole ratio) and BF3-OEt2as cata
lysts. AcClO-j was the only catalyst having the same anion as the added 
salt.

As Figure 1 shows, the rates of polymerization at low concentration of 
n-BuiNClO.t increased to a maximum value in polymerization catalyzed by 
metal halides. At higher concentrations of /i-BujNClOi the rates of poly
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merization decreased. On the other hand, when AcClO.i was used as cata
lyst, a small amount of a-BmNClOi caused a rapid reduction in rate and 
then the rate decreased gradually with increasing the concentration of the 
salt. The behavior of AcClOj-n-BinNClO.i system is very similar to that 
of the HC10j-/i.-Bu.iNC10.i system, as reported by Pepper.8'9

Figure 2 shows the limiting viscosity numbers [77 ] of the resultant poly
mers. [jj ] was decreased significantly by the addition of small amounts of

F ig .  1. E f fe c t  o f  r t - B u , N C I (  ) 4 o n  th e  r a t e  o f  p o ly m e r iz a t io n  in i t i a t e d  b y  v a r io u s  
c a ta ly s ts  in  C H . C h  a t  0 ° C  a n d  [ M ] o  =  1 .0 0  m o l e /1 . : ( O )  (a )  A c C K ) ,  =  0 .5 0  m m o le /1 . ,  
S o  =  1 . 5 7 % / m i n ;  ( ® )  ( 6 )  S n C h  =  5 .0  m m o le /1 . ,  S o  =  0 . 9 5 % / m i n ;  ( • )  (c )  S n C h /  
C C I 3C O 2 I I  ( 1 / 1  m o le  r a t i o )  =  1 .0  m m o le /1 . ,  S o  =  4 . 6 1 % / m i n ;  ( A )  (d )  B F r O E t j  =  
5 .0  m m o le /1 . ,  S o  =  0 . 3 5 % / m i n .

F ig .  2 .  E f f e c t  o f  » - B 114N C I Q 4 o n  th e  l im i t i n g  v is c o s i ty  n u m b e r s  o f  t h e  p o ly m e r  o b 
ta in e d  b y  v a r io u s  c a ta ly s ts :  ( O )  ( a )  A e C 1 0 4; ( • )  (b )  S n C l4; ( A )  (c )  B F 3 - O E t 2. P o l y 
m e r iz a t io n  c o n d it io n s  a r e  th e  s a m e  as in  F ig .  1.
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salt and gradually decreased further with increasing of the concentration of 
the salt, approaching a constant value irrespective of the catalyst used.

Effect of n-BuiNClOi on the Cationic Polymerization of 
Styrene in Various Solvents

The acceleration effect of «-BU4NCIO.1 on the polymerization of styrene 
initiated by SnCl4 is shown in Figure 3. A small amount of /¿-BuiXC10.4 
increased the rate of polymerization irrespective of the nature of the sol-

F i g .  3 .  E f f e c t  o f  » - B i u N C l O i  o n  t h e  r a t e  o f  p o ly m e r iz a t io n  c a ta ly z e d  b y  S n C L  in  
v a r io u s  s o lv e n ts  a t  0 ° C  a n d  [ M ] 0 =  1 . 0 0 m o l e / L :  ( • )  (o O C s E L N C L , [C ]  =  5 . 0 m m o l e / l . ,  
Ro  =  9 . 5 2 % / m i n ;  ( O )  ( b ) C F L C L ,  [C ]  =  5 .0  m m o le /1 . ,  R  t  =  0 . 9 5 % / m i n ;  ( 9 )  (a )  
C F L C L / b e n z e n e  ( 3 / 1  v o lu m e  r a t i o ) ,  [ C ]  =  1 0 .0  m m o le /1 - ,  R r  =  0 . 1 4 % / m i n .

F ig .  4 .  E f f e c t  o f  » - B 1.14N C I O 4 o n  t h e  r a t e  o f  p o ly m e r iz a t io n  c a ta ly z e d  b y  A c C 1 0 4 in  
v a r io u s  s o lv e n ts  a t  0 ° C  a t  [ M ] 0 =  1 .0 0  m o l e / L :  ( • )  ( a )  C e H s N C h , [C ]  =  0 .3 7  m m o le /1 . ,  
R 0 =  9 . 5 8 % / m i n ;  ( O )  ( b ) C H 2C 12, [C ]  =  0 .5 0  m m o le /1 . ,  R 0 =  1 . 5 7 % / m i n ;  ( 9 )  (c )  
C I R C h / b e n z e n e  ( 3 / 1  v o lu m e  r a t i o ) ,  [C j  =  1 .4 8  m m o le /1 . ,  R a — 2 . 2 2 % / m i n ;  ( A )  (d )  
C F L C L /b e n z e n e  ( 1 / 3  v o lu m e  r a t i o ) ,  [C ]  =  1 .4 8  m m o le /1 . ,  R 0 =  0 . 2 3 % / m i n .
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F ig .  5 . E f f e c t  o f  J I -B 114N C I O 4 o n  t h e  l im i t i n g  v is c o s i ty  n u m b e r s  o f  th e  p o ly m e r  o b 
t a in e d  b y  A c C 1 0 4: ( • )  ( a )  C 6H 5N 0 2; ( O )  ( b ) C H 2C I 2; ( 3 )  (c )  C I I 2C l , /b e n z e n e  ( 3 /1  
v o lu m e  r a t i o ) .  P o ly m e r iz a t io n  c o n d it io n s  a r e  th e  s a m e  as in  F i g .  4 .

vent, and further addition of the salt decreased the rate. A discussion of 
the relationship between the nature of the solvent and variation in rate is 
difficult since the amount of water, as cocatalyst, was not controlled.

On the other hand, the effect of n-Bu4NC10.i on the polymerization of 
styrene initiated by AcC104 could be compared in various solvents. As 
shown in Figure 4, the depression of the rate of polymerization due to the 
addition of the salt decreased with decreasing polarity of the solvent , except 
for the remarkable decrease of the rate by an addition of a small amount of 
the salt in methylene chloride.

[77] of the polymer decreased to a constant value in each solvent as shown 
in Figure 5, and [77] of polymer produced in a polar solvent was higher than 
that produced in a nonpolar solvent.

F ig .  6 . E f f e c t  o f  v a r io u s  t e t r a - n - b u t y l a m m o n iu m  s a lts  o n  th e  r a t e  o f  p o ly m e r iz a t io n  
c a ta ly z e d  b y  A c C 1 0 4 in  C H j C l j  a t  0 ° C  a t  [ M ] »  =  1 . 0 0  m o le /1 . ,  [C ]  =  0 .5 0  m m o l e / 1 .: 
( O )  ( a )  n - B i n N C l O i ,  AV =  1 . 5 7 % / m i n ;  ( • )  ( b ) r t - B u 4N B F 4, R 0 =  1 . 9 9 % / m i n ;  ( 3 ) (e )  
» t-B iu .N  I ,  /¡b  =  1 . 6 9 % / m i n .



Effect of Varying the Negative Ion of the Salt
The influence of negative ions was examined by using tetra-ra-butylam- 

monium salts having various negative ions. Styrene was polymerized by 
AcC104 or SnCl4 in methylene chloride in the presence of n-Bu4NC104, 
ra-Bu4NBF4, or n-Bu4NI. Ji-Bu4NBF4 and ra-Bu4NI strikingly decreased 
the rate of polymerization catalyzed by AcC104 and by SnCl4 (Figs. 6 and 7). 
n-Bu4NI retarded polymerization more strongly than ?i-Bu4NBF4 did.

The presence of n-Bu4NBF4 or n-Bu4NI also decreased the rate of poly
merization also in a mixture of methylene chloride and benzene, and the re
tarding effect of the salt was smaller in a nonpolar solvent than in a polar 
solvent.
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F i g .  7 . E f f e c t  o f  v a r io u s  t e t r a - n - b u t y l a m m o n iu m  s a lts  o n  t h e  r a t e  o f  p o ly m e r iz a t io n  
c a ta ly z e d  b y  S n C L  in  C H 2C 12 a t  0 ° C  a t  [ M ] 0 =  1 .0 0  m o l e /L ,  [C ]  =  5 .0  m m o le /1 . :  ( O )  
( a )  n - B m N C lC b ,  R 0 =  0 . 9 5 % / m i n ;  ( • )  ( 6 ) « - B 114N B F 4, R 0 =  0 . 9 9 % / m i n ;  ( 9 )  (c )  
n - B u 4N I ,  R c =  0 . 9 0 % / m i n .

It is well known that a compound forming a proton or carbonium ion acts 
as a cocatalyst in the polymerization of styrene catalyzed by a metal halide. 
However, the accelerating effect by neutral salt, such as h-Bu4XUI04. has 
not been observed in the cationic polymerization of styrene.

The neutral salt effect on the rates of ionic reactions in solution is mainly a 
result of the change in ionic strength and mass-law effect, as described in the 
introduction. Furthermore, it has often been observed that neutral salts 
add directly to olefins in an electrophilic addition reaction.3-5 Therefore, 
we considered three possible effects of the salt on the polymerization of 
styrene.

(i) Change in Ionic Strength. The termination reaction is a reaction 
between ionic species, while initiation and propagation are ion-dipolar mole
cule reactions. Therefore, if the change in ionic strength influences the re
action rate, the overall rate should increase with increasing ionic strength,

Discussion
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accordingly by addition of salt. However, in the system with AcC104 as 
catalyst, w-Bu4NC104 did not increase the rate of polymerization and the ef
fect of the salt depended on the nature of catalysts employed. Therefore, 
the change in rate due to change in ionic strength may be neglected in com
parison with that of some other salt effect. This agreed with the conclusion 
of George et al.16

(ii) Change in Dissociation by a Common Ion. It was observed by 
Pepper that /i-Bu4NC104 decreased not only the rate of polymerization but 
also the molecular weight of the polymer in the polymerization of styrene 
with perchloric acid.8'9 From this it was suggested that the addition of 
?i-Bu4-NC104 prevented the dissociation of the propagating ion and con
sequently the propagation through free ions. In the present work the ad
dition of n-Bu4NC104 to a polymerization system catalyzed by AcC104 also 
decreased the rate of polymerization and the molecular weight of a resultant 
polymer. This result also seems to be interpretable by the explanation 
proposed by Pepper.

However, addition of the salt in concentrations of more than a half mole 
of a catalyst lowered the rate of polymerization irrespective of the nature of 
a catalyst. Therefore, the decrease in a rate, of polymerization due to the 
addition of n-Bu4NC104 must be explained by a termination or transfer reac
tion of a propagating chain by n-Bu4NC104, the mechanism of which is not 
clear yet.

(Hi) Exchange of a Counterion at the Growing Chain End with the Salt. 
n-Bui.\C10i having no common ion increased the rate of polymerization 
catalyzed by SnCl4, SnCh-CChCChH or BF3 OEt2. It was observed that 
the cationic polymerization of styrene was accelerated by tetracyanoethyl- 
ene from which a proton or earbonium ion was not produced.16 This was 
explained by the stabilization of a counterion in a growing chain end due to 
complexing with tetracyanoethylene, a strong electrophile. However, such 
electrophilic behavior is improbable about n-Bu4NC104.

In electrophilic addition to olefins, an anion produced from a neutral salt 
adds to an olefin.3_r’ In the same way, it is easily anticipated that the 
anion of a salt interacts with a propagating earbonium ion in cationic poly
merization. In the latter case, as the anion may be more stable than that 
in the addition reaction to an olefin, the anion will not add to the propagat
ing earbonium ion, but rather will form an ion pair; in consequence, the 
polymerization proceeds with an exchanged counterion [eq. (d) ].

© e  ©~vC ...B + »-B114NCIO4 ( > C104e + -/?-Bu,NR (3)

Here, if the rate of a growing earbonium ion having C1O40 as counterion is 
greater than that having Be as the counterion, the addition of n-Bu4NC104 
will increase the rate of polymerization. The polymerization with SnCl4. 
SnCl4-CCI3C02H. or BF3OEt> in the presence of a small amount of )i-Bur  
NC104 can be explained by this mechanism,
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On the other hand, the presence of n-Bu4NBF4 or n-Bu,Nl decreased the 
rate of polymerization. This may be due to the slow polymerization with 
BF4e or Ie as a counterion.

The occurrence of counterion exchange was also supported on the basis of 
the molecular weights of the polymers. The molecular weights of the poly
mers approached a constant value in the presence of large concentrations of 
n-Bu4NC104, irrespective of the catalyst. This is attributed to the fact 
that the counterion in a growing chain end is completely exchanged by 
C104e in the presence of a large amount of n-Bu4NC104.

I t has been reported that in the living anionic polymerization of styrene 
an added salt and a propagating chain end interacted metathetieally and the 
counterion was exchanged,17 that is, the exchange of a counterion occurred 
when NaBPh4 was added to living polystyrene having Iv® counterion, as 
KBPh4 was less soluble than NaBPh,.

We believe that the present work provided the first example of an ex
change reaction of counterion in cationic polymerization.

Effect of n-Bu NCIO, on the Cationic Copolymerization of 2-Chloroethyl 
Vinyl Ether with a-Methylstyrene

To confirm the occurrence of counterion exchange in cationic polymeriza
tion, the effect of an addition of the salt on the monomer reactivity ratios in 
copolymerization was examined. Copolymerization of 2-chloroethyl vinyl

F i g .  S . S a l t  e f fe c t  o f  c o p o ly m e r  c o m p o s it io n s  in  c o p o ly m e r iz a t io n  o f  C E V E  w i t h  
« M S  in  C I I 2C I 2 a t  — 7 8 ° C  a t  [ N I ] 0 =  O.oO m o le /1 . :  ( • )  ( a )  S n C I4 =  3 .0  m m o le /1 . ;  
( O )  ( 6 )  A c C l Q i  =  0 .2 2  m m o le /1 .;  ( A )  ( c )  S n C I4 =  1 .0  m m o le /1 . ,  n - B i i 4N C 1 0 4 =  3 .0  
m m o le /1 .

ether (CEVE) with a-methylstyrene (aMS) produces copolymers the com
position of which is very sensitive to the catalyst employed, i.e., to the na
ture of the counterion.13'18 It is expected, therefore, that the copolymer 
composition will be changed by the addition of the salt, if the counterion is 
changed by the addition of a salt.
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Effect of n-BuiNClOi on Copolymer Composition

The compositions of copolymers of CEVE with oAIS obtained with SnCl4 
and AcC104 as catalysts were very different, as Figure 8 shows. When three 
times as much n-Bu4NC104 was added to a polymerizing system catalyzed 
by SnCl4 ([n-Bu4NC104] *= 3[SnCl4]), the copolymer composition curve be
came identical with that obtained with AcC104 catalyst as shown in Figure 
8. On the other hand, no change in copolymer composition was observed 
when trichloroacetic acid was added to the same system.

The same effect of n-Bu4NC104 on copolymer composition was also found 
in polymerizations in a mixed solvent of methylene chloride and toluene. 
As Figure 9 shows, the addition of one and half times as much n-Bu4NC104

F ig .  9 .  S a l t  e f fe c t  o n  c o p o ly m e r  c o m p o s it io n s  in  c o p o ly m e r iz a t io n  o f  C E V E  w i t h  
« M S  in  C H '.C l> - t o lu e n e  s o lu t io n  ( 1 : 3  v o lu m e  r a t i o )  a t  — 7 S ° C  a t  [ M l o  =  0 .5 0  m o le /1 . :  
( • )  ( a )  S n C L  -  5 .0  m m o le /1 . ;  ( O )  ( 6 )  A c C 1 0 4 =  0 .3 7  m m o le /1 . ;  ( A )  ( c )  S n C l4 =  2 .0  
m m o le /1 . ,  ra -B u 4N C 1 0 4 =  3 .0  m m o le /1 .

F ig .  10 . S a lt , e f fe c t  o n  c o p o ly m e r  c o m p o s it io n s  in  c o p o ly m e r iz a t io n  o f  C E V E  w i t h  
« M S  in  C H 2C I 2 a t  — 7 8 ° C  a t  [ M ] „  =  0 .5 0  m o le /1 . :  ( O )  ( a )  A c C 1 0 4 =  0 .2 2  m m o le /1 . ;  
( • ) ( 6 ) A c C 1 0 4 =  0 .2 2  m m o le /1 . ,  n - B u 4N C 1 0 4 =  3 .0  m m o le /1 .
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as S11CI4 changed the copolymer composition obtained by SnCh catalyst to 
that obtained with AcC104.

On the other hand, in the copolymerization catalyzed by AcC104, addi
tion of ten times as much n-Bu4C104 as catalyst produced no effect in 
the copolymer composition (Fig. 10).

Discussion
The presence of large concentration of common ion does not affect the co

polymer composition as shown in Figure 10. Meanwhile, the coincidence 
of the composition curves b and c in Figures 8 and 9 establishes that the 
counterions are identical, that is, C104e in both systems. The amount of 
n-Bu4C104 added to the copolymerization system appears to be sufficient to 
cause complete exchange of counterion, since the molecular weight of a poly
mer obtained under these conditions was almost identical with that obtained 
by AcC104 (Fig. 2).

At the present time, it is not clear whether a counterion is exchanged 
during the propagation step or before propagation directly by the reaction 
of catalyst and the salt. However, this paper establishes that the exchange 
of a counterion takes place in the polymerization of styrene and in the co
polymerization of CEVE with «MS.
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Polym erization, Copolymerization, and Terpolymer- 
ization o f 1-Isopropylidene-dicyclopentadiene by 

Anionic Coordination Catalysts

S. GESCA, G. BERTOLINI, G. SANTI, and P. V. DURANTI, Snam 
ProgeM-L.S.R., S. Donato, Milan, 20097, Italy

Synopsis

A  d e t a i le d  in v e s t ig a t io n  o f  t h e  t e r p o ly m e r i z a t io n  r e a c t io n  o f  e t h y le n e  a n d  p r o p y le n e  
w i t h  1 - is o p r o p y l id e n e - d ic y c lo p e n t a d ie n e  ( I I )  w a s  c a r r ie d  o u t  b y  e m p lo y in g  v a n a d iu m -  
b a s e d  a n io n ic  c o o r d in a t e  c a ta ly s ts  [ p r e f e r e n t ia l l y  V f A c a c h - A l E t a C l ] .  T h e  in f lu e n c e  
o f  s o m e  p o ly m e r iz a t io n  p a r a m e t e r s ,  i .e . ,  c o n c e n t r a t io n  o f  I I ,  o f  th e  c a t a ly s t ;  p o ly m e r iz a 
t io n  t im e ,  e tc . ,  wre r e  p a r t i c u l a r ly  e x a m in e d .  T h e  c a ta ly s ts  w e r e  fo u n d  t o  b e  a c t iv e  in  
C > H 4- I I  c o p o ly m e r iz a t io n  a ls o , b u t  n e i t h e r  C 3I I 0- I I  c o p o ly m e r  n o r  I I  h o m o p o ly m e r  w e r e  
o b t a in e d .  E y  u s in g  th e  5 ,6 - d ih y d r o  d e r i v a t iv e  o f  I I  as  c o m o n o m e r ,  i t  w a s  fo u n d  th r o u g h  
u l t r a v i o l e t ,  in f r a r e d ,  a n d  N M R  a n a ly s e s  t h a t  th e  in c o r p o r a t io n  o f  I I  in  p o ly e t h y le n e  o r  
e t h y le n e - p r o p y le n e  c h a in s  t o o k  p la c e  r a n d o m ly  a n d  b y  s e le c t iv e  o p e n in g  o f  th e  n o r -  
b o r n e n e  d o u b le  b o n d . T h e  q u a n t i t a t i v e  d e t e r m in a t io n  o f  th e  u n s a t u r a t io n  p r e s e n t  
i n  C 2H 1- C 3H 6- I I  t e r p o ly m e r  w a s  s t u d ie d  b y  m e a n s  o f  a b s o r p t io n  o f  io d in e  h a l id e s  a n d  
th r o u g h  a  s p e c tro s c o p ic  u l t r a v i o l e t  m e t h o d .  R e fe r e n c e  w a s  m a d e  to  t e r p o ly m e r  s a m p le s  
c o n ta in in g  14C - la b e le d  I I .  T h e  c o n te n t  o f  I I  w a s  g e n e r a l ly  less  t h a n  3 5  w t - %  b o t h  in  
c o p o ly m e r  a n d  in  t e r p o ly m e r  p r e p a r e d .  T h e  r e la t i v e l y  h ig h  r e a c t iv i t y  o f  I I  is d is c u s s e d  
in  t e r m s  o f  n o r b o r n e n e  r in g  s t r a in  a n d  c o m p a r e d  w i t h  th e  r e a c t iv i t y  o f  1 - is o p r o p y l id e n e -  
3 a ,4 ,7 ,7 a - t e t r a h y d r o in d e n e  ( I )  p r e v io u s ly  r e p o r t e d .

INTRODUCTION

The synthesis of terpolymers based on ethylene and propylene and 
containing conjugated double bonds has been recently reported.1-3 By 
means of typical Ziegler-Natta catalyst systems, soluble random terpoly
mers could be obtained when polycyclic trienes4 having a conjugated diene 
system were used as termonomers.

In the case of l-isopropylidene-3a,4,7,7a-tetrahydroindene (I), several 
variables related to the terpolymer synthesis1 and some spectroscopic mo
lecular properties of the polymer were studied.3 Furthermore, copolymers 
of ethylene with I have been described, whereas homopolymers of I could 
not be obtained by anionic coordinate catalysts.3

In the present paper a new terpolymer containing conjugated double bonds 
and a new copolymer obtained from ethylene and 1-isopropylidene- 
dicyclopentadiene (II) are reported. The triolefin II was synthetized by 
a Diels-Alder reaction in which 6,6-dimethylfulvene acts as dienophile,5

1575
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I I

The interest in this class of terpolymers rests on the widely accepted 
premise that compounds such as I or II, containing conjugated double 
bonds, do not behave well in a-olefins terpolymerization.6“8 Indeed, 
linear trienes of this type react quickly with the catalyst centers and give 
an inhibiting effect. Furthermore, they enter in the polymer chains in a 
nonrandom way and only in low amounts.

On the contrary, the use of II has confirmed the previous result3 ob
tained with I, i.e. anionic coordinate catalysts promote the selective 
opening of the isolated double bond of I or II, whereas the conjugated diene 
system remains substantially unchanged. Moreover, the use of II in
volves a low interference of comonomer with the catalyst centers, and a 
high reactivity of II in the polymerization reaction is observed; hence a- 
olefins terpolymers with high contents of conjugated double bonds can 
easily be prepared.

EXPERIMENTAL

Materials

The triolefin (II) was prepared and purified as previously reported;4 it had 
nfl = 1.5439, (if = 0.9748, gas-chromatographic purity > 99%. Ultra
violet, infrared, and NMR spectroscopic data are reported in Tables I—III. 
The molecular weight was found (mass spectrometry) to coincide with the 
calculated one.

Ethylene, propylene (polymerization grade), and n-heptane (pure grade) 
were Phillips products and were purified as described previously.3 Other 
products (TiCh, VCh, TiCL, organo-aluminum derivatives, etc.) were pure

T A B L E  I
U l t r a v i o l e t  S p e c tr o s c o p ic  D a t a  f o r  a  C o p o ly m e r  a n d  a  T e r p o ly m e r  

B a s e d  o n  I I  C o m p a r e d  w i t h  M o n o m e r  IT  a n d  5 , 6 - D i h y d r o - I I

^max) ITlyU

M o n o m e r ic  I I 2 5 4 a
5 , 6 - D i h y d r o - I I 2 5 2 b
C 2H 4- I I  c o p o ly m e r ' 2 5 4
C 2H 4- C 3H 6- I I  t e r p o ly m e r 8 2 5 3

a e =  1 6 ,3 4 0  l . / m o le - c m .  
b e =  1 5 ,5 5 0  l . / m o le - c m .  
c C o n t a in in g  2 5 .2  w t - %  o f  I I .  
d C o n t a in in g  6  w t - %  o f  I I ,  5 3 %  C 2H 4 .
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T A B L E  I I
I n f r a r e d  S p e c tr o s c o p ic  D a t a  f o r  C o p o ly m e r  a n d  T e r p o ly m e r  

B a s e d  o n  I I  C o m p a r e d  w i t h  M o n o m e r ic  I I  a n d  5 , 6 - D i h y d r o - I I

I n f r a r e d  b a n d s , c m  1

C J L - I I C R L - C J L - I I
M o n o m e r  I I 5 , 6 - d i h y d r o - I I c o p o ly m e r “ t e r p o l y m e r 1'

3 0 5 0  (s ) 3 0 5 0  (s ) 3 0 5 5  ( m ) 3 0 5 5  ( i n )
3 0 3 0  ( m ) 3 0 3 5  (s ) 3 0 3 5  ( m ) 3 0 3 5  ( m )
1 6 5 0  ( w ) 1 6 5 4  ( w ) 1 6 5 8  ( w ) 1 6 5 6  ( w )
1 6 2 2  ( w ) — — —
1 5 6 5  ( m ) 1 5 6 7  ( w ) 1 5 7 0  ( w ) 1 5 7 0  ( w )
1 4 4 0  (s ) 1 4 4 2  (s ) 1 4 6 2  (v s ) 1 4 5 2  (v s )
1 3 6 4  (s ) 1 3 6 5  (s ) 1 3 7 8  (s ) 1 3 7 4  (v s )
12 S 6  (s ) 1 2 9 0  (s ) 1 3 6 9  (s ) 1 2 6 0  ( m )

9 0 2  (s ) — 1 3 5 8  (s ) 9 3 4  ( m )
S 2S  (s ) S 3 2  (s ) 1 2 6 2  ( m ) 8 4 8  ( 111)
7 5 2  (v s ) 7 5 5  (v s ) 9 3 4  ( w ) —
7 1 3  (v s ) — 8 5 0  ( m ) 7 2 0  (s )

6 3 2  (s ) 7 2 2  (s ) 6 5 5  ( m )
6 5 4  ( m )

“ C o n t a in in g  2 5 .2  -w t - % o f  ( I I ) .
b C o n t a in in g  6  w t - % o f  ( I I ) ,  5 3 % o f  C 2H 4.

grade commercial reagents and used without preliminary treatment or
purified as in the previous study3 by fractional distillation.

Radioactively tagged II was prepared, analogously to labeled I,9 from
acetone-1,3-uC (supplied by the Radiochemical Center, Amersham, En-
gland) which was employed in the synthesis of 6,6-dimethylfulvenemethyl-

T A B L E  I I I
N M I Î  S p e c t r o s c o p ic  D a t a  f o r  I I ,  T e r p o l y m e r  B a s e d  o n  I I ,  a n d 5 , 6 - D i h y d r o - I I

5 r e fe r r e d  to  T M S

5 ,6 - d ih y d r o - C 2H 4- C 3H 6- I I “
P r o to n s M o n o m e r  11 II t e r p o l y m e r

H i 6 . 0 2  ( q u a r t e t ) 6 . 2 8 —

H &  +  I I 6 5 . 6 3  ( t r i p l e t ) - —
H , 5 . 5 2  ( d o u b le t ) 5 . 6 7 —
I L  +  11, +  I  L a 3 . 0 2  ( s in g le t ) — —
H 4 +  H 7 ----  “ 2 . 9 8 —

H ,a 2 . 7 0  (c o m p le x — —
m u l t i p le t )

H 3 a  +  H 7a __  U 2 . 3 4 —
= C ( C H 3)2 1 . 6 1  ( d o u b le t ) 1 . 7 2 1 . 7 2

H s 1 . 3 2  ( q u a r t e t ) 1 . 4 6 —

H 5 +  H ß —  ( s in g le t ) 1 . 1 9 —
C H 2 +  C H — — ( w i d e ) 1 . 2 3
C - C I h — — ( w i d e ) 0 . 8 3

a C o n t a in in g  6  w t-- %  o f  I I  a n d  5 3 %  o f  C J L  ; m e a s u r e m e n ts  w e r e c a r r ie d  o u t  in  C C L
s o lu t io n s .
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14C. The labeled fulvene derivative was then condensed with cyclo- 
pentadiene and recovered according to the conditions previously reported.4 
The radioactive II had a gas-chromatographic purity greater than 99.5%, 
and the radiochemical yield was 60% with respect to acetone.

The 5,6-dihydro-II was prepared through reduction of II with H3A1N- 
(CHs)«, according to the procedure adopted in the case of dicyclopenta-

diene.10 The yield, calculated on the basis of the number of H—-Al<^ bonds,

was 65% in 8 hr at 75°C; bp 53-54°C/0.05 mm Hg; /¿S = 1-5376, MW = 
174 (mass spectrometry).

A n a l . C a lc d  fo r  C i 3H ls : C ,  8 9 .6 5 % ,;  H ,  1 0 .3 4 % .  F o u n d :  C ,  8 9 .3 0 % ;  H ,  
1 0 .7 2 % .

The structure of the product was confirmed by ultraviolet, infrared, and 
NMR analyses (Table I III).

Polymerization

The terpolvmerization of II with «-olefins was carried out under mild 
conditions at normal pressure in a glass apparatus with a semi-flow tech
nique1 previously employed also in ethylene-propylene copolymeriza
tion.11'12 The same assembly, equipped with a Teflon stopcock at the 
bottom of the jacketed reaction vessel, gave reproducible gravimetric 
results in the kinetic curves (cf. Fig. 4%). The temperature of the polymer
ization solution (inside) was kept constant to within ± 1°C.

In order to obtain a constant level of unsaturation in the terpolymer, 
continuous addition of II to the feed during the polymerization time was 
accomplished by dilution of the triene in the polymerization solvent (5%) 
and by regular addition from a buret connected to the reactor. The quanti
ties of II which had to be added at regular intervals of time (generally 
every minute) were calculated from preliminary runs and by analyzing the 
resulting content of II in the polymer.

Copolymerization and homopolymerization runs were done in three
necked flasks equipped with a mechanical stirrer under an atmosphere of 
pure nitrogen and placed in a thermostatted bath. The catalysts were gen
erally prepared in situ by adding the organoaluminum compound to a mix
ture of solvent and monomers at the polymerization temperature. Im
mediately afterwards the transition metal compound was added to the 
stirred mixture. In some homopolymerization experiments the initial 
temperature was raised after several hours in order to increase the polymer 
yield.

The polymers obtained were purified by washing with distilled water 
containing 1 wt-% of surfactant (Dresinate, Hercules Powder Co.) and by 
dissolution and precipitation from methanol. The polymers were dried at 
room temperature under vacuum and analyzed as soon as possible.
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Analyses

Infrared spectroscopic investigations (Perkin-Elmer Model 125) were 
carried out on films obtained by evaporation of terpolymer solution in 
hydrocarbon or on KBr disks in the ease of copolymer.

Ultraviolet measurements (EPS-3T Hitachi Spectrophotometer) were 
made on /¿-hexane solutions, whereas the NMll spectra (Varian A-CO) were 
obtained from CCLi solutions of the polymers.

Molecular weight measurements were made by mass spectrometry tech
nique with an LKB-9000 instrument.

The degree of unsaturation of the terpolymers was determined in CCI4-  
CHCla solution by halogénation with ICI or IBr according to a procedure 
widely described elsewhere.9 The iodometric titer was tested by employing 
14C-labeled II in terpolymerization runs and counting the polymer radio
activity. The radioactivity measurement was made by using a liquid 
scintillation technique and an internal standard (toluene-methyl-14C). 
The final results were obtained by comparing the specific count rate of the 
terpolymer samples with the specific count rate of radioactive II.

Before analyses the samples were thoroughly washed, purified by double 
dissolution and precipitation, and subjected both to radioactive counting 
and IBr absorption.

Another evaluation of the concentration of II in terpolymers was carried 
out by ultraviolet measurement of the absorbance at 253 mg of /¿-hexane 
terpolymer solutions of known concentration and taking into account 
the molar extinction coefficient of 5,6-dihydro-II (cf. Table I).

The ethylene content of terpolymer was obtained by infrared analysis 
according Natta et al.;11 in the case of C2H4-II copolymer the elemental 
analysis was utilized to obtain the composition, as was done previously for 
C2H.i-I  copolymer.3

The intrinsic viscosities were measured as reported previously.3 The 
terpolymer fractionation was carried out by a fractional precipitation tech
nique;13 the solvent was toluene, and the nonsolvent was ethanol. More 
simple fractionations were obtained, in the case of Cdl4 II copolymer, with 
Kumagawa extractions.11

CuKa radiation was used for x-ray analysis with a standard generator. 
The thermal behavior of the polymer samples was examined with the 
Du Pont, Model 900, differential thermal analyzer (heating rate of 10°C/- 
min using glass beads as a reference).

RESULTS
Ethylene Propylene II Terpolymers

Several vanadium-based catalyst systems, in union with organometallic 
aluminum compounds or alane derivatives,14 were found effective in pro
ducing a-olefin-II terpolymers. However, the investigations reported in 
this paper have been performed, for the most part, with the system 
V(Acac)3-E t2AlCl which gave a good thermal control of the polymerization
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reaction. The same aged catalyst was used previously in ethylene-propy
lene copolymerization15 and, without aging, in the synthesis of terpolymers9 
and copolymers3 of 1 with a-olefins.

Polymerization Results

The catalyst system V(Acae)3-AlEt2Cl loses a great deal of its catalytic 
activity during aging, but when it is prepared in situ, a constant overall 
polymerization rate can be observed in the (hHi ('.¡Ilf, copolymerization 
(Fig. 1). This constancy extends, under the present experimental condi
tions to the polymerization time studied, though some time is required to 
form catalyst centers.

However, even though the overall copolymerization rate remains con
stant, the type of the active centers changes during the first step of the 
polymerization as was previously observed.16 In fact, the composition of 
the copolymer produced under experimental conditions which avoid mass 
transfer problems17’18 changes during the polymerization time (Fig. 2).

F ig .  1. Y i e l d - t i m e  c u rv e s  fo r  C 2H 4- C 3H 6 c o p o ly m e r iz a t io n  a t  v a r io u s  [ V f A c a c h J :  
( A )  =  0 .0 5 2 2  g /1 . ;  ( X )  =  0 .0 3 4 8  g /1 . ;  ( ■ )  =  0 .0 2 6 1  g /1 . ;  ( • )  =  0 .0 1 7 4  g /1 .  E x p e r i 
m e n t a l  c o n d it io n s :  T  =  0 ° C ;  w -h e p ta n e  =  1 0 0 0  m l . ;  m o la r  r a t i o  in  th e  g a s e o u s  p h a s e  
C j H s / C j I h  =  2 .0 ;  f lo w  o f  th e  m o n o m e r  s t r e a m  =  9 0 0  l . / h r ;  m o la r  r a t io  A l E t 2C l /  
V f A c a c h  =  6 . 0 .
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The observed regular behavior of the adopted catalyst (Fig. 1) allows one 
to show the influence of II on the overall kinetics of the terpolymerization 
reaction.

According to Figure 3, an initiation stage is observed, which is similar but 
shorter than the corresponding step of the copolymerization reaction. Once 
the maximum rate is attained, a continuous decrease of the polymerization 
rate appears, and this decrease is related to the initial termonomer concen
tration. This is proved by the necessity of increasing the catalyst con
centration, proportionally to the initial concentration of II, in order to ob
tain the nearly equal yields in Figure 3. At the same time, the M„ in
creases continually with time (Fig. 3c) for the first 20 min, although more

F ig .  2 .  C 2H 4- C 3H 6 o v e r a l l  c o p o ly m e m a t i o n  k in e t ic s  a t  lo w e r  p o ly m e r  y ie ld s :  ( A )  
[ V ( A c a c ) 3] =  0 .0 0 7 0  g /1 . ;  ( • )  [V (A c a c )„ ]  =  0 .0 0 6 3  g /1 .

slowly than it occurs in C 2 H 4-C 3 H# copolymerization (Fig. 2 ), whereas the 
contents of ethylene and II contents are continually decreasing over the 
range of time explored.

Therefore, the influence of II on the terpolymerization process is different 
from the influence of I. In fact, under the conditions of Figure 3, the 
terpolymers based on I showed constant levels of unsaturation and of C2H4, 
whereas the overall polymerization rate was more drastically reduced.9 On 
the other hand, when the concentration of II is maintained constant during 
the polymerization time by continuous addition of the third monomer to the 
feed, terpolymers having nearly constant levels of C2H4 and II can be ob
tained (Fig. 4). Under these conditions the yield-time curves are slightly 
changed with respect to the previous ones (Fig. 3). The h]-time diagrams



1582 C E SC A  E T  AI

(6/lP) JdlSODSIA 3tSNIMJ.NI

I
t£
di

CD

B

E

=
 

1.
95

0 
g

/1
., 

[V
(A

ca
c)

3] 
=

 
0.

13
9 

g
/1

.;
 

(C
) 

11
11

 
=

 2
.9

25
 g

/1
., 

[V
(A

ca
c)

3] 
=

 
0.

15
7 

g/
1.

 
II

 
is

 
ad

d
ed

 
to

 
th

e 
fe

ed
 

be
fo

re
 s

ta
rt

 o
f 

p
o

ly
m

er
iz

at
io

n
. 

C
o

n
d

it
io

n
s 

as
 in

 F
ig

. 
1

.



1-IS O P R  O PY L ID E T nE -D IC Y C L O P E jN T A D IE N E  p o l y m e r 1583

(tylP) JUIS03SIA DISNWiM 
OJ *- o

(6/IP) (VJ*)AitSODSIA DiSNWINI IN31NOO 3N31AH13

(V4*) (6/»P)1N31N03 3N31AH13 AlfSOOSIA DISNWiNI

F
ig

. 
4.

 
Y

ie
ld

-t
im

e
 c

ur
ve

s 
fo

r 
C

2H
4-

C
3H

6-
II

 
te

rp
o

ly
m

er
iz

at
io

n
: 

(A
) 

[V
(A

ca
c)

3] 
=

 0
.1

39
 g

/1
, 

[I
I]

 
=

 
0.

48
7 

+
 

0.
85

8 
g

/1
.; 

(B
) 

[V
(A

ca
c)

3] 
=

 
17

4 
g

/1
., 

[I
I]

 
=

 
0.

97
5 

+
 

1.
71

6 
g

/1
.;

 
(C

) 
[V

(A
ca

c)
s]

 
=

 0
.2

44
 g

/1
., 

[I
I]

 
=

 
1.

95
0 

+
 3

.4
31

 g
/1

. 
P

ar
t 

o
f 

co
m

po
u

nd
 I

I 
w

as
 a

d
d

ed
 t

o 
th

e 
fe

ed
 b

ef
or

e 
ar

t 
o

f 
p

o
ly

m
er

iz
at

io
n

 a
n

d
 t

h
en

 s
up

pl
ie

d 
co

n
ti

n
u

o
u

sl
y 

d
u

ri
n

g
 th

e 
re

ac
ti

o
n

 t
im

e.
 

G
en

er
al

 c
o

n
d

iti
o

n
s 

as
 in

 F
ig

. 
1

.



1581 C E SC A  E T  AL.

F ig .  5 . In f lu e n c e  o f  t h e  c o n c e n t r a t io n  o f  I I  o n  C 2H 4- C 3H 6- I I  o v e r a l l  t e r p o ly m e r i z a -  
t io n  k in e t ic s :  ( A )  [ I I ]  =  0 .3 3 5  g / 1 . ; ( • )  [ I I ]  =  0 .6 7 1  g /1 . ;  ( X )  [ I I ]  =  1 .3 4 2  g / 1 . ; 
( O )  [ I I ]  =  2 .6 8 1  g /1 . ;  ( □ )  [ I I ]  =  4 .0 2 0  g /1 . ;  ( V )  [ I I ]  =  5 .3 6 0  g /1 .  G e n e r a l  c o n d it io n s  
a s i n F i g . 4 ;  [ V ( A c a c ) 3] = 0 . 1 7 4 g / l .

show asymptotic values after the first 10 min which are dependent on the 
concentration of II.

The influence of the termonomer concentration on the terpolymerization 
reaction is seen more clearly in Figure 5. As is generally observed in these

CONCENTRATION OF (I)  (g/1)

F ig .  6 . D e p e n d e n c e  o f  t h e  m a x im u m  o v e r a l l  t e r p o ly m e r i z a t io n  r a t e  o n  th e  c o n c e n t r a t io n  
o f  I I .  C o n d i t io n s  as in  F ig .  5 .
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processes,19 the increase of the termonomer concentration reduces the over
all maximum polymerization rate (Fig. G).

The content of IT in the terpolymer is regularly dependent on the total 
concentration of the termonomer employed (Fig. 7), while the ethylene con
tent remains practically unaffected (Fig. 4). At the same time the in-

CONCENTRATION OF ( I )  IN THE FEED ( g / l  )

F ig .  7 . D e p e n d e n c e  o f  th e  c o n te n t  o f  I I  i n  t h e  t e r p o l y m e r  o n  t h e  t o t a l  c o n c e n t r a t io n  
o f  ( I I )  in  t h e  fe e d :  (O )  c h e m ic a l  m e t h o d ;  ( A )  s p e c tro s c o p ic  m e t h o d .  C o n d it io n s  o f  
F ig .  5 .

F ig .  8 . I n f lu e n c e  o f  th e  c a t a ly s t  c o n c e n t r a t io n  o n  t h e  t e r p o l y m e r  y ie ld :  ( □ )  [ I I ]  =  
0 . 0 ; ( X )  [ I I I  =  0 .0 9 8  +  0 .1 7 2  g / l . ;  ( A )  [ I I ]  =  0 .2 9 2  +  0 .5 1 5  g / l . ;  ( O )  [ I I ]  =  0 .4 8 7  +  
0 .8 5 8  g / l .  C o n d i t io n s  as in  F ig .  4 ,  p o ly m e r iz a t io n  t i m e  =  2 0  m in .
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trinsic viscosity falls appreciably (Fig. 4 and 9); obviously II is responsible 
for chain-breaking processes.

Finally, Figures 8 and 9 show the influence of the catalyst concentration. 
The diagrams indicate the existence of linear correlations between polymer 
yield and V(Acac)3 concentration in the range of concentration explored. 
Xo dependence was found for [t]] or C2H4 content on V(Acac)3 concentration. 
On the contrary the content of II in the polymer decreases when the catalyst 
concentration increases. In these correlations the behavior of II is opposite 
to that seen with I .9

F ig .  9 . In f lu e n c e  o f  th e  c a ta ly s t  c o n c e n t r a t io n  o n  [17] a n d  o n  th e  c o n te n t  o f  I I  i n  th e  
p o ly m e r .  C o n d i t io n s  as in  F ig .  8 .

Terpolymer Properties

Ethylene-propylene-II terpolymers are completely amorphous under 
x-ray examination. They are soluble in hydrocarbons or halogenated

T A B L E  I V
F r a c t io n a t i o n  o f  C o I L - C T L r T I  T e r p o l y m e r 0

F r a c t io n
W e i g h t  o f  th e  

f r a c t io n ,  g [ ’?], d l / g ' 1 C J L ,  w t - % I I ,  w t - %

1 1 . Of) 3 . 6 2 6 3 4 . 6 7
2 1 . 0 6 3 . 4 6 6 3 5 . 3 0
0
0 2 . 0 0 3 . 2 0 6 2 5 . 0 0
4 1 . 9 8 2 . 9 0 6 4 5 . 3 0
5 1 . 5 7 2 .9 1 6 3 5 . 2 0
6 1 . 7 0 2 . 8 0 6 2 4 . 9 3
7 0 . 9 7 2 . 8 2 .58 4 . 6 5
S 1 .5 2 1 . 8 4 5 8 4 . 4 2
9

I n i t i a l
n .d .° 0 . 6 1 n .d .° n .d .°

te r p o ly m e r 1 4 .0 2 . 9 2 6 2 4 . 9 0

0 P r e p a r e d  a c c o r d in g  to  F ig .  4 .  
b I n  to lu e n e ,  a t  3 0 ° C .  
c N o t .  d e t e r m in e d .
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hydrocarbons and contain the monomers distributed randomly in the 
macromolecules, as is demonstrated by the fractionation data of Table IV.

Spectroscopic Investigation

Tables I—III summarize the results of ultraviolet, infrared, and NMR 
spectroscopic investigations of the terpolymers and compare them with 
the corresponding results obtained for the monomer II and its 5,6-dihydro 
derivative.

The ultraviolet spectra of the terpolymer solution show an absorbance 
at 253 mju which can be attributed to a polysubstituted conjugated double 
bond system.20 The same band is also present in monomer II and 5,6-di- 
hydro-II.

The infrared spectra of the polymers are characterized by bands shown 
by 5,6-dihydro-II. In fact this compound, which does not contain unsatura
tion of norbornene type as it is demonstrated by MNR spectra (Table III), 
shows two bands at 3035 and 3055 cm-1 which should be assigned to ole- 
finic = C —H stretching of the cyclopentene ring. The same bands are 
present in the polymer spectra.

Indeed, this band was assigned to a cfs-double bond in a five-membered 
cycloolefin, but the latter was generally associated with the norbornene 
ring.21-23 A further disagreement arises for the band at 1567 cm-1* which is 
present both in 5,6-dihydro-II and in polymers based on II, because a 
number of norbornene derivatives have absorption in the region of 1575 
cm' 1 (double-bond stretching).22-24

The data of Table II refer to samples obtained with the catalyst system 
V(Acac)3-AlEt2Cl. Quite similar results are observed in the infrared 
spectroscopic investigations of terpolymers prepared with different vana
dium-based catalyst and under different experimental conditions.

In order to resolve the above discrepancy, a number of attempts to ter- 
polymerize C2H4, C3H6, and 5,6-dihydro-II were carried out. By employing 
the same procedure adopted to synthetize true terpolymers based on II, 
we always obtained typical ethylene-propylene copolymer which showed 
no bands in the regions of 3000-3100 and 1620-1680 cm-1 where, generally, 
absorptions due to cyclopentene unsaturations22 are observed. This con
clusion agrees with IBr halogenation measurements (cf. next section) and 
with vulcanization experiments carried out with a typical recipe for this 
class of elastomer;25 both the tests were negative.

Finally, in the NMR spectra (Table III) three signals are present at 
0.83, 1.23, and 1.72 ppm. The first is due to methyl protons, the second to 
methylenic and methyne protons, and the third can be attributed to the 
isopropylidene group.

The spectroscopic data are thus consistent with an opening of the nor
bornene double bond of II when the triolefin is inserted into an ethylene- 
propylene copolymer chain.
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Determination of Unsaturation

The unsaturation in the terpolymer presented in this paper was deter
mined quantitatively by IBr absorption: the correction for the side reac
tions was carried out by using a radiochemical calibration as standard. 
This was achieved after previous experiments with the terpolymer based on 
I 9 and after unsuccessful attempts in determining the unsaturation of 
monomeric II.

Preliminary runs were carried out with IC1 which distinguishes between 
doublé bond absorption and secondary (splitting out and substitution) re
actions.26 The method has been used previously with rubbers of low un- 
saturation27 and also recently with terpolymers based on ethylene and 
propylene.28'29

F ig .  10 . A b s o r p t io n  o f  IC 1  o n  m o n o m e r ic  I I  a t  d i f f e r e n t  I C 1 / ( I I )  m o la r  r a t io s .  U e a c t io n  
t i m e  =  3 0  m in ;  r o o m  t e m p e r a t u r e ;  s o lv e n t ,  C C L - C H C L  ( 6 0 : 4 0 ) .

F ig .  1 1 . In f lu e n c e  o f  t h e  r e a c t io n  t im e  o n  t h e  t i t r a t io n  o f  m o n o m e r ic  I I  b y  I C I  a b 
s o r p t io n  a t  m o la r  r a t io  I C I / I I  =  1 1 .8 :  ( • )  t o t a l  io d o m e t r ic  t i t r a t i o n ;  ( X )  c o r re c te d  
io d o m e t r ic  t i t r a t io n  ; ( A )  s p l i t t in g  o u t  r e a c t io n ;  ( O )  s u b s t i t u t io n  r e a c t io n .

Nevertheless, we obtained incomplete titration with monomeric II, as 
can be seen in Figure 10, even when molar ratios IC1/ (II) > 12 were 
employed.

No significant increase of the unsaturation level was gained with higher 
reaction times (Fig. 11). The most unusual fact emerging from these 
attempts is the predominant role of the splitting our reaction. These re
sults were quite similar to the corresponding ones observed in the I Cl 
absorption on monomeric I .9
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MOLAR RATIO IBr/NUMBER OF UNSATURATIONS

F ig .  1 2 . In f lu e n c e  o f  t h e  c o n c e n t r a t io n  o f  I B r  o n  th e  io d o m e t r ie  t i t r a t io n  o f  m o n o m e r ic  
I I .  C o n d i t io n s  as in  F ig .  10 .

F ig .  1 3 . D e p e n d e n c e  o f  th e  t i t r a t i o n  o f  m o n o m e r ic  I I  w i t h  I B r  o n  t h e  r e a c t io n  t im e .  
R a t io  I B r / n u m b e r  o f  u n s a tu r a t io n s  =  3 .6 .

F ig .  1 4 . C o r r e la t io n  b e t w e e n  r a d io c h e m ic a l  a n d  c h e m ic a l  ( I B r  a b s o r p t io n )  a s s a y  o f  
I I  in  t e r p o ly m e r  w i t h  9 5 %  c o n fid e n c e  l im i ts .
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When IBr was employed, the content of unsaturation was higher than 
the theoretical level. An asymptotic value exceeding the theoretical one 
by 30% was obtained for a ratio IBr/unsaturation ~ 6  (Fig. 12), whereas 
no influence was exerted by the reaction time after 40 min (Fig. 13).

Because of the difficulty of applying the correction described for IC126 to 
the IBr method,9 we decided, in order to determine correctly the content of 
II, to follow the previous procedure.9 Several samples of terpolymer con
taining different amounts of 14C-labeled II were titrated with IBr and, at 
the same time, were counted for their radioactivity. The results of radio
chemical and chemical measurements, presented in Figure 14, fall on a 
straight line which does not pass through the origin, as it could be expected 
because of the side reactions. Reproducibility was low in the evaluation of 
the higher levels of II.

Attempts to employ ultraviolet measurements in determining the content 
of II in our terpolymer resulted in the data given in Figure 7. The spectro
scopic method agrees with the chemical method within experimental 
error for low levels of unsaturation.

Copolymers of Ethylene and II

Valuable insight into the reactivity of I with anionic coordinate catalyst 
has been obtained by studying the ethylene-I copolymerization.3 The 
same aim was present in this investigation, where the ethylene-II copoly- 
merization was explored with vanadium-based Ziegler-Natta catalysts.

Owing to the high reactivity of ethylene, very low olefin concentrations 
were used, and consequently the catalyst concentration was relatively high. 
The catalyst systems employed were: V(Acac)3-AlEt2Cl, VCh-AlEtjCl-

T A B L E  V
E t h y l e n e - I I  C o p o ly m e r iz a t io n  w i t h  V f A c a c h - A l f C a H s h C l  S y s te m “

V A c a c 3, g C 2H 4, l . / h r b
T i m e ,

m in Y i e l d ,  g

C o n 
v e r s io n  o f  

I I ,  % c ,  % •

C o n t e n t  o f  
I I  in  

p o ly m e r  
w t - %

0 . 0 1 7 4 2 0 0 1 0 2 . 1 4 0 8 6 . 3 5 13
0 . 0 3 4 8 1 0 0 15 2 . 4 6 7 . 2 8 6 .6 3 1 9 .1
0 . 0 6 9 6 5 0 10 2 7 3 . 9 8 6 .9 2 2 5 . 2
0 . 1 0 4 4 3 0 10 1 . 9 7 6 .1 8 7 . 0 5 2 7 . 3
0 . 1 0 4 4 16 15 2 9 6 . 8 8 7 .3 5 3 3 . 0
0 . 0 6 9 6 5 0 5 2 .  S '1 0 8 5 . 7 3 0
0 . 0 1 7 4 2 0 0 4 2 . 5 ° 0 8 5 . 7 7 0

a E x p e r im e n t a l  c o n d it io n s : n -h e p f a n e  =  2 0 0 c m 3; I I  = 0 .6 8 2  g ;  T  = 0 ° C ;  A l / V
m o la r  r a t i o  =  6 . 0 ; t o t a l  p r e s s u re  =  1  a t m .

b E t h y l e n e  s t r e a m  w a s  d i lu t e d  w i t h  p u r e  n i t r o g e n ;  o v e r a l l  flo w ' r a t e  =  3 0 0  l . / h r  a t
S . T . P .

c M e a n  v a lu e s  f r o m  d i f f e r e n t  s a m p le s .
d 5 , 6 - d i h y d r o - I I  w a s  e m p lo y e d  as c o m o n o m e r ;  [77] =  6 .6 0  d l / g  in  d e c a l in  a t  1 3 o ° C .  
e P o ly e t h y le n e  re fe r e n c e :  [77] =  1 4 .5 5  d l / g .
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T A B L E  V I
E t h y l e n e - I I  C o p o ly m e r iz a t io n  w i t h  V C h - A U O h L L L C l - A n is ó le  S y s te m “

V C h ,  g
C 2I I 4,
l . / h r

T i m e ,
m in Y i e l d ,  g

C o n 
v e r s io n  o f

I I ,  % c ,  % »

C o n t e n t  o f  
I I  in  

p o ly m e r ,  
w t - %

I n f r a r e d
A  1658/-d.717

0 . 0 0 9 7 2 0 0 6 0 . 9 4 . 8 8 5 . 9 0 3 . 6 0
0 . 0 0 9 7 1 0 0 15 0 . 5 1 3 .4 8 6 . 6 3 1 8 .2 c

0 . 0 1 9 3 5 0 6 1 . 0 3 2 . 8 8 6 .8 2 2 2 . 4 0 . 0 3 4
0 . 0 3 8 6 3 0 10 1 . 2 6 3 . 4 8 7 . 5 0 3 6 . 0 0 . 0 4 8
0 . 0 5 7 9 16 11 1 . 0 5 1 . 5 8 7 . 4 5 3 5 .1 c

0 . 0 1 9 3 5 0 8 1 , 4 d 0 8 5 .6 8 0 «
0 . 0 0 9 7 2 0 0 4 3 . 5 ' 0 8 5 . 7 0 0 e

“ E x p e r i m e n t a l  c o n d it io n s as in  T a b le  V ,  e x c e p t  T =  — 2 0 ° C ; a n is o le /A l =  0 .5 .
b A v e r a g e  c o n te n t  f r o m  d i f f e r e n t  s a m p le s .  
c N o t  d e t e r m in e d .
d 5 , 6 - I l i h y d r o - I I  w a s  e m p lo y e d  as c o m o n o m e r ;  [77] =  3 .3 5  d l / g  in  d e c a l in  a t  1 3 5 ° C .  
e S p e c t r a  t y p ic a l  o f  p o ly e t h y le n e ,  p a r t i c u l a r ly  n e a r  7 0 0  c m - 1 .
1 P o ly e t h y le n e  r e fe r e n c e :  [77] = 9 . 3 2  d l / g .

anisole, and VO(0 -n-But)3-AlEt2Cl-anisole; the results are reported in 
Tables V-VII.

Under the same experimental conditions propylene does not copolymer
ize with II in the presence of these catalysts.

C2H4-II  copolymer separates from the reaction solvent due to crystalliza
tion of the polyethylene segments. The elemental analysis data of the 
polymer obtained were, as in the case of CLIIr I copolymer,8 indicative of 
insertions of II into the polyethylene chain. It is worth noting that in the 
attempts to copolymerize C/H1 and .r),6-dihydro-II, the elemental analysis 
always gives values corresponding to ethylene homopolymer (Tables V- 
VII)'.

T A B L E  V I I
E t h y l e n e - I I  C o p o ly m e r iz a t io n  w i t h  V 0 ( 0 - n - C J i 9 ) 3-  

A l f C s H i h C l - A n i s o l e  S y s te m “

V O ( 0 - n -
C jH 9)3, g

C J L ,
l . / h r

T i m e ,
m in Y i e l d ,  g

C o n 
v e rs io n  o f

I I ,  % c ,  % b

C o n t e n t  o f  
I I  in  

p o ly m e r ,  
w t - %

0 . 0 5 7 2 2 0 0 1 0 1 . 7 2 9 . 7 8 6 .3 1 1 1 .9
0 . 0 5 7 2 1 0 0 15 1 . 3 4 6 . 5 8 6 . 9 4 2 4 . 4
0 . 1 1 4 4 5 0 15 1 . 0 4 1 . 5 8 7 . 1 2 2 8 . 3
0 . 1 4 3 0 3 0 15 0 . 9 4 0 . 9 8 7 . 2 5 3 1 . 0
0 . 0 8 5 8 1 0 0 1 2 2 . 0 “ 0 8 5 . 6 4 0

0 . 0 2 8 6 2 0 0 9 4 . 8 - ' 0 8 5 . 6 5 0

“ E x p e r i m e n t a l  c o n d it io n s  as  in  T a b l e  V ,  e x c e p t  A l / V  =  1 0 , a n is o le /A l  =  1 .0 .  
b M e a n  v a lu e s  f r o m  d i f f e r e n t  s a m p le s .
c 5 ,6 -1  ) i h y d r o - I I  w a s  e m p lo y e d  as c o m o n o m e r ;  [77] =  8 .2 5  in  d e c a l in  a t  1 3 5 ° C .  
d P o ly e t h y le n e  re fe r e n c e :  [77] =  1 0 .5 0  d l / g .
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According to Table I, the ultraviolet spectra of the n-hexane soluble 
fraction of the copolymer show absorption at 254 mju, typical of the con
jugated diene system of monomeric II and of 5,6-dihydro-II.

The infrared spectra (Table II) present the same features observed for 
C 2H i C‘.jH 6 II terpolymer, which have been discussed above.

The increasing concentration of II in the feed produces increasing levels of 
II in the copolymer (Fig. 15), as the ratio of the absorbance at 1650 (stretch
ing of the cyclopentene double bond) and 717 cm-1 (CH2 sequences) gives

F ig .  1 5 . I n f r a r e d  s p e c t r a  n e a r  7 0 0  a n d  1 6 5 0  c m  1 o f  v a r io u s  C 2H 4—I I  c o p o ly m e r s :  
(A )  3 .6  w t - %  I I ,  .t iG o o /A 7[7 =  0 ;  A i^ w /A w  =  0 ;  ( B )  2 2 .4  w t - %  I I ,  A i^ q/ A 7 ,7  =  0 .0 3 4 4 ,  
A UM/ A m  =  0 .0 3 9 4 ;  ( C )  3 6 .0  w t - %  I I ,  A l m / A 7l7 =  0 .0 4 8 2 ,  A im / A n7 =  0 .0 5 8 4 .  T h e  
b r o k e n  l in e  re fe rs  to  a  p o ly e t h y le n e  s a m p le  p r e p a r e d  u n d e r  t h e  s a m e  c o n d it io n s .

a semiquantitative evaluation of the relative content of II. Also the poly
ethylene crystallinity band (727 cm-1) decreases as the content of II in
creases. These results agree with the elemental analysis data (Table VI). 
Furthermore, x-ray and DTA measurements support the copolymer struc
ture of the polymer under investigation (Table VIII).

The content of II in the copolymer obtained was, generally, less than 35 
wt-%, whereas the conversion could reach high levels under the conditions
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reported in Tables V-VII. In similar experiments3 I showed about five
fold lower reactivity.

The participation of II in the copolymerization reaction takes place 
through opening of the norbornene double bond, as in the terpolymeriza- 
tion reaction examined above. In fact, attempts to copolymerize C2H i and
5,6-dihydro-II always yield ethylene homopolymer. Ultraviolet or infrared 
evidence did not support the presence of 5,6-dihydro-II in the poly
ethylene chain. In particular, the band at 727 cm-1 was quite similar to 
the corresponding one observed in polyethylene prepared with the same 
catalyst.

The fact that the behavior of II is the same in copolymerization and ter- 
polymerization reaction confirms that the same polymerization mechanism 
applies in both processes, involving the selective opening of the norbornene 
double bond.

Attempts to Homopolymerize II
Previous investigations carried out with the aim of homopolymerizing I, 

indicated the double bonds of the conjugated system to be nonreactive in 
the presence of typical anionic coordinate catalysts.3 On the other hand, 
very recently, the norbornene unsaturation of dicyelopentadiene was found 
to open by means of Ziegler-Natta catalysts23 and to give a homopolymer 
possessing different types of structural units.

Since some cyclic diolefins can be homopolymerized with the anionic 
coordinate catalysts in a manner different from that involved in terpoly- 
merization,30 we attempted to homopolymerize II with some catalysts 
based on Ti, V, Mo, and W together with different organometallic A1 deriva
tives (Table IX). No solid polymer was obtained with typical anionic 
coordinate systems, i.e., TiUl3 - Allis or V(Acac)3-AlR2Cl. Under the ex
perimental conditions used, the polymer obtained had the same enchain
ment derived from the 1,4-opening of the conjugated diene system.

The spectroscopic evidence for this conclusion is reported in detail in 
another paper31 and will only be briefly summarized here. In the ultra
violet region the absorption at 254 mg (conjugated diene system) is com
pletely absent. The infrared spectra show bands typical of norbornene 
structure (3050, 1568, 723 cm-1) and of cyclopentene unsaturation (3030, 
1623 cm“ 1). In the NMR spectra the main signals are at 0.93 [—C(GH3)2- 
group], 5.13 (H3 +  H6 protons) and 6.0 ppm (H2 protons).

The assigned structure was always observed in the cationic polymeriza
tion of I I31 and was in agreement with the fact that the polymers obtained 
(Table IX) were of very low7 MW and that the yield became higher as the 
acidity of the catalyst increased.

DISCUSSION

The behavior of the triene II, both in terpolymerization and in copolymer
ization reaction with a-olefins, was in part different from the corresponding 
compound I previously described. From the evaluation of the parameters
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regulating the terpolymer and copolymer synthesis, II appears to be about 
fivefold more reactive than I. This property of II can be attributed to the 
strain present in the norbornene ring, and several results reported in the fore
going sections can be interpreted on this basis. Indeed, the well known 
reactivity of the norbornene ring towards different reagents rests on the 
same assumption.32

The high reactivity of II in the terpolymerization and copolymerization 
reaction is responsible for the high utilization of the triene, as it is generally 
observed for comonomers having the norbornene ring19 and requires a 
continuous supply of II during the first minutes of the reaction in order to 
obtain a polymer of constant composition.

Furthermore, the low interference of II with the catalyst centers, whose 
activity is, however, lowered by the presence of II, is due to the high 
reactivity of II in the polymerization reaction, because terpolymers having a 
relatively high content of unsaturation (> 15 wt-%) can be obtained with 
relatively low concentration of triene in the feed.

Also, under cationic catalysis, which gives the selective 1,4-opening of the 
conjugated double bond system of the triene, II was found more reactive 
than I by means of copolymerization experiments.31 Therefore, the par
ticular reactivity of II appears to be an inherent characteristic of the mole
cule, present both in the isolated double bond and in the conjugated diene 
system.

Chain-breaking processes depending on the concentration of (II) are 
operating during the terpolymer synthesis. Certainly they take place 
through termination reactions (cf. the influence of the concentration of II 
on the kinetic curves and on [77 ]) and, probably, through a transfer reaction 
to II, as it was observed33 in the case of I.

The increase of molecular weight and the change of terpolymer composi
tion with time are limited to the first polymerization period. The same 
phenomena extend over a longer time in the corresponding ethylene- 
propylene copolymerization. These results together with the absence 
of chain-transfer reactions to the catalyst components,15 reveal a stabilizing 
effect exerted by II on the catalyst centers.

By employing the 5,6-dihydro derivative of II, both in terpolymerization 
and in copolymerization experiments, it has been demonstrated that such a 
compound is not reactive under anionic coordinate catalysis. In this 
respect II is quite similar to I, i.e., the isolated double bond of these 
triolefins is selectively opened by Ziegler-Natta catalysts, whereas the con
jugated double bond system remains unchanged.

In spite of the strain present in the norbornene ring, attempts to homo- 
polymerize II were unsuccessful. I11 order to explain this negative result, 
it is interesting to observe that the polymerization of dicyclopentadiene by 
means of anionic coordinate catalyst was successful only under somewhat 
drastic conditions.23 Furthermore, low yield and low molecular weight were 
obtained, together with different types of structural units in the chains. 
These data indicate the existence of difficulties in the propagation reaction
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via norbornene double-bond addition. On the contrary, the behavior 
of dicyclopentadiene in the terpolymerization with C2H4 and C3H6 discloses 
a high reactivity of the diene.19

On the whole, both II and dicyclopentadiene show some analogy with 
the behavior of cyclopentene in homopolymerization and copolymeriza
tion reactions.34 According to cycloolefin polymerization studies,35 the fail
ure of II to homopolymerize seems to be due to steric interference between 
the monomeric units of the chain. This interference is strongly reduced 
in copolymerization or terpolymerization of II with a-olefins, and a random 
insertion of II in the polymer chains takes place at a relatively high rate.
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Free-Radical Polym erizations Initiated by 
Triethylalum inum —Cuprous Chloride Mixtures

WASABURO K A AVAR AI ASA JI OGAWA, and TAICHI ICHIHASHI 
Government Industrial Research Institute, Osaka, Japan

Synopsis
M e t h y l  m e t h a c r y la t e  w a s  p o ly m e r iz e d  b y  t r i e t h y la lu m in u m - c u p r o u s  c h lo r id e  c a ta ly s t .  

A  s t u d y  o f  t h e  p o ly m e r iz a t io n  k in e t ic s  in d ic a t e d  t h a t  th e  o v e r a l l  r a t e  w a s  re p r e s e n te d  b y  
th e  e q u a t io n ,  R r =  A  [A lE t a ]  [ C u C l ] ' / 2 [ AT] 2. T h e  o v e r a l l  a c t i v a t io n  e n e r g y  w a s  1 6 .5  
k c a l /m o l e .  F r o m  E S 1 1  m e a s u r e m e n t  a n d  t h e  re s u lts  o f  c o p o ly m e r iz a t io n  o f  m e t h y l  
m e t h a c r y la t e  w i t h  s ty r e n e ,  i t  w a s  s u g g e s te d  t h a t  th e  c a t a ly t ic  s y s te m  h a s  t h e  c h a r a c te r  o f  
a  r a d ic a l  in i t i a t o r .  A  p o ly m e r iz a t io n  s c h e m e  w a s  a ls o  p r o p o s e d .

Introduction

It was found that methyl methacrylate was polymerized by triethylalumi
num and cuprous chloride. Polymerization kinetics in this catalytic sys
tem was studied at room temperature (20 ± 1°C). The rate of polymer
ization showed a first-order dependence on triethylaluminum concentration, 
a one-half order dependence on cuprous chloride and a second-order de
pendence on monomer concentration, the overall activation energy of poly
merization being 16.5 kcal/mole.

In order to characterize this catalytic species, copolymerization of methyl
methacrylate with styrene was carried out, the composition curve being sim
ilar to that of the usual radical copolymer. Moreover, an ESR signal was 
observed in AlEt3-CuCl (1:1 mole ratio) methyl methacrylate mixture, al
though in an AlER-CuCl mixture with the absence of monomer, no signal 
was observed. On the basis of these data, it was suggested that polymeriza
tion by this catalytic system followed a radical mechanism.

Experimental

Triethylaluminum (Ethyl Corporation) and cuprous chloride were used 
without further purification. Monomer and solvent were purified by the 
usual method. Polymerization was carried out as follows. To a given 
quantity of '/¡-hexane in a glass tube, cuprous chloride and triethylaluminum 
were added and mixed with shaking. Immediately, a black brown precipi
tate formed. After several minutes, monomer or monomer mixture was 
added. The tube was sealed under a nitrogen stream and immersed in a 
thermostat for the given time. The polymerization product was poured

1 5 9 9

©  1 9 7 1  b y  J o h n  W i l e y  &  S o u s , I n c .
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into methanol containing a small quantity of hydrochloric acid; the precipi
tate was washed repeatedly with methanol and dried in a vacuum oven.

In the case of copolymerizations of styrene with acrylonitrile, the three 
procedures for catalyst preparation were chosen as follows: (a) CuCl -> 
AlEt3 —► monomer mixture, (b) CuCl monomer mixture —► AlEt3, (c) 
CuCl2 —► monomer mixture — AlEt3.

The copolymer analysis were carried out by pyrolytic gas chromatog
raphy for styrene-methyl methacrylate copolymer, by fluorine analysis for
1,1,5-trihydroperfluoropentyl methacrylate-methyl methacrylate copoly
mer and by nitrogen analysis (Ivjeldahl) for styrene-acrylonitrile copolymer.

Results and Discussion

The effects of triethylaluminum, cuprous chloride, and monomer concen
tration on the polymerization rate in a early stage were studied; the results 
are shown in Figures 1-3. From these results at 20°C, the overall rate of 
polymerization of methyl methacrylate was obtained by eq. (1).

R„ = k [ AlEt3 ] [CuCl ] y 2 [M ]2 (1)

CAlEt3lXlO
(mol/l)

F ig .  J.  P o ly m e r iz a t io n  r a t e  v s . t r i e t h y la lu m i m im  c o n c e n t r a t io n .  [ C u C l ]  =  0 .0 6 5 3
m o l e / l . ; ( M )  =  6 .3  m o le /1 .

F ig .  2. P o l y m e r iz a t io n  r a t e  v s . c u p ro u s  c l i lo r id e  c o n c e n t r a t io n .  [ A l F t 3] =
m o le /1 . ;  [ M ]  =  6 .3  m o le /1 .

0 .0 X 0 5
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An attempted polymerization of methyl methacrylate by only triethylalumi- 
num or cuprous chloride yielded no polymer at room temperature in 24 hr.

In order to ascertain whether the polymerization proceeds by a radical or 
ionic mechanism, ESR measurements in the polymerization medium were 
carried out. The ESR signal obtained on adding methyl methacrylate to 
the triethylaluminum-cuprous chloride (1:1 mole ratio) reaction product in 
»-hexane is shown in Figure 4, and it was noticed that the signal remained

F ig .  3 .  P o ly m e r iz a t io n  r a t e  v s . m o n o m e r  c o n c e n t r a t io n .  [ A lE t.3] =  0 .0 8 0 5  m o le /1 . ;
[ C u d ]  =  0 .0 6 5 3  m o le /1 .

5 gauss'* a f t e r  30 min.

K----------X
100 g a u s s  a f t e r  105 m in .

F ig .  4 .  E S R  in  t r i e t h y la lu m in u m - c u p r o u s  c h l o r id e - m e t h y l  m e t h a c r y la t e  m ix t u r e  a t
2 0 ° C .

even in the later stage of polymerization. In the triethylaluminum-cu
prous chloride reaction product in »-hexane, no distinct signal was observed, 
however.

The other evidence supporting the radical mechanism was obtained from 
the results of copolymerization of methyl methacrylate with styrene. The 
composition curve of the copolymerization, as shown in Figure 5. Triethyl
aluminum-cuprous chloride was also an effective catalyst for halogen-con
taining monomer, such as 1,1,5-trihydroperfluoropentyl methacrylate, and 
so copolymerization of the monomer with methyl methacrylate was possible.

The composition curves in the copolymerizations by triethylaluminum- 
cuprous chloride and benzoyl peroxide catalysts1 are shown in Figure 6.
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F ig .  5 . C o m p o s i t io n  c u r v e  i n  s t y r e n e - m e t h y l  m e t h a c r y la t e  c o p o ly m e r iz a t io n  b y  
A l E t 3- C u C l  c a ta ly s t .  [ A l E t J  =  0 .0 8 0 5  m o le  1 .; [ C u C l ]  =  0 .0 6 5 3  m o le /1 .;  ( [ S T ]  +  
[ M M A ]  ) =  9 .2  m o le /1 .

F ig .  6 . C o m p o s i t io n  c u r v e  in  c o p o ly m e r iz a t io n  o f  1 ,1 ,5 - t r ih y d r o p e r f lu o r o p e n t y l  
m e t h a c r y la t e  w i t h  m e t h y l  m e t h a c r y la t e  b y  ( • )  A lE t ,3- C u C l  o r  (o ) b e n z o y l  p e r o x id e  a t  
3 0 ° C .  A l E t 3/ C u C l  (m o le  r a t i o )  =  2 .4 1 ;  t o t a l  m o n o m e r  c o n c e n t r a t io n  =  2 .0  m o le /1 .

These copolymerization results support the radical initiator character of the 
triethylaluminum-cuprous chloride catalyst.

In polymerization of methyl methacrylate, the overall, activation energy 
was 16.5 kcal/mole (Fig. 7).

To explain the results of methylmethacrylate polymerization kinetics, 
the polymerization scheme shown in eqs. (2)-(7) was postulated.

A l E t 3 +  C u C n - >  C * (2)
A',

A l  Et'3 +  M  T______ A l E t s - M (3)
K 2

C *  +  A l E t s - M  ,____ —  ( C o m p le x ) (4)
k-i

( C o m p le x )  +  ]\1 ---------------> M - m

k P
M -  +  M -------- ------ > M r ( 6 )

2 M i -  --------------- > P o ly m e r (7)
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F ig .  7 . A r r h e n iu s  p l o t  o f  m e t h y l  m e t h a c r y l a t e  p o ly m e r iz a t io n  b y  A l E t a - C u C l  c a ta ly s t .  
[ A lE t s ]  =  O.O8 O0  m o le /1 . ;  [ C t i C l ]  =  0 .0 6 o 3  m o le /1 . ;  [ M ]  =  6 .3  m o le /1 .

Here C* is the reaction product of triethylaluminum with cuprous chloride, 
and AlEt3-AI and (Complex) are complexes of triethylaluminum with mon- 
mer and of C* with AlEta-AI, respectively. Ki and K,_ are equilibrium 
constants in reactions (3 and (4); k (, lcp and k, are rate constants of initia
tion, propagation, and termination, respectively.

If bimolecular termination and steady state are assumed, eqs. (S) and
(9) are derived.

[Complex] =
_ _ _ _ _ _ _ _ _ _ _ _ _ _ K » [ C ] * _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  / V j J A I j j A l E t ; , ]

1 +  AN[C]* +  K, {Tvr [AI ] [AlEt2]/(1 +  K X[M ])} 1 +  A [̂AI ] j

[Mr  ] = (kt/ k t)l/t [Complex]1̂ [AI]1/1 (9)

When 1 »  7Ci[AI], and [C*] is low, A2[C]* is small compared to unity, and 
then

[Complex] AC [CjATjJA l ][A!Et, ]____
1 +  Ky\ 1\I ] +  A,A:2[M][AlEt3]

F ig .  8 . C o m p o s i t io n  c u r v e  in  a c r y lo n i t r i l e - s t y r e n e  c o p o ly m e r iz a t io n  in  A l E t 3- C u C l  
(m o le  r a t io  =  2 . 4 )  a t  2 0 ° C  w i t h  d i f f e r e n t  o r d e rs  o f  a d d it io n  o f  r e a c t a n t  a n d  c a t a ly s t  
c o m p o n e n ts :  ( 0 )  C u C l  M  ■*— A  H i ts ;  ( • )  C u C l 2 < -  M  * -  A l E t 3; ( O )  C u C l  —  A lE t »  

M ;  ( --------- ) c u r v e  fo r  c o n v e n t io n a l  r a d ic a l  c a ta ly s is . 1
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The overall rate equation is given in eq. (10).

R P — />’; [M ]’A (10)

If KxfM] +  KiK2[M][AlEt3] «  1 and [C*] a [AlEt3][CuCl] are as
sumed, eq. (10) may be simplified to eqs. (11) and (12).

Thus, the agreement of eq. (11) with the experimental eq. (1) may sup
ported kinetic scheme (2)-(7).

Further information on the applicability of eqs. (2) and (3) was obtained 
by results of copolymerization of acrylonitrile with styrene. The copoly
merizations were carried out with two different orders of addition of catalyst 
and monomer. In the first series of experiments, monomer and then tri- 
ethylaluminum were added to cuprous chloride (CuCl •*- M •*— AlEt3). 
In the second, triethylaluminum and then monomer was added to cuprous 
chloride (CuCl AlEt3 M). The copolymerization composition curves 
obtained by the two catalytic systems were similar, as shown in Figure 8. 
This fact shows that triethylaluminum does not only interact with cuprous 
chloride but also with polar monomer; that is, the reactions AlEt3 —► CuCl

C*, AlEt3 +  M AlEt3-M proceed competitively.
These results seem to show different behavior from that in the case of 

AlEtsCl or AlEtCU catalysts for alternating copolymerizations of acryloni- 
trile with propylene, ethylene, and styrene,2 because alkylaluminum chlo
rides (e.g., AlEtoCl, AlEtCb )are known to form tight complexes with such 
polar monomers as acrylonitrile.2-4

1. T. Alfrey, Jr., J. J. Bohrer, and H. Mark, Copolymerizalion, Interscience, New York, 
1952, p. 35.

2. M. Hirooka, H. Yabuuchi, S. Morita, S. Kawasumi, and J. Nakaguchi, J . Polym. 
Sci. B., 5, 47 (1967).

3. J. Furukawa, Y. Iseda, K. Ilaga, and N. Kataoka, ./. Polym. Sci. A -l, 8 , 1147 
(1970).

4. J. Furukawa, E. Kobayashi, and V. Iseda, Polym. J. (Japan), 1, 155 (1970).
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Rv = K ik ^ K z /k t ) '^  C*]I/2[AlEt3],/2[M]2 

Rp oc [AlEt3 ] [CuCl ]1/! [M ]2
(11)

(12)
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Synthesis o f Poly(arylene Ethylene) Oligomeric 
Hydroperoxides and Their Use as Initiating 

Agents o f Radical Polymerization*

A. E. CHUCHIN, All-Union Electrical Engineering Institute, 
Moscow, USSR

Synopsis

The oxidation to hydroperoxide of poly(arylene ethylenes) (PAE) by oxygen carried 
out in solutions at 80-110°C. The effect of initiating additions and the nature of solvent 
relative to the content of hydroperoxide groups in oxidized PAE were investigated. 
The oxidation to hydroperoxides in PAE occurs at the methylene groups, and the syn
thesized hydroperoxides are secondary peroxides. The decomposition of PAE hydro
peroxides in toluene and chlorobenzene at concentrations of 0.006-0.03 mole/1. for hy
droperoxide in the presence and absence of At-phenyl-a-naphthylamine (PNA) was 
studied. The decomposition of one hydroperoxide has been studied in the presence of 
cobaltous and manganese résinâtes and of PNA in chlorobenzene at 30-50°C. The 
addition of PNA to a chlorobenzene solution of PAE hydroperoxide containing cobaltous 
or manganese resinate accelerates the hydroperoxide decomposition, reduces the activa
tion energy, and changes the reaction order from the second-order to first-order. The 
synthesized hydroperoxides initiate the radical polymerization of styrene and methyl 
methacrylate. The initiating activity of one of the synthesized hydroperoxides of PAE 
for polymerization of styrene (60°C) in the presence and absence of activating addition 
of manganese resinate was also evaluated.

INTRODUCTION

From a practical aspect, the purpose of the present work, i.e., oxidation of 
polymers to hydroperoxides, is opposite to the aims of investigators whose 
goal is stabilization of polymers. Nevertheless, in both cases a general 
theoretical problem of polymer resistability to radical oxidation attack is 
being solved; the nature of the peroxides formed is clarified and routes of 
their transformation under various conditions are evaluated.

A number of works on the synthesis of polymeric hydroperoxides by 
oxidation of respective polymers2“9 are known. Such hydroperoxides may 
be used as initiators of vinyl monomer radical polymerization to initiate 
graft copolymerization. Polystyrene,3 isopropylated polystyrene,2 poly
olefins,6'6'8'9 poly-4-vinylcyclohexane-l,4 and cellulose7 are among the mate
rials subjected to oxidation.

* Paper presented at the International Symposium on Macromolecular Chemistry, 
Budapest, 1969.1
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This work contains data on oxidation by oxygen of low molecular weight 
poly(arylene ethylenes) (PAE) to hydroperoxides and introduction of 
hydroperoxide groups into the polymer. PAE were obtained by Friedel- 
Crafts reaction from benzene and its aklyl derivatives with 1,2-dichlor- 
ethane in the presence of A1C13.10

RESULTS AND DISCUSSION 

Oxidation of Poly(aryIene Ethylenes)

Oxidation of poly(phenylene ethylene)| poly(cumylene ethylene), and 
polv(tolyIene ethylene), having the general formula T

R

-‘n
i

where R = H, CH3, CH(CH3)2; « = 10-60.,* was performed by molecular 
oxygen or air in solution at 80-110°C in the presence or absence of benzoyl 
peroxide as a source of free radicals. Depending on oxidation conditions 
and on the nature of the oxidized oligomer, the content of hydroperoxide 
groups varies over a wide range and may reach 10 per 100 elementary links 
of chain.

In all cases attack is on the hydrogen atom of the main chain methylene 
group, which is the most mobile due to the proximity of the aromatic nu
cleus. The presence of secondary hydroperoxide groups in oxidized PAE is 
proved by the results of iodometric titration and infrared spectra. The 
infrared spectra of decomposition products from the hydroperoxides ob
tained11'12 proved, that under the present conditions all PAE are being 
oxidized at the methylene group. Thermal decomposition was performed 
under nitrogen by heating */2 hr at a temperature ranging from 20 to 300°C. 
The infrared spectra of the oxidized poly(phenylene ethylene) (R = H), 
poly(tolylene ethylene) (R=CH3) and poly(cumylene ethylene) [R=CH- 
(CH3)2], as well as the spectra of thermal decomposition products of PAE 
hydroperoxides, are of identical character in the regions characteristic for 
absorption of OOH groups12'13 (3480 cm-1) and — C = 0  groups (1690 c m '1) 
respectively. No other absorption peaks typical for other oxygen-contain
ing groups have been found. The absorption at 1690 cm-1 is characteristic 
for aryl ketones, which are decomposition products of secondary hydro
peroxides.

The characteristic reaction of polyfphenylene ethylene hydroperoxide) 
decomposition products with 2,4-dinitrophenylhydrazine and formation of 
oligomeric hydrazone also proves that the secondary hydroperoxide

* Oligomers of higher molecular weight are obtained if dibenzyl is used instead of 
benzene.
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groups introduced into the oligomer on oxidation, turn into ketones during 
thermal decomposition [eq. (1)].

OOH 0

The content of carbonyl groups in the thermal decomposition product 
of the hydroperoxide was determined from the nitrogen content of the 
oligomeric hydrazone obtained by the reaction with 2,4-dinitrophenyl- 
hydrazine: 2.23 ± 0.13% nitrogen was found in the oligomeric hydrazone 
(the calculated content of nitrogen for 100% transformation of hydroperox
ide groups ketone was 2.24%). Iodometric titration of the thermal de
composition products showed that they contain no hydroperoxice groups. 
A sufficiently strong absorption peak at 1690 cm-1, which is characteristic 
for aryl ketones, is present in the infrared spectra of the thermal decomposi
tion products, but it disappears in the infrared spectrum of oligomeric 
hydrazone; absorption appearing at 1330 cm-1 was attributed to C—NO>. 
Comparison of molecular weights of oligomeric hydroperoxides and their 
thermal decomposition products indicates that no visible destruction of 
macromolecules takes place in this case.

The oxidation of poly(cumylene ethylene), occurring not at the isopropyl 
group, as might be expected, but at the methylene group, is probably re
lated to the same factors as the noneffective oxidation of tertiary carbon in 
polystyrene,1 namely, steric hindrance, violation of coplanarity conditions 
being required for resonance stabilization of the free radical which is being 
formed. Comparative oxidation (to hydroperoxides) of poly(phenylene 
ethylene), poly(tolylene ethylene), and poly(cumylene ethylene) (Table I), 
show oxidation of the latter two to be considerably less extensive.

The fact that the C—H links are less subject to free-radical attack in 
poly(cumylene ethylene) (III) than in poly(phenylene ethylene) (I) has

TABLE I
Comparative Oxidation of PAE by Molecular Oxygen in Cumene“

Content of active
Structure Elementary unit oxygen, %

« Temperature, 80°C; oxidation time, 8 hr, initiator, benzoyl peroxide.
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T im e, h r

Fig. 1. Relation between average content of hydroperoxide groups per 100 links 
of polymeric chain A and time for oxidation of I by air oxygen at 110°C: (A) in cumene, 
(O) in tetralin.

been proved by experiments14 on block graft copolymerization of meth- 
acrylic acid onto PAE in the presence of benzoyl peroxide at S0°C by the 
chain transfer method. The first stage of oxidation of poly(arylene ethyl- 
enes) up to peroxides consists in the abstraction of a hydrogen atom from 
the oxidized chain. This is similar to the first stage of graft copolymeri
zation by chain transfer 1o the polymer [eq. (2) ].

R
1

R
f

---- ¿  V - C H — CH,— ' + r; —  - -  + R,H (2)

Therefore, under comparable conditions, the portion of PAE involved in 
block graft copolymerization and the mobility of the attacked C—H bonds 
of the oligomer chain should be related. Actually, the amount of I partici
pating in the block graft copolymerization with methacrylic acid is approxi
mately three times the amount of 111 involved in the same reaction (com
pare with data of Table 1).

The most effective medium for formation of hydroperoxide groups in 
polymer on oxidation is cumene or tetralin, which have high chain-transfer

TABLE II
Comparative Oxidation of Poly(phenylene Ethylene) (I) in Air“

Solvent Initiating system

Content of 
active oxygen 

in oxidized
I, %

Toluene — 0.0024
Xylene Manganese resinate (0.01 g-atom Mn/1.) 0.0031
Xylene Benzoyl peroxide (0.07 mole/1.) 0.046
Cumene Benzoyl peroxide (0.07 mole/1.) 0.246

“ Temperature, 95°C; reaction time, 6 hr.
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constants. The lower effectiveness of tetralin in comparison with cumene 
on oxidation of structure I, for example, is probably explained by the high 
termination constant of the tetralyl peroxy radical (Fig. 1). The effective
ness of cumene during oxidation is also shown by the data of Table II.

The nature of the solvent also plays an important role in determining the 
rate of oxidation of PAE to hydroperoxides, as noted by Manson and Cragg3 
during oxidation of a copolymer of styrene and 4-vinylcyclohexene-l to the 
hydroperoxide. The solvent functions as the hydrogen donor in the third 
stage of oxidation:

K i

EH — IP (3)

I f  +  0-2 1 K V  (4)

R0 2 +  SH ^  R02H +  S- (5)

where RH is the polymer and SH is the solvent. The high values of chain- 
transfer rate constants (Kv) for cumene provide for a sufficiently high 
output of hydroperoxide groups in oxidized I.

The hydroperoxides of PAE are rather stable at a room temperature. 
Thus, no change was found in IH* when it was allowed to stand in air for 
one and a half months.

Decomposition of Oligomeric Hydroperoxides

Decomposition of IIIH in toluene (Fig. 2) and of IH in chlorobenzene 
(Fig. 3) at hydroperoxide concentrations of 0.006-0.03 mole/1. takes place

Fig. 2. Relation between the number of decomposed hydroperoxide groups and time 
for decomposition of IIIH in toluene (0.006 mole/1. of hydroperoxide): (A) 130°C; 
(O) 140°C; ( • )  142°C; (X)150°C.

through a reaction which is nearly first-order. The molecular weight of 
a sector of the oligomeric chain containing one hydroperoxide group has

* Hydroperoxides obtained by oxidation of the oligomeric structures I, II, and III 
are designated IH, III I, and IIIH, respectively.
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Fig. 3.

F i g .  

( i o n  o f  

v a r i o u s

Tim e, h r

Decomposition of IH in chlorobenzene (0.03 mole/1): (O) 135°C; (A) 140°C; 
(O) 145°C; (®) 150“.

4. Dependence of [ROOH] and In ([ROOH]£/[ROOH]o) on time for decomposi- 
IH in chlorobenzene (0.03 mole/1.) in (he presence of PNA (0.00 mole/1.) at 
temperatures: (•)  140°C, (®) 145°G, (A) 150°C, (O) 155°C.
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Fig. 5. Infrared spectra of (A) IH; (B ) the product of the thermal decomposition of 
IH in chlorobenzene (0.03 mole/1.); (C) the product of activated decomposition of IH 
in chlorobenzene (0.03 mole/1.) in the presence of cobaltous resinate (0.018 g-atom Co/1.; 
(Z>) the product of decojnposition of IH in the presence of cobaltous resinate (0.018 g- 
atom Co/1.) and PNA (0.075 mole/1.).

been 1 aken as a mole of hydroperoxide. Addit ion of /V-phenyl-a-naphthyl- 
amine (PNA) inhibitor allows the decomposition induced by free radicals 
to be repressed.15 In this case, the rate of decomposition slows down (Fig. 
4), the reaction goes on monomolecularly, and the decomposition activation 
energy for IH, for example, approximates the decomposition activation 
energy of the low molecular hydroperoxide of tetralyl (IVH) (Table III). 
The calculated rate constants for decomposition of IH in the presence of 
PNA are 7.26 X 10~5, 4.09 X JO“5, 3.11 X 10-5, and 1.80 X 10~5 sec“1 at 
15,5, 150, 145, and 140°C, respectively. In general K  = 1 X 1012 e-316™’/ - 
RT.

The difference between the behavior of the oligomeric hydroperoxide of 
IH and a low molecular analog (hydroperoxide of ethylbenzene, for example, 
which may be taken, as well as IVH, as its model) is revealed through the 
nature of the decomposition in the presence of oil-soluble activators i.e., 
salts of variable valence metals. While the hydroperoxide of ethylbenzene 
in the presence of cuprous stearate or cobaltous acetate16’17 and the hydro
peroxide of n-decyl in the presence of cobaltous stearate18 decompose in 
chlorobenzene in accordance with a first-order reaction, the oligomeric IH 
under approximately similar conditions (0.03 mole/1., 30-60°C) in the
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presence of cobaltous resinate decomposes by a second-order reaction rela
tive to hydroperoxide.19 Addition of PNA to the system IH-cobaltous 
resinate in chlorobenzene leads not only to an increase in rate of decomposi
tion of IH, but also to a change of reaction order. In the latter case, the 
reaction becomes first-order with respect to hydroperoxide and the activa
tion energy of the gross process decreases from 13.5 to 11.0 kcal/mole.

At the presence of oil-soluble salts of variable valence metals (cobaltous 
and manganese resinates) the synthesized oligomeric hydroperoxides de
compose with a considerable speed at 30-50°C while in the absence of acti
vators in the solution, perceptible decomposition occurs only at tempera
tures in excess of 100 °C.

Fig. 6. Infrared spectra of products of activated decomposition of IH in chlorobenzene 
(0.03 mole/1.): (A) product obtained in the presence of manganese resinate (0.025 g- 
atom Mn/1.); (B ) product obtained in the presence of manganese resinate (0.025 g- 
atom Mn/1.) and PNA (0.075 mole/1.).

The infrared spectra of products of IH decomposition in chlorobenzene in 
the presence of cobaltous and manganese resinates (films from benzene solu
tions) indicate that the decomposition of IH at 30-60°C and hydroperoxide 
concentration of 0.03 mole/1. leads primarily to aryl ketones, as seen from 
the appearance of intense absorption at 1690 cm-1 which is characteristic 
for aryl ketone groups (Fig. 5 and 6). In this case, formation of secondary 
alcohols (increase of absorption intensity at 1390 and 1280 cm-1, as well as 
absorption at 3550 cm-1) and carboxyl or carbonyl groups (1390 cm-1) is 
also possible. The formation of secondary alcohol groups in decomposition 
products of IH is proved by the occurrence of the typical reaction for sec
ondary alcohols on heating them with sulfur.20 Hydrogen sulfide formed 
in this case is qualitatively detected by the appearance of a brown spot (lead 
sulfide) on filter paper soaked with lead acetate.

It is known from the literature21 that some secondary hydroperoxides, 
such as IH, decompose completely in 15 min at S0°C in the presence of
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cobalt and manganese salts, a formation of mixture of the respective ketones 
and alcohols.

The data obtained on consideration of free-radical formation at inter
mediate stages of decomposition (initiation of methyl methacrylate poly
merization at 23°C) allows one to propose the scheme of reaction shown in 
eqs. (6) and (7) :19

M n 2+ +  21ÎOOH —  HO' +  liO O ' +  I I 20  +  M n *+  (6)
Co2 + +  21100II -»  H O ’ +  HOG' +  11,0 +  Co2+ (7)

For example :

R'

H0+
+

H
R'

R' R'1
1 —*R— C— O' — »

1
R— C= 1! o +

CoJ+ H R'

-i/üOs|  +  CV+ — - R— CO + 
I

R'
1

H
Co" | 1
t — >R— COO' l

H R'
+ |
H+ R— C—OH 

I
H

(8)

The degradation of the oligomeric chain may occur simultaneously with 
the formation of carboxyl or carbonyl groups.

The infrared spectra of products of IH decomposition in chlorobenzene 
(0.03 mole/1.) in the presence of cobaltous (manganese) resinate and PNA 
indicate the absence of aryl ketone groups (absence of absorption at 1690 
cm-1). Most probably, the decomposition in this case, proceeds to forma- 
t ion of secondary aryl alcohols (absorption at 3550 cm-1). The polymeriza
tion of methyl methacrylate at 23°C in this system does not t ake place for 
longer than 11 hr. In the presence of cobaltous resinate and PNA, the 
IH may decompose according to the scheme (9) :

Ar
>NH

Ph
ROOH

Ar (+) 
/N H  

Ph^ •
Co3+ + R0~ + - OH (9)

Other reactions19 are also possible.
Shown in Figures 5 and 6 are infrared spectra of IH and its products of 

decomposition under various conditions.

Initiating Activity

Besides salts and amines of metals of variable valence other compounds, 
including olefins,22,23 may accelerate the decomposition of hydroperoxides.
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T im e, h r

Fig. 7. Decomposition of IIIH in toluene (0.0103 mole/1.): (O) in the absence of styrene 
at 140°C and (®) in the presence of styrene (0.29 mole/1.) at 120°C.

T im e, mi n

Fig. 8. Polymerisation of methyl methacrylate in a dilatometer at 60°C at the pres
ence of initiators: (1) IH (0.03 mole/1. of hydroperoxide groups); (2) benzoyl peroxide 
(0.015 mole/1.); (S) in the absence of initiating additions. AP denotes the relative units 
proportional to the dept h of polymerization.

Stannett and Mesrobian22 have indicated, that the rate of decomposition of 
cumyl hydroperoxide increase considerably with the addition of vinyl 
monomers with the polymerization of the lathers in this case. It is pro
posed, that the induced decomposition of hydroperoxide in the presence of 
styrene proceeds in accordance with eq. (10):

ROOH +  CH2 = ( l i e , .11, — ROD- +  CHsCHCdE (10)

thus initiating radical polymerization of the monomer. D enisov24 suggested 
another mechanism [eq. 1 1 ]:

ROOH +  CH2 = CHCoIR — RO- +  CH—CH2OH (11)
I

C6H5

which allows him to explain thermodynamics and kinetics of the process.
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Acceleration of the decomposition of the oligomeric hydroperoxide (IIIH) 
of poly(cumylene ethylene) in the presence of styrene also takes place 
(Fig. 7), in which case a noticeable amount of polystyrene is formed. IH  
and the system of IH-variable valency metal salt are also initiating agents 
for styrene and methyl methacrylate, comes (Table IV, Fig. 8).

TABLE IV
Polymerization of Methyl Methacrylate in the Presence 

of Various Initiating Systems at 60°C

Polymerization
method

Iuil Kiting 
system

Pi ilymeri- 
zation 
time, 

hr

Output
of

polymer,
% b lb

Emulsion11 IH-FeS04 8 20 0.435
Block Ill-manganese O 70 0.735

resinate
Block III 22 30 0.920
Block Benzoyl peroxide 3 25 1.45

» At 22 °C.
b At 25°C in benzene.

The linear dependence of IF versus [I]1/2 for polymerization of styrene 
(Fig. 8 ), where W  is the rate of polymerization, [I] is the concentration of 
initiator, along with the retardation and inhibition of polymerization by 
common inhibitors and retarding agents of radical polymerization (PNA, 
hydroquinone) indicates the free-radical nature of the initiation.

The initiating activity of the system may be quantitatively evaluated by 
the slope of the tangent to the curve in coordinates IF, [I]I/!. For poly
merization of styrene (60 °C) the initiating activity of IH is twice as high as 
that of hydroperoxide of isopropylated polystyrene at the same tempera
ture.2 Addition of manganese resinate (0.051 g-atom Mn/1.) to the system  
IH -styrene increases the initiating activity approximately fivefold.

The PAE hydroperoxides initiate the polymerization of other vinyl 
monomers also. A previous publication14 contains data on initiation of 
polymerization of methacrylic acid by IH.

EXPERIMENTAL 

Oxidation of PAE

The PAE were oxidized by molecular oxygen or by air oxygen in solution 
in compliance with the described methods. 11'26 The oxidized PAE were 
separated by precipitating them from the solutions into methyl alcohol, 
washed with several portions of methyl alcohol until the smell of solvent in 
which the oxidation was carried out disappeared, and then dried in vacuo 
at room temperature to constant weight. Special experiments on com
bined reprecipitation showed that undecomposed benzoyl peroxide, used as
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a source of free radicals, is not present in hydroperoxide of PAE separated as 
described above. All solvents used in oxidation v^ere purified by standard 
methods. The benzoyl peroxide was purified by precipitation from acetone 
solution into distilled water followed by vacuum drying to constant weight.

The manganese resinate was prepared as follows. A 47-g portion of 
rosin (colophony) was heated to 170°C in a Wolff bottle equipped with a 
mixer and a pipe for blowing with nitrogen. The mixer was started and
2.7 g of finely crushed manganese peroxide was gradually added in small 
portions. After all the manganese peroxide had been added, the tempera
ture was raised to 230-240 °C and maintained for 4 hr, during time a light 
flow of nitrogen was maintained. The reaction mixture was cooled, the 
manganese resinate formed was dissolved in 100 ml of benzene, the solution 
was filtered to remove unreacted manganese peroxide and then solvent re
moved by evaporation. The content of manganese amounted to 0.63%. 
The manganese resinate obtained was also used for investigation of decom
position of IH.

Preparation of Oligomeric Hydrazone
IH  was decomposed in a test tube heated for 1/ 2 hr to 300°C. Before 

heating, the contents of the tube were subjected to vacuum (40 mm) and 
then blown with purified nitrogen. Preparation of oligomeric hydrozone 
was carried out by two modified methods described by Shriner and 
Fuson .26

Method 1. A 1.2-g portion of thermal decomposition product of IH  was 
dissolved in 20 ml of dioxane and then 0.05 g of 2,4-dinitrophenylhydrazine 
was added. The contents of the flask were heated to the boil with reflux 
condenser; 2-3 drops of concentrated HC1 were added, after which the 
contents of the flask were boiled for 2-3 min. The solution was cooled and 
poured into 30 ml of ethanol. Approximately after 30 min sediment for
mation was observed. The sediment was separated and washed with 
several 15-ml portions of ethanol. Finally the oligomeric hydrazone ob
tained was dried in vacuo at 60°C to constant weight.

Method 2. Concentrated H 2SO4 (0.1 ml) and 1.5 ml of water was added 
to 0.1 g of 2,4-dinitrophenylhydrazine. The solution was diluted with 5 ml 
of dioxane, then the thermal decomposition product of IH  was added to  
20 ml of dioxane, and the mixture allowed to stand for 2 hr at room tempera
ture. The solution was poured into 45 ml of ethanol. After approximately 
30 min., a precipitate formed which was processed in the way as for method 
1.

On analysis both methods show nitrogen contents, which is indicative of 
complete substitution of carbonyl groups. The determination accuracy 
was limited by the accuracy of the elementary analysis. Relative error 
did not esceed 6%.

The control for complete separation of 2,4-dinitrophenylhydrazine not 
entering the reaction from oligomeric hydrazone was difficult. The reac
tion of ketone with 2,4-dinitrophenylhydrazine with formation of crystalline
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hydrazones was used to determine free 2,4-dinitrophenylhydrazine in the 
extract. Acetone, w,-hexyl methyl ketone, and /3-naphthyl methyl ketone 
were tested for this purpose. Acetone and n-hexyl methyl ketone provide 
no possibility for qualitative determination of the presence of 2,4-dinitro- 
phenylhydrazine at its concentration of approximately 0.01 wt-%. /3- 
Naphthylemethylketone gives a red deposit of hydrazone with 2,4-dinitro
phenylhydrazine if the concentration of the latter is near 0.01 wt-%. Ex
traction of polymeric hydrazone by ethanol was carried out, until the ex
tract stops to give a typical reaction with /3-naphthyl methyl ketone. The 
reaction of 2,4-dinitrophenylhydrazine with /3-naphthyl methyl ketone 
was carried out in compliance with method I. A pure grade of 2,4-dinitro
phenylhydrazine with a melting point of 197°C was used.

Determination of Hydroperoxides

Oxidized PAE (0.1-0.3 g) or such a quantity of its solution in toluene or 
chlorobenzene (for investigation of thermal decomposition kinetics) which 
contains this weight of PAE was taken. A 10-ml portion of benzene 
not containing peroxides was added, 10 ml of glacial acetic acid was added 
to this solution, and oxygen in the solution removed by bubbling in nitrogen 
for 2 min. A 2-ml portion of 33% aqueous KI was then added to the solu
tion with continuing bubbling in of nitrogen. After 1 min, the nitrogen 
flow was stopped, the flask evacuated and kept for 4 hr in the dark at room 
temperature. The solution was then diluted by an equal volume of water 
and titrated with 0.01 N  sodium thiosulfate with at continuous shaking. 
The endpoint was determined by the discoloration of the lower layer of 
water. If pure reagents are used, no check experiment is necessary.

The mean relative error of iodometric measurements does not exceed 1%.

Infrared Spectra

The infrared spectra were taken by means of a UR-10 spectrometer on 
films from the respective benzene solutions. Distilled benzene (chemically 
pure grade) was used for spectroscopic measurements.

Kinetic Measurements
The thermal decomposition kinetics of PAE hydroperoxides in solution 

was investigated in sealed ampoules, first, flushed with nitrogen gas purified 
by pyrogallol alkali solution. The ampoules were placed into a thermostat, 
where the temperature was maintained accurate within ± 0 .2°C . After a 
given time, the ampoules were rapidly cooled down by cold water and 
opened. The content of residual hydroperoxide groups was determined as 
described above. The activated decomposition of 1H in chlorobenzene in 
the presence of cobaltous resinat.e was studied in the same way, except that 
the solutions of IH in chlorobenzene and of resinate in chlorobenzene were 
prepared separately and blended in ampoules directly before the kinetic 
measurements. For determination of hydroperoxide content at the pres
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ence of résinâtes, the water layer was separated after 4 hr in the dark in a 
separatory funnel first flushed with nitrogen. The water layer was trans
ferred into an Erlenmeyer flask, flushed with nitrogen, and then the sepa
rated iodine was titrated with sodium thiosulfate. (The titration in the 
presence of résinâtes dissolved in chlorobenzene leads to higher results due 
to reduction of thiosulfate by cobalt and manganese salts.)

Cobaltous resinate was prepared as follows. A 25-g portion of rosin 
(colophony) was melted in a Wolff bottle equipped with a mixer and a pipe 
for nitrogen blowing. The mixer was started, and 2.3 g of crushed cobalt
ous acetate was added at a temperature of 190°C. The temperature was 
raised to 220-330° and maintained for 4 hr under a light flow of nitrogen. 
The reaction mixture was cooled, the formed cobaltous resinate was dis
solved in 70 ml of benzene, the solution was Altered and concentrated by 
evaporation of solvent. The cobalt content comprised 2.1 (»%.

Initiating Activity

IIIH was decomposed in toluene (Fig. 7) inside sealed glass ampoules 
previously degassed by repeated freeze-thaw cycles. To investigate the 
W  — [I]''dependence (Fig. 9), a solution of different concentration of IH in 
freshly distilled styrene was prepared; 10 ml of each solution was transferred 
into glass ampoule's, The tilled ampoules were degassed by freeze-thaw 
cycles in liquid nitrogen in vacuo and then sealed off. The polymerization 
was performed at 60± 0 .1°C . The ampoules were heated for a time ex
ceeding that time required for transformation by no more than 14%. This 
interval was determined for each value of [I ] by a series of preliminary ex
periments.

The degree of conversion was calculated from the total amount of polymer 
separated by pouring the contents of each ampoule into methanol followed 
by decantation, washing, and drying, after which a correction for the 
amount of oligomeric hydroperoxide previously added to the system was 
introduced. The concentration of oligomeric initiator was expressed, as in

[ i ]  1 /2 , (m o l/0 1/2

Fig. 9. Polymerization of styrene at 60°C in the presence of initiators: (1) hydro 
peroxide of isopropylated polystyrene;2 (2) III; (3) III and manganese resinate (0.051 
g-atom Mn/1.).
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all previous cases, by the number of hydroperoxide moles per litre of solu
tion.

The dilatometric measurements (Fig. S) were performed in a dilatometer 
provided with a mercury seal at a temperature of 60±0.05°C . The dilato
metric cell containing monomer and dissolved initiator was degassed by 
multiple freeze-thaw cycles. The conversion monomer to polymer was 
evaluated in relative units AP  proportional to the drop in mercury level 
in the capillary.

APPENDIX

Use of polymeric and oligomeric hydroperoxides as initiators makes 
possible the synthesis (on their base) of block graft copolymers slightly 
contaminated by homopolymer.27

On thermal decomposition of polymeric hydroperoxides in the presence of 
monomer, homopolymerization of monomer generally takes place in addi
tion to block graft copolymerization. It is initiated either by hydroxyl 
radicals appearing on homolytic decomposition of hydroperoxide groups

ROOH -* RO +  -OH

or by the radicals of vinyl monomers appearing on induced decomposition 
of hydroperoxide groups. The use of redox systems not only permits an 
increase in the rate of hydroperoxide group decomposition and the poly
merization at rather low temperatures (Table IV), but also suppresses, in 
considerable degree, the homopolymerization. In this case, the hydro
peroxide decomposition mainly leads to formation of polymeric radicals, 
as a single-electron reduction of organic hydroperoxide almost always gives 
an alkoxyl radical.28 M etz and Mesrobian were the first to utilize the 
redox system polymeric hydroperoxide-water-soluble variable valence metal 
salt for the synthesis of graft copolymers not contaminated by homopoly
mer.2

In a previous study we have used oligomeric hydroperoxide IH with a 
molecular weight of 4000 and an average content of hydroperoxide groups 
of 2.2 per oligomeric chain as an initiator of methyl methacrylate polymer
ization.29 The redox system IH-FeSOj led to formation of a block graft 
copolymer containing only 7.5 wt-% of poly(methyl methacrylae). The 
grafting efficiency in this case was 0.91. In the usual suspension polymeri
zation, 27.6% homopolymer is formed and the grafting efficiency is 0.66.

In conclusion, we would like to remark on the usage of such terms as 
block graft copolymerization and block graft copolymers in relation to the 
systems containing oligomeric hydroperoxides. In the usual sense, the 
term graft copolymers which is obviously derived from the similarity with 
vegetable hybrids,30 implies commensurability as to the size of backbone 
and side branches.
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The oligomeric initiators occupy an intermediate position between the 
low molecular and high molecular ones (for example, the hydroperoxide of 
isopropylated polystyrene) being, however nearer to the high molecular 
ones. Availability of chemical links between oligomeric (main) and poly
meric (raised) chains leads to a considerable modification of properties of 
both in their hybrid as it occurs in graft copolymers. This fact sharply 
separates the oligomeric hydroperoxides from low molecular ones, as the 
nature of the latter does not affect the properties of the polymers obtained. 
An example may be illustrated by copolymerization products of methacrylic 
acid and IH  possessing a number of specific properties including high emul
sifying ability relative to oil-water system s.31
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Synopsis
Through a study of the selective distribution of substituents introduced into hydro

cellulose from reaction with iVW-diethylaziridinium chloride, the change in selective 
availability of hydroxy groups at C-2, C-3, and C-6 has been followed as a function of 
duration of hydrolysis to form the hydrocellulose. The hydrocellulose formed at a par
ticular duration of hydrolysis showed maximum selective availability of hydroxyl groups; 
this was found to coincide with minimum moisture regain and minimum breadth at half 
height for 101, 101, and 002 peaks in x-ray diffractograms. These points are discussed 
in terms of the structures of the hydrocelluloses at various stages of hydrolysis and in 
terms of the sequence of changes which is now associated with the conversion of fibrous 
cotton to “exemplar hydrocellulose,” i.e., the hydrocellulose having the highest degree of 
crystalline order, and subsequently, to less highly ordered hydrocelluloses.

INTRODUCTION

It is emphasized by Warwiclter et al.1 that the fringe-micellar theory is 
inadequate as a description of the supramolecular structure of cotton and 
that a crystalline-fibril theory best accounts for swelling and related phe
nomena. Chemical reactions of cotton then must be regarded as occurring 
on surfaces of fibrils. The special nature of those accessible regions on sur
faces, whose attack by acid results in hydrocellulose and whose attack 
during chemical finishing reactions may be the cause for loss in strength, is 
not clear. Peterlin and Ingram,2 in discussing the elementary fibrils, refer to 
some interruptions in the. crystalline core in the longitudinal direction; 
Jeffries et al.3 mention sites of lattice disorder along the length of the fibrils

o
and note that these are short (less than 50 A) and not of the nature of non
crystalline regions.

It was the object of this study to explore for new evidence regarding the 
state of order of hydrocellulose relative to that of the original fibrous cotton 
cellulose, with the ultimate objective of obtaining evidence concerning the 
nature of the acid-sensitive accessible regions. Specifically, the approach 
was to examine the change in the state of order of hydroxyl groups in acces-
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sible regions in progressing from cotton to hydrocelluloses formed in various 
periods of hydrolysis. The state of order of hydroxyl groups was estimated 
from the deviation of accessibility of hydroxyl groups at C-2, C-3, and C-6 
from equality. I t has been shown previously that in cotton the hydroxyl 
groups at C-6 and C-3 are less available (i.e., selectively accessible) than the 
hydroxyl groups at C-24 and that this selective accessibility is related to the 
ordered presentation of hydroxyl groups on crystalline surfaces in a manner 
which is consistent with the ordered arrangements of segments of the cellu
lose chain in the unit cell of cellulose lattice I.5

EXPERIMENTAL

Materials

The cotton cellulose was desized, scoured, bleached SO X SO printcloth, 
the same as used in preceding studies.4'5

Ar,Ar-Diethylaziridinium chloride was obtained from 2-chloroethyldiethyl- 
amine hydrochloride as described earlier.5

The hydrocelluloses were prepared by subjecting Wiley-milled fabric (to 
pass a 20-mesh screen) to 2.5N  hydrochloric acid at reflux for various periods 
of time.4'5 This is essentially the procedure of Nelson and Trip]).6

Reactions

A^N-Diethylaziridinium chloride was reacted with samples of hydrocellu
lose in the manner described previously;4'5 essentially, the hydrocellulose 
was impregnated with a 0.5M solution of W,Af-diethylaziridinium chloride, 
and this was suspended in aqueous sodium hydroxide of the selected normal
ity for 45 min, prior to filtering, washing, etc.

The chemically-modified celluloses were hydrolyzed to mixtures of glucose 
and 0-[2-(diethylamino)ethyl]-D-glucoses with sulfuric acid by the proce
dure of Rowland et al.7 Glucose was removed from the hydrolyzate by 
fermentation,5 and this was followed by dissolution and equilibration of 
anomers in pyridine5 and by silylation by the method of Sweeley et al.8

Analyses

The relative proportions of 2-0-, 3-0-, and 6-0-[2-(diethylamino)ethyl]- 
D-glucopyranoses were measured by gas-liquid chromatography of the silyl- 
ated mixtures from above.9

The extent of crystalline order in the samples of cellulose was determined 
by a computer-based correlation analysis of x-ray diffraction data similar 
to that of Wakelin et al.10 but modified according to the technique of Patil 
et al.11 The half-maximum line breadths were measured essentially as de
scribed by Patil et al.;11 however, the curve resolution was conducted with 
the duPont curve resolver. The 101 and 101 peaks were constrained to 26 
= 14.7° and 16.3°, respectively. The 002 peak was resolved from a small 
peak at approximately 26 = 21°, whose precise position and size varied with
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the requirements to match the diffractogram of each sample of cellulose. 
These resolutions were conducted with a generally similar, but slightly 
varying, background for “amorphous” scatter as shown by Pat.il et at.11 
The “amorphous” background and the peak at approximately 29 = 21° 
were subtracted prior to the final tracing of the 101, lOl, and 002 peaks.

Ambient moisture content is the percentage of moisture in the cellulose at 
equilibrium with ambient temperature and humidity (approximately 24°C 
and 40% RH). Moisture regain was determined by a modification12 of the 
ASTM Method D 629-59T.

RESULTS AND DISCUSSION

Distributions of 2-(Diethylamino)ethyl Substituents in Hydrocelluloses

The selectivity with which A',N-diethylaziridinium chloride reacts with 
the hydroxyl groups at C-2, C-3, and C-6 in fibrous cotton (in nonmerceriz- 
ing media) as compared to the selectivity of reaction with the hydroxyl 
groups of decrystallized cotton provides the basis for the conclusions reached 
in a preceding study.4 These conclusions are that reactions in fibrous cot
ton occur, at least in part, on surfaces of crystalline regions and that the

NORMALITY OF SODIUM HYDROXIDE

Fig. 1. Ratio of 2-0-/6-0 substitution for a variety of celluloses as a function of the 
normality of the sodium hydroxide involved in the reaction medium.
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hydroxyl groups at C-6 and C-3 are less available than the hydroxyl groups 
at C-2 on the surfaces of the crystalline structural units of cotton cellulose. 
For this purpose, the comparison of the distribution of substituents in 
crystalline cellulose versus in decrystallized cellulose must be made under a 
specific set of reaction conditions; the normality of the base which is em
ployed to promote the reaction is particularly important, since it has been 
found that this, in itself, has an effect upon the relative reactivities of the 
hydroxyl groups at C-2, C-3, C-6. The effect of the base concentration is a 
chemical effect which operates independently of any swelling action of the 
base and which is described in a separate paper.13

The selective availability of the hydroxyl groups at the C-2, C-3, and C-6 
positions of the D-glucopyranosyl units of cellulose is most simply followed 
by an examination of the 2-0-/6-0-ratio of substituents in the sample under 
consideration versus the corresponding ratio in a decrystallized cellulose. 
Thus, in Figure 1 compare curve B for the 2-0-/6-0-ratio of substituents in 
fibrous cotron to curve A for the ratio in decrystallized cellulose. It is sig
nificant that the selective availability of the hydroxyl group at C-2 dis
appears when the reaction is conducted in sodium hydroxide of 4iV or 
higher concentrations. This is due to the fact that 4iV sodium hydroxide is 
a borderline mercerizing agent for the fibrous cellulose and thereby swells 
the structure to make hydroxyl groups of formerly crystalline regions 
equally available at C-2, C-3, and C-6. The distribution of substituents 
which results under these conditions is that which reflects the inherent dif
ferences in reactivities of the hydroxyl groups at C-2, C-3, and C-6 in this 
specific reaction medium.

The selectivity of distribution of substituents from reactions of hydrocel
luloses is summarized in Table I and is shown in the ratios of 2-0-/6-0-sub- 
stitution in curves C through I  of Figure 1. These hydrocelluloses differ 
from one another in the duration of hydrolysis involved in their formation; 
the duration increases from 0.33 hr for samples of curve C to 5 hr for samples 
of curve I. It may be noted from the specific data points on these curves 
that the order of progression of 2-0/6-0-substitution varies slightly from 
one basic medium to another; however, for reactions in a specific normality 
of base below 4jV, there is a general consistency in increases of the 2-0/6-0- 
ratio from the original cotton to the 0.33 hr hydrocellulose and to the 0.67 hr 
hydrocellulose followed by progressive decreases as duration of the hydroly
sis in the preparation of the hydrocellulose increases thereafter.

As a matter of convenience and as a means of emphasizing the special 
characteristics of the hydrocellulose exhibiting the highest selective avail
ability of hydroxyl groups (i.e., the 0.67 hr hydrocellulose), it is designated 
“exemplar” hydrocellulose (EHC).

The uniquely high selectivity of distribution of substituents at the 2-O- 
positions relative to those at the 6-O-positions which results from the reac
tions of EHC is very apparent in Figure 2. Since each set of points that is 
connected together by a line in this figure represents the results of reactions 
conducted under identical conditions, differences in the ratios of 2-0/6-0-



ORDER IN HYDROCELLULOSE 1627

TABLE I
Results of Reactions of iVyY'-Diethylaziridinium Chloride with Hydrocelluloses

Hydrocellulose for reaction

Concn Yield of
of base for Duration hydro-

retion, of hydroly- cellulose,
N  sis, hr %

2-Diethylaminoethyl hydrocellulose

Nitrogen
content,

%a

Distribution of 
substituentsb

2-0- 3-0-

0.5

1.0

2.0

4.0

6.0

0.33 92.0 0.12 2.97 0.32
0.67 90.4 0.10 3 .SO 0.41
1.0 91.6 0.08 2.98 0.38
2.0 S8.3 0.16 2.47 0.19
3.0 85.6 0.23 2.44 0.24
4.0 81.9 0.19 2.15 0.21
5.0 79.4 0.19 2.07 0.20

0.33 0.10 2.89 0.34
0.67 0.10 3.11 0.32
1.0 0.07 2.83 0.32
2.0 0.18 2.41 0.22
3.0 0.19 2.29 0.22
4.0 0.13 2.13 0.22
5.0 0.18 2.00 0.23

0.33 0.10 2.16 0.27
0.67 0.09 2.79 0.36
1.0 0.08 2.65 0.28
2.0 0.17 1.82 0.21
3.0 0.24 1.69 0.18
4.0 0.21 1.96 0.18
5.0 0.21 1.77 0.22

0.33 0.21 1.69 0.34
0.67 0.22 1.82 0.31
1.0 0.14 1.90 0.33
2.0 0.22 1.55 0.23
3.0 0.18 1.52 0.25
4.0 0.21 1.32 0.23
5.0 0.21 1.57 0.22

0.33 0.10 1.66 0.30
0.67 0.16 1.68 0.32
1.0 0.16 1.21 0.22
2.0 0.17 1.36 0.21
3.0 0.17 1.49 0.27
4.0 0.25 1.49 0.20
5.0 0.21 1.65 0.24

a These values are very sensitive to the precise procedure (e.g., amount of agitation) of 
reaction. Variations here are attributed to procedure rather than nature of the hydro
celluloses. The distribution of the substituents is not sensitive to the extent of reaction 
at this level of reaction.7

b Based on unity for the 6-0-position.
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N N a O H

Fig. 2. Variation is ratio of 2-0-/6-0 substitution with duration of hydrolysis involved 
in preparation of the hydrocellulose.

substitution reflect differences in the relative availabilities of the hydroxyl 
groups at C-2 and C-6. The selective accessibilities of the hydroxyl groups 
will be discussed in a following section; it is sufficient to point out here that 
selective accessibilities (i.e., deviations from equal accessibilities) increase 
as the ratios of 2-0-/6-0-substitution increase.

Selective Accessibilities of Hydroxyl Groups at C-2, C-3, and C-6 
on the Surfaces of Hydrocelluloses

In preceding studies4'5 it was estimated that the selective accessibilities of 
the hydroxyl groups of fibrous cotton (lattice I) and of EHC were [06H]a/  
[0-.H]a = 0.77 and 0.54, respectively, and [03H]a/[OoH]a = 0.32 and 0.29, 
respectively. These values are based on (a) the relative distributions of 
substituents resulting from reactions of crystalline, fibrous cotton (e.g., 
(IPtx/dPix) in a specific normality of base, (b) the corresponding value from 
reaction of decrystallized cellulose (e.g., dPM/dP2d), and (c) eq. (1) which

[06H]a/[0 2H]a = dP6xdP2d/d P ^  dPM (1)

was derived from kinetic expressions such as shown in eq. (2), where k and a 
refer to rate constants and

dPjdl = ktfi-oflvi (2)
activities, respectively, of the specific hydroxyl groups, hydroxyl ions (Oe), 
and reagent (R).

Values of selective accessibilities of hydroxyl groups in all of the hydro
celluloses were estimated in this manner, by using the values of relative reac
tivities of the hydroxyl groups in decrystallized cellulose (i.e., dPa/dPa
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TABLE II
Accessibilities of Hydroxyl Groups at C-6 and C-3 Relative to Those at C-2 in Cotton 

Cellulose and Hydrocelluloses

[06H]a/[ 0 2H]a at various [0 3 H]a/[ 0 2H]a at various base
TT , . . base concentrations'* concentrations1’Hydrolysis ____________________________  ____________________________
time, hr 0.5.V 1.0 A' 2.0iV 4.0 V 6.0V 0.5 V 1.0 V 2.0V 4.0 A5 6.0V

0.0 0.82 0.76 0.72 1.04 0.98 0.28 0.36 0.33 0.45 1.13
0.33 0.71 0.61 0.69 0.76 0.75 0.28 0.32 0.40 0.76 0.70
0.67 (EHC) 0.55 0.56 0.53 0.71 0.73 0.28 0.28 0.42 0.65 0.74
1.0 0.70 0.62 0.56 0.68 1.02 0.33 0.31 0.34 0.66 0.70
2.0 0.85 0.73 0.81 0.83 0.91 0.20 0.25 0.37 0.56 0.60
3.0 0.86 0.76 0.88 0.85 0.83 0.26 0.26 0.34 0.62 0.70
4.0 0.98 0.82 0.76 0.98 0.83 0.25 0.28 0.30 0.66 0.52
5.0 1.01 0.88 0.84 0.82 0.75 0.25 0.31 0.40 0.53 0.56

a Calculated by use of eq. (1) with the 6-0/2-0 distribution of substituents in crystal
line cottons, i.e., dP6x/dP2x, as listed in Table I, and the ratio of 2-0-/6-0- relative reac
tivities of the hydroxyl groups in disordered celluloses, i.e., dP2d/dPM, as summarized 
in Table II of the previous work.5

b Calculated from an equation analogous to eq. (1) from the appropriate data of Table 
I of this work and of Table II of the previous report.5

and dPsa/dPid) which are summarized in a preceding report.5 The calcu
lated selective accessibilities are summarized in Table II. I t may be rioted 
from values in this table that the selective accessibilities of the hydroxyl 
groups at C-6 relative to those at C-2 are similar (within experimental er
ror) for reactions in 0.5V, 1.0V, and 2.0V sodium hydroxide. As a result 
of reactions in each of these normalities of base, EHC exhibits the maxi
mum selective accessibility (i.e., the greatest deviation from equal accessi
bilities). The values of selective accessibilities of the hydroxyl groups at 
C-3 relative to those at C-2 show considerable scatter. It is not possible to 
distinguish among the various hydrocelluloses on the basis of the selective 
accessibilities of the hydroxyl groups at C-3; in most cases, these values fall 
in the range of 0.30 ± 0.10.

Estimation of Relative Surface Areas for the Hydrocelluloses

Moisture regain values have been employed for14 and interpreted as15 
relative measurements of the accessible surfaces in cellulose fibers or par
ticles. Values of moisture regain for the series of hydrocelluloses under 
consideration are plotted as a function of duration of hydrolysis in Figure 3; 
these data are supplemented with values for moisture content for the same 
series of samples and for related samples resulting from the same type of 
hydrolysis. In each case, a minimum value of moisture regain or moisture 
content characterizes the EHC. Thus, the sample of hydrocellulose result
ing from 0.67 hr hydrolysis is indicated to have the least surface (external 
plus internal) of all of the hydrocelluloses. This initial decrease followed by 
increase in moisture regain of hydrocelluloses has been observed earlier16-18 
without significant conclusions being reached. Nelson and Tripp6 reported
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£_____ i______i______i______i______L
1 2  3 4 5
HYDROLYSIS (HOURS)

Fig. 3. Plots of moisture (------) regain and (- -) moisture contents (different con
ditions from moisture regain, see Experimental Section) for hydrocelluloses (O) from the 
main series of experiments, (□) from a second lot or print cloth hydrolyzed with 2.4jV 
hydrochloric acid, and (X) from a griege yarn.

that, for hydrooelluloses collected from hydrolyses with concentrations of 
hydrochloric acid ranging from 0.1 to 2.5Ar, moisture regain passed through 
a minimum when plotted as a function of percentage residue. This not 
only provides some confirmation for the present observations and indicates 
that the formation of an EHC is not peculiar to the present experiments but 
also suggests that an EHC may be produced under all conditions for forma
tion of hydrocellulose.

Size and Shape of Hydrocellulose Particles

Numerous attempts were made to obtain quantitative measurements to 
determine the nature of changes in size and shape of the hydrocellulose par
ticles during the course of the 5-hr hydrolysis. Difficulty was encountered 
in obtaining sufficiently discrete particles under mild conditions for mean
ingful measurements. It appeared that the aggregates in 0.33-hr hydro
cellulose were larger than those in the 5-hr hydrocellulose and that the 
former were more like shattered, but unseparated, sections of the fibers. 
The impression was that the hydrocellulose particles in 5-hr hydrocellulose 
were shorter than those in 0.33-hr hydrocellulose but similar in lateral di
mension. Krassig and Kappner19 have reported measurements showing the 
decrease in length, Morehead20 has followed decreases in degree of poly
merization as a measure of length of particles, Ranby21 has indicated that 
the particles retain their original width throughout much of the hydrolysis, 
and Sharpies22 has provided strong evidence for hydrolytic end-attack on 
the particles. Thus, changes in dimensions of the hydrocellulose particles 
throughout the course of the hydrolysis are indicated to be progressively to
ward shorter lengths. On this basis, the minimum in moisture regain for 
EHC may be attributed to a minimum in internal surface for this sample. 
Increases in moisture regain for subsequent samples of hydrocellulose are
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due to increases in external surfaces on the particles as well as increases in 
internal surfaces, as indicated in the next section.

Comparative Values on Crystallinity of Hydrocelluloses

By the correlation analysis method of Wakelin et ah,10 it was estimated 
from x-ray diffraction that the original cotton (ground to pass a 20-mesh 
screen) was 80% lattice I and that the hydrocelluloses were 87-90% lattice 
I. The remainder was attributed to “amorphous” scatter. There was no 
trend among these results and no explanation for the single value (2-hr hy
drocellulose) which fell as low as 84% lattice I. The increase in lattice I 
from original cotton to hydrocellulose was confirmed in a second set of sam
ples hydrolyzed with 2 AN  hydrochloric acid for durations up to 2 hr. 
Again, no trend was observed among the samples of hydrocellulose.

TABLE III
Relative Breadths of Peaks at Half Heights from X-Ray Dififractograms

Hydrolysis 
time, hr

Peak breadth on hydrolysis 
in 2.51V HC1 solution

Peak breadth on hydrolysis 
in 2.4.Y HC1 solution

101
peak

101
peak

002
peak

101
peak

101
peak

002
peak

0.0 — — — 1.03 1.24 1.10
0.33 1.00 1.03 1.01 1.02 1.17 1.10
0.67 (EHC) 1.00 1.00 1.00 1.00 1.00 1.00
1.0 1.00 1.09 1.01 1.04 1.07 1.03
1.33 — — — 1.03 1.04 1.03
2.0 1.00 1.09 1.01 1.09 1.08 1.07
3.0 1.06 1.07 1.02 — — —
4.0 1.06 1.03 1.04 — — —
3.0 1.06 1.09 1.04 — — —

Trends were observed in the breadths at half height of the 101, lOl, and 
002 peaks in x-ray diffractograms. These trends, which are summarized in 
Table III, show that the minimum breadths are associated with the EHC. 
Since minimum peak breadth at half maximum of the peak is associated 
with maximum breadth of lattice in the direction perpendicular to the plane 
from which the x-rays are diffracted, the minimum breadth of peak may be 
taken as measure of extent of perfection in this comparison. EHC is in
dicated to have the broadest crystalline lattice structure. This structure 
in EHC represents an improvement over that in the original cotton cellulose, 
in the preceding sample of hydrocellulose, and in the following samples of 
hydrocellulose. It appears from these limited experiments that the changes 
in breadth of crystal structure which take place during the hydrolysis de
crease in the following order: (a) most change perpendicular to the lOl 
plane, (b) substantially less change perpendicular to the 002 plane, and (c) 
least change, but only slightly less than (b) perpendicular to the 101 plane.
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SUMMARY AND CONCLUSIONS

Through a study of selective distribution of 2-(diethylamino)ethyl sub
stituents from reaction of N,JV-diethylaziridinium chloride with samples 
of hydrocellulose, it has been possible to assess the selective availability 
or selective accessibility of the hydroxyl groups at C-2, C-3, and C-6 
on the surfaces of crystalline regions. The highest selective accessibility 
(i.e., the greatest deviation from equal accessibility) was found to charac
terize EHC, the hydrocellulose formed from 0.67-hr hydrolysis under these 
particular conditions (2.5N  hydrochloric acid at reflux). The unique na
ture of EHC has been confirmed by the observations that this material ex
hibits minimum moisture regain and minimum breadths at half heights for 
the 101, 101, and 002 peaks in x-ray diffractograms.

The gradual transformation of fibrous cotton to a highly ordered hydro
cellulose, i.e., EHC, followed by gradual disordering of the EHC is subject 
to interpretation as follows. The molecular chains of cellulose in the highly 
crystalline elementary fibrils are attacked by acid at regions along the 
lengths of these fibrils. The attack occurs most pronouncedly at molecular 
segments which lie in regions of disorder or around points of discontinuity. 
A region of disorder is defined as a region of substantial dimension, perhaps 
10-50 A in the longitudinal direction of the elementary fibril and extending 
to a major depth in the fibril if not completely through it; in such a region, 
the lateral order of packing is disrupted without major loss in orientation of 
the molecular segments. The D-glucopyranosyl units in such a region may 
be especially susceptible to hydrolytic attack because they are more readily 
accessible or because they are under strain (or both).

A point of discontinuity is defined as a region of quite limited extent, per
haps traversing 5-10 A longitudinally and the same in depth in the elementary 
fibril (i.e., to a minor fraction of the total depth of the elementary fibril); 
such a region of discontinuity of crystalline oixler may be the result of the 
termination of a molecular chain of cellulose, or the result of a dislocation 
developed during growth, or a fault developed during subsequent treatments 
(i.e., drying, swelling, etc.).

On progression from fibrous cotton to EHC, the substantial increases in 
order of presentation of hydroxyl groups on the crystalline surfaces, in per
centage of lattice I, in breadth of crystal perfection, and in compactness of 
the residues of elementary fibrils (i.e., decrease in internal surface) suggest 
that the elementary fibrils in fibrous cotton have undergone a release of 
strain upon hydrolysis to hydrocellulose and that the new freedom allowed 
to the elementary fibrils (in the strained regions) facilitates an extension of 
the development of crystal structure. The concept which is proposed is 
stated in three parts. First, the hydrolytic attack occurs predominantly at 
regions of disorder which are especially susceptible due to strain.2’3'20 
and due to an increase in accessibility which is the result of disruption of per
fect crystalline order which, in turn, is caused by a bending strain. Sec
ondly, it is conceived that as strain is released, segments of the cellulose



ORDER IN HYDROCELLULOSE 1633

chain which were previously restrained from crystalline order are allowed to 
relax into states of high linear and lateral order which culminate in EHC. 
Finally, penetration of the aqueous reagent into the hydrocellulose particles 
continues and develops increased internal surfaces; simultaneously, hy
drolysis of molecular segments continues, perhaps predominantly from the 
ends of the particles22 but also on the sides of the elementary fibrils which are 
accessible as lOl planes. The result is decrease in particle size of the hydro
cellulose and in degree of polymerization of the cellulose. It appears reason
able that there is a simultaneity of all of these processes but that the mag
nitude of the effects accentuate molecular hydrolysis first, recrystallization 
second, and crystal and molecular degradation third.

Helpful advice and consultation of Mr. Verne W. Tripp and Dr. Mary L. Nelson and 
assistance of Ines V. deGruy and Mary Ann F. Brannan are gratefully acknowledged.
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Synopsis
The polymerization of ¡»-methylstyrene with cationic initiators at. low temperatures 

has been reinvestigated. It was found that, contrary to claims by Krentsel et ah, this 
polymerization produces a conventional 1,2 structure and consequently proceeds by a 
conventional mechanism.

Introduction

The interesting young field of isomerization polymerization1 (defining 
equation: nA -► -GB-Hd is experiencing some growing-pains. During the 
past few years a number of claims concerning isomerization polymerizations 
have appeared in the scientific literature which need to be examined and 
scrutinized closely. In this series of papers some of these claims will be 
examined in the light of old and new experimental evidence and theoretical 
argument.

Polymerization of p-Methylstyrene

Recently Prishchepa et al.2'3 claimed that poly-p-methylstyrene ob
tained by low-temperature cationic polymerization contains “anomalous 
structures” which were alleged3 to arise from “an intermediate complex.”

©  1971 by John Wiley & Sons, Inc.
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This unusual claim interested us and therefore it was decided to reinvesti
gate this reaction. Experiments were carried out independently in the
U.S. (J. P. K.) and in England (P. L. M. and P. H. P.) under conditions 
as far as possible identical to those employed by the Russian investigators 
and under other, similar conditions (cf. Experimental).

Prishchepa et al.2'3 polymerized p-methylstyrene by the use of BE3-Et20  
in toluene and ethyl chloride solvents in the temperature range from 
— 130°C to 0°C. The conclusion that rearrangement occurred during 
polymerization was based mainly on infrared and NMR evidence. The 
infrared evidence was presented in the form of intensity ratios calculated 
from peaks at 2860 (for -CH2 -  groups) and 8020 (for aromatic protons) 
cm-1. Figure 1 of ref. 3 shows the 2800-3100 cm^1 region of two infrared 
spectra obtained with unspecified samples.

c m'

Fig. 1. Infrared spectrum of a poly-p-methyl,styrene prepared with BFs-OEt-. (sample
' II in Table II).

The quality of these spectra is too low for quantitative analysis. Also 
it is hard to understand why the -CH3 region has not been analyzed con
currently. The rearranged structure should contain fewer methyl groups 
than the conventional polymer, and if this had been found, it would have 
been further good evidence for rearrangement.

The (non-integrated 60 MHz) NMR scan in Figure 2b of ref. 3 is alleged 
to be another piece of evidence for the rearranged polymer structure. 
Figure 2a is a NMR scan of a conventional poly-p-methylstyrene obtained 
under unspecified conditions, whereas Figure 2b was obtained with a re
arranged polymer, again of undefined origin. From these NMR spectra 
the Russian authors estimated that ~35%  of the polymer was of rear
ranged structure. While the NMR scans in Figure 2a and 2b of ref. 3 are 
different, this difference alone is insufficient to demonstrate conclusively 
the rearranged structure. Indeed, of the four well-resolved peaks in the 
aliphatic region, two (at ■~1.6 ppm and 2.00 ppm) remain unassigned. 
In spite of numerous trials we were unable to synthesize a polymer with a 
NMR spectrum resembling that shown in Fig. 2b of ref. 3. Rather, all 
our products exhibited NMR (and infrared) spectra indicative of unre
arranged, conventional -CH2CH(CoH4CH3)— repeat units.
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Some other facts presented by Prishchepa et al.2,3 are either meaningless 
because of their incompleteness, or obscure because of lack of details or 
interpretation. For example, in the absence of supporting evidence the 
statement was made that “some of the samples showed partially crystalline 
structure by x-ray diffraction analysis.” This was attributed to long 
-CH2-CH2-CH2-C 6H4-  sequences in the chain. Finally, according to the 
authors, thermal degradation in vacuo (2°C/min. to 450°C) indicates that 
with increasing fraction of rearranged units in the polymer (by infrared 
evidence), the maximum rate of thermal decomposition shifts towards 
higher temperature. The degradation curves (Fig. 3 in ref. 3) show that 
the polymer starts to degrade at ~330°C and the degradation rate reaches 
a maximum between 380 and 410°C; this maximum is followed by a region

F ig .  3 .  A p p a r a t u s  u s e d  in  v a c u u m  e x p e r im e n t  fo r  “ s te p  o n e .”

of decreasing rates between 390 and 420°C, then a reversal, and another 
maximum between 400 and 430°C. It is hard to accept these facts as 
further evidence for the postulated rearranged structure.

We have carried out polymerizations of p-methylstyrene with various 
catalysts, e.g., benzoyl peroxide, perchloric acid, ethylaluminum dichloride, 
and aluminum bromide, in addition to BFs-OEts, the initiator used by the 
Russian workers. Methylene dichloride, ethyl chloride, and toluene were 
used as solvents in the temperature range from 0 to — 130°C, and monomer 
conversions ranged from ~ 1  to 96%. Experiments were carried out under 
nitrogen atmosphere and under high vacuum conditions. Polymer samples 
were analyzed by infrared and NMR spectroscopy (cf. Experimental). 
In spite of considerable effort and careful experimentation we could not 
obtain any evidence for isomerization polymerization.

In the course of this work we have had the opportunity to converse with 
Professor KrentseJ, who recommended low catalyst concentrations and low
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monomer conversions at low temperatures as optimum conditions for re
arrangement. However, even after following these guidelines we were 
unable to confirm the existence of the postulated rearranged polymer struc
ture (cf. Vacuum Experiments).

From the theoretical point of view our findings are not surprising and, 
indeed, a polymerization mechanism involving hydride migration:

would be unreasonable on many counts. First of all, the rearrangement of 
a secondary benzylic carbonium ion to a primary cation is energetically un
favorable. Furthermore, as there is no direct overlap between the empty 
p orbital of the secondary benzylic carbonium ion and a hydrogen of the 
para methyl group, a direct hydride transfer is spacially impossible. 
Finally it is very difficult to envisage a reasonable mechanism for a hydride 
shift along an aromatic ring system. Indeed a diligent search of pertinent 
organic chemical literature failed to reveal such, or a similar, hydride shift 
mechanism.

At this point it is worth mentioning that Disselhof and Braun4 had sought 
evidence for an isomerization polymerization of p-isopropylstyrene involv
ing a hydride shift from the isopropyl group. This would at least be 
energetically favorable, since a tertiary carbonium ion would be formed at 
the expense of a secondary ion. They compared the infrared and NMR 
spectra of polymers made with radical initiators and with A1C13, TiCI4, 
S11CI4, BF3, and ILSCh in the temperature range 30° to — 78°C, but found 
all the spectra to be virtually identical.

Subsequently, and independently, one of us (J. P. K .)1 attacked the 
same problem by studying the structure of poly-p-isopropylstyrenes pre
pared with AlCb in EtCl in the temperature range —78° to — 168°C. 
Here too, no sign of any isomerization could be found.

Again independently, Magagnini and Plesch5 compared the spectra of 
polymers made from p-isopropylstyrene with benzoyl peroxide in bulk at 
60°C and with AlBr3 in EtCl at — 130°C, and they were also unable to 
detect any differences.

Thus it is clear that a transannular hydride shift does not occur even in 
this case.

Thus on the basis of experimental evidence and theoretical considera
tions we conclude that in contradiction to Ivrentsel and co-workers2'3 the 
repeat structure of poly-p-methylstyrene obtained with common Lewis 
acids e.g., BF3-OEt2, AlBr3 or Brpnsted acids, e.g., HC104, is a conven
tional one:
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Experimental

p-Methylstyrene was prepared from p-bromotoluene by the Grignard 
reaction. The resulting crude carbinol was dehydrated directly under 
reduced pressure by slowly contacting it with fused KHS04 at ~ 200°C. 
The p-methylstyrene, bp 68°C/13 mm Hg, 99.6% pure by GLC, was 
stored over a trace of picric acid. Before use it was freshly distilled.

Methylene dichloride was purified by washing a commercial product 
(Koch-Light) with H2S04 and distilled water, drying it first with CaCl2 
and then with P20 5 and fractionating it carefully. The purified solvent 
was then degassed and refluxed on the vacuum line over sublimed P20 5. It 
was then taken off the vacuum line before use and kept in a flask closed with 
a stopcock through which it was syringed for each experiment. Ethyl 
chloride (BDH) was bubbled through H2S04, passed over soda lime, and 
condensed directly into the reaction vessel. Toluene was purified by suc
cessive washings with H2S04, NaHC03, distilled water, dried with sodium 
wire, and fractionated. Benzoyl peroxide was purified by precipitation 
from chloroform and dried under vacuum. Perchloric acid was used in 
CH2C12 solution, contained in vials prepared as described.6 Boron fluoride 
etherate (BDH) was purified by repeated fractionations under reduced 
pressure in dry nitrogen atmosphere. The product was further purified on 
the vacuum line by bulb-to-bulb distillation and filled into vials. Alumi
num bromide was prepared by reaction of aluminum with bromine and was 
purified by repeated distillations and filled into vials on the vacuum line. 
(These vials were prepared by V. Shmarlin at Keele.) Ethylaluminum 
dichloride (Texas Alkyls Inc.) was distilled before use.

Polymerizations were carried out by the syringe technique (transferring 
reagents under nitrogen with syringes), dry-box technique (manipulation 
of chemicals in a nitrogen-filled stainless-steel enclosure7) and under high 
vacuum conditions (cf. below).

The results of polymerizations conducted by the first two techniques are 
shown in Table I. The headings are self-explanatory. Experiments PM1 
to PM3 have been carried out in test tubes maintained at the desired tem
perature. Polymerization was initiated by crushing catalyst vials prepared 
under high vacuum. In experiments PM5 and PM6 the monomer was 
added to catalyst-solvent mixtures under similar conditions. Experiments 
PM7 and PM11 were carried out in cylindrical flasks filled with the solvent. 
The monomer and the catalyst were introduced with a S3rringe through a 
rubber cap. In the experiments with AlBr3 (PM10 and PM ll), the cata
lyst solution was prepared by crushing a catalyst vial under 2-3 ml of an-
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T A B L E  I
P o ly m e r iz a t io n  o f  p - M e t h y ls t y r e n e

E x p t .

n o . S o l v e n t

[ M ] 0, C a t a l y s t  

M
[C lo  X  
1 0 3, M r ,  ° C

T i m e ,  Y r i e l d ,  

m i n  % R »

— — —  B z . 0 2 — 6 0 — — 0 . 7 4

P M l C H A T , 0 . 7 0 3  H C l O j 1 . 7 6 0 9 0 > 7 0 0 . 7 6 - 0 . 7 9

P M 2 C H 2C 1 2 0 . 3 7 2  H C l O j 0 . 4 9 0 3 9 1 0 . 7 3 - 0 . 7 5

P M 3 c h 2c i 2 0 . 7 0 3  H C I O 4 1 . 7 6 - 9 1 1 5 8 5 0 . 7 2 - 0 . 7 7

P M 5 c h 2c i 2 0 . 7 0 3  B F 3 ■ E t 20 1 5 . 8 4 - 9 0 1 5 1 3 . 7 0 . 7 5 - 0 . 7 8

P M 6 c h 2c i 2 0 . 7 0 3  B F 3 E L O 1 5 . 8 4 0 1 5 9 3 0 . 7 4 - 0 . 7 5

P M  7 c 2h .,c i 0 . 2 3 4  B F 3 - E t 20 ~ 7 - 1 3 0 3 0 ~ 1 0 . 8 2 - 0 . 9 1

P M 8 C T L C 1 0 . 1 7 6  B F s - E t 20 ~ 5 8 - 1 0 0 2 0 ~ 8 0 . 7 4 - 0 . 7 7

P M 9 c 6h 5c h 3 0 . 2 8 1  B F 3 - E t 20 ~ 1 0 0  - 9 8 H- - 7 8 7 2 < 1 0 . 7 7

P M 1 0 c h 2c i 2 0 . 7 0 3  A 1 B v 3 1 2 . 0 5 - 9 0 1 0 9 6 . 4 0 . 8

P M  1 1 C T L C 1 0 . 2 8 1  A I B i -3 4 . 9 0 - 1 3 0 1 0 5 5 . 7 0 . 7 2

J K 3 2 C o H s C l 0 . 2 0 0  A l E t C L 1 5 . 3 - 1 3 0 7 5 8 7 . 0

a R  =  r a t io  o f  th e  h e ig h ts  o f  th e  a b s o r p t io n  b a n d s  a t  2 8 6 0  a n d  3 0 3 0  c m “ 1.

hydrous methylene dichloride and syringing the solution into the reactor. 
In experiments PM 1, PM10, andPM ll a pink color developed after catalyst 
addition. In run PM9 the temperature rose from —98 to —78°C during 
reaction.

Experiment JK32 was carried out in a dry box filled with nitrogen (mois
ture content ~30 ppm) by introducing gradually a solution of AlEtCl2 
in ethyl chloride into a monomer-ethyl chloride charge at —130°C. Poly
merizations were terminated by the addition of a few milliliters of cooled 
methanol or propanol. Subsequently the precipitated products were 
washed twice with ethanol and dried in vacuo at 45°C for about 10 hr.

In the polymerization with benzoyl peroxide the monomer was intro
duced into a Pyrex ampoule containing 0.02 mole-% initiator. The am
poule was connected through a liquid nitrogen trap to an oil pump. The 
monomer was thoroughly degassed by repeated freeze-thawing cycles. 
The ampoule was sealed and placed in a water bath at 60°C. After partial 
polymerization (about 10 hr) the semisolid product was diluted with 
benzene and the polymer was recovered by precipitation into methanol, re
precipitated twice from benzene, and dried.

Polymers were analyzed by infrared and NMR spectroscopy. Infrared 
analysis was carried out with PE 521, 257, and 221 instruments with poly
mer films cast from a CC14 solution on NaCI or KBr plates. NMR analysis 
was carried out with a Varian TOO (60 MHz) instrument in the temperature 
range from ambient to 103°C and with a JEOL 60 All Iz instrument at 100 
and 150°C; ^10%  hexachlorobutadiene solutions and TMS external 
standards were used.

The infrared spectra of the products were obtained and the ratio of the 
intensities of the absorption bands at 2860 and 3030 cm" 1 were calculated. 
Qualitatively and quantitatively all the spectra were very similar. A 
representative infrared spectrum is shown in Figure I. All the spectra



1612 KENNEDY, MAG AG IS IM. AND PLESCII

were substantially identical and indistinguishable from that obtained 
with the polymer produced with benzoyl peroxide initiator. Polymers 
PM7 and PM9 exhibited a weak unidentified peak at 1265 cm-1; this peak 
could be due to some unidentified impurity, since very low conversions were 
obtained when these samples were prepared.

The NMR spectrum of a polymer sample prepared with BF3-OEt2 
catalyst in toluene solvent at —S7 to — 94°C (sample II in Table II) is 
shown in Figure 2. Chemical shifts with peak assignments (and their 
relative intensities from integration) are: ~2.05 ppm, —CH2—, (2);

~2.45 ppm, —CH—, (1); -~2.N ppm, —CH:i, (d); and 6.7-7.5 ppm, 
aromatic protons, (4). This corresponds with the conventional unrear

ranged structure, —CH2—CH -C6H4—CH3. Spectra obtained at 150° 
did not show improved resolution. In no case were we able to reproduce 
the spectrum shown in Figure 2b of ref. 5. The reason for this discrepancy 
remains obscure.

T A B L E  I I
P o ly m e r iz a t io n  o f  ¡ o -M e t h y ls ty r e n e  u n d e r  V a c u u m  in  T o lu e n e 8

S a m p le [ M ]  o, M C a t a l y s t
[C ]„  X  
1 0 3, M T , °C

T i m e ,
h r

Y ie ld ,

% W ’

S t e n  o n e  ' * 1 0 . 2 8 5 B F j - E t s O 2 0 . 4 - 8 7  to  - 9 4 1 . 0 1 1 .5 0 . 7 2
o t e p  0 1 1 6  •,

0 . 2 8 5 B F s - E t j O 2 0 . 4 - 8 7  to  - 9 4 2 1 1 .0 0 . 7 4
S t e p  tw o  I I I 0 . 2 6 4 A l B r , 0 . 4 - 8 9  to  - 9 5 i 0 . 6 0 . 7 2

8 T h e  a m o u n t  o f  s o lv e n t  u s e d  w a s  8 5 0  m l .  
b S e e  T a b le  I .

Vacuum Experiments

In the course of these studies Professor Ivrentsel advised us (P. L. M. and 
P. H. P.) that in order to maximize rearrangement, experiments should be 
carried out at low monomer concentration ([M] = 0.221/), low catalyst 
concentration ([C] = 0.01-0.04M), and ¡it- low temperatures ( ~  — 90°C).

It should be noted that under the recommended conditions the yields 
of polymer obtained by Krentsel et al. were usually below 1% (cf. Table
I in ref. 3). Considering the extremely low yields, we thought that the 
peculiarities in the infrared and NMR spectra of the samples obtained by 
the Russian investigators could have been due to the presence of unidenti
fied impurities.

Thus, in line with the above suggestion, a two-step polymerization ex
periment with carefully purified materials under high vacuum conditions 
was carried out. The plan was to polymerize p-methylstyrene first to 
very low conversions (“step one”), and subsequently to distill over the unre
acted monomer and solvent to a second reactor for further polymerization 
(“step two”). It was reasoned that if impurities in the monomer were re-
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To vacuum 
4

\

F ig .  4 .  A p p a r a t u s  u s e d  in  v a c u u m  e x p e r im e n t  f o r  “ s te p  t w o .”

sponsible for the peculiar spectra, the polymer from “step one” should con
tain the corresponding structures, whereas the second polymer crop should 
be obtained with the purest possible monomer.

The apparatus used in the first and second steps of these experiments is 
shown in Figures 3 and 4. The “step one” polymerization was carried out 
in an assembly which consisted of a one liter flask (A) with a side-tube (B) 
containing the BF3.OEt2 in a vial (C) and a magnetic breaker (D). The 
small flask (E) contained an excess (with respect to catalyst) of N,N'-di-(2- 
naphthyl)-p-phenylenediamine to kill the reaction. This high molecular 
weight amine was selected as a terminator so as to prevent its passage into 
the second reactor during the subsequent distillation. Flask E with 
the killing agent was connected through F to the vacuum line and through 
break-seal X to the polymerization vessel. The small flask (G) was used

F ig .  ■”). A p p a r a t u s  u s e d  in  v a c u u m  e x p e r im e n t  f o r  p u r i f ic a t io n  o f  th e  m o n o m e r .
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for sampling during the run. Flask A was attached through H to the 
vacuum line and to the solvent reservoir, and through L to the monomer 
line.

The monomer was degassed under high vacuum in the presence of 
BaO, distilled under high vacuum into flask A (Fig. 5) and stored at about

F ig .  6 . C o m p a r is o n  o f  in f r a r e d  s p e c t r a  o f  p o ly - p - m e t h y ls t y r e n e s  o b t a in e d  u n d e r  h ig h  
v a c u u m  w i t h  c a t io n ic  a n d  r a d ic a l  i n i t i a t o r s :  I  =  s a m p le  I  in  T a b le  I I ;  I I  =  s a m p le  
I I  i n  T a b le  I I ;  I I I  =  s a m p le  I I I  in  T a b le  I I ;  f r e e  r a d ic a l  =  p o ly m e r  o b t a in e d  w i t h  
b e n z o y l  p e r o x id e .

—10°C for 8 months. During this period partial polymerization occurred. 
Final purification was carried out in the apparatus shown in Figure 5. 
Flask A was connected to the vacuum line through B, the partly poly
merized monomer was thoroughly degassed and the line was sealed off at
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constriction B. At the same time flask D with some BaO in it was baked 
at 300° under high vacuum for five hours. Subsequently the break-seal C 
was broken and the monomer distilled into D. Flask A with the polymer 
(-15% ) was sealed off at constriction E. The monomer was stored over 
BaO for three days with occasional stirring. Again a slight (—3%) polym
erization occurred. Finally the residual monomer was distilled into mea
suring buret F and thence to the polymerization vessel through tube L. 
The buret was sealed off at G.

Toluene, purified as described above and stored under vacuum over 
BaO was distilled into the polymerization vessel through tube H (Fig. 3). 
At the same time the amine in the small flask E was thoroughly degassed 
through F which was then sealed off. The whole polymerization system 
was then sealed off at M and flask A was immersed in a CH2C12 mush at 
~  —95°C. After about 1 hr of thermal equilibration, catalyst vial C was 
broken and the BF3-OEt2 was distilled into flask A (gently shaken) over a 
period of 8 min. Flask A was then stored in the cooling bath at —95° and 
shaken occasionally. This was reaction “step one.”

After 90 min a small amount of the solution was tipped into the precooled 
flask G and sealed off. A mixture of ethanol and ammonia was quickly run 
into G through the break-seal and the polymer sample was precipitated in 
methanol. (Sample I).

The polymerization in flask A was stopped after 120 min by breaking seal 
X and quickly mixing the amine with the solution. Flask A was then 
placed back in the cooling bath, the temperature of which was allowed to 
rise slowly to ambient over a period of 2 days.

Subsequently flask A was connected to the “step two” polymerization 
assembly (Fig. 4) through line 0  with a break-seal. The latter assembly 
was then pumped out and sealed at P. Break-seal 0  was crushed and the 
unreacted monomer and solvent were distilled from flask A to flask Q by 
immersing the latter into liquid nitrogen. Flask Q was then sealed off 
at It and thermally equilibrated at — 90°C. The catalyst vial S contain
ing AlBr3 was crushed and the system rapidly mixed. After 1 hr the reac
tion was stopped by adding an excess of NH8-ethanol mixture through the 
break-seal, and the polymer was recovered by precipitation in an excess of 
methanol. (Sample III).

The residue in flask A of Figure 3 was extracted twice with benzene, and 
the solution was filtered into an excess of methanol. The precipitation was 
repeated four times. (Sample II).

The results of the first and second polymerization steps are shown in 
Table II. Sample I is the small amount of polymer removed into flask G 
during the polymerization with BF3-OEt2. Sample III was obtained sub
sequently with AlBr3. Aluminum bromide was used to initiate the second 
polymerization step because infrared analysis had shown that the “step 
one” had yielded conventional polymers. Therefore, it would have been 
senseless to continue the second phase of the experiment with the same 
BF3-OEt2 catalyst.
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Infrared analysis of all the samples (Fig. (5) gave an intensity ratio of 
about 0.73. Indeed, the spectra of the three samples are superimposable, 
and they are also identical to the spectrum of a poly-p-methylstyrene pro- 
duped with benzoyl peroxide initiator; consequently the polymers possess 
a conventional structure. Therefore, we conclude that isomerization 
polymerization did not occur in either the first step with BF3-OEt2, or in 
the second step with AlBr3.

W e  t h a n k  P r o fe s s o r  D .  B r a u n  fo r  p e r m is s io n  to  q u o t e  f r o m  th e  D i p lo m a  I l is s e r ta t io n  
o f  R .  D is s e lh o f .  P .  L .  M .  a c k n o w le d g e s  t h e  a w a r d  o f  a  T r a v e l l in g  F e l lo w s h ip  b y  th e  
I t a l i a n  N a t io n a l  R e s e a r c h  C o u n c il ,  d u r in g  th e  t e n u r e  o f  w h ic h  h e  w o r k e d  a t  th e  U n i 
v e r s i t y  o f  K e e le .  P .  H .  P .  th a n k s  t h e  S c ie n c e  R e s e a r c h  C o u n c il  fo r  g r a n ts  f o r  e q u ip 
m e n t .
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Polym erization. II. Polym erization o f  

o-Isopropylstryene

J. P. KENNEDY, Institute of Polymer Science, The University of Akron, 
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Synopsis
T h e  p o ly m e r iz a t io n  o f  o - is o p r o p y ls ty r e n e  w i t h  f r e e  r a d ic a l  (b e n z o y lp e r o x id e ,  h e a t )  

a n d  c a t io n ic  (A 1 C 1 3, A l B r 3) i n i t i a t o r s  h a s  b e e n  in v e s t ig a t e d .  I t  is  c o n c lu d e d  t h a t ,  c o n 
t r a r y  to  a n  e a r l ie r  p r e d ic t io n  a n d  t o  a  c la im  b y  A s o  e t  a h , b o t h  th e  r a d ic a l  a n d  c a r b o n iu m  
io n  p o ly m e r iz a t io n s  o f  o - is o p r o p y ls ty r e n e  p r o c e e d  b y  c o n v e n t io n a l  m e c h a n is m s  w h ic h  
g iv e  th e  s a m e  1 ,2  r e p e a t  u n i t .

INTRODUCTION

Some time ago one of us1 suggested that o-isopropylstyrene (o-il5rS) under 
cationic conditions might undergo the energetically favored, trans-spatial 
hydride-jump polymerization [eq. (1)].

(1)

Unfortunately there was a serious flaw in this theory, a flaw which was 
found only much later, indeed, only after a considerable amount of experi
mentation led us to the conclusion that the postulated isomerization- 
polymerization does not occur and that the cationic polymerization of
o-iPrS, in fact, proceeds exclusively by the conventional route [eq. (2) ].

/ chN ©
Ç H  H

/
.CIL

0
^  X c h 3

^ CHX  X»
C H  H  r H

KL/ilu
1647

( 2 )

©  1 9 7 1  b y  J o h n  W i l e y  &  S o n s , In c .
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At the time me were carrying out our experiments, unknown to us, 
Aso, Kunitake, and Shinkai were also experimenting along these lines and 
also postulated the trans-spatial hydride-jump polymerization for o-iPrS. 
According to their infrared results,2 o-iPrS in the presence of A1CU under
goes isomerization-polymerization and they estimated that under favorable 
conditions about 20% of hydride-jump polymerization occurs.

We disagree with the conclusions of the Japanese investigators and in this 
paper present data and arguments which in our opinion show that trans- 
spatial hydride-jumps do not and cannot occur in systems such as o-iso- 
propylstyrene.

EXPERIMENTAL 

Monomer Synthesis

o-iPrS was synthesized from o-bromocumene by the Grignard route. 
The o-bromocumene was obtained in four steps [eq. (3)] from cumene by 
following the procedure of Crawford and Stewart:3

C H a  

c h 3

To obtain a high-purity endproduct (at the expense of yield), the isolation of 
the para isomer from the nitration mixture was carried out with extra pre
cautions.

Cumene (Schuchardt) was fractionated under reduced pressure and a 
product of 99.3% purity (by GLC) was used for nitration. Cumene (.1000 
g) was nitrated by Sterling and Bogert’s4 procedure. The oily product, 
thoroughly washed and dried, was fractionated under reduced pressure 
through a 1-m column packed with glass helices (reflux ratio: 10:1). A
series of 25 ml portions was collected and analyzed by GLC. The frac
tions with higher than 97% purity were combined and refractionated with 
generous foreruns and tails.

The product was of 98.3% purity (by GLC); bp S4°C/0.5 mm Hg; njj 
1.5395.

The bromination of p-nitrocumene, the reduction to 3-bromo-4-iso- 
propylaniline, and the deamination to o-bromocumene were carried out 
according to Crawford and Stewart.3

The o-bromocumene was fractionated twice under reduced pressure, and 
95 g of product with bp 84°C/13 mm Hg, 1.5405 was obtained; the 
purity was 98.6% by GLC.
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v a c u u m

F ig .  1. G la s s  a p p a r a tu s  u s e d  in  t h e  p u r i f ic a t io n  o f  o - is o p r o p y ls ty r e n e .

o-Bromocumeiie was reacted with Mg turnings in anhydrous diethyl ether 
in the usual way. The Grignard reagent was then reacted with purified 
anhydrous acetaldehyde and the resulting carbinol was dehydrated with 
fused IvHSOr at 200°C. The o-iPrS-water mixture was separated, and the 
product was twice fractionated under reduced pressure in the presence of a 
trace of picric acid, yielding 40 g o-iPrS; bp 73.5°C/8.5 mm Hg; purity 
98.7% by GLC.

The product was introduced into flask A (Fig. 1) through tube B which 
was then sealed. The monomer was thoroughly degassed through C and 
the constriction C was sealed off. Breakseal D was crushed and the 
monomer was transferred to flask F by cooling the latter with liquid N2. 
Flask F contained about 10 g BaO previously baked at 300°C for 10 hr 
under vacuum. Flask A was sealed off at constriction E. The monomer 
was stored over BaO (with occasional magnetic stirring) at room tempera
ture for 48 hr. It was then degassed again through G and the assembly 
sealed off at G. Part of the monomer was distilled into ampoule H (fitted 
with a breakseal), sealed off, and stored for further use. The rest was 
distilled into tipping assembly I and sealed off at L. The monomer vials 
were prepared by the usual method and their contents determined by the 
midpoint method.5 The infrared spectrum of the fractionated monomer is 
shown in Figure 2.

3 0 0 0  2500 2000 1800 1600 1400 1200 1000 800  600
V-------- ,. CM“ 1

F ig .  2 .  I n f r a r e d  s p e c t r u m  o f  o - is o p r o p y ls ty r e n e .
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Methylene dichloride (Carlo Erba) was purified and dried. It was stored 
over sublimed P2O5 in a flask connected to the vacuum line through a dis
pensing buret and a metal valve.

Ethyl chloride (BDH) (ampoule A in Fig. 3) was distilled through H2SO4 
(washing tower B) and collected over sublimed P2O5 in flask D attached to 
the vacuum line, frozen and sealed off at C. The solvent was then de
gassed through E which was then sealed off. Breakseal F was crushed and 
the solvent distilled into flask G, which contained BaO baked at 300°C 
under vacuum. The apparatus was sealed off at IT The solvent was 
dispensed to the polymerization assemblies through buret I and metal valve
L.

F ig .  3 . G la s s  a p p a r a tu s  u s e d  in  t h e  p u r i f ic a t io n  o f  e t h y l  c h lo r id e .

Aluminum chloride (Schuchardt) was melted in an ampoule under 
vacuum, in the presence of aluminum powder. It was sublimed twice under 
vacuum and collected into vials.

Anhydrous aluminum bromide (Schuchardt) was transferred to a Pyrex 
ampoule containing some aluminum powder. The ampoule was evacuated 
and the aluminum bromide melted (some reflux) for 3 hr. The catalyst was 
then sublimed four times under vacuum and collected into vials.

Benzoyl peroxide (Carlo Erba) was crystallized from chloroform and 
dried under vacuum.

The origin and purity of materials used in the polymerizations carried out 
in the dry-box filled with nitrogen have been described previously.6-8

Procedure

The radical polymerization of o-iPrS was carried out by introducing a vial 
of monomer, together with 2.5 mg benzoyl peroxide (0.1 mole-%) into a Py
rex ampoule. This was then evacuated on the vacuum line and sealed off. 
The monomer vial was crushed with a magnet and the ampoule immersed in 
a bath at 75°C. After 48 hr the semisolid product was dissolved in benzene 
and the solution poured into methanol under agitation. The polymer was 
precipitated twice and dried under vacuum at 70°C for 24 hr.
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POSITION I POSITION 2

F ig .  4 .  G la s s  a p p a r a tu s  u s e d  in  th e  p o ly m e r iz a t io n  o f  o - is o p r o p v ls ty r e n e .

The cationic polymerizations of o-iPrS were carried out in the apparatus 
shown in Figure 4. The monomer vial was placed in arm A and the catalyst 
vial in arm B of the assembly. I t was evacuated and the solvent was run 
into bulbs C and D. The assembly was sealed off at E and the vials were 
broken at room temperature. The mixing of the separate solutions was 
prevented by keeping the assembly in position I. The polymerization 
assembly was then immersed in a cooling mixture. For the polymerization 
at — 90°C and — 126°C, a CH2CI2 and a methylcyclohexane cooling mush 
were employed, respectively.

After thermal equilibration, the apparatus was turned to position II and 
the monomer and catalyst solutions were mixed rapidly. Polymerization 
was terminated by melting with the torch a small hole at the top of one of 
the arms through which a small amount of precooled ammonia-methanol 
mixture was introduced. The polymer was separated by pecipitation into 
methanol as described above.

The monomer in ampoule H was stored in the dark at room temperature 
for about 60 days. During this time some of the monomer polymerized as 
shown by a slight increase in the viscosity of the liquid. This liquid was 
purified and used in further experiments as follows.

In a stainless steel dry box6 filled with nitrogen (moisture content ~30 
ppm), the ampoule was opened and methanol was added slowly in incre
ments until no more polymer precipitated. The methanol, which con
tained the unreacted monomer, was carefully decanted. The polymer was 
washed with additional methanol, and the methanol fractions were com
bined. The polymer (0.71.3 g) was recovered and dried.

The combined methanol solution was washed with water four times. 
The monomer layer separated cleanly; it was stored over BaO at —20°C for 
one week. The purity was 99.8+% by GC.

This monomer was polymerized with Aids in ethyl chloride solution at 
— 130 and — 138°C. The catalyst solution was AICI3 dissolved in methyl 
chloride (0.063M A1C13 in CH3C1). All these experiments were carried out 
by first preparing a monomer-ethyl chloride mixture in a test tube, cooling 
the system to the selected temperature, and adding the catalyst solution 
(precooled to — 78°C) slowly in increments. Polymerizations started im
mediately on the introduction of the first drop of catalyst as shown by 
the appearance of a yellow color, a slight temperature rise and the formation
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of a precipitate. Polymerizations were terminated by the introduction of 
precooled n-propanol, followed by precipitation into an excess of methanol 
and drying in vacuo at 50°C.

The softening ranges of the products were obtained by visual observation 
on a hot-stage microscope. The molecular weights were determined by a 
vapor pressure osmometer (Meclirolab 301 A) or a high-speed membrane 
osmometer (Hewlett-Packard 501). The infrared spectra were obtained 
with a Perkin-Elmer 521 instrument with polymer films prepared by 
evaporation of CS2 or benzene solutions on KBr disks. For some polymers 
the spectra of CS2 solutions or KBr pellets were also recorded. The NMR 
spectra were determined with 20% hexachlorobutadiene solutions and 
HMDS internal standards at 90 and 175°C with a Varian HA-100 instru
ment at 100 MHz and a JEOL 1000 (4HA) at, 60 MHz.

RESULTS AND DISCUSSION

Results and polymerization conditions are shown in Table I.
Experiments 1-4 were carried out under high vacuum conditions, 

whereas runs 6-8 were done in a dry-box under nitrogen atmosphere. 
Sample 5 was obtained at room temperature during storage in the dark. 
Thus samples 1 and 5 are free-radical polymers whereas the others are 
cationically polymerized products. The NMR spectra of samples 2, 3, 4, 5, 
and 8 were recorded and analyzed.

Figure 5 shows the NMR spectrum of a polymer obtained with A1C13 at 
— 138° (sample 8 in Table I). The spectrum was recorded at 90°C in 
hexachlorobutadiene solution with HMDS as internal lock signal. The 
scan consists of four broad peaks at 3.18 (6.82), 7.38 (2.62), 8.54 (1.66) and 
9.23r (0.77 ppm) which are assigned, respectively, to the aromatic, methine, 
methylene and methyl protons. The prominent feature of the spectrum is 
the doublet (./ ~6.2 cps) superimposed on the methyl peak at 9.23r. The
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doublet indicates the presence of isopropyl groups. Higher temperatures 
(e.g., 175°C) did not result in improved resolution; the methyl doublet at 
9.23t tends to collapse to a broad peak in spectra recorded at elevated 
temperatures. This effect was also noted by Aso et al.2

While the NMR spectrum of the poly-o-iPrS agrees well with that ex
pected of a conventional polymer, NMR evidence alone is insufficient to 
refute conclusively the presence of hydride-rearranged structures. In other 
words, on the basis of the available NMR data it is impossible to exclude the 
possibility that signals due to geminal dimethyl groups

might be hidden under the ill-resolved methyl band and to exclude with 
finality the possibility that the 7.38r band might be due to

— CH,— CH2

while the 8.54r band is only due to
C H .,

OH ( I I  —
I

c h ,

We confirm the Japanese workers’ claim that the NMR spectra of poly
mers obtained with cationic initiators under various conditions are essen
tially the same. The only difference worth noting between our NMR data 
and those of the Japanese investigators is in the position of the peaks: For 
example, the methyl peak reported by Aso et al.2 is at 1.1 p.m or 8.9r, 
whereas in our spectrum it falls at 9.23r. This difference is quite large and 
cannot be attributed to a difference in lock-signals. Indeed the 9.23t band 
with HMDS is expected to be at about 9.1St with TMS. This discrepancy 
might be due to the different solvents used in these studies (o-dichloro- 
benzene by Aso et al. and hexachlorobutadiene by us).

The strongest argument against rearrangement from our NMR studies is 
the fact that polymers produced by radicals and by Lewis acids gave essen
tially identical spectra. However, as stated above, in spite of efforts in this 
direction the resolution of these spectra was insufficient for a detailed, 
meaningful structure analysis.

Infrared spectroscopy proved to be more fruitful in our structure studies. 
Infrared spectra of all samples were recorded and analyzed. Figure 6 
compares two representative infrared spectra: one obtained with a poly
mer sample prepared by AlBr3 at —125° (sample 3 in Table I) and another
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F ig .  7 . I n f r a r e d  s p e c t r u m  o f  a  c a t io n ic  p o ! y ( o - is o p r o p y ls t y r e n e  (s a m p le  2  in  T a b le  I ) .

produced by benzoyl peroxide at 75°C (sample 1 in Table I). Conclusively, 
these spectra are essentially superimposable. This is strong evidence that 
in spite of the fundamentally different polymerization conditions the two 
polymers are essentially of the same structure. Since the polymer syn
thesized by benzoyl peroxide initiation is most likely of a conventional 
structure and does not contain rearranged structures, we conclude that the 
cationically polymerized product is also of a conventional structure. 
Indeed, all the polymer samples obtained in our studies showed essentially 
identical and superimposable infrared spectra. A detailed examination of 
the individual spectra confirms the conclusion that both the radical and 
Lewis acid polymerized samples are identical and of conventional enchain
ment. Figure 7 is the spectrum of a polymer prepared with A1C13 at about 
— 90°C (sample 2 in Table I). It indicates clearly ortho disubstitution 
(peaks at 754 cm-1 for out-of-plane wagging of four adjacent aromatic hy
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drogens, plus stretching frequencies at 1444, 1485,1572, and 1598 cm-1 and 
above 3000 cm-1, plus the characteristic six band overtone range between 
1650 and 1950 cm"1) and the presence of isopropyl groups (peaks at 1160, 
1180, 1360, 1380, 1443, and the doublet in the range 2920-2960 cm-1). The 
fact that of the two methyl peaks at 1360 and 1380 cm"1 the latter is the 
stronger one, indicates the predominance of isopropyl groups in preference 
to geminal dimethyls. Also, all the samples analyzed exhibit, within what 
is considered to be experimental variation, about the same absorption ratio 
-D1180/D 1380 (i.e., the ratio of intensities of the peaks at 1180 and 1380 cm"1) 
associated probably with an isopropyl vibration and symmetric CH3 defor
mation, respectively. This indicates that the relative amount of isopropyl 
groups in the polymers obtained by radical and cationic techniques under 
various conditions remains essentially the same.

Aso and co-workers,2 on the basis of infrared results, concluded that the 
cationically polymerized polymer contained about 20% of rearranged repeat 
units. These workers used the absorption ratio Dnw/Dmo, i.e., the ratio 
of intensities associated with isopropyl groups and aromatic protons, re
spectively, for the characterization of their polymers. The conclusions of 
the Japanese investigators based on infrared results are in error because of 
the following facts, (1) The use of the 3060 cm-1 band, associated with 
aromatic C-H vibration, as an internal standard is objectionable because 
of the possibility of ring alkylation during carbonium ion polymerization. 
Such ring alkylation during polymerization would decrease the intensity of 
this reference band. Very rapid ring alkylation might occur during car
bonium ion polymerization even at very low temperatures.9-10 (2) The 
differences between the infrared intensity ratios obtained by Aso et al.2 with 
polymers prepared by various catalysts are too small and may be due to 
subjective errors in drawing the base-lines. The low intensity of the 1180 
cm-1 band (as compared to the high intensity of the 3060 cm"1 band), 
coupled with the modest resolution of Aso’s infrared spectra, is a dangerous 
combination for quantitative infrared work. Even with our better re
solved spectra, by drawing acceptable but slightly different baselines for the 
peaks in question, we have obtained ~20%  variation in the calculated in
tensity ratios.

From the theoretical point of view the trans-spatial hydride-jump as 
postulated earlier1 is rather unlikely. The gist of the argument is that the 
initially formed benzyl cation would lose conjugation energy during He 
migration, which is energetically unfavorable [eq. (4) ].

THEORETICAL CONSIDERATIONS

C H ,
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Iii other words, in order to reach a favorable orbital overlap between the 
empty p orbital and the Id of the isopropyl group, the p orbital would be 
required to rotate a full 90° and thus would lose its conjugation with the 
aromatic ring system. Most likely the carbonium ion is reluctant to give 
up this conjugation energy which in effect amounts to an unsurmount able 
energy barrier to rearrangement. These considerations, of course, do not 
hold for open-chain aliphatic rearrangements where resonance stabilization 
with aromatic rings does not exist. Indeed aliphatic 1,2 hydride shifts 
involving isopropyl structures occur quite readily1 [eq. (5)].

~C\© /H CV ,-'H 
O c O

V .

(3

r /  '-c r *  \

H

C

V
c

,/e V

( 5 )

The hydride-jump mechanism would also be forbidden by the Woodward- 
Hoffman orbital symmetry rules. According to the conservation of orbital 
symmetry, 1,4 sigmatropic shifts constrained to proceed suprafacially (of 
which an example would be the hydride jump proposition) must take place 
with inversion at the migrating group. Since in the o-isopropylstyryl 
carbonium ion the hypothetical migrating group would be a hydride ion, 
i.e., a group which cannot invert, such a migration would not be allowed.*

T h e  a u th o r s  g r a t e f u l l y  a c k n o w le d g e  M r .  G .  T u r c h i ’s h e lp  in  th e  s y n th e s is  o f  o - is o -  
p r o p y ls t y r e n e .
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Complex of Copper(Il) with Phenoxo and 
H exam elhylphosphoram ide Ligands 

and Its Decomposition

S. TSURUYA, T. KAWAMURA, and T. YONEZAWA, Department of 
Hydrocarbon Chemistry, Faculty of Engineering,

Kyoto University, Kyoto, Japan

Synopsis
The 2,4,6-triehloi'ophenoxo-hexamethylphosphoiamide(HM PA)-copper(II) complex 

was isolated by the reaction of copper(II) chloride with 2,4,6-trichlorophenol, sodium 
methoxide, and HM PA in methanol solvent under an atmosphere of nitrogen. This 
complex has the composition of C u'H M PA -2(C 6H 2Cl30 ). The molecular weight de
termination was consistent with the copper(II) complex of binuclear structure. The in
frared, electronic, and ESR spectra and magnetic susceptibility of the copper(II) com
plex are discussed in relation to its structure. Decomposition of the copper(II) complex 
in refluxing benzene yielded poly(dichlorophenylene oxide), coupling product of the 2,4,6- 
trichlorophenoxo ligand of the copper(II) complex. Electron spin resonance (ESR) 
measurements on the copper(II) complex in the solid sta te  in a degassed sealed tube a t 
120 ±  5°C indicated th a t the phenoxy radical was generated during the period of de
composition and the intensity of the ESR spectra based on copper(II) ion decreased with 
the measurement time. From these ESR spectra, a possible initial step involving one 
electron transfer of the decomposition of the 2,4,6-trichlorophenoxo-HNPA-copper(II) 
complex is discussed.

INTRODUCTION

It has been reported1 that the complex of copper(I) salt with ail amine 
such as pyridine under oxygen has a catalytic activity for the oxidative 
coupling reaction of the phenolic derivatives. Blanchard et al.2 reported 
that in the oxidative coupling reaction, the active oxidizing agent is the 
cupric ion-pyridine complex and the role of the oxygen is to keep the 
copper(I) ions in the divalent state. They also prepared a number of 
copper (I I)-phenoxo-pyridine complexes and made clear their character
istics; they furthermore decomposed the copper(II) complexes to obtain 
poly(dihalogenophenylene oxide).

In order to synthesize aromatic ether polymer, the oxidative displacement 
reactions of halogenated phenol derivatives with a variety of oxidizing 
agents have been reported by a number of workers.3-6 More recently, a 
series of phenoxo complexes of copper(II) containing a variety of halo- 
phenoxo ligands and a variety of amine ligands has been prepared by 
Harrod.7

©  19 71  b y  J o h n  W i l e y  &  S o n s , I n c .
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111 the preceding papers8'9 the oxidative coupling polymerization of 2,6- 
dimethylphenol with the copper(I) chloride-hexamethylphosphoramide 
(HAIFA) system was described.

In this paper we will report on the preparation and properties of complex 
of copper(II) with phenoxo- and HAIFA ligands which may be considered 
as a model of the reaction intermediate of the oxidative coupling reaction 
of phenol derivatives. The phenol derivative dealt with in this report is
2,4,6-trichlorophenol. Elementary analysis as well as molecular weight 
determination showed the 2,4,6-trichlorophenoxo-pyridine-copper(II) com
plex isolated by Blanchard et al.2 to have the composition (CeHsCljO^• Cu• 
(Pyridine)2 which was a mononuclear structure. Harrod7 prepared a series 
of the similar monomeric copper(II)-phenoxo-amine complex. However, 
with the present HAIFA ligand instead of amine, the copper(II) complex 
obtained had the composition (C6H2Cl30)2-Cu-(HAIFA), hence the for
mulation and the properties of the present complex of copper(II) obtained 
had the composition (CHEClsOVCu- (HAIPA), hence the formulation and 
the properties of the present complex of copper(II) obtained with 2,4,6- 
trichlorophenoxo- and HAIFA ligands are worthy of investigation. Also, 
to study the initial step of the decomposition of the present copper(II) com
plex, ESR measurements were carried out.

EXPERIMENTAL

Reagents

Alethanol was refluxed with magnesium metal and distilled two times. 
Reagent grade anhydride copper(ll) chloride was used after drying at 110°C 
under vacuum for 5 hr. Reagent-grade sodium methoxide was used with
out further purification. 2,4,6-trichlorophenol was purified by recrystal
lization from n-hexane.

Preparation of 2,4,6-TrichlorophenoxoHHMPA-Copper(II) Complex

A 1.35-g (0.01 mole) portion of eopper(II) chloride was dissolved in 40 ml 
of methanol. To the clear, green, homogeneous solution was added 3.95 g 
(0.02 mole) of 2,4,6-trichlorophenol, followed by the addition of 10 ml 
methanolie solution of 1.08 g (0.02 mole) of sodium methoxide. To the 
resulting heterogeneous brown mixture was added 4.5 ml (0.025 mole) of 
HAIFA. The whole was stirred magnetically for 2 hr, the resulting solid 
were collected by filtration, and the weight of this solid was 5.0 g. This 
solid was recrystallized from hot benzene solution containing a small 
amount of HAIPA. The reaction described above was performed at 0°C 
under a nitrogen atmosphere.

A n a l . C a lc d  fo r  ( C 6H 2C l sO V C u - ( H M P A ) :  C ,  3 3 .9 7 % ;  IT ,  3 . 4 6 % ;  N ,  6 . 6 1 % .  
F o u n d :  C ,  3 4 .2 4 % ;  H ,  3 .9 8 % ,;  N ,  6 .5 8 % ,.

Alicroanalyses were performed by the Alicroanalysis Center, Kyoto 
University.
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Infrared Spectrum

The infrared spectrum of the copper(II) complex was obtained on a 
Shimadzu spectrophotometer Model IR-27. A potassium bromide disk of 
the solid was used.

Electronic Spectrum

The far-infrared spectrum of the complex was obtained with a Hitachi 
recording spectrophotometer, Model ESP-3T. Visible and Ultraviolet 
spectra were measured by Shimadzu spectrophotometer Model UV-oOM 
instrument. All spectra of the complex were obtained in benzene solution 
which was purified by a standard procedure; 1-cm. cells were used.

Electronic Spin Resonance (ESR) Spectra

At Room Temperature. The ESR Spectra of the complex obtained with 
a Model JES-3BS-X instrument of JEOL Co. equipped with 100 KHz 
modulation. The complex was measured in the solid-state at room tem
perature with the use of Mn++ as (/-maker.

At 120 ± 5°C. The copper(II) complex was placed in a sample tube, 
and the sample tube was attached to a vacuum line. After removal of the 
air in the sample tube, the sample tube was sealed off under reduced pres
sure, and the temperature of the ESR cavity was raised to 120 ± 5°C. 
The time-dependent ESR spectra at 120 ± 5°C were measured through a 
period of about 2 hr.

At Low Temperature. ESR measurements on the copper(II) complex 
in sealed tubes at —67 and — 120°C were performed with variable-tempera
ture equipment. The ESR spectrum of the complex at — 196°C was ob
tained by using a quartz Dewar.

Magnetic Susceptibility Measurements

The measurement of magnetic susceptibility was carried out by a 
Shimazu Model MB-1A magnetic balance. Diamagnetic corrections were 
estimated from Pascal’s constants and the magnetic moments were cor
rected for Na by using the equation:

Meff = V 8 T(xm — N„)

where T is the absolute temperature, xm the magnetic susceptibility per 
gram ion; Na, the temperature-independent contribution arising from the 
second-order Zeeman splitting, is given its usual value of 6 X 10~6 cgsu.

Molecular Weight Measurement

Molecular weight determination of the complex was made by a eryoscopic 
method with the use of reagent-grade benzene solution.
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Decomposition of the Copper(II)-HMPA-2,4,6- 
Trichlorophenoxo Complex

A 1-g portion of the copper(II)-HMPA-2,4,6-trichlorophenoxo complex 
was thermally decomposed by refluxing a solution of the copper(Il) com
plex in 30 ml of benzene. Following reflux for 5.5 hr, a brown precipitate 
was formed and removed by filtration. The filtrate was poured into 100 ml 
of methanol to yield a white precipitate (0.42 g). This white precipitate 
was identified as poly(dichlorophenylene oxide) by its infrared spectrum 
and elementary analysis.

A n a l . C a k 'd  f o r  ( M F C k O :  C ,  4 4 .7 6 % ;  I I ,  1 .2 5 % ;  C l ,  4 4 .0 5 % .  F o u n d :  C ,  
4 4 .5 6 % ;  H ,  1 . 3 6 % ;  C l ,  4 2 .8 4 % .

The polymer obtained was a white, amorphous material with a softening 
range of 210-230°C. This polymer had intrinsic viscosity in chloroform at 
25°C of 0.08 dl/g.

The precipitate isolated changed gradually in color from brown to yellow 
green on standing in an air atmosphere. Although further identification 
of the precipitate was not performed, the precipitate is thought to be a 
copper(II) complex with HAIFA as ligand on the basis of its infrared 
spectrum.

Nuclear Magnetic Resonance Spectra of the Polymer

The proton NMR spectrum of the polymer was obtained at 220 AIHz by 
using a Varian HR 220-AlHz spectrometer with TMS as an internal stan
dard. The spectrum of polymer was taken in CDC13 at room temperature. 
The NMR spectrum of poly(2,6-dimethyl-1,4-phenylene oxide), which was 
synthesized by the copper-amine method,1 was taken on a JEOL-3H-60 
spectrometer at 60 AIHz by using CDClj solvent containing TMS as an 
internal standard.

RESULTS

The analytical data for the copper(II) complex with HAIFA and 2,4,6- 
trichlorophenoxo group shows that this complex has the composition, 
(C6H2C130)2-Cu- (HAIFA). The molecular weight of the copper(II) com
plex determined by a cryoscopic method was about 1200, which corresponds 
to twice that (636) of the formula of (C6H2C130) • Cu • (HMPA). The com
plex has a brown color and the decomposition point of this complex was 
ca. 146°C. The complex is soluble in benzene but decomposes slowly over a 
long period of time. The decomposition of the copper(II) complex is 
avoided in benzene containing a small amount of HAIFA. In methanol, 
the brown copper(II) complex is not soluble and decomposes to produce 
a yellow-green precipitate.

The infrared spectrum of the complex obtained is shown in Figure 1. As 
shown in Figure 1, the infrared spectrum definitely indicates the absence of 
the O—II stretching of 2,4,6-trichlorophenol and/or water in the copper(II)
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F ig .  1. I n f r a r e d  s p e c t r u m  o f  th e  c o p p e r ( I I )  c o m p le x  w i t h  2 ,4 ,6 - t r ic h lo r o p h e n o x o  a n d  
H M P A  as l ig a n d s  ( K B r  d is k ) .

complex. Donoghue and Drago10 synthesized a complex of copper(ll) salt 
with HMPA which had the formula, Cu- (N03)2-2HMPA, and assigned 
1188 cm-1 to the P = 0  stretching of HMPA. On the basis of this result, 
the absorption near 1185 cm“ 1 in Figure 1 is assigned to the P = 0  stretch-

F i g .  2 .  A b s o r p t io n  s p e c t r u m  o f  th e  c o p p e r ( I I )  c o m p le x  (v is ib le  r a y  re g io n ) .
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F ig .  3 .  A b s o r p t io n  .s p e c tr u m  o f  th e  c o p p e r ( I I )  c o m p le x  ( f a r - i n f r a r e d  r e g io n ) .

ing of HMPA of the present copper(II) complex. Also, the band near 
2900 cm-1 is assigned to the C—H stretching of N(CH3)2 moieties of 
HMPA. On the other hand, the absorptions at 1475, 1280, 860, and 740 
cm-1 in Figure 1 may be due to 2,4,6-trichlorophenoxo moieties, since the 
infrared spectrum of 2,4,6-trichlorophenol showed the absorptions in the 
same region noted above. The electronic spectra of the copper(II) in 
benzene solution are summarized in Figures 2 and 3. The \ max of the 
complex appears in Table 1.

This copper(ll) complex is paramagnetic at room temperature. Figure 4 
shows the ESR spectrum of the copper(ll) complex at solid state at room 
temperature; both an anisotropic spectrum at near 3000 G and a broad 
spectrum at near 5500 G are observed. The intensity of the latter spec
trum depends upon the measurement temperature, and decreases with the 
decrease of the measurement temperature as shown in Figure 5. Its be
havior resembles that of an ion of spin 1 and parallels the decreasing mag
netic susceptibility obtained by susceptibility measurement. The former 
spectrum, which consists of four lines in g\\ and one line in g L, is a typical 
one caused by Cu(II) ion and indicates that the copper(ll) complex is a 
distorted octahedral or square-planar structure.

T A B L E  I
A b s o r p t io n  S p e c t r a  D a t a  fo r  2 ,4 ,6 - T r ic h lo r o p h e n o x o -  

I I M P A - C o p p e r  ( I I )  C o m p le x  a n d  C u ( N 0 3) 2 - 2 H M P A  C o m p le x

C o p p e r ( I I )  c o m p le x  ( in  b e n z e n e ) C u ( N 0 3) 2 ■ 2 H M  P A  ( in C H 3N 0 2) a

A m ax, n i / i € p e r  c o p p e r  io n Am ax, TÏ1/X €

3 3 6 (s h o u ld e r )
4  O n (s h o u ld e r ) 3 7 ,s 5 5

7 4 0 10.S 7 .3 0 n o
9 1 0 (s h o u ld e r )

a D a t a  o f  D o n o g h u e  a n d  D r a g o . 10
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F ig .  4 .  E S R  s p e c t r u m  o f  th e  c o p p e r ( I I )  c o m p le x  ( r o o m  t e m p e r a t u r e ) .

F ig .  5 .  V a r ia t i o n  o f  th e  in t e n s i t y  o f  t h e  E S R  s p e c t r a  o f  th e  c o p p e r ( I I )  c o m p le x  a t  n e a r  
5 5 0 0  G  w i t h  m e a s u r e m e n t  te m p e r a tu r e .

The magnetic moment of the copper(Il) complex at 25°C was 1.25BM. 
This value is smaller than 1.73 BM, which is the magnetic moment of the 
general mononuclear copper(II) complex.

Figure 6 shows the variation of magnetic susceptibility of the complex 
with measurement temperature. The magnetic susceptibility exhibits a 
maximum at about 280°K and then decreases as the temperature falls. 
Hence, the susceptibility seems to be explained by assuming that isolated 
pairs of copper ions were coupled together by an exchange force, each pair 
forming a lower singlet state and an upper triplet state, the latter only being
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paramagnetic. Decomposition of the present copper(II) complex in 
benzene at its boiling point yielded the polymer. The polymer

2,4,6-trichIorophenoxo-HMI’A -copper(II) complex

obtained was identified as poly(dichlorophenylene oxide) by elementary 
analysis, and its infrared spectrum is shown in Figure 7. Blanchard et al.2 
suggested that poly(dihalophenvlene oxide) obtained by the decomposition 
of phenoxo-pyridine-copper(II) complex is branched, since its infrared 
spectrum indicates there is little or no residual hydroxyl, and also the rela
tion between intrinsic viscosity and molecular weight of the polymer is un
reasonable for a linear chain structure. As shown in Figure 7, the infrared 
spectrum hardly possesses a residual hydroxyl absorption, which is consis-

poly(dichlorophenylene oxide)

o
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o

o
o
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o
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o
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F ig .  6 .  V a r ia t i o n  o f  m a g n e t ic  s u s c e p t ib i l i t y  w i t h  t e m p e r a t u r e  fo r  th e  c o p p e r ( I I )
c o m p le x '.
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ten t with the structure of the polymer obtained by Blanchard et al. This 
observation is not, however, conclusive evidence for structural assignment 
of polymer. We tried to obtain the 220 MHz N M R spectrum of the poly
mer to gain more conclusive data which would indicate whether the polymer 
is a linear chain or a branched structure. The N M R  spectrum of polymer 
is shown in Figure 8. If the structure of polymer is linear,

the signal of the phenyl ring protons would be observed as a singlet,.* The 
spectrum actually obtained, however, gave a different figure which showed 
overlapped broad peaks around 1-2.3-4.7. The observation of these peaks 
would indicate the presence of some phenyl rings which have different sub
stituents. To judge from this result, it is reasonable to consider th a t the 
polymer obtained has a branched structure, for example, resulting from 
addition of ortho halogen on elimination of para halogen in the phenyl 
ring.

*  T h e  N M R  s p e c t r u m  o f  p o l y ( 2 , 6 - d i m e t h y l - l , 4 - p h e n y l e n e  o x id e ) ,  w h ic h  is  c o n s id e re d  
a  l in e a r  c h a in  s t r u c t u r e ,  s h o w e d  a  s in g le t  b a s e d  o n  p h e n y l  r in g  p r o to n  a t  r  =  3 .7 6  a n d  
a  s in g le t  b a s e d  o n  m e t h y l  p r o to n  a t  r  =  7 .9 9  ( C D C b ,  6 0  M H z ) ,  T h e  N M R .  s p e c t r u m  
o f  t h is  p o ly m e r  is s h o w n  in  F ig u r e  9 .
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1 2  3  4  5  6  ( t  )

F ig .  8 . N M R  s p e c t r u m  o f  th e  p o ly m e r  o b t a in e d  ( in  C D C 1 3, 2 2 0  M H z ) .

F ig .  9 . N M R  s p e c t r u m  o f  p o ly ( 2 ,6 - d i m e t h y l - l , 4 - p h e n y l e n e  o x id e )  ( in  C D C 1 3, 6 0  M H z ) .

To study the process of thermal decomposition of the copper(II) com
plex, ESR measurements of the copper(II) complex in an out-gassed, 
sealed tube were performed at 120 ± 5°C. The ESR spectra of the copper
(II) complex are shown in Figure 10. At the initial stage of elevated 
temperature, the ESR spectrum was similar to that shown in Figure 4. 
But as shown in Figure 10, one peak appears at near g = 2 in the process of 
thermal decomposition. Though the hyperfine structure was not observed 
under the present condition (see Discussion), this peak may be due to a free 
radical which is presumably a intermediate in the process of thermal de
composition as Ochiai11 suggested for the ESR spectra of CuCl2-pyridine-
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OH“ or oxidized CuCl-pyridine with 2,6-di-feri-butylphenol. On the 
other hand, the intensity of the spectrum based on copper(II) ion decreased 
with the measurement time. Until about 30 min from the initial time the 
intensity of free radical increased. Thereafter, however, the intensity ©f 
the free radical began to decrease. The intensity based on eopper(II) ion 
almost disappeared after 100 min.

DISCUSSION

The infrared spectrum of the copper(II) complex obtained shows that 
this complex has a phenoxo group and HAIFA as a ligand. Donoghue and 
Drago10 has reported that in the Co(II), Ni(II), and Cu(II) complexes with 
HAIFA, the reduction of the P =  0  stretching frequency as compared with 
the value in the free ligand indicates that complex formation occurs through 
the oxygen on the ligand molecule, HAIFA. In the present complex, the 
P =  0  stretching frequency was near 1185 cm“1. This result indicates that

Fig. 10 (c o n tin u e d )
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the present phenoxo-HMPA-copper(II) complex formation occurs also 
through the oxygen on the HMPA molecules. It is also evident from the 
infrared spectrum that this copper(II) complex does not contain water.

The elementary analysis of the copper(II) complex showed that this 
complex has the composition, Cu- (CeH^ClsO^-HMPA, and also that the 
molecular weight is compatible with the view that the complex has a 
binuclear structure.

The copper(II) ion has one unpaired electron in the 3d shell, and its ion 
was considered to have a magnetic moment close to the spin-only value, 
1.73 BM. However, copper(II) compounds having a subnormal mag-

Fig. 10 (c o n t in u e d )
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Fig. 10. Variation of ESR spectra of the copper(II) complex in out-gassed sealed tube
at 120 ±  5°C.

netic moment, less than 1.73 BM, are dimeric, containing two copper(II) 
ions in a molecule.12 The magnetic moment at room temperature of the 
solid complex as given in the preceding section is a subnormal value, apart 
from 1.73 BM. This finding is in accord with the conclusion that this com
plex is a binuclear structure.

The variation curve of magnetic susceptibility of the copper(ll) complex 
with temperature shows the pairwise antiferromagnetic interaction. In 
general,13 the magnetic properties of spin = 1 are well explained by the 
phenomenon mentioned above, the therefore this fact is strong evidence 
that the present copper(II) complex obtained has a binculear structure.

Kokoszaka et al.14 have observed the ESR spectra of polycrystalline 
form of copper propionate monohydrate, and found a high-field (near 5800
G), parallel component of the spin = 1 spectrum at the X band. From 
the above observation, the ESR peak at near 5500 G in Figure 4 will be
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considered to be one based on spin = 1, although no copper nuclear 
hyperfine structure was observed. Also, as shown in Figure 5, the ten
dency of the intensity of the ESR peak to decrease with decreasing the 
measurement temperature, finally to disappear at liquid nitrogen tempera
ture, may be strong evidence13 that tire ESR absorption at near 5500 G is 
based on spin = 1, resulting from isolated pairs of copper(II) ions. This 
tendency is consistent with the temperature dependence of the magnetic 
susceptibility noted above.

These magnetic properties indicate that the present copper(II) complex 
is a binuclear structure in which the copper-copper ion interaction in a 
molecule is different from that of a monoculear structure such as copper(ll)- 
phenolate-amine complex. However, in the anisotropic spectrum in the 
region of about 3000 G of normal mononuclear copper(II) compounds which 
have axial symmetry it is rather difficult to make assignments. It appears 
reasonable that the signal is caused by a small amount of spin = l/ 2 species 
which are monomeric copper(II) species.14

Harrod7 studied the absorption spectrum of the phenoxo-amine com
plexes of copper(ll) and discussed in terms of four regions: a ligand band 
system in the 40-50 klv (1 kK = 1000 cm-1) region; the 35 kK system, 
arising, at least partly, from a phenolate ligand transition; the 27 kK band 
appearing as a shoulder; and the 20 kK band which is suggested as a metal- 
to-ligand charge transfer. As shown in Table I, the bands at 366 my (27 
kK) and 465 my (22 kK) may be attributed to charge transfer bands 
caused by the ligand-copper ion interaction, particularly the 465 my band 
may be due to a metal-to-ligand charge transfer as pointed out by Harrod.7 
On the other hand, the absorption bands at 740 and 910 my are thought 
to be ligand field bands. Once again, from Table 1, the absorption bands of 
the present copper(II) complex resembles to that of Cu(N03)2-2HMPA for 
which is thought11 to be a planar complex. This similarity of absorption 
spectrum may indicate that the present complex has a planar structure 
rather than a tetrahedral one.

Based on these consideration described above, the structure of the present 
copper(Il) complex with 2,4,6-trichlorophenoxo and HMPA as ligand is 
concluded to be a binuclear complex formed through the oxygen atoms on 
HMPA and the 2,4,6-trichlorophenoxo group, respectively, as shown in I.

However, it is not certain whether the phenyl group and/or (CH3)2N 
groups in HMPA are located in the same plane described above. These

C [N(NH,)2]3 Cl

I
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groups may be distorted from the plane including copper ion, since these 
groups are both sterically bulky. Although further investigation might 
be required to establish the stereochemistry of the ligands coordinated to 
copper ion with certainty, we believe the structure I to be a likely one.

The attempt to study a thermal decomposition of the copper(II) complex 
is interesting in relation to the oxidative coupling reaction of phenol 
derivatives with a copper complex.

The polymerization of p-halogen-substituted phenol derivatives have 
been reported by many investigators, and potassium ferricyanide, lead 
dioxide, iodine, 2,4,6-tri-ferf-butylphenol radical, peroxides, and persulfates 
etc. have been used as initiators.1 Staff!n and Price3 suggested that the 
initiation step was a one-electron oxidation to a phenoxy radical by their 
observation that the polymerization of 4-bromo-2,6-dimethylphenolate ion 
at — 70°C with iodine catalysis developed green colors which persisted at 
low temperature but faded at room temperature and also proposed the most

H .
Fig. 11. ESR, spectrum of the radical in the region of about g = 2.
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likely course for the propagation step in the polymerization was aryloxy 
displacement of bromine ion from the phenolate ion. Also Hunter and 
Joyce16 noted the formation of transient blue to blue-green colors in the 
decomposition of phenoxo-silver complex to yield the corresponding poly
phenylene oxide). Similar phenomena have been observed by some work
ers.16

Although Blanchard and his co-workers2 investigated the decomposition 
of 2,4,6-tribromophenolate-silver complex and examined the resulting blue- 
green solution by ESR, no ESR signal was observed. However, on the 
oxidative coupling reaction of a hindered phenol such as 2,6-di-fert-butyl-4- 
methylphenol with the copper(I)-pyridine complex with oxygen, Kor- 
bunova et al.17 reported that, the corresponding phenoxy radical as a reac
tion intermediate was detected by ESR measurement. It is of interest to 
investigate the present copper(ll) complex to detect phenoxy radical during 
the decomposition of the copper(ll) complex. For this purpose, ESR 
spectra of the copper(II) complex in an outgassed sealed tube were mea
sured at elevated temperature (120 ± 5°C). The ESR spectrum of the 
copper(ll) complex is found to depend on the measurement time, as shown 
in Figure 7. These results indicate with some certainty that the phenoxy 
radical occurs as an intermediate in the decomposition of the copper(ll) 
complex as observed by Korbunova et al.17 The decay of the ESR spec
trum based on the copper(Il) ion may be interpreted as follows.

When the phenoxy radical originates from the copper(II) ion coordinated 
with the 2,4,6-trichlorophenoxo group one electron will transfer from 2,4,6- 
trichlorophenolate as a ligand to the copper(Il) ion; copper(ll) ion is 
reduced to copper(I) ion which is not an ESR-detectable species. Thus 
during the decomposition of the copper(II) complex in an out-gassed sealed 
tube, the intensity of the ESR spectrum based on copper(II) ion decreases 
inversely when the intensity of the ESR spectrum of the phenoxy radical 
increases. From these observations of ESR spectra, an initial step involv
ing one-electron transfer in the course of the decomposition of the copper-
(II) complex appears reasonable.
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As shown in Figure 10, a decrease in the phenoxy radical occurs after a 
certain time. This observation may be due to consumption of the phenoxy 
radical lor the formation of polymer. Thus in the process of decomposition 
of the present copper(II) complex in an out-gassed sealed tube, the concen
tration of phenoxy radical, which is considered to be a reaction inter
mediate, showed a maximum value.

The characterization of the phenoxy radical generated by the decomposi
tion of the present eopper(II) complex is of interest in connection with the 
propagation step of the polymerization. Figure 11 shows the enlarged 
ESR spectrum of the radical in the region of about y = 2 (after 140 min). 
As shown in Figure 11, it was impossible to identify the ESR spectrum 
because of the complexity of the hyperfine structure and its low resolution. 
In spite of this, Figure 11 suggests that the ESR spectrum of the secondary 
radical derived from the polymer radical may be differentiated from that of 
the primary phenoxy radical in its stability.*
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Synopsis
Cotton cellulose in fabric form was crosslinked with divinyl sulfone by catalysis with 

solutions of sodium hydroxideof normalities ranging from 0.1 to 4.0. The molecular chains 
of cellulose were hydrolyzed with sulfuric acid to yield hydrolyzates from which simple 
substituted glucoses (i.e., those bonded to a single unit of DVS), the simple crosslinked 
glucoses (i.e., those joined together by a single unit of DVS), and complex structures (i.e., 
those substituted or crosslinked with more than one unit of DVS in the chain) were 
isolated and measured. The fractions of the reagent residues in the forms of the struc
tures noted above were found to change substantially with the concentration of base em
ployed to catalyze the reaction. The constitution of the reagent residues resulting from 
reaction in O.LV base was remarkably simple: 82% of the DVS residues in the form of 
simple crosslinks and 18% in the form of simple substituents. Complex structures ac
counted for as much as 70% of the DVS residues under other conditions of reaction.

Introduction

When fibrous cellulose is treated with a difunetional reagent, various types 
of structures may be introduced, e.g., simple substituents involving a single 
reagent unit, simple crosslinks involving a single reagent unit, and complex 
structures involving multiple units of reagent in each substituent of cross
link. Each of these structures, which in total constitute the “reagent resi
dues,” may be joined to the cellulose through ether linkages at the 2-0-,
3-0-, and 6-0-positions of the D-glucopyranosyl units.

Relatively few studies have been conducted to delineate the structures of 
reagent residues in cottons chemically modified with di- and polyfunctional 
reagents. When definitive results have been obtained, it has been found 
that (a) the number of effective crosslinks from formaldehyde is substan
tially fewer than the number of moles of bound reagent,1 (b) the average 
linkage from formaldehyde involves 1.5 to 3.0 units of reagent,2 (c) the num
bers of crosslinkages and covalent bonds between reagent and cellulose per 
mole of tris(l-aziridinyl)phosphine oxide or tris(2-chloroethyl)phosphor- 
amide are remarkably low,3'4 and (d) the fractions of reagent residues in the 
form of simple crosslinkages (i.e., a single unit of reagent joining two D-glu
copyranosyl units) developed with sodium methylbis(2-sulfatoethyl)amine
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and methylbis (2-chlo roe thy 1) amine are no higher than approximately
0.26.5

It is immediately and impressively evident that, at least in these cases, 
the simple “classical” crosslink which is most often written in structural il
lustrations is a minor product of the reaction. It is also evident that there 
is considerably more chemistry to the crosslinking than has been generally 
recognized: thus, reagent may be converted to simple substituent groups 
(i.e., involving a single unit of reagent), simple crosslinks, long substituent 
groups, and long crosslinks. These reactions, which consume reagent, are 
competitive and sometimes reversible. If a simple crosslink is the desired 
structure for optimum balance of performance characteristics, then consid
erable study must be conducted to determine how this may be formed most 
efficiently and most effectively. There is, in fact, no evidence that the sim
ple crosslink is the desired structure. It is known that performance quali
ties of a chemically modified cotton fabric are dependent upon the reagent 
and upon the conditions of reaction. It is desirable to know how the 
structures developed by the reagent residues are dependent upon the reagent 
and upon the conditions of reaction.

This report is concerned with the structures of reagent residues resulting 
from reactions of cotton fabric with divinyl sulfone (DYS). The reactions 
were conducted in solutions of sodium hydroxide ranging in normality from 
0.1 to 4.0. The reactions of methyl vinyl sulfone, the monofunctional an
alog of DVS, were studied earlier in these media;6 the ratio of 2-0- to 6-O- 
substitution at equilibrium distribution in the cotton was found to be sensi
tive to the concentration of base and ranged from 0.27 in 0.5N base (no 
reaction in 0.1Y base) to 0.10 in 4V base. Perhaps more pertinent, the 
tendencies for methyl vinyl sulfone and DYS to form bis- and polyethers, 
respectively, were observed to increase with increasing concentration of 
base.6'7 Thus, slightly different distribution of linkages and substantially 
different lengths of substituents and crosslinks were anticipated from the re
actions of DVS in the various basic media.

Experimental
The details of the preparation of DVS-modilied cottons have already 

been described;7 print cloth (desized, scoured, bleached) was padded 
through a solution of DVS (11% DVS in water) followed by immersion in a 
solution of sodium hydroxide of the selected normality. Samples for these 
analyses were selected from 15, 60, and 180-min periods of reaction in the 
basic media, and, except in one case, the amounts of reagent residues 
“bound” in the cotton were very similar, i.e., 1.8-2.3%, except in the cotton- 
treated in 4N  base; in that case 3.6% of residues were “bound” in the 
cotton.

Samples of fabrics were hydrolyzed to mixtures of glucose, substituted 
glucoses, and crosslinked glucoses by dissolving the chopped fibers in 72% 
sulfuric acid and, subsequently, refluxing during two stages of dilution.8 
Free glucose was removed by fermentation,8 and the mixture of substituted
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and crosslinked glucoses was obtained as a freeze-dried concentrate. The 
validity of this method for isolation of hydrolyzates without cleavage of the 
ether linkages between glucose and DVS units has been reported earlier.8

Identification and analyses of the components involved paper chromatog
raphy and gas-liquid chromatography.9 Authentic samples of glucoses sub
stituted at the 2-0-, 3-0-, and 6-0-positions with the H 0C H 2CH2S 0 2- 
CHoCH2— group and glucoses crosslinked at the 2,2'-0-3,3'-0-, and 6,6'-0- 
positions with the — CH2CH2S 0 2CH2CH2—• residue served as the basis for 
locating and identifying the unknown on chromatograms. Quantitative 
determinations were based on densitométrie measurements on paper chro
matograms. Gas-liquid chromatograms were of qualitative value, only, 
since crosslinked glucoses (and other less volatile components) dissociated 
partially at the high temperatures required in the column.

Results and Discussion

The samples of print cloth crosslinked with DVS that were analyzed in 
this study are identified in Table I. All of the hydrolyzates of these samples 
showed chromatographic evidence of the presence of 6-0-substituted glucose 
and 6,6'-0-crosslinked glucose. There was no evidence for the presence of 
2-0- or 3-0-substituted glucoses nor for 2 ,2 ' - 0 -  or 3,3'-0-crosslinked glu
coses. Since reversible reactions are involved and since there was no evi
dence of substitution in the 2-0- and 3-0-positions in the simple substituted  
structures, it is reasonable to expect no crosslinked compositions involving

TABLE I
Analytical Data on Cotton Celluloses Modified with Divinyl Sulfone

Quantitative chromatographic analyses8

Sodium
hydroxide
solution,

N

Reaction
period

min“

Sulfur
content

of fabric,
or/o

Simple 
substi
tuted 

glucose 
mmole 
X 106

Simple 
cross
linked 

glucoses, 
mmole 
X 105

Complex 
structures, 

mmole 
X 105

Total, 
mmole 
X 10s

0.1 180 0.51 I .3 4.6 0.5 6.4
0.5 60 0.48 1.3 2.3 5.5 9.1
1.0 60 0.62 1.3 1.9 7.3 10.6
2.0 15 0.55 1.0 4.8 2.2 8.0
4.0 60 0.96 1.4 6.2 ( - 0 .3 ) “ 7.3

* The time of immersion of the DVS-soaked fabric in base of the indicated normality 
(details in ref. 7).

b Data are expressed in millimoles of sulfur X 10s; this corresponds to mmoles of DVS 
residues and, therefore to mmoles of simple substituted glucoses and mmoles of simple 
crosslinks. Under “Total” is indicated the mmoles of sulfur-containing material applied 
to the paper for chromatographic analysis. The value indicated for mmoles of complex 
structures is the difference between the total and the sum of simple substituents plus 
simple crosslinks.

0 This is an indication of the error in these analyses which is estimated at ±  4%.
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these positions in unsymmetrical structures such as 2,6 ' - 0 -  or 3,6'-0-cross- 
links. The absence of evidence for linkages in the 2-0- and 3-0-positions is 
surprising, in view of the fact that the equilibrium distributions in cotton 
cellulose treated with methyl vinyl sulfone was found to range in ratio of 
2-0- to 6-0-dist,ribution from 0.1 to 0.27 for reactions in 4.0.Y and 0 . 5 N  

base/ respectively, and in 3-0- to 6-0-distribution from approximately 0.08 
to 0.17 for reactions in the same media.6

Some of the hydrolyzates from DYS cottons showed a broad, rather fea
tureless streak in the paper chromatogram on which the spot for the 6,6'-0- 
crosslinked glucose was superimposed. The streak is attributed to complex 
structures: i.e ., substituted and crosslinked glucoses involving more than 
one unit of reagent. These complex structures appear in paper chromato
grams between the origin and approximately R G 0.5; the spot for the 6,6'- 
O-crosslinked glucose appears at R G 0.56, that for the hydroxy-terminated
6-O-substituted glucose appears at R a  1.25, and that for the vinyl-termi
nated 6-O-substituted glucose appears at R G 1.659 (R G is the quotient of the 
distance traveled by the compound and the distance traveled by o-glucose).

The results of these analyses of the structures of reagent residues resulting 
from reactions of DYS with cotton fabric are summarized in Table I in terms 
of (a) millimoles of sulfur (from DVS residues) in the sample applied to the 
paper for chromatography, (b ) millimoles of sulfur in the simple 6-O-substi- 
tuted glucose fraction, (c) millimoles of sulfur in the simple 6,6'-0-cross-

Fig. 1. Fractions of reagent residues from DVS in various structural forms in the 
chemically modified cottons. Chemical reactions were conducted in solutions of dif
ferent normalities of sodium hydroxide.



DIV1.NYL SULFONE REACTION W IT H  COTTON CELLULOSE 1681

linked glucose fraction, and (cl) millimoles of sulfur attributed to the com
plex structures (i.e., the difference between a  and the sum of b +  c). It 
is apparent that the differences from one to another of the crosslinked com
positions lie mainly in the amounts of simple crosslinked structures and of 
complex structures.

The proportions of the various structural units in these crosslinked cot
tons are shown graphically in Figure 1. The fraction of simple substituents 
is quite similar from one to another of the crosslinked cotton compositions; 
however, the fractions of simple crosslinks and of complex structures change 
markedly and in opposite directions. The structures of reagent residues in 
the cottons crosslinked in 0.1V  and 4.0V  base involve a single unit of DVS 
in crosslinks (predominantly) and substituents, which in total account for 
92 to 100% of the reagent. On the other hand, the structures of reagent 
residues resulting from reactions in 1.0V and 2.0V base involve approxi
mately 70% and 61%, respectively, of the reagent in the form of complex 
structures: i.e., those having two or more units of DVS in the structure. In 
these cases, the average number of DVS units per structural unit must be 
1.53 and 1.44, at minimum, for the compositions resulting from reactions in 
1.0V and 2.0 V  base, respectively; these values are calculated assuming that 
the complex structures have only two units of DVS per structural units. 
Thus, the average length of the linkages (substituents plus crosslinks) in 
these crosslinked compositions increases from 1.0 DVS unit per linkage for 
the product of reaction in 0.1V  base to 1.53 minimum for the product of re
action in 1.0V base and then decreases to approximately 1.05 for the product 
of reaction in 4.0V  base.

An indication of the state of swelling of the cotton fiber during the cross- 
linking in each of the basic media is shown by the values of water of imbi
bition obtained on samples of the unmodified cotton after immersion in each 
of the basic media (without DVS). The values were 31.9%, 31.9%, 34.5%, 
35.6%, and 41.2% for cotton previously immersed in 0.1 V , 0.5V , 1.0V, 
2.0V , and 4.0V  sodium hydroxide, respectively. The small increases in 
swelling from 0.1V  to 2.0V  base are interpreted as increases in lateral sep
arations of the surfaces of the microstructural units. The larger increase in 
swelling (i.e., in water of imbibition) between 2.0V  and 4.0V  base is at
tributed to a partial penetration of the medium into the formerly crystalline 
regions, i.e., b neath the surfaces of the microstructural units. This is evi
dent from the decrease in crystalline lattice I content of the cellulose to the 
level of 72% for the cotton crosslinked in the 4.0V  base. The value for the 
initial cotton was 87% and the values for the cottons crosslinked in 0.1V  to 
2.0V base were 81-83% . The penetration beneath the surfaces of the for
merly crystalline microstructural units in the 4.0V  medium is visualized to 
occur as described by Warwicker and W right;10 thus, sheets of cellulose mol
ecules near the former surface of the microstructural unit are displaced rela
tively small distances from one another and perhaps into the former void 
space between microstructural units; thus, the size of the latter voids is de
creased. The overall result of increasing concentration of base upon the
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distance between hydroxyl groups on vicinal surfaces of microstructural 
units or on vicinal sheets of cellulose molecules is: (a) a progressive increase 
in extent of separation between surfaces in proceeding from 0.1 Ar to 2.0iV 
base, and (b) substantially decreased degree of separation between sheets of 
cellulose in the 4.(W base.

The foregoing concept of the state of the microstructure of the cotton in 
the various basic media is interpreted to be coupled with the chemistry of 
DYS in the following manner. DVS reacts reversibly with hydroxyl groups 
on the surfaces of the microstructural units or on the surfaces of sheets of 
cellulose chains to develop vinylsulfonylethyl substituent groups. A slower 
reaction occurs between DYS and water. The vinyl function of a substit
uent group reacts reversibly with hydroxyl groups of cellulose which lie 
within reach of the substituent chain. If this reaction of the vinyl group 
does not occur due to absence of a suitable hydroxyl group, competition 
occurs between the slow reaction of the vinyl function of the substituent 
with water to form a 2-hydroxyethylsulfonylethyl substituent and the rapid 
reverse reaction at the substituent linkage to release DVS. Equilibrium 
strongly favors development of DVS linkages to cellulose through the oxy
gen at C-6. DVS reacts with the 2-hydroxyethylsulfonylethyl substituents 
to extend the substituent chains to two units of DVS. The vinyl function 
on an extended substituent chain then reacts with a eellulosic hydroxyl 
group which lies in suitable proximity or it undergoes alternate reactions 
leading to formation of 2-hydroxy-ethylsulfonylethyl as described above; 
however, the reverse of the reaction with DVS is slow (if it occurs at all un
der these conditions) compared to other reactions. The chain extension 
reaction occurs on 2-hydroxyethylsulfonylethyl units of chains involving 
more than one unit of DVS and this continues, as above, resulting in long 
substituent chains and long crosslinks; polyether of DVS may result from a 
similar sequence of reactions involving the hydroxyl group rather than the 
eellulosic group on the terminal position. The structures in which the re
agent residues are isolated depend on the proximities of the eellulosic hy
droxyl groups for potential reaction with the vinyl functions of the substit
uent chains; close proximity favors conversion of the substituent group to 
a crosslink.

It is concluded that reactions of di- or polyfunctional reagents with cellu- 
losic hydroxyl groups in reversible, “wet-cure” reactions such as these reac
tions of DVS are exceedingly complex. The structures of the reagent resi
dues which result are dependent upon the chemistry of the reagent and the 
physical availabilities of hydroxyl groups for completion of crosslinkages in 
the cellulose.
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Synopsis

A kinetic study of the thermal polymerization of acrylonitrile initiated by chromic 
acid-reducing agent («-butanol, ethylene glycol, cyclohexanone, and acetaldehyde) sys
tems was made. Chromic acid alone did not initiate polymerization under deaerated or 
undeaerated conditions. On the basis of the experimental determination of the de
pendencies of various variables on the rate of polymerization Rv, the rate of chromium 
(VI) disappearance - R m, the degree of polymerization DP, etc., a reasonable kinetic 
scheme was arrived at. The mechanism with the reducing agents, «-butanol, cyclo
hexanone, and ethylene glycol, was found to be similar but different from that with acet
aldehyde. Evidence has been presented to prove the formation of radical intermediates 
formed by the oxidation of the reducing agent by Cr(IV). Rate parameters for oxida
tion of the reducing agent and polymerization of the monomer were evaluated.

INTRODUCTION

Studies on aqueous vinyl polymerization initiated by metal ions1-5 in their 
higher valence states, Co(III), Ce (IV) etc. have provided valuable informa
tion regarding the mechanistic details of individual steps. On theoretical 
grounds ( E 0 for Cr(VI)-Cr(III) couple6 =  1.33 V), it was expected that 
Cr(VI) might also initiate vinyl polymerization. The use of redox systems 
for initiation of polymerization has been frequently reported in the litera
ture1-3 but those involving chromic acid-reducing agent or chromic acid 
alone have not been employed so far for kinetic studies except for the emul
sion copolymerization study of styrene and butadiene by Kolthoff and Mee
han.7 We report in this paper our results in the redox systems involving 
Cr(VI)-reductant as initiators of polymerization of acrylonitrile. These 
studies while furnishing interesting information on polymerization kinetics 
have thrown light on the general mechanism of chromic acid oxidations in 
which the unstable species Cr(lV) and Cr(V), but no radical intermediates 
were suggested.8’9 Rate parameters for oxidation of the reducing agent by 
Cr(VI) and for polymerization of the monomer by Cr(VI)-reducing agent 
have been evaluated.

©  1971 by John Wiley & Sons, Inc.
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EXPERIMENTAL

Reagents

Acrylonitrile (American Cyanamid, U.S.A., or BD H , U .K .), methyl 
methacrylate, and methyl acrylate (Rohm and Haas, U.S.A.) monomers 
were purified by standard methods. Chromic acid solutions were prepared 
by dissolving chromium trioxide (BDH , AR) in distilled water. Perchloric 
acid (E. Merck, G.R. 60%), nitric, and sulfuric acids (AR, Basynth, In
dia) were used for maintaining the acidity of reaction mixtures and for pre
paring other reagents. Sodium perchlorate (l.OiV) was used for maintain
ing ionic strength. Other reagents like ferrous ammonium sulfate, o-phen- 
anthroline, potassium hydrogen phthalate, potassium iodide, sodium thio
sulfate, sodium chloride, potassium dichromate, etc., were either BD H  
(AR) or Merck (GR) products. Solvents (dimethylformamide, acetone, 
etc.) were fractionally distilled after purification and the middle fractions 
were collected. In the preparation of ferroin indicator and purification, of 
re-butanol and acetaldehyde, standard procedures were employed. Cerous 
perchlorate was prepared by dissolving cerous carbonate (Bhabha Atomic 
Research Centre, Bombay, India) in perchloric acid, gently warming, and 
filtering if necessary. Deaeration of the system, Cr(VI)-reducing agent- 
monomer, was done by passing nitrogen freed from oxygen (Fieser’s solu
tion) through the system.

Estimations

Changes in [Cr(VI)] were determined either by titrimetry for [Cr(VI)] 
>  5 X 10_4M  or by spectrophotometry for [Cr(VI)] <  5 X 10~4M (see 
below), the usual iodometric procedure of Wiberg and M ill10 being unsuit
able in polymerization experiments. The cerous perchlorate was estimated 
by oxidizing a known volume of the solution with ammonium persulfate in 
presence of silver nitrate to ceric perchlorate and estimating the latter titri- 
metrically by standard ferrous. The free acid content of the cerous solution 
was determined by an ion-exchange m ethod.11

Experimental Procedure

For experiments on oxidation of substrates used as reducing agents, a 
three-necked glass vessel fitted with ground glass joints was used, one neck 
serving as an iidet for passing nitrogen through the system and the second 
for removal of aliquots at different time intervals. The reaction in the sys
tem, Cr(VI)-reducing agent-acid, was arrested by addition of excess fer
rous sulfate solution; the unreacted ferrous was estimated by cerimetry.

For polymerization experiments, two types of vessels were used, depend
ing on the total volume of the reaction mixture. The first type was a glass 
tube (80 ml) fitted with B-24 ground joint head through which two glass 
tubes were fused. The second type was a Pyrex conical flask (250 ml) 
fitted with a quickfit B-24 socket and a B-24 cone carrying an inlet and an



VINYL PO LYM ERIZATION 1607

outlet tubes for passage of nitrogen. To the reaction mixture containing 
reducing agent, monomer, and acid and deaerated for 20-30 min, a chromic 
acid solution which was deaerated separately was added. The temperature 
of the reaction mixture (30-45°C) was kept constant in a thermostat (con
trolled to ± 0 .1°C  by a toluene regulator and a Sun vie hot wire vacuum  
switch relay). The reaction was usually carried out for 20-30 min. The 
reaction was stopped by addition of excess ferrous solution; the precipitated 
polymer was filtered, washed with water, and dried to constant weight at 
60°C in a vacuum oven. The rate of polymerization was calculated from 
the weight of polymer obtained. From the filtrate the change in [Cr(VI) ] 
was followed by estimating the unreacted [Fe(II)] either by titration 
against standard ceric ammonium nitrate or by spectrophotometry after 
addition of o-phenanthroline and measuring the optical density of ferrous- 
O-phenanthroline complex at X =  510 nm and reference to a previously cal
ibrated plot of optical density vs [Fe(II)]. From the changes in [Cr(VI)] 
the rate of Cr (VI) disappearance, — R M was computed. The conversion of 
Cr(VI) at the steady state was ~ 4 0 % . The molecular weights, M w of the 
purified polymers were obtained by viscometry by using the appropriate 
M ark-Houwink relationship. The viscosities of polymer solutions (0.1%) 
were determined in an Ubbelohde-type suspended-level dilution viscometer 
in a Kerb viscometric bath maintained to ±  0.1°C for polyacrylonitrile in 
dimethylformamide at 30°C.

The equation:12

h i =  3.35 X \ 0 ~ * M wa l -

was employed.

EXPERIMENTAL RESULTS AND DISCUSSION 

Preliminary Experiments

Chromic acid alone was found to be not effective as initiator of vinyl poly
merization. Preliminary experiments carried out with chromic acid and 
methyl acrylate (MA) or methyl methacrylate (MMA) in acid media 
(HCIO4, H N 0 3, and H2SO4) under deaerated conditions at 45°C showed 
that no polymerization took place even though there was a decrease in 
[Cr(VI)]. The rate of Cr(VI) disappearance — R u  did not have a simple 
order with respect to [Cr(VI)], and the rate, sluggish initially, increased 
with time till the disappearance was complete. The same results were ob
tained under different ratios [M A ]/[C r(V I)] =  30-120. It might, there
fore, be concluded that chromic acid in acid medium oxidized MA (or 
M M A), not leading to polymerization of the latter, probably the functional 
group and not the -w bond of the monomer being involved in oxidation. 
Such monomer oxidations were observed1'2 as side reactions with Co(III) 
and Ce(IV) also as initiators. With acrylonitrile monomer (AN), on the 
other hand, there was no such decrease in [Cr(VI) ] and no polymerization
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of the monomer either. However, the redox system, Cr(VI)-reducing 
agent, was found to initiate polymerization of AN. Reducing agents, such 
as isopropyl alcohol, formaldehyde, teri-butyl alcohol, sodium arsenite, gave 
only small amounts of polymer (~ 2 % ) whereas n-butanol, isoamyl alcohol, 
ethylene glycol, cyclohexanone, propionaldehyde, and benzaldehyde gave 
large amounts of polymer (~ 5 % ) without any induction periods. Sys
tematic studies were therefore carried out with the latter reducing agents.

As a preliminary to our polymerization studies, oxidation of substrates 
(reductants in polymerization studies) in the absence of monomer under de
aerated conditions was studied. In the case of reducing agents (R ), n-but- 
anol, cyclohexanone, ethylene glycol, and acetaldehyde, the rate of chro
mium (VI) disappearance, — R m , in HCKR medium depended on the first

Q-c*

<
CO

-3
io

3
I*

A.B.C : [An] m
Fig. 1. Variation of R p and M w with [AN]: (A) [AN]2/ / / P vs. [AN] at 45.0°C in 

HC104, [Cr (VI)] = 5.445 X 10_34/, [ethylene glycol] = 0.2154/, [H+] = 0.73284/, 
M = 0.996 M;  (B) [AN]2//?,, vs. [AN] at 45.0°C in HC104, [Cr(VI)| =  5.35 X 10~*M, 
[cyclohexanone] = 0.16934/, [II+] = 1.3934/, n = 1.404/; (C) M w vs. [AN] at 45.0°C 
in 1IC104, [Cr(VI)] = 5.445 X 10~34/; [ethyleneglycol] = 0.2154/, [11+] = 0.732,84/; 
M = 0.996 M.



VIM YL POLYMER1ZAT10N 1689

0.04
C,5 : [Ch] m 

0.08 0.12 0.1« 0-20 024 -*•!>, C

t  -4

'<o
m
'o

-QO-Oi

1

o
X

cc

U

Fig. 2. Variation of R p and kutl. with [reducing agent]: (A) kab,  vs. [acetaldehyde] 
at 45.0°C in HC104, [Cr(VI)] = 5.463 X 10~*M, [AN] = 0.603V/, [H+] = 0.29641, 
n = 0.3M; (B) \ /R p vs. l/[acetaldehyde] at 45.0°C in HCIO4, [Cr(VI)] = 5.463 X 
10~3M ,  [AN] = 0.6034/, [H+] = 0.2964/, fx = 0.34/; (C) R p vs. [cyclohexanone] at 
45.0°C in HCIO4, [Cr(VI)] = 5.351 X 10-34/, [AN] = 0.9042V/, [H+] = 1.3934/, 
ix = 1.404/; (/)) ka\,a vs [cyclohexanone] at 45.0°C in HCIO4, [Cr(VI)] = 5.3.51 X 10~s 
M, [AN] = 0.90424/, [H+f = 1.3934/, M = 1.404/.

power of [Cr(VI)], the first power of [R], and second power of [H + ] in all 
cases except for cyclohexanone, where an order of unity for [H+] was ob
served (cf. oxidation of secondary alcohols,9 of butanol,14 and of cyclohex
anone reported by Waters et al.15). Formation of chromate ester followed 
by its decomposition in a rate-determining step were assumed,9,10,16-18 in 
the oxidations of alcohols, aldehydes, ketones, and glycols. For the sub
strates studied by us, there is ample evidence9 for assuming that the rate
determining step in these cases is a two-electron transfer reaction and the
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intermediate species formed in the rate-determining step is Cr(lV) and not 
Cr(V). The facts that when Ce(III) or Mn(ll) is added to Cr(VI)-sub- 
strate system, oxidation rate was retarded and the induction factor was 
.~0.5 were in favor of Cr(IV) being the active intermediate.

Rate of Polymerization, R v

Variation of R v with [AN]. The fact that plots of log lt„ versus log 
[AN] gave slopes varying from 1.4 to 1.7 and that the rate decreased with 
[Cr(VI)] indicated the termination to be of linear type. The terminating 
species might be either Cr(VI) or Cr(IV) but the latter, on the basis of inter
action of two unstable species of low concentration Cr(IV) +  M. seemed 
unlikely. Morever, steady state would not have been reached if the 
termination involved Cr(IV). The plots of [AN]/i?P versus [AN] were 
linear with all the reducing agents studied (Fig. 1).

Variation of R v with [R]. With «-butanol, ethylene glycol, and cyclo
hexanone, dependence of R P on the first power of [R] (Fig. 2C) may be 
understood in terms of linear termination by Cr(VI) (cf. Katai et al.19 for 
Ce(IV)-initiated polymerization). With acetaldehyde as reducing agent, 
the order observed was ~ 2  at low [R] and tended to unity at high [R], 
A plot of 1/RP versus 1/[R] was also a curve with an intercept (Fig. 2B).

Variation of R p with [Cr(VI)]. The additional evidence for linear ter
mination was that Rv varied inversely with [Cr(VI)], the plots of 1 /R P 
versus [Cr(VI)] were linear (Fig. 3).

Variation of R v with [H+]. For «.-butanol, the order with respect to 
[H + ] was exactly 2, (Fig. 4); this must be understood in terms of protona
tion of chromic ester formed. In the case of ethylene gtycol, the plot of Rp 
versus [H+]2 was linear only up to [H + ] = 0.9M; for [H + ] > 0.9M, the rate 
leveled off. In our studies on oxidation no such leveling off was noted, and 
it was therefore unlikely that the latter phenomenon had anything to do 
with protonation of chromic ester. Plots of 1 /R P versus 1/[H+]2 were lin
ear with intercepts for ethylene glycol and acetaldehyde systems (Fig. 5A). 
For the cyclohexanone system, Rv versus [H+] was linear up to [H+] = 
0.7M and leveled off at [H + ] > 0.7M (Fig. 4B).

R p in Various Acids. Rp values were highest in HC104 medium and de
creased in the order, HC104 > HN03 > H2S04. The acid anions probably 
complex with monochromate ion, reducing the latter’s oxidizing power 
(cf. Stewart and Lee20 for variation of oxidation rates of isopropyl alcohol). 
Addition of Cl-  decreased R p, the decrease being marked at first, and then 
Rp tended to remain constant (Table I). Formation of chlorochromate ion, 
probably a weak oxidant might be the cause for the decrease.

Effect of Initially Added Cr(III) or Ce(III) on R„. RP remained unaf
fected by initially added Cr(III) at constant ionic strength, (Table I), 
which excluded equilibrium of the type:

Cr(III) +  Cr(V) ^  2 Cr(IV)
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Fig. 3. Variation of i%r and M„ with [Cr (VI)] : (A) l /R p vs. [Cr(VI)] at 35.5°C in 
HCIO4, [AN] = 0.603M, [acetaldehyde] = 4.92 X iO~W, [H+] = 0.5704M, M = 
0.6M; (B)\ l /R p vs. (Cr(VI)] at 45.0°C in HCIO4, [AN] = 0.6038M, [ra-butanol] = 
4.2 X 10 -M, [H+] = 0.6952M, M = 0.8.1/,- (C): Mw vs. l/[Cr(VI)j at 35.5°C in 
HClOi, [AN]_ = 0.603 M, [acetaldehyde] = 4.92 X 10~2M, [H+] = 0.5704 M, M = 
0.6M; (D) Mw vs. l/[0r(VI)] at 45.0°C in HC104, [AN] = 0.6038M, [re-butanol] = 4.2 
X 10- 2M, [H+] = 0.6952ilf,M = 0.8.1/.

postulated in the study of the exchange of Cr(III) and Cr(IV) in acid solu
tions.21 The addition of even small amounts of cerous perchlorate, 
[Cr(VI) ] / [Ce(IlI) ] = 10 decreased Rv by nearly 50%. Retardation of 
oxidation of substrates by Cr(VI) in the presence of cerous salts noticed by 
many workers8 was attributed to the removal of reactive intermediate 
chromium species. This fact is of course not helpful in deciding whether
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the initiating species is Cr(IV) or R. We found, contrary to the observation 
of Mosher and Driscoll22 that polymerization of monomer was not com
pletely eliminated by Cr(III).

D : [ W ] V

Pig. 4. Variation of Rp and kohs with [H+]: (A) kobB vs. [H+] at 45.0°C in HC104, 
[Cr(VI)J = o.lo X 10~3M, [AN] = 0.9042M, [cyclohexanone] = 0.1698Af, = 1.52M;
(.S ) R p vs. [H+] at 45.0°C in HC104, [Cr(VI)] = 5.15 X 10~3M, [AN] = 0.9042M, 
[cyclohexanone] = 0.1698A/,  ̂ = 1.52M; (C) 1 /R p vs. 1 /[H +] at 45.0°C in I1C104, 
[Cr(VI)] = 5.15 X 10~3M, [AN] = 0.9042A/, [cyclohexanone] = 0.1698M,  ̂ = 1.52M; 
(D) R„ vs. [H+]2 at 45.0°C in HC10(, [Cr(VI)[ = 4.617 X 10~3M, [AN] = 0.6038M, 
[»-butanol] = 4.20 X 10-JAf, M = 0.8M.

Effect of Ionic Strength on R p. An increase in the ionic strength of the 
medium at constant [H+] increased RP, in keeping with the observations 
with other metal ions.1'23 The increase in R v may be due either to a salt
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Fig. 5. Variation of R p and A-0bs with [H +] and [reducing agent.]: ( A ) 1 / R V vs. 1/[H +]2 
at 35.5°C in HCIO,, [Cr (VI)] = 5.15 X 10~3M, [AN] = 0.60294/, [acetaldehyde] = 
4.922 X 10-*Jf,M = 1.54/; (B )kohsv  s. [11+]2 at 35.5°C in HCIO,, (Cr(VI)] = 5.15 X 
10~3M, [AN] = 0.60294/, [acetaldehyde] = 4.922 X 10~24/, M = 1.54/; (C) R„ vs. 
[ethylene glycol] at 45.0°C in HCIO.,, [Cr(Vl)] = 5.302 X 10-s4/, [AN] = 0.6034/, 
[11+] = 0.7334/, M = 1.04/.

effect in the propagation step24 or ail increase in the rate of oxidation with 
M-

Rate of Chromium(VI) Disappearance, RM :

Variation of -R u  with [Cr(VI)]. The rate of chromium (VI) disappear
ance was dependent on the first power of [Cr(VI)]; the conversion Cr- 
(VI) reached nearly 40% at the steady state. The pseudo first-order rate 
constant, kahs, remained almost constant for a wide range of [Cr(VI)] for
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all reducing agents except for acetaldehyde for which it decreased at high 
[Cr(VI)]. Probably in the latter case, operation of the equilibrium sug
gested by Westheimer and Leo:25

2HCr04-  Ci-jO,2- +  H20

(where HCr04-  is the active oxidant) exerted its influence on HCr04- . For 
the acetaldehyde system, kobs remained constant after correcting for this 
equilibrium. For all the reducing agents, — R m depended on the first power 
of [Cr(VI)] in the absence of monomer also. The rate constant for oxida
tion k\ compared very well with that obtained in presence of monomer 
(Table II).

Variation of -R m with [AN]. /¿ii was found to be independent of [AN] 
(Table 1), showing that Cr(VI) was not directly involved in initiation. 
This finding was similar to the observation of RoCek and Radowsky26 
that when cyclobutanol was added in the oxidation of V(IV) by Cr(VI), 
- R m was unaffected despite extensive oxidation of cyclobutanol.

Variation of -R m with [R]. Plots of k0bS versus [R] were linear (Fig. 2A 
and 2D) and passed through the origin. This showed that if radicals from 
the reducing agent were the initiating species, only a small fraction of 
them initiated polymerization.

Variation of R m with [H+]. For ?;-butanol, ethylene glycol, and acet
aldehyde, -R m depended on [H+]2 (Fig. 5B), whereas for cyclohexanone a 
first-order dependence was observed (Fig. 4A).

Effect of Initially added Cl , Cr(III), or Ce(III). A’obs decieased with 
added Cl- . Such an inhibition in rate observed in the oxidations of al-

TABLK II
Rate Parameter« for Oxidation and Polymerization at 45.0 ±  0.1 °C

n--Butanol
Ethylene

glycol
Cyclo

hexanone
Acet

aldehyde

Rate constant for oxidation without 
monomer k i  X 102

From A0bs vs. [H+] or [H+]2 6.86 2.12 0.76
From kobs vs. [R] 6.66 2.20 — —

Rate constant for oxidation with 
monomer ki X 102

From k ohs vs. 11+ or [H+]2 7.83 2.85 0.68 15.97
From kobs vs. [RJ 7.15 1.17 0.71 19.28

k a / k p  X 10
From [AN] */Rv vs. [AN] 2.62 _ 3.49 _
From 1 /R p vs. [Cr(VI)] 3.64 4.58 2.39 —
From l /R p vs. 1/[H+] or

1 /  [H +]2 _ 4.32 __ __
h / k i  x  to1

From [AN]/Rpvs. [AN] 10.4 _ 2.72 _
From l/R p  vs. [Cr(VI)] 6.9 3.207 6.72 —
From l/R p  vs. 1 /[H +] or 

1/[H +]2 — 2.87 — —



1696 VISWANATHAN AND SANTAPPA

cohols27 and phosphoric acid28 was attributed to the participation of the 
weaker oxidant, CrO?Cl-  in oxidations. ~Rm was unaffected by added 
Cr(III) but it decreased by about 40%, by the addition of cerous perchlorate 
(Table I).

Molecular Weights

The molecular weights of the polymers were dependent on the first power 
of [AN], inversely on [Cr03], and independent of other variables (Tigs. 1C 
and 3D).

KINETIC SCHEME

Of the possible reaction schemes examined, that involving initiation by 
Cr(IV) or R ' and termination by Cr(VI) satisfied the experimental results. 
The active oxidizing agent is the acid chromate ion, HCr04~.

Reaction of acid chromate ion with reducing agent R :
k,

HCrOi- +  R +  2H + --------- > Cr(IV) +  Product (1)

Reaction of tetravalent chromium with R:
k

1! +  Cr(IV)--------- > R- +  Cr(III) +  H + (2)

Reaction of primary radical R ' with Cr(VI):

R‘ +  Cr(VI)---- > Cr(V) +  Product. (3)

The pentavalent chromium is reduced to Cr(III) by reaction with reduc
ing agent:

R +  Cr(V) ->• Product +  Cr(III) (4)

Initiation of polymerization by reaction of a primary radical with mono
mer:

R‘ +  M --------- * M- (5a)

Initiation of polymerization by reaction of Cr(IV) with monomer:

Cr(IV) +  M -- > M- +  Cr(III) +  H+ (5b)

Propagat ion of polymerization:
kp

M '  +  M  ---------- ■> M - 2

M :„_i +  M — M ’n 

Termination of polymerization:
kit

(«)

M " n +  Cr(VI)  ̂ M„ +  Cr(V) +  II (7)
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Under conditions of eq. (5a) for initiation and by making the usual 
steady-state assumptions for free radicals and unstable intermediates, we 
have

=  w - t A N m n H + p  

"  *„{M C r(V I)] +  *«[AN]}

Equation (8) may be transformed to eq. (9) :

[AN]2 = fcflfc,[Cr(VI)] kt2[AN] _
Rv ' k M i  [R ] [H+]2 +  kpky [R ][H+]2

Then
- A m = 2ky [Cr(VI) ] [R] [H + ]2

and chain length n is given by

(9 )

(10)

n = k„ [AN ]//c<2 [Cr(VI) ] ( I D

The proportionalities between experimental rates and n on the one hand 
and various variables on the other [eqs. (8)—(11) ] were satisfactorily ob
served.

Radical Production and Initiation of Polymerization

The facts that Cr(VI) alone neither oxidized nor polymerized AN dis
counted the reaction between Cr(VI) and monomer as the radical-produc
tion step. Initiation of polymerization of AN by the system Cr(VI)-re- 
ductant in acid media and reduction of Cr(VI) suggested that the possible 
radical production steps might be Cr(VI) +  R or Cr(V) +  R or Cr(IV) +  
R. On the basis of the reasonable assumption that Cr(VI) is a two-electron 
oxidant, that step (1) of the kinetic scheme is predominant, the reaction 
Cr(IV) +  R [eq. (2) in the kinetic scheme] rather than Cr(V) +  R. [eq.
(4) in the kinetic scheme] appears as a plausible radical production step. 
Another possible reaction for radical production might be between Cr(IV) 
and the product in eq. (1) of the kinetic scheme. In the chromic acid oxi
dation of phenyl tert-butyl alcohol to which AN was added, polymerization 
of the latter reported by Mosher and Driscoll22 was attributed to production 
of radicals from the reaction between Cr(IV) and product. But under our 
experimental conditions of large15 [R], it is likely that the reaction Cr(IV) 
+  R takes precedence, and the reaction Cr(IV) +  product might be dis
counted. Yet another possible radical production reaction is Cr(IV) +  M 
[eq. (5b) in the kinetic scheme]. If reaction (5b) in preference to (5a) were 
to take place, expressions (8)—(11) would be identical except for replacement 
of h  by ky1 in eqs. (8) and (9). In the presence of an organic substrate, the 
reaction between Cr(IV) and R would take place in preference to that be
tween Cr(IV) and monomer, and hence eq. (5b) could be neglected. The 
species responsible for radical production might be Cr(IV) and not Cr(V). 
The work of Rocek and Radkowsky26 also showed that Cr(IV) and not 
Cr(V), oxidized cyclobutanol.
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The suggested kinetic scheme explains satisfactorily the results involving 
Cr(VI) and n-butanol, cyclohexanone and ethylene glycol as reducing 
agents at all concentrations and those of Cr(VI)-acetaldehyde system at 
high concentrations of the latter. At low [R], the primary radical from 
acetaldehyde R ' (CH3—C = 0) may not be easily oxidized by Cr(VI), and 
the former may add on to another aldehyde molecule producing a secondary 
radical [eq. (12)]

C H 3C H O  +  R '  R ' i  (12)

Alternatively, the primary radical R ' might also abstract a hydrogen atom 
from another aldehyde molecule [eq. (13)]

It- +  CH3CHO -> RH +  CH3CO (13)

Xo distinction is made between these two alternative reactions in deriving 
an expression [eq. (14) ] for R„ for acetaldehyde at low [R].

= k M M i  AN][R][H+])2 ___
P fci2{fc2[R] +  fc3[Cr(VI)]}(/c4[R] +  A:,-[AN]) ( j

Reduction of order of [R] from 2 to unity and curvature of 1 /R v versus 
1 /  [R ] plots (Fig. 2B) at high [R] may be understood in terms of eq. (14). 
Also the leveling off in the plots of Rp versus [H+]2 for ethylene glycol and 
acetaldehyde (and of Rv versus [H + ] for cyclohexanone) (Fig. 5A) may not 
have anything to do with complete protonation of chromate ester, since no 
such leveling off was noticed in our oxidation studies. We suggest the 
leveling off effects in polymerization experiments might be due to an acid 
dependence in reaction (3) of the kinetic scheme for the two cases:

R- +  Cr(VI) +  2H+ —► Cr(V) +  product, (15)

for ethylene glycol, acetaldehyde and
I T  +  C r ( V I )  +  H  + — C r ( V )  +  p r o d u c t  (16)

for cyclohexanone. The experimental results may be understood in term of 
a modified equation of eq. (8) in which A3[Cr(VI) ] in the denominator is re
placed respectively for the two represented by eqs. (15) and (16) cases by 
A3[Cr(Yl) ] [FI + ]2 or k3 [Cr(VI) ] [H + ], For cyclohexanone, the chromate es
ter seemed to involve only one proton whereas for other reducing agents it 
involved two protons.

Our conclusions that the species responsible for radical production was 
Cr(IV) and not Cr(V) and that the initiating species R ' are supported by 
the work of Mosher and Driscoll.22 In the chromic acid oxidation of 
phenyl tert-butyl alcohol to which AX was added, polymerization of the 
latter was noticed. If Cr(V) were the radical-producing species, autocatal
ysis would be expected, and this was found to be absent.

Rate Constants
fci in presence of monomer and in its absence were obtained from the plots 

of A0bs versus [R] or [H + ] or [FI + ]2, and they were found to be in good 
agreement (Table II) within the limits of experimental error. The com
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posite rate constants, kt2/k p and k3/ki (Table II) for the systems were ob
tained from (a) slopes and intercepts, respectively, of plots of [AN]2/Æj, 
versus [AN]; (b) intercepts and slopes, respectively, of plots of 1/RP versus 
[Cr(YI) ]; and (c) intercept and slope, respectively, of the plot of l /R p 
versus 1/[H +] or 1/[H + ]2. Since k3/k t (Table II) is the ratio of the rate 
constant for the consumption of It by Cr(VI) and monomer, respectively, 
the magnitude of the value indicated that only a small percentage of the 
radicals was used for initiation. It seemed probable that Cr(VI) com
pleted more effectively with monomer for radicals formed within a solvent 
cage. The values of kt2/k p obtained in the present study were far greater 
than those reported with other metal ion systems,'■2S i.e., Ce(IV), V(V), 
showing that Cr(VI) was an effective terminator of polymer chains. The 
composite parameters for the acetaldehyde system could not be separated 
because of the complex nature of eq. (14).
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Triad Tacticity o f Polyacrylonitrile

KE1 MATSUZAKI, MUNEHISA OIvADA, and TOSHlYUIvI UR YU,
Department of Industrial Chemistry, Faculty of Engineering, 

University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan

Synopsis
The high-resolution NMR spectra of polyacrylonitrile-/!,/3-d2 prepared by radical 

polymerization were determined, and the stereoregularity of the polymer was studied. 
The NMR spectra of inethine protons of polyacrylonitrile-/!,ft-d-i in dimethyl sulfoxide-d6 
and a mixture of nitromethane-ds and ethylene carbonate showed three partially re
solved multiple!». The deuterium-decoupled sped ra of the polymer were measured, and 
three well resolved peaks were observed in the two solvents and dimethylformamide-dr. 
These three peaks were analyzed by comparison with the NMR spectra of model com
pounds and polyacrylonitrile-a-d, and they were assigned to isotactic, heterotactic, and 
syndiotactic triads with decreasing magnetic field. This order seems to be unchanged 
in other solvents. Triad stereoregularity of the polymer was determined according to the 
assignment. Polymerizations of acrylonitrile-/!,p-di by radical initiators between — 78°C 
and 60°C were explained by the Bernoulli trial propagation step. The polymers had an 
atactic structure, independent of polymerization temperature. This shows that in free- 
radical polymerization of acrylonitrile, the chain end is not represented as having any 
particular stereochemistry. Other stereochemical control is necessary to produce tactic 
polymers. The triad tacticity of isotactic polyacrylonitrile was also determined.

INTRODUCTION

The importance of investigations on the structure of polymers by NMR 
spectroscopy is increasing very rapidly. We have been studying poly
mer stereochemistry by NMR in order to elucidate the polymerization 
mechanism and therefore, to devise methods for controlling the propagation 
step.

The stereoregularity of polyacrylonitrile has been studied by means of 
physical properties,1-3 x-ray diffraction,4-9 and infrared spectroscopy.10-14 
but many data are ambiguous. High-resolution NMR spectroscopy has 
been used as a quantitative method, but there were different conclusions 
on the stereoregularity of polyacrylonitrile among the various investiga
tors.15-17 We have determined the stereoregularity of polyacrylonitrile 
(PAN) in isotactic and syndiotactic diads from the methylene proton spec
trum of polyacrylonitrile-a-d (PAN-a-d)16 and suggested a reason for the 
different conclusions.18 The triad tacticity of PAN was first found by Bar- 
gon et al.,17 who obtained three partially resolved methine proton multiplets 
by decoupling from methylene protons and assigned the signals to isotactic, 
heterotactic, and syndiotactic triads with decreasing magnetic field. Since
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the decoupled methine proton spectrum was not sufficiently sharp, the triad 
tactieity was not quantitatively estimated. We wish to report in this paper 
the NMR spectra of polyacrylonitrile-/?,/3-do (PAN-,8,/3-do) of much higher 
resolution than that of the above authors. We will also report the relations 
between the change of polymerization conditions and triad stereoregularity 
and then discuss the mechanism of radical polymerization.

EXPERIMENTAL

Monomer

Acrylonitrile-/?,/3-do (AN-/3,/3-d%) was prepared from aerylonitrile-ds 
(AN-d3) by D-H exchange in EDO with CaO as catalyst, according to the 
literature method of preparing acrylonitrile-a-d (AN-a-d) by H-D ex
change.19 AN-d3 was synthesized by deuteration of cyanoacetylene-d 
(CA-d) as reported by Yoshino et al.20 CA-d was prepared by two meth
ods ; one was that of the above authors and the other was as follows. Cy- 
anoacetylene (CA, 16 ml) was kept with 10 ml. of D->0 (D = 95%) in a glass 
vessel with occasional shaking for several days. Then, the upper layer of 
CA was decanted, dried over CaCl2, and distilled in vacuo. The CA-d ob
tained and 21 ml of D20  (D = 99.8%) were subjected to the same operation. 
The yield was about 75%, and the deuterium content of CA-d twice ex
changed in D20  was 95% or more.

The overall yield of synthesis of AN-/3,/3-d2, calculated on CA-d (D = 
98%), was about 31%. For a single D-H exchange of AN-d3, the hydrogen 
content at the a-position of AN-0,/3-d2 was about 80% (D = 20%).21 This 
seems, however, to improve the resolution by reducing the possible effect of 
the long-range coupling between different neighboring pentads22 and the 
effect of residual 0-proton. The spectrum is shown in Figure 1. We at-

Fig. 1. NMR spectrum of acrylonitrile^,04»' measured at room temperature (neat) 
(OFT, 4.30r; nondeuterated CH2, 3.71, 3.89, and 4.00t).
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tribute the singlet at 4.3r to the a-proton and the three peaks at 3.7-4.Or 
to the /3-proton. The /3-hydrogen content was found to be 8%. All the 
isotopic contents were obtained by NMR or mass spectroscopy.

Polymerization

AN-/3,/3-d> containing about 5% of propionitrile-d6 (by gas chromatog
raphy) was polymerized with azobisisobutyronitrile (AIBN) at 60°C, with
7 -rays at 0°C and — 7S°C, and with ultraviolet light at — 40°C, all in tol
uene. PAN-/3,/3-d2 formed was poured into methanol, filtered, and dried 
in vacuo. Polymerization of AN-/3, /3in urea canal complex was per
formed according to the method of White,23 except that 7-irradiation was 
used instead of x-irradiation.

NMR Analysis

The dried polymer was dissolved in NMR solvents, filtered and sealed. 
NMR solvents were dimethyl sulfoxide-d6 (DMSO-d6, D = 99%), a mixture 
(1:1) of nitromethane-d3 (D = 99%) and ethylene carbonate [CD3NO2-  
(CH20)2C0], and dimethylformamide-d? (DMF-d7, D = 99%). For 
DMSO-c?6 used as solvent was dehydrated, degassed, and sealed to avoid the 
overlapping of the side band of absorbed water on the methine proton signal. 
The spectrum was run on a Japan Electron Optics Laboratory JNM 
4H-100 (100MHz) spectrometer. Deuterium decoupling was carried out 
when necessary. Triad tacticity was determined by measurement of the 
relative area of the peaks in NMR spectra assuming a Lorentzian line 
shape. The measurement of area was carried out four times, and the 
average value was adopted. The maximal standard deviation was 1.1%.

RESULTS AND DISCUSSION 

Results of Polymerization

The results of radical polymerization of AN-/3,/3-cl2 are shown in Table I. 
There were considerable differences in conversion of monomer to polymer 
but the stereoregularity seems to be unaffected by the polymer yield.

T A B L E  I

R a d i c a l  P o l y m e r i z a t i o n  o f  A c r y l o n i t r i l e - f t / S - r h

N o . I n i t i a t o r T e m p ,  ° C S o l v e n t T i m e ,  h r

C o n v e r 

s i o n ,  %

1 A I B N GO T o l u e n e 2 2 4

2 7 - r a y s  ( 1 . 3  X  1 0 5r ) 0 T o l u e n e 2 1 7 9

3 U l t r a v i o l e t  l i g h t - 4 0 T o l u e n e 12 1

4 7 - r a y s  ( 1 . 3  X  1 0 5r ) - 7 8 T o l u e n e 9 5 5

5 7 - r a y s  ( 9 . 5  X  1 0 4r ) - 7 8 n o n e a 20 97

a A s  u r e a  c a n a l  c o m p l e x .



1701 MATSUZAKI, OKADA, AND UR YU

Infrared Spectra of PAN-,8,p-d2

Figure 2 shows the infrared spectra of PAX-,3,/3-rfa- Figures 2A, 2B are 
spectra of polymers with random configuration, prepared with AIBN at 
60°C and by y-ray irradiation at 0°C, respectively; Figure 2C is the spec
trum of isotactic polymer prepared by y-irradiation of the urea canal com
plex. Absorptions at .‘1600-3400 and 1630 cm-1 are background from the 
KBr pellet. The formation of carbonyl group in the polymer structure ap-

I_____ I________ I_______I_______I_______I_______I_______I_______I_______L__
4 0 0 0  3200 2400 1900 1700 1500 1300 1100 9 0 0  700

Fig. 2. Infrared spectra of polyacrylonitrile-#,#-^: (A), (B ) polymers with random 
configuration, prepared with AIBN at 60°C and by y-ray irradiation at 0°C, respectively, 
both in toluene; (C) isotactic polymer prepared by y-ray irradiation of urea canal 
complex.

Fig. 3. NMR spectrum of polyacrylonitrile-#,0-d, measured at 120°C in DMSO-r/«. 
[Signals at 7.5r due to hydrogen atoms remaining in DMSO-d6; the position of the ,8- 
proton signal of polyacrylonitrile (7.9r) is indicated by an arrow.]
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pears to be very slight. This is also shown in the NMR spectrum of Fig
ure 3, in which no absorptions other than a-hydrogen were observed. There 
are no substantial differences detected between the spectra A and B, but 
there are some differences between A or B and C. In the spectrum of iso
tactic PAN-/3,/S-cZ2 (Fig. 3C), absorptions at 1090 and 1050 cm-1 are 
stronger than those of atactic polymers (Fig. 3A, 3B).

Though many investigators have reported on the structure of PAX by 
means of infrared spectroscopy,10-14 it seems that it is difficult to elucidate 
the differences of polymer stereoregularity only by infrared spectroscopy.

Analysis of NMR Spectra of PAN-/?,/3-d. in DMSO-d6
NMR spectra of PAN-/3,/3-&> are shown in Figure 4. When DMSO-de 

was used as solvent for measurement, there are obvious differences between 
the methine proton spectrum of PAX-/3,/3-d2 polymerized with AIBX as 
catalyst at 60° C and that of the polymer obtained from t he urea canal com
plex. The methine proton spectrum of the former (Fig. 4A) indicates three 
peaks at 6.90, 6.88, and 6.86r, of which the peak at 6.88r is highest, but the 
spectrum of the latter (Fig. 4B) shows the highest peak at 6.90r.

From the diad tacticity of PAN-a-d , it is known that PAX prepared with 
a radical initiator has a random configuration consisting of equal amounts of 
isotactic and syndiotactic diads and that an isotactic polymer is obtained 
from y-ray irradiation of the acrylonitrile urea canal complex.18'25

Furthermore, the analysis of NMR spectra in this solvent of mesa- and 
d/-2,4-dieyanopentanes, which are model compounds of isotactic and syn
diotactic PAX, respectively, has shown that the chemical shift of the meth
ine proton (7.108r) of the meso form is in a higher magnetic field than that 
(7.087r) of the dl form.18 Yamadera and Murano reported the NMR 
spectra of stereoisomers of 2,4,6-tricyanoheptane as three-unit model com
pounds of PAX in chloroform and NaCNS-FLO and indicated that the sig-

TABLE II
Tacticity of Polyacrylonitrile- /!,#-(¿2

Tacticity

No.a

Polymerization
temperature,

°C NM lt Solvent

Triad, % Diad, 07 bZo

S H I s i

i 60 CI)3N 02-(CH20 )2C0 25 47 28 48 52
u (( DMSO-d 23 49 28 48 52
ti U l)MF-d7 20 46 28 49 51
2 0 CD3NO2-(CH20 )2CO 24 50 26 49 51
u l i 1 »MSO-de 24 48 28 48 52
3 — 78 CI)3N0,-(CH>0)2C() 25 46 29 48 52
.*) — 78 “ 9 29 62 24 76
u tc l)MSO-h 15 31 54 30 70
11 u DMF-d7 11 28 61 25 75

“ Same as those of Table I.
b Derived from triad tactieities i  = I  +  H /2  and s =  5 +  H/ 2.
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nals of methine protons in triads appear in the order, isotactic, heterotactic, 
and syndiotactic methines from the higher magnetic field.24

We also found that in DMSO-d6 signals of the methine proton in triads 
of the three-unit model compounds isolated as in the method of the above 
authors, show the same tendency as in chloroform and NaCNS-D20; that 
is, the order is isotactic (7.Out), heterotactic (7.04r), and syndiotactic 
(7.02t).

Therefore, it is concluded that the three peaks due to methine proton- of 
PAN-/3,/3-c4 are assignable to isotactic, heterotactic, and syndiotactic triads 
with decreasing magnetic field. This assignment agrees with that of Bar- 
gon et al.17 The taeticity in isotactic (/), heterotactic (//), and syndiotac
tic (»S') triads was estimated, and the results are shown in Table II. The 
deuterium-decoupled spectra corresponding to Figures 4A and 4/1 are 
shown in Figure 4/1' and 4B', respectively. The spectra are sharper, and 
three splittings are clearly observed.

(a)

Fig. 4 (continued)
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Fig. 4. Methiue proton spectra of polyacrylonitrile-/?,m easured at 120°C in 
DMSO-d6; (4), {A') polymer obtained with AIBN as catalyst; (B ), (B') polymer 
prepared by y-ray irradiation of urea canal complex; (A') and (W ) are the deuterium- 
decoupled spectra.

Analysis of NMR Spectra of PAN-p ,0 -d> in 
CD3N 02-(CH20 )2C0

Similar but well-resolved spectra, as shown in Figure 5, were obtained in 
CD3N 02-(CH20)2C0 as solvent. In this ease, the chemical shifts of the 
three peaks are 6.901, 6.865, and 6.831r. The relative intensity of three 
peaks of atactic polymers does not depend on the polymerization tempera
ture, but in the case of isotactic polymer signal at 6.901r is the highest one. 
Therefore, we can also assign the three peaks to isotactic, heterotactic, and 
syndiotactic triads with decreasing magnetic field as in the case of DMSO-d6 
solvent. This assignment agrees with Bargon’s result on the decoupled 
spectrum in this solvent. Although the poor resolution of their spectrum 
precluded quantitative discussion, our sharp spectra provide unquestion-
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Fig. 5 (continutd)
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/ r
6 .831  6 . 8 6 5  6 .9 0 1

Fig. 5. Deuterium-decoupled methine proton spectra of polyaerylonitrile-£S,/3-d2 
polymerized by a radical initiator at (A) 60°C, (B) 0°C, and (C) — 78°C, and (D ) by 
7 -ray irradiation of urea canal complex [measured at 140°C in CD3N02~(CH20)2C0].



1710 M A TSU ZA kl, OkADA. AAD UKAU

able evidence to the assignment of triad signals and also allow quantitative 
measurement.

Analysis of NMR Spectra of PAN-/3,/3-d2 in I)MF-d7

In Figure G, N M R  spectra of PAN in DM F-d7 are shown. The central 
peak of the quintet signal (6.75r) due to methine protons of isotactic poly
mer is in higher magnetic field by about 1 Hz than that (G.74r) of polymer 
having a random configuration. However, information about triad tac- 
ticity could not be obtained from the spectra.

Fig. 0. NiMH spectra of polyacrylonitriles o 
configuration mea

7.5 8.0 T

( A  )  random configuration and ( B )  isotactic 
ured in DiMF-it

N M R  spectra of PAN-j8,/8-d2 with deuterium decoupling techniques are 
shown in Figure 7. In  the case of DM F-d7 as solvent for N M R  measure
ment, the chemical shifts of methine protons showed almost the same trend 
as in other solvents. Therefore, as mentioned in the former two solvents, 
three peaks can be assigned to isotactic, heterotactic, and syndiotactie 
triads from the higher magnetic field.
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Fig. 7. Deuterium-decoupled methine proton spectra of polyaci'ylonitrile-0 ,(3-tf2 

measured at 140°C in DMF-di: (A) polymer prepared with AIBN as catalyst at 60°C; 
(B) polymer prepared by 7 -ray irradiation of urea canal complex.

Effect of Solvent on the Chemical Shifts of Methine Protons

The order of triad chemical shifts of methine protons does not change, 
regardless of whether D.MSO-d6, CD 3XO2- (CHT))T’0 , or DMF-rf, is used 
as solvent. There were different conclusions on the stereoregularity of 
PAN based on diads, possibly because individual investigator used different 
solvents for N M R  measurement. Besides the three solvents described 
above, N aC N S -D 20 15 and HCIO4-H 2O25 have been used as solvents for 
NM R measurement of PAX. Well resolved spectra, however, are not ob
tained in the both solvents. In the case of NaCXS-PLO, H -D exchange of 
«-hydrogen probably accounts for poorly resolved spectra as reported by 
Hunter.26 The effect of solvent on methylene proton absorptions of PAN  
has been discussed from the viewpoint of equivalence or nonequivalence of 
m e s o  methylene protons.Is’25’27
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It seems, however, that the effect of solvent on the chemical shifts has not 
been made clear, and has been discussed only qualitatively, except for a few 
simple molecules. The fact that the order of chemical shifts of triad meth- 
ine protons in isotactic, heterotactic, and syndiotactic configurations does 
not change in the three solvents which have a wide range of dielectric con
stants (DMSO, 45.0; DIMF, 36.1; CH3N 0 2, 35.9; (CH20 ) 2C 0, 89.1), sug
gests that the order of the chemical shift will not change in other solvents. 
The chemical shifts of methine protons in various solvents are shown in 
Table III. The additional partly resolved peaks caused by a pentad effect 
are observed as the splittings of syndiotactic triad in Figures 41?', 51), and 
7B ,  and as those of isotactic triad in Figure 7. In DMSO-d6 solvent, pentad 
signals are also observed at elevated temperatures, discussion of which will 
be reported elsewhere.

TABLE III
Chemical Shifts of Triad Methine Proton in Different Solvents

NMli Solvent

Chemical shifts of methine proton, t

Syndiotactic Heterotactic Isotactic

DMSO-* 6 .858 6.883 6.907
CD3N 0 2-(CH 20 ) 2C0 6.831 6.865 6.901

DMF-tf, 6.755 6.773 6.790, 6.797

Triad Tacticity of PAN-/3,/?-d2 and 
Mechanism of Polymerization

Triad tacticity of PAN-/3,/3-c!2 is shown in Table II. Small differences 
in triad tacticity observed in different solvents for N M R  measurements 
might be due to difficulty in resolving triad signals, because there are only 
small differences in chemical shifts of the peaks. It seems that CD3N 0 2-  
(CH20 ) 2C 0, in which methine protons are well resolved, is most suited for 
determination of triad tacticity. In Table II, Nos. 1-3 refer to polymeriza
tion in toluene and No. 5 to polymerization of urea canal complex. From 
this table, we can consider the mechanism of free-radical polymerization of 
PAN as follows; in the case of polymerization in toluene, the mechanism 
follows Bernoulli statistics, and the tacticity does not change in the range of 
polymerization temperature from —7S°C to 60°C.

Bovey has reported that the difference in the activation enthalpies 
A(AH Pl )  and entropies A(A<Spi) of the syndiotactic and isotactic diad addi
tion process for polymerization is given as28

A(ANPt) =  ASiJ -  ASsi  =  R  ln[Pm/ (1 -  P m)] +  A(AH VX ) / T  (1) 

where

A(AffPt) =  M I  i t  -  A H . t

A H  if and A)/.4  are the enthalpies of activation for isotactic and syndiotac
tic addition, respectively; P m is the probability of isotactic addition, R  is the
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gas constant, and T  is absolute temperature. When our results are 
treated with eq. (1), it is found that A(AH v %) is equal to zero (0.02 ±  0.02 
kcal/m ol), and the probability of isotactic diad addition is governed by 
only the magnitude of the difference in activation entropy, A ( A S Pt )  (0.0 ±  
0.2 e.u.) in the polymerization. This temperature independence does not 
agree with a previous report.29

Therefore, it appears that, in the propagation of PAN by a radical mech
anism no stereochemical control is operative, and only atactic polymers are 
obtained. Although the polymerization of acrylonitrile in toluene is 
heterogeneous, in a homogeneous polymerization too, this will be the same, 
and only atactic polymer will be obtained, irrespective of the polymerization 
temperature. It appears that certain stereochemical control is necessary 
to obtain highly tactic PAN in radical process.

For example, PAN-/3,/3-d2 obtained from the urea canal complex, that is, 
a kind of organized polymerization, is an isotactic-rich polymer (Table II, 
No. 5). This polymer does not obey Bernoulli trials, that is, heterotactic 
content is less but syndiotactic configuration is larger than calculated.

Though it was reported that syndiotactic PAN was obtained by y-ray 
irradiation of acrylonitrile arranged in montmorillonite,30'31 it was found 
that the polymer obtained under the same experimental conditions con
tained a ring structure.

Polymerization of the complex of acrylonitrile and Lewis acid has been 
reported32'38 but it seems as that although the formation of complex in
creases Q  and e values and reactivity, it will not give any control on the 
stereochemical process in the propagation.

The stereoregularity in triad is in good agreement with that in diads, de
termined first by us16 and later by two other investigators.26'34
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Interfacial Synthesis o f Polyphosphonate and 
Polyphosphate Esters. V. Poly (phosphonate esters) 
Containing Thymidine, 2-Deoxy-l)-ribose, or Xanthine

F. MILLICH and C. E. CARRAHER, JR.,*
Polymer Chemistry Section, Department of Chemistry, 

University of Missouri-Kansas City, Kansas City, Missouri 6^110

Synopsis
Poly(phosphonate esters) were synthesized by base-promoted interfacial polycondensa

tion of phenylphosphonic dichloride with thymidine and with 2-deoxy-n-ribose. The 
products give evidence of P-Cl endgroups. The thymidine product is a high polymer with 
a weight-average number of repeating units, DP„, greater than 250. The 2-deoxy-D-ri- 
bose product is separable into soluble and insoluble (crosslinked) fractions having identical 
infrared spectra. Xanthine is also reactive in the process employed.

The chemical syntheses of natural and especially unnatural analogs of nu
cleic acids is extremely valuable. Besides making available such materials 
in copious amounts, of high purity, and of special molecular design, synthe
sis also provides unique substrates for the examination of nuclease specific
ities, for studies of helix crystallization and small molecule association 
phenomena, for studies of energy transfer photometry, for potential drug 
applications, and other studies.

Trials at nonenzymatie syntheses of polynucleotides have interested a 
limited number of chemists. Various chemical approaches and results lead
ing to oligonucleotides have been reviewed.12 Among the rare claims of a 
true polymerization, i.e., a single reaction that yields a high polymer. 
Schramm and co-workers have reported forming polynucleotides of molec
ular weights of 15-50 X 10:i from 2'-deoxynucleotides in a medium gen
erated from phosphorus pentoxide and diethyl ether.3 In this paper we re
port the use of phosphorylchloride anhydrides with nucleosides in a base- 
controlled system of interfacial polymerization.4-8

In the interfacial technique, two fast-reacting comers are dissolved in sep
arate, usually immiscible liquids, one of which is generally water. The 
water phase contains the diol or triol and an alkaline reaction promoter. 
The other phase consists of the diacid halide in an inert organic liquid of low 
viscosity. Polymerization occurs at or near the liquid interface—a ph.ysi-

* Present address: Chemistry Department, University of South Dakota, Vermillion,
South Dakota 57069.
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cal environment which itself may bear significantly on biochemical pro
cesses. Reaction is instantaneous, and reactant conversion is also when 
rapid stirring is employed.

The first reported use of interfacial polymerization in the synthesis of 
poly (phosphonate esters) was by Kuznetsov et al.9 and by Aufderhaar10 in 
1961. The first reported synthesis of poly (phosphate esters) by interfacial 
polymerization was made by Rabek and Prot in 1963.“ Previous abiotic 
syntheses employing phosphoryl halides and esters were all accomplished 
either by the relatively slow methods of solution polymerization or by high 
temperature fusion of the reactants. The results of these methods have 
been comprehensively reviewed by Gefter.12

As part of an investigative program of studies of chemical evolution, it 
has been the desire of the authors to develop synthetic control of rapid, low- 
temperature poly (phosphate ester) reactions. Such studies have included 
non-enzymatically catalyzed rapid hydrolyses13-16 and transesterifications 
of phosphate esters, as well as an extended study of the potential of inter
facial syntheses of other phosphorus-containing polymers.16-19

The authors studied in detail the influential factors in a productive, rapid 
interfacial polycondensation of hydroquinone with phenylphosphonic di
chloride,4-6 illustrated by eq. (1), in which R2 = C6IP and R2 = p-phenyl- 
ene:

0
II

Cl—P—Cl +  HO—R2—OH
I
Ri

base 
-------->

0
II

-(-P—O—IP—0 - f
1
P m

(1)

One function of the base is to ionize the diol to an effective nucleophilic 
agent which is capable of very high reaction rates. A second important 
function is to consume acids generated by the condensation reaction. 
These include the phosphoryl acids generated by solvolysis and saponifica
tion of the phosphoryl chloride reactant and the intermediate oligomer end- 
groups and acids generated by chain degradation through attack on ester 
groups in the polymeric product. Hydroquinone, which possesses acid dis
sociation constants somewhat greater than those of saccharide hydroxyl 
groups, was chosen for test case study because the competing hydrolytic 
side reactions are particularly serious with this diol.

Experiences with hydroquinone in such studies revealed that the poly
condensation reactions could be made to succeed over the competing reac
tions, but that product yield and molecular weight are very sensitive to 
many reaction parameters, as has been found in interfacial polymeriza
tions of nylon 66.20 Parenthetically, experiences in the latter reactions dif
fer from the present system, for which evidence has been found that the site 
of reaction is in the aqueous phase,6 whereas that for interfacial polymeriza
tion of nylons is probably situated in the organic phase.

Previous extant technique in strongly basic interfacial polymerizations 
employed sodium or potassium hydroxides. In order to provide sufficient
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number of acid-neutralizing equivalents, these hydroxides had to be used at 
such concentration or at such dilution of the aqueous phase that good yields 
and high molecular weights (which are especially characteristic of DNA- 
polynucleotides) could not be achieved. Saponification of polymer prod
uct, promulgated by the intrinsic dissociability of an acidic diol, is espe
cially pronounced at practical concentrations of sodium hydroxide. The 
requirements of moderate basicity and high alkaline capacity were satisfied 
by means of the use of conventional buffers, or alternatively, a base such as 
barium hydroxide, wherein the highest pH of the aqueous phase may be 
controlled by the solubility of the base in water at selected temperatures 
and the alkaline capacity may be provided by the reservoir of undissolved 
excess of that base.4 High-speed stirring and rapid reaction rate minimizes 
contact time between alkali and the polymer, which separates from the 
liquid phase. The use of barium hydroxide in the condensation of hydro- 
quinone proved much superior to sodium hydroxide, especially with regard 
to product molecular weight , where Mw > 105 were obtained.

The system developed for hydroquinone was then applied to thymidine 
and to 2-deoxyribose, without commitment to the extensive labors of opti
mizing the properties of yield and molecular weight.

Phenylphosphonic dichloride (Eastman Organic Chemicals) was vacuum- 
distilled, and the fraction boiling in the range 104.0-104.5°C/4 mm was used 
(lit. bp 104.0°C/4 mm). Thymidine and 2-deoxy-u-ribose were purchased 
from California Corporation for Biochemical Research (Los Angeles, Calif.). 
General polymerization procedure and apparatus are described else
where.4-7 The reaction apparatus is essentially a specially designed reac
tion jar fitted on a Waring Blendor (stirring rate 17,500 rpm). Infrared 
spectra were obtained by using potassium bromide pellets and employing a 
Perkin Elmer-621 infrared spectrophotometer.

Phenylphosphonic dichloride (0.20 ml, 1.4 mmole) in 15 ml carbon tetra
chloride is quickly added, with stirring, to the reaction jar containing thy
midine (840 mg, 1.4 mmole) and barium hydroxide (882 mg, 2.8 mmole) in 
15 ml water. After a few seconds a light gray solid begins to precipitate 
from the reaction mixture. After 8 min of blender stirring time at 25°C, 
yields of 15, 18, and 19% were recovered from triplicate runs.

The products have softening ranges between 60 and 90°C and are soluble 
to the extent of about 0.5% (w/v) in dimethylformamide (DIME) and di
methyl sulfoxide (DMSO). They are insoluble in distilled water, 0.LV 
aqueous hydrochloric acid, 0.1 A aqueous sodium acetate, acetone, carbon 
tetrachloride, benzene, ethanol, and toluene.

Figure 1 shows the infrared spectrum of the solid. From the spectrum it 
is tentatively concluded: (1) that there are P—O—C (alkyl) bonds present, 
shown by a peak at 1040 cm-1, which is observed in other compounds con
taining this linkage;21'22 (2) that the C6HsP = 0  group is present, as seen in 
the bands at 1440, 1005, 715, and 687 cm-1, characteristic of the P-phenyl 
group;2"5'22 and (3) that the broad bands of thymidine in the range 3500- 
2900 cm-1 and the thymidine endocyclic amide bands at 1710-1650 cm-1 
are present in the spectrum.
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The P—N stretching frequency has been assigned to the region between 
820 and 680 cm-1 in some compounds, but this correlation is not always 
found to be valid.21a Thus no conclusion is presently made as to the pres
ence or absence of P—-N bonds.

That P—N bonds may be formed during polycondensations in the pres
ence of NaOH is indicated by our condensation of the purine xanthine with 
POCh and with phenyl phosphorodichloridate in 5 min at room tempera
ture. The former gave an 86% yield of an insoluble (network) polymer, 
and the latter gave a water soluble, acetone insoluble product in 8% yield. 
The formation of P—N  bonds in the present synthesis seems less likely since 
Carraher and Winthers16 report yields of only 3-6% after 15 min in the con
densation of urea with phenylphosphonic dichloride in the presence of 
NaOH. Urea should have a reactivity comparable to the amide nitrogen 
at position 1 in thymidine, especially in the presence of base.

The thymidine polymer was dissolved in DMSO and precipitated by 
addition to a tenfold volume of carbon tetrachloride (97% recovery). The 
weight-average molecular weight Mw was determined in DMSO at 25°C 
employing a Brice-Phoenix light-scattering photometer, Model 2000-D at 
546 nm. The refractive index increment, cln/dc, had the value 0.20 ml/g. 
The Debye dissymmetry coefficient z showed no dissymmetry correction for 
molecular weight was necessary. Thus, it was found that Mw = 8.93 X 
104 corresponding to DPW ~  250. Viscometry was conducted in the same 
solvent at 25°C employing a Cannon-Ubbelohde semimicro dilution vis
cometer. A limiting viscosity number, LVN, of 23 ml/g was found using 
serial dilutions and graphical extrapolation.

Natural DNA and RNA polynucleotides possess a recurring head-to-tail 
chain backbone linkage of the ribosyl 3'- and 5'-hydroxyl groups. The 
product of thymidine and phenylphosphonic dichloride may possess a ran
dom distribution of linkages including 3'-3' and 5 -5 ' phosphate diester 
groups. Alternatively, it may contain a predominance of the “natural” 
3'-5' linkage as a result of an expected difference in reactivities between the 
primary 5'- and secondary 3'-hydroxyl groups. Thus, a 5'-0-phenylphos- 
phonylchloride nucleoside derivative could be formed at a stage prior to 
polymerization; such an intermediate would be a polymerizable difunc
tional monomer of the A-B type. Enzymatic hydrolysis experiments can 
elucidate the distribution of diester attachments.

O
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Phenylphosphonic diohloricle (3.5 mmole) in 15 ml carbon tetrachloride 
was added, with stirring, to the reaction jar of the blender, containing 
2-deoxy-n-ribose (3.OS mmole) and barium hydroxide (5.0 mmole) in 30 ml 
water. A white material precipitated from the reaction mixture after SO 
sec. After 5 min total stirring time at 25°C, a 15% yield (assuming the acid 
chloride and triol reacted in a 1:1 molar ratio) was recovered (fraction 1). 
The reaction mixture was filtered and set aside for 24 hr. Another 7% yield 
of product (fraction 2) was formed. Storage for another 24 hr yielded 
nothing else.

Fraction 1 is insoluble in all solvents tried and did not soften below a tem
perature of 300°C. Fraction 2 is soluble in acetone, dimethyl sulfoxide, 
and dimethylformamide, and is insoluble in water, carbon tetrachloride, 
aqueous IN  hydrochloric acid solution, ether, benzene, or ethanol. Frac
tion 2 has a LVN of 6 ml/g in acetone, and a softening range of 173-185°C.

There is no noticeable diff erence in the relative intensities, positions or num
ber of absorption bands between the spectra of fractions 1 and 2, shown in 
Figure 1. Of particular importance are the presence of the following 
bands with the given assignments: (1) a band at 1250 cm“ 1, characteristic 
of the P = 0  band;21“'22 (2) bands at 1439, 995, 718, and 692 cm“ 1, charac
teristic of the presence of the P-phenvl or phenyl group ;21b‘21c 22 (3) simi
larity among several bands with bands of deoxyribose; (4) a band at 913 
cm-1 which may arise from the C—O stretching found in cyclic ethers;21
(5) a band at 1137 cm“1 which may be attributed to C—0 stretching found 
in saturated secondary alcohols; and (6) a band at 1040 cm-1 attributed to 
the P—O—C (alkyl) group.21a'22 It is tentatively concluded on the basis of 
infrared spectra that both fractions are poly(phosphonate esters). The 
melting behavior and solubility differences show that fraction 1 has some 
crosslinking. This implies that the 1'-, 3'-, and 5'-hydroxyl groups of 
2-deoxy-n-ribose are all susceptible to phosphonylation under the present 
reaction conditions.

There are at least three possible endgroups: i.e. P—Cl, P—OH, and alkyl- 
OH. None of the products from thymidine or deoxyribose show bands 
between 3615-3600 cm“ 1, which is the absorption region characteristic for 
stretching of free O—H bonds in substituted or unsubstituted alcohols.21 
Intramolecular association of such bonds would cause a lowering of the ab
sorption frequency to 3450 cm“ 1, confusing the bands with those of amide 
N—H stretching. The exact location of the O—H stretch in P—OH 
groups has not been positively defined but is considered by many to be in 
the region of 2700-2550 cm“ 1.21 The products have some weak absorption 
in this region.

Significantly, however, products from both thymidine and deoxyribose 
give positive Beilstein tests for halides. Both show prominant absorption 
bands around 570 cm“ 1, as do the products of hydroquinone polymerizations 
by this method.5-7

This spectral region is assigned to absorption by the P—-Cl group.2 Sam
ples of the product with thymidine were treated with an aqueous solution of 
sodium hydroxide. As the treatment time increased there was a decrease in
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the 570 cm-1 band until it disappeared. At this time the product gave a 
negative Beilstein test. These results allow the conclusion that at least 
some of the products from the condensation with thymidine and deoxyri- 
bose contain P—-Cl endgroups, which may be exploited to lengthen 
the polymer chains, or to prepare block polymers.

The immediate extension of the method should be toward the prepara
tion of triester polyphosphates which could be characterized by conven
tional solution methods for non-electrolytes and which subsequently would 
be readily and selectively hydrolyzed to yield nucleic acid analogs.23 
p-Nitrophenylphosphorodichloridate was selected for polycondensation by 
our method to a polyphosphate ester [eq. (1), R ' = ?-02N—C6HjO—]. 
Thymidine failed in this first effort to yield polymer in sufficient amount for 
purification and characterization, whereas the use of hydroquinone gave a 
65% product yield.

This paper is taken in part from the Ph.D. thesis of C. E. Carraher, 1968, University 
of Missouri-Kansas City, Kansas City, Missouri.
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Copolymcrization Characteristics o f  
S-Yinyl-O-iert-Bulylthiocarbonale*

W. H. DALYf and CH1EN-DA S. LEE, Department of Chemistry, 
Louisiana State University, Baton Rouge, Louisiana, 70803 and

C. G. OVERBERGER, Department of Chemistry, University of Michigan,
Ann Arbor, Michigan

Synopsis

Poly-<S-vinyI-0-ierf-butylthiocarbonate is an excellent precursor to poly(vinvl mer
captan) because the ierf-butyloxycarbonyl blocking group can be removed by either acid 
hydrolysis or thermolysis under conditions which minimize the oxidation of the liberated 
mercaptan to disulfide. Dilatometric studies of the homopolymerization of S-vinyl-O- 
teri-h11tyllhiocarbonate demonstrated that the polymerization rate was directly propor
tional to the concentration of free-radical initiator; no thermal initiation was observed. 
The molecular weight of the homopolymers and copolymers ranged from 30,000 to 50,000 
(GPC). Copolymerization of iS-vinyl-O-lert-butylthiocarbonate (M2) with styrene, 
(n = 3.0, r-2 = 0.2), methyl methacrylate (r, = 1.40, r2 = 0.17) and vinyl acetate (r, = 
0.04, r-i =  11.0) indicated that a sulfur atom adjacent to the vinyl group increases the 
resonance stability (Q2 — 0.5) and the electron density (e-2 = —1.4) of the double bond 
and the corresponding radical. Water-soluble copolymers could be prepared by in
corporating either N-vinylpyrrolidone (n = 0.12, r2 = 3.94) or A-isopropylacrylamide 
(ri = 1.17, r2 = 0.3) with M2. The water solubility of the copolymers decreased 
markedly when the ierf-butyloxycarbonyl group was removed. Copolymers of M2 with 
A-vinyl-O-ieri-butylcarbamate (r, = 0.13, r2 =  5.10) were utilized to prepare crosslinked 
poly (vinyl amine-vinyl mercaptan); the crosslinking resulted from urea linkages formed 
during thermolysis of the copolymer.

INTRODUCTION

Polymers containing mercaptan groups have been utilized as crosslinking 
agents, redox resins, and sequestering agents.1 The facile oxidation of 
mercaptans to disulfides plays an important role in biological processes, 
both in maintaining the secondary and tertiary structure of enzymes as 
well as participating as an intermediate in the reactive site. Our interest 
in enzyme models prompted the preparation of a series of copolymers 
containing mercaptan moieties in an effort to duplicate the phenomenal 
catalytic properties of natural enzymes. Further impetus to this work was 
generated by the discovery that, sulfhydryl-containing substrates were 
effective radiation prophylactics.2 This behavior is attributed to the

* This paper is dedicat ed to Prof. Werner Kern in honor of his 65th birthday.
f To whom inquiries should be addressed.
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ability of mercaptans to inhibit free radical reactions by the formation of 
stable thiol radicals; a recent ESR investigation on an irradiated sample 
of one of our vinyl mercaptan-vinyl pyrrolidone copolymers has confirmed 
the presence of stable radicals.3

The ultimate physiological applications of our copolymers placed 
several restrictions on the method for introducing the mercaptan group. 
A meaningful evaluation of the catalytic reactivity of the copolymers re
quires a precise knowledge of the sequence distribution to establish the 
environment of the reactive site. This requirement eliminates one com
mon method of preparing polymercaptans, i.e., introduction of the thiol 
group into polymer substrates by replacement of a displaceable functional 
group. Okawara has employed this technique to incorporate a significant 
number of thiol groups for production of sequestering agents and cross- 
linked polymers.4 However, displacement reactions are accompanied 
by side reactions which prevent a quantitative conversion to polymercaptan 
and complicate the structure of the copolymers formed. Therefore, we 
directed our attention to the copolymerization of vinyl mercaptan deriv
atives.

Direct synthesis of polymers containing free sulfhydryl substituents is 
impossible, due to their reactivity as inhibitors. The monomer must 
contain the mercaptan moiety protected by a blocking group, which can 
subsequently be removed quantitatively under mild conditions. A num
ber of vinyl mercaptan derivatives have been evaluated, including vinyl 
thioacetate,5 6 vinyl thiobenzoate,7 vinyl mercaptals,8 9 methacryloyloxy- 
alkyl isothiuronium salts, 10<S-vinyl-O-alkylthiocarbonates, thiocarbamates11, 
and (S-vinyl-A^A^-dialkyldithiocarbamates.12 Most of these protective 
groups must be removed by alkaline hydrolysis. Since autoxidation of 
mercaptans is extremely rapid in basic media,13 this technique usually 
yields crosslinked insoluble polymers. Our applications required soluble 
substrates, so monomers containing acid or thermally labile blocking groups 
were surveyed. /S-Vinyl-O-ferf-butylthiocarbonate(l) fulfilled both of 
these criteria and polymerized readily under free radical conditions.14'15 
The thermal lability of the feri-butyloxycarbonyl group is particularly ad
vantageous, because it can be utilized in copolymers containing pH-sensi- 
tive substituents. Therefore, a detailed study of its copolymerization 
characteristics was initiated.

EXPERIMENTAL 

Reagents and Comonomers

Styrene was extracted with 10% aqueous NaOH, washed with water 
and dried over CaH2. Methyl methacrylate, vinyl acetate, and feri-butyl 
methacrylate were extracted with 5% NaOH, washed with water and 
dried over anhydrous MgS04 or CaCl2. All of the monomers distilled 
in vacuo immediately prior to the copolymerization experiment, only center 
cuts were used. iV-lsopropylacrylamide was recrystallized twice from
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hexane to a constant melting point, mp 64.5-65°C (lit.16 mp 62°C). N- 
Vinyl-O-ierf-butylcarbamate was prepared from vinyl isocyanate and tert- 
butanol in 81.5% yield according to the procedure of Shulz and Hartmann.17 
Two recrystallizations from hexane produced analytically pure material, 
mp 66.5-67°C (lit17 mp 66°C). Azobisisobutyronitrile was recrystallized 
from methanol (mp 102-103°C decomp.). teri-Butyl alcohol was distilled 
from CaH2 and stored over Linde 4-A molecular sieves. Tetrahydrofuran 
(THF) was passed through a column of basic alumina, distilled and stored 
over molecular sieves.

The procedure of Overberger and Daly14’15 was modified to improve 
the yield. $-(/?-Chloroethyl)chlorothioformate was prepared from ethylene 
sulfide and phosgene.18 A potassium tert-butoxide solution in THF was 
prepared by dissolving 39.1 g (1.0 g-atom) of potassium metal in 550 ml of 
teri-butanol at 70°C (reflux) evaporating the alcohólate solution to dryness 
in vacuo, and adding 550 ml of anhydrous THF. The potassium tert- 
butoxide solution was cooled to — 30° C and a solution of 53 g (0.333 mole) 
»Sb(i8-chloroethyl)chlorothioformate in 200 ml of THF was added drop- 
wise over a 2-hr interval. The mixture was stirred for 2 hr at —30°C after 
the addition was completed. The mixture was allowed to warm to room 
temperature, neutralized with glacial acetic acid and worked up imme
diately. After removing the potassium chloride by centrifugation, the 
solvent was evaporated under reduced pressure from the clear supernatant 
solution. Fractional distillation of the oily residue from the evaporation 
afforded 32 g (60%) of S-vinyl-O-terf-butylthiocarbonate, bp 60-61°C/15 
mm. The purity was ascertained from an NMR spectrum by comparing 
the relative intensity of the vinyl proton region (5.4-6.73 5) to the tert- 
butyl group (1.51).

The monomer assayed routinely between 93 and 95% pure. The im
purity, di-¿er£-butyl carbonate, was considered to be an inert diluent, and 
corrections for its presence were made when calculating the copolymer feed 
ratios.

Pure monomer (1) and AIBN catalyst were weighed into a dilatometer, 
and polymerization was initiated by immersing the dilatometer in an 
oil bath at 70°C. After following the polymerization for the desired 
interval, the polymer was isolated by pouring the mixture into methanol, 
dissolving the polymer in THF, and reprecipatating in methanol. The 
conversion was calculated from the weight of polymer remaining after 
drying for 48 hr at 40°C in vacuo. The rate of polymerization was cal
culated from the initial volume contraction by using equation 1:

S-Vinyl- O- ter í-Butylthiocarbonate (I)

Polymerization

(1 )
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where the total contraction K  was estimated from gravimetric conversion 
data to be 14.41. The intrinsic viscosities of the polymers were measured 
in THF at 30°C. Number-average molecular weights were determined 
in toluene at 30°C by using SS-08 membranes in a Mecrolab 501 mem
brane osmometer. The molecular weight distributions were obtained on a 
Waters Model 200 gel-permeation chromatograph.

Copolymerization

The comonomers were weighed into 10 ml drying ampoules containing 
41 mg (0.5 mole-%) AIBN. The total molar composition of the monomer 
mixture was maintained at 0.05 mole while the feed ratio was varied. 
The ampoules were degassed in vacuum by three alternate freeze-thaw 
cycles and then sealed in vacuo. The tubes were immersed in either a 
65 or 70°C oil bath until a noticeable increase in viscosity indicated the 
formation of copolymer. The copolymers were precipitated in either 
methanol, petroleum ether, or ether and reprecipitated twice from an 
appropriate solvent-nonsolvent combination.

TABLE IV
Copolymerization of A-Vmyl-O-ierf-butylthiocarbonatefMd 

with A-Vinylpyrrolidone(M1)

Mole
fraction in 
feed, Mi

Polymerization 
time, min° Conversion %

N in polymer,
%

Mole fraction 
in polymer mi

0.3 20 10.6b 1.38 0.10
0.5 20 13.0° 2.52 0.18
0.7 20 14.0° 4.44 0.32
0.9 20 16.0d 7.80 0.57

8 Polymerization temperature, 65°C; initiator 0.5 wt-% AIBN. 
b Precipitant, methanol.
6 Precipitant, pentane. 
d Precipitant, ether.

TABLE V
Copolymerization of £-Vinyl-0-hrf-butylthiocarbonate(M2) 

with A-Isopropylacrylamide(Mi)

Mole 
fraction 
in feed 

Mi
Polymerization 

Time“, min
Conversion,

%b
N in polymer,

%
Mole fraction 

in polymer mi

0.1 180 1.8 3.05 0.246
0.5 65 17.5 7.71 0.625
0.7 40 13.5 9.53 0.770
0.9 60 12.5 10.83 0.877

“ Polymerization temperature, 70°C; initiator, 0.5 wt-% AIBN; solvent, benzene; 
[M], 5 mole/1.

b Precipitant, pentane; lyophilized from benzene.
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The precipitates were either dried in a vacuum oven at 40°C for 48 hr or 
Ivophilized from benzene. The copolymers from vinyl acetate were very 
gummy and difficult to purify until they were freeze-dried. The dried co
polymer samples were weighed to determine the extent of conversion. The 
composition of the copolymers was estimated by elemental analysis. 
(Microanalyses were performed by Galbraith Laboratories, Inc., Knox
ville, Tennessee.) The composition of the methyl methacrylate copoly
mers was confirmed by NMR analysis of 5 wt-% copolymer solutions in 
CDC13. The styrene content wras determined spectrophotometricully at 
260 mp in CHC13. The results are summarized in Tables 1-V1I.

TABLE VI
Copolymerization of S-Vinyl-0-/erf-butylthiocarbonate(M;j) 

with Y-Vinyl-O-ieri-butylcarbamate(Mi)

Mole fraction 
in feed M i

Polymerization 
time, min“

Conversion,
or/o

N in polymer,
or/o

Mole fraction 
in polymer mi

0.2 240 8 .95h 0 . 5 4 0.055
0.4 240 1.3b 0 . 9 7 0.099
0.5 240 3 .5b 1 . 5 4 0.185
0.7 360 1.6° 2.84 0.288
0.9 420 1.9“ 5.65 0.575

“ Polymerization temperature, 70°C; initiator, 0.5 wt-% AIBN; solvent, benzene; 
[M], 2 mole/1. 

b Precipitant, methanol.
0 Precipitant, pentane.

TABLE VII
Copolymerization of iS-Vinyl-O-ierf-butylthiocarbonate (M2) 

with ierf-Butyl Methacrylate (Mi)

Mole fraction 
in feed M 1 Feed ratio, M 1/M 2

Mole fraction 
in polymer mi

Copolymer composi
tion ratio mi/mj

0.117 0.132 0.365 0.575
0.329 0.490 0.571 1.332
0.535 1.15 0.735 2.78
0.726 2.65 0.832 4.96
0.908 9.87 0.962 25.37

The reactivity ratios were estimated by either the method of intercepts 
or the Fineman-Ross method and refined by the curve fitting technique.19 
The computer program written by Montgomery and Fry20 was used to 
generate the integral copolymer composition for the curve-fitting approach.

RESULTS AND DISCUSSION 

Homopolymerization

iS-Vinyl-O-feri-butylthiocarbonate (I) polymerizes readily in bulk or solu
tion in the presence of free radical initiators. The effect of initiator con-
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[ a i b n ] ' /2 (M O L . /L ) ' /2

Fig. 1. Effect of initiator concentration upon the rate of polymerization Rpo iS-vinyl- 
O-tert-butylthiocarbonate. The intrinsic viscosity of the polymers demonstrates the 
molecular weight dependence. Polymerization conditions: [M] = 5.6 mole/1., 70°C.

centration upon the rate of polymerization Rp was evaluated dialtometri- 
cally and the results are summarized in Table VIII. The unique aspect of 
this data is illustrated in Figure 1; the rate of polymerization appears to 
be directly proportional to the initiator concentration rather than the 
expected one-half order dependence. The intrinsic viscosities of the 
samples were inversely proportional to initiator concentration, which is 
consistent with the kinetic data. Interpretation of this phenomenon will 
require further investigation, but it is clear that the normal kinetic as
sumptions used to derive the rate expressions are not valid in this case.

The molecular weight of 49,000 observed for one of the polymer samples 
is equivalent to a degree of polymerization (DP) of 300. This appears to 
be the highest molecular weight attainable under these conditions, but it is 
an order of magnitude greater than the DP achieved for poly(vinyl thio- 
acetate) under similar conditions.6 Although these results indicate that I 
is less reactive than vinyl thioacetate as a chain transfer agent, the molec
ular weights of the copolymers described below are rather low (40,000-

TABLE VIII
Dilatometrie Evaluation of iS-Vinyl-O-icrt-butyllhiooarbonate 

Polymerization“

[I], mole/1. 
X 102

Conversion, 
%/sec X UP

R„, mole/1.-sec 
X UP

tri
(30°C, THF) M„ X 10~4b

0.498 0.342 1.934 0.365 4.48 (4 .9 /
0.825 0.597 3.371 0.349 4.05
4.265 1.840 10.403 0.316 3.95
8.295 3.30 18.66 0.248 2.85

“ Polymerization temperature, 70°C; initiator, azobisisobutyronitrile, [M], 5.67 mole/ 
1. corrected for the presence of di-ierf-butyl carbonate.

b Estimated from GPC chromatogram of 0.125% solution in THF.
0 Measured in toluene at 30° with Mecrolab Model 501 membrane osmometer.
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50,000). The chain-transfer characteristics of <S'-vinyl monomers represent 
a major disadvantage when high molecular weight copolymers with good 
mechanical properties are desired.

Copolymerization

The copolymerization characteristics of $-vinyl-0-ierf-butylthiocar- 
bonate were determined by measuring the relative reactivity of I toward 
styrene, methyl methacrylate and vinyl acetate. These comonomers

Fig. 2. Copolymer composition curve for the copolymerization of S-vinyl-O-icrf-butyl- 
thiocarbonate (M2) with styrene (Mi) : (■ ) Experimental; (O) instantaneous copolymer 
compositions at 5% conversion calculated from reactivity ratios cited.

Fig. 3. Copolymer composition curve for the copolymerization of I with (▲) methyl 
methacrylate (Mi) and (•)  vinyl acetate (Mi); (O) calculated compositions.



S-V IN Y L-0-/erLBIJTY LTH I0CA RB0N A TE 1733

TABLE IX
Reactivity Ratios of S-Vinyl-O-terf-butylthiocarbonate (M2) 

with Comonomers (Mi)

Method
of

calcu-
Mt lation ri r2

Styrene 1 1 .95 ± 0..1 0 .21 ± 0.05
1 2,.15 ± 0. 2“ 0.,1.5 ± 0 .05a
2 2..5 :t  0.2 0..35 ± 0.05
2 3,.0 :L 0.1“ 0. 20 ± 0 .05a

Methyl methacrylate 1 1.25 ± 0,.05 0 .25 ± 0.05
1 1..20 ± 0. l b 0. 22 ± 0.05b
2 1..40 ± 0, 05 0. 17 ± 0.05
2 1 .28 ± 0. 05» 0..20 ± 0 .05b

Vinyl acetate 1 0 .06 ± 0. 01 11..0 =L 1 .0
2 0..04 ± 0. 01 11,.0 :t  ]:.o

V-Vinylpyrrolidone 1 0 .12 ± 0..02 3..9 :t  0.1
2 0..12 ± 0. 01 o O .94 ± 0.05

iV-Lsopropylaerylamide 1 1 .11 ± 0 .05 0..30 ± 0.05
2 1. 17 ± 0. 05 0. 30 ± 0.05

IV-Vinyl-O-ierf-butylcarbamate 1 0 .13 ± 0 ,05 5..30 ± 0.1
2 0. 12 ± 0. 05 5. 10 ± 0.1

feri-Butyl methacrylate 1 1 .85 0..1 0..19 ± 0.05
2 1. 70 ± 0. 05 0. 15 ± 0.05

a Spectrophotometric determination of styrene content at 260 m/a. 
b Estimated by quantitative NMR analysis of copolymers.

represent a wide range of copolymerizabilities, extending from the reso
nance stabilized styrene with negative polarity (Q, 1.0; e, —0.8) through 
the negatively polarized nonstabilized vinyl acetate (Q, 0.028; e, —0.3) to 
the positively polarized methyl methacrylate (Q, 0.74; e, 0.4).21 Thus the 
reactivity ratios observed when 1 was copolymerized with each of these 
comonomers should define the Q, e parameters for I and indicate the types 
of comonomers which would yield random copolymers.

The copolymerizations were run with neat monomer mixtures, 0.5 mole- 
% azobisisobutyronitrile being used as an initiator. In spite of all pre
cautions, the copolymerizations frequently proceeded so rapidly that con
versions greater than 10% were obtained. In these cases the initial 
monomer concentration in the feed was used to obtain a first approxima
tion of the reactivity ratios and then the computer program for generating 
an integrated copolymer composition at all conversions was used to refine 
the values. The copolymer composition was determined by elemental anal
ysis and either ultraviolet or NMR spectrometry when these techniques 
proved applicable. The data obtained was analyzed by the method of 
Fineman and Ross (method 1). The calculation was checked and refined 
by the curve fitting technique (method 2) with a computer program by use 
of the Mayo and Lewis equation22 to calculate the average composition of 
the copolymers at the precise per cent conversion obtained experimentally.
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After a satisfactory pair of reactivity ratios was obtained, the program was 
used to generate the instantaneous copolymer composition curve for co
polymerization carried to five percent conversion. The copolymer com
position curve for styrene (Mi) and &-vinyl-0-fert-butylthiocarbonate (M2) 
is shown in Figure 2; similar curves for methyl methacrylate and vinyl 
acetate copolymerizations with I are depicted in Figure 3. The reactivity 
ratios calculated by both method 1 and method 2 are summarized in Table
IX. The values obtained from NMR measurements on methyl methacry
late copolymers correlate well with those derived from the elemental analysis 
and provide additional information in the sequence distribution in the 
copolymers. We are currently examining the sequence distribution of the 
styrene and the methylacrylate copolymers in detail.

The data obtained from the copolymerization of 1 were used to calculate 
the Q and e copolymerization parameters.21 As Table X indicates, a rather 
broad range of values is obtained, but this is not unusual because the errors 
inherent to the reactivity ratios are compounded in the calculation. The 
relative high values obtained for Q2 confirm the stabilizing influence of a 
sulfur atom both to the adjacent double bond and the growing radical. 
This phenomenon has been attributed to the ability of sulfur to expand its 
octet and participate in d—rr orbital overlap with the double bond and has 
been confirmed spectrophotometrically.6’8 A similar rational can be 
applied to the stabilization of the growing radical; this stabilization also

~ vCH2—c h -

! = 0

0 —C(CH3)3

applies to radicals generated by abstraction of an a-hydrogen from the 
polymer backbone. Chain transfer of this type would either lead to 
branched chains or chain scission. These side reactions are probably re
sponsible for the low molecular weights observed in both homo- and co
polymerizations involving I. Either the monomer or the growing polymer 
exhibits a high chain-transfer constant which leads to chain termination by 
radical transfer processes.

The e parameter was originally conceived to account for electrostatic 
interactions by assuming that the product eie2 represents the attraction or 
repulsion of static charges. Subsequent efforts to establish this correla
tion quantitatively have failed but the qualitative concept of the e value 
has been retained. Thus, the negative values of e2 observed for 1 indicate 
that the adjacent sulfur atom enhances the electron density of the double 
bond. However, large fluxuations in the e values do not significantly in
fluence the copolymerization ratios observed because the Q factor essen
tially determines the relative polymerizability of the monomer. The last 
two entries in Table X illustrate this point; both values are negative yet

S-

L o
O—CiCHs);
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there is a marked difference in the copolymerizability of the corresponding 
monomers.

The predominant stabilizing influence is the adjacent sulfur atom. Al
though there is a very significant difference between the Q2 values of »S-vinyl 
and 0-vinyl-N,iV-diethylcarbamates, very little change is noted upon either 
replacing the carbonyl function with a thiocarbonyl (<S-vinyl-Ar,iV-diethyl- 
dithiocarbonate) or varying the carbonyl substituent from alkyl to 0- 
alkyl. This indicates that the polymerizability of all »S'-vinyl derivatives 
will be similar, regardless of the nature of the other substituents attached to 
the sulfur atom. Thus the selection of an »S-vinyl monomer as a precursor 
to a poly(vinyl mercaptan) should be based upon the relative ease of re
moving the blocking group from polymer. In this respect, »S-vinyl-O-feri- 
butylthiocarbonate has a distinct advantage, because the terf-butyloxy- 
carbonyl blocking group can be removed by either acid hydrolysis or mild 
thermolysis.

Water-Soluble Copolymers

Since most physiological application of polymercaptans required a water 
soluble polymeric substrate, the copolymerization of »S'-vinyl-O-Zer/- 
butylthiocarbonate with water-soluble comonomers was surveyed. In
corporation of A-vinylpyrrolidone into the copolymers seemed particularly 
attractive because poly-A-vinylpyrrolidone can be used as a plasma ex
tender and thus is nontoxic and physiologically compatible. The pyrroli- 
done ring was attacked by the strongly acidic conditions required to re
move the ferf-butyloxocarbonyl blocking group, but this difficulty was 
easily surmounted by themolytic removal.

---- CH2— CH CH;— CH----- -ĵ 0 v * insoluble copolymer

III

Copolymers of »S-vinyl-O-terf-butylthiocarbonate (M*) aridA-vinvlpyrrol- 
idone (Mi) were prepared from a wide range of feed ratios (Fig. 4). Normal 
copolymerization behavior was observed and the reactivity ratios obtained, 
n  = 0.12; r2 = 3.94, demonstrate enhanced reactivity of the »S-vinyl 
monomers over M-vinyl monomers. This reactivity is advantageous be
cause only small concentrations of the »S-vinyl monomer in the monomer
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Fig. 4. Copolymer composition curve for the copolymerization of I with (■) N-isopropyl- 
acrylamide (Mi) and (A) iV-vinylpyrrolidone (Mi); (O) calculated compositions.

feed are required to produce copolymers containing a significant vinyl 
mercaptan content. The copolymers with structure II containing > 60% 
of IV-vin y 1 py r r o 1 i d o t i e were water-soluble but the corresponding poly mer
captan analogs, III were insoluble in aqueous media. Dissolution of III 
in methanol, chloroform, dimethylformamide, dimethyl sulfoxide, and 5% 
aqueous sodium hydroxide occurred rapidly at room temperature, indicating 
that disulfide crosslinks were not responsible for the poor aqueous solu
bility properties. The sulfhydryl groups appear to be more hydrophobic 
than their ferf-butyloxycarbonyl precursor and force the copolymer out of 
solution; indeed, a 95 mole-% iV-vinylpyrrolidone content was required 
to achieve solubility in neutral aqueous media.

IV-Isopropylacrylamide has also been utilized to enhance the water 
solubility of copolymers. Conceivably, the secondary structure of the 
isopropylamide substituent is more hydrophilic than the tertiary amide 
structure found in IV-vinylpyrrolidone, and water-soluble copolymers with 
> 5% vinyl mercaptan compositions could be prepared. The acrylamide 
structure is resistant to the hydrolytic action of both strong acids and bases 
so the properties of the vinyl mercaptan copolymers could be studied over 
the entire pH range. Copolymerization of IV-isopropylacrylamide (Mi) 
with (S-vinyl-O-teri-butylthiocarbonate (M2) proceeded smoothly (Tig. 3) 
and the IV-isopropylacrylamide proved to be more reactive than I (n = 
1.17; r2 = 0.3). Water-soluble copolymers were obtained, but removal 
of the feri-butyloxy carbonyl blocking group by either acid hydrolysis or 
thermolysis yields insoluble vinyl mercaptan copolymers. In addition, the 
isopropylamide moiety seemed to increase the reactivity of the mercaptan 
group because the polymers darkened very rapidly and became insoluble 
in dimethylsulfoxide. Thus, .IV-vinylpyrrolidone remains the best co
monomer for producing a water-soluble polymercaptan substrate.
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Poly functional Vinyl Mercaptan Copolymers

The possibility of preparing amino mercaptan copolymers for model 
enzyme substrate evaluation was also explored. iV-Vinyl-0-Zcrf-butyl- 
carbamate (Mi) was prepared from vinyl isocyanate and ¿erf-butanol and 
copolymerized with the analogous ¿’-vinyl compound (M2). The copoly
merization results were erratic, but copolymers could be obtained for all 
feed ratios (Fig. 5). It was difficult to obtain copolymers containing high 
percentages of the Ar-vinyl monomer due to the large difference in the re
activity ratios, i.e., n  = 0.13; r2 = 5.10. The copolymers probably con
tain long blocks of poly-iS-vinyl-O-feri-butylthiocarbonate coupled by 
isolated iV-vinyl-Orferf-butyl carbamate linkages rather than a random 
distribution of comonomers.

The removal of the ¿-butoxycarbonyl blocking group is complicated by 
the reactivity of the amino substituent. Thermolytic cleavage lead to a 
crosslinked resin due to the formation of urea linkages.23 The isolation of 
the V-vinyl moieties mitigrates against cyclic urea formation and leads to

/vwCHj—CH AAV MV AW AW AW CH-2 CH'WV ------------ > " V  \\ V ( . 1 { .  CH'WV/VwCtL ( 'I 1 \\ VAW

I ' I  I IS—C—0—l—Bu N—C—O—i—Bu SH NH
II II I
o  o  c = o

Sll

™ C H ,-C H -vC1I2

insoluble resins at a relatively low extent of blocking group removal. 
Acid hydrolysis yield the amine hydrobromide salt which could be con-

Nl l
I

—CH,

Fig. 5. Copolymer composition curve for the copolymerization of I with ( • )  tert-butyl 
methacrylate (Mrf and (A) ¿V-vinyl-Orferf-butylcarbamate (Mi); (O) calculated composi
tions.
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verted to the free poly(viiiylamine-viiiyl mercaptan) copolymer by treat
ment with an ion-exchange resin but the recovery of copolymer from the 
resin was extremely difficult.

Poly (¿erf-butyl methacrylate-iS’-vinyl-O-ferf-butylthiocarbonate) copoly
mers were prepared as potential precursors to a poly(methacrylie acid- 
vinyl mercaptan) substrate. The copolymerization results confirm the 
superior reactivity of acrylic or methacrylie monomers over the »S-vinyl-O- 
ferf-butylthiocarbonate (M2) (?Y = 1-70, r2 = 0.15), but copolymers could 
be obtained over the entire range of feed ratios (Fig. 4).

We wish to thank the Owens, Corning, Fiberglass Corporation and the United States 
Air Force Materials Laboratory, Wright-Patterson Air Force Base Contract No. AF 
33-(616)6866 and the National Institute of Health Grant No. Al-01425-09 for their 
generous support. A National Science Foundation Grant No. GP-10370 enabled one of 
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NOTES

R in g-O pen in g  P o lym eriza tio n  of
1,1-D im eth y l-2 ,3 -B en zo -l-S ila cyc lo b u ten e

INTRODUCTION

The preparation of polysilmethylenes by thermal or catalytic ring-opening polymeriza
tion of silacyclobutanes have been of interest because of the structural analogy of these 
polymers to the polysiloxanes.1-8 Recently, in a study of the effects of temperature and 
certain additives on the polymerization of 1,1-dimethylsilacyclobutane, Nametkin and 
Vdovin4 proposed an unusual ionic mechanism for polymerization which involved the het- 
erolytic cleavage of the Si—CEL bond to give a zwitterionic initiating species (I). A

CH3
u
Si—CHj—CH2—CHj

CEL
I

similar ionic mechanism has also been suggested by Kriner6 in a study of the catalyzed 
polymerizations of various 1,3-disilacyclobutane derivatives by metal salts. Ring-open
ing was considered to occur by a heterolytic fission of the disilacyclobutane to give a zwit
terionic intermediate (II) which could then dimerize or initiate chain propagation by

CH3 c h 3
U I -
Si—CEL—Si—CH2
I I
R li

II

either electrophilic or nucleophilic attack on the uncleaved four membered ring. Further 
support for the existence of a zwitterionic intermediate (II,R = CII3) in the ring opening 
polymerization of silacyclobutanes was obtained from a study of the ELPtCL • 6ELO cata
lyzed polymerization of l,l,3,3-tetramethyl-l,3-disilacyclobutane.

In order to study further the mechanism of ring-opening polymerization of silicon-con
taining four-membered rings, the polymerization of 1, l-dimethyl-2,3-benzo-l-silacyclobu- 
tene (III) to poly[methylene(dimethylsilylene)-l,2-phenyleue] (IV) was studied by ther

mal, radical and ionic initiation. This silacyclobutene was expected to polymerize read
ily because of the release of the high strain energy upon ring-opening.9 Studies of the ef
fects of acid and base on II have shown that ring-opening occurs very readily with the 
aryl-silicon bond cleaved by acid and the methylene-silicon bond cleaved by base.9 The 
polymerization of the related diphenyl analog of III has also been reported to occur from a 
catalytic ring-opening by (cyclohexene)2Pt2Cl6.6

1741
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EXPERIMENTAL 

Monomer Preparation

l,l-Dimethyl-2,3-benzo-l-silacyclobutene was prepared by the method of Kaborn, 
Walton and Chan,9 yield 33%, b.p. 58-60°/10mm; NMR in CCh, r 2.9 (4H, m, benzo 
CH), 7.9 (2H, s, —CH2— ), 9.55 (6H, s, Si—CH,); mass spectrum (MS-9), 70 eV, M+148, 
base peak 133 (M—CH3).

Polymerization

In a dry polymerization tube was placed 0.5 g (0.0034 mole) of l,l-dimethyl-2,3-benzo-
1-silaeyclobutene and 5 ml of solvent (where applicable). The mixture was placed in a 
dry ice-acetone bath and three times flushed with nitrogen and degassed. When boron 
trifluoride etherate or butyl lithium were employed, these catalysts were added under 
nitrogen through a side arm in the polymerization tube. After degassing, the tubes were 
sealed in vacuo and heated for the times designated in Table I. The tubes were then 
opened and the contents poured into a large excess of methanol. The white polymer was 
filtered, dissolved in xylene and reprecipitated into methanol.

TABLE 1
Effect of Temperature and Solvent

Solvent
Temp.
(°C)

Time
(hr)

Conv.
(%) M “

— 150 1 80 0.19
— 150 20 83 0.65

Benzene 80 20 61 0.21
Benzene 100 48 93 0.49
Benzene 150 20 95 0.81
Benzene 300b 0.1 78 2.0
Hexane 300b 0. 1 60 1.4

“ Determined in benzene at 25°C. 
b Reaction done in an argon atmosphere.

An NMR spectrum of a saturated solution of IV in CClj (1-2%) had absorptions at r 
2.8 (4H, m, benzo CH), 7.G (2H, brs, — CIi2— ) and9.85 (611, brs, Si—CH,).

Anal. Calcd for C.HuSi: C, 72.90; H, 8.15; Si, 18.94. Found: C, 72.94; 11,8.15; 
Si, 18.88.

RESULTS AND DISCUSSION

Studies of the polymerization of silacyclo-alkanes and -alkenes have been concerned 
with catalyzed initiation by ionic or coordination catalysts or by thermal initiation with 
or without certain additives. In this investigation the effects of thermal initiation, free 
radical initiation and inhibition, and ionic initiation on the ring-opening polymerization 
of III were studied in order to provide a further insight into the mechanism of polymeriza
tion.

In Table I are listed the results of the thermal polymerizations of III in the presence 
and absence of solvent. If the polymerization were a radical process, it could be expected 
that as the temperature is increased, a greater concentration of radicals would form 
which, of course, would lead to a lowering of the molecular weight of the polymer. It is
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noted from Table I that this did not occur because both the %-conversion and the intrin
sic viscosity increased with increasing temperature in the temperature range of 80-300°C.

TABLE II
Effects of Radical Scavengers and Catalysts

Additive Mole-% Solvent
Temp.
(°C)

Time
(hr)

Conv.
(%) M *

Oxygen satd. — 150 1 80 0.11
Hydroquinone 2 — 150 20 80 0.54
Hydroquinone 2 Benzeneb 300 0.1 70 1.6
AÌBN 1 Benzene 80 20 0 —

BPO 1 Benzene 100 48 92 0.10
DPPH 1 Benzene 150 20 5 0.07

a Determined in benzene at 25°C. 
b Reaction done in an argon atmosphere.

These results are similar to those reported for the thermal polymerization of 1,1-dimethyl- 
silacyclobutane in which a zwitterionic intermediate was suggested.4

From Table I it can also be observed that there is an effect of solvent on the poly
merization. The conversion and the intrinsic viscosity both increased slightly in the 
solution polymerization in benzene at 150°C relative to the bulk polymerization at this 
temperature. It is also noted that in a comparison of the reactions in benzene and in hex
ane, the former solvent was somewhat more effective, possibly because of the greater solu
bility of the polymer in this solvent.

The results of the thermal polymerizations suggest that a radical species is not involved 
in the reaction. From a study of the effects of radical scavengers and radical initiators 
(Table II) it was found that none of the systems investigated had a higher conversion or a 
higher intrinsic viscosity than that obtained by thermal initiation. When the radical 
inhibitors oxygen and hydroquinone were employed, the conversions were essentially un
affected, but there was a slight decrease in viscosity. When the free radical inhibitor
2,2-diphenyl-1-picrylhydrazyl (DPPH) was added, marked depression of the polymeriza
tion was noted. Although this fact could indicate a quenching of a radical intermediate, 
it is inconsistent with the retarding effects observed for the free radical initiators, azobis- 
isobutyronitrile (AIBN) and benzoyl peroxide (BPO). The inhibitory effect of DPPH

TABLE III
Effects of Ionic Catalysts

Additive Mole-% Solvent
Temp.

( ° c j
Time
(hr)

Conv.
(%) M  a

Butyl lithium 1 Tetra- -5 0 48 1 —

Butyl lithium 1

hydro-
furan

25 40 68 0.17
Butyl lithium 1 Benzene 150 20 36 0.07
Boron trifluoride 1 — 150 20 52 0.07

etherate
Aluminum chloride 1 Benzene 150 20 67 0.25
Chloroplatinic acid 0.5 — 150 20 45 0.08
Sodium 1 — 150 20 46 0.06

a Determined in benzene at 25°C.
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could perhaps be related to the strong inhibition noted for amines in the ring-opening 
polymerization of 1,1-dime thy lsilacyclobutane4 and not to a radical quenching. In 
support of the fact that the ring-opening is not a radical process, we were unable to ob
serve an electron spin resonance signal for a thermal polymerization in benzene at 90°C.

Although the lack of the electron spin resonance signal could have been caused by a 
low concentration of radicals at the temperature studied or by the existence of short-lived 
radicals, the results given in Tables I and II indicate that the polymerization of III is 
ionic in character. It is therefore somewhat surprising to note that neither the anionic, 
cationic or electron donating catalysts were which studied (Table III) facilitated the poly
merization in relation to the thermal polymerizations. The reaction of butyl lithium 
with III at 2o°C for 40 hr did give a higher molecular weight polymer than could have 
been obtained by thermal means under the same temperature. However, the reaction of 
butyl lithium with III in benzene at 150°C gave a drastically lower molecular polymer 
than that, obtained by thermal initiation at this temperature.

These studies suggest that the ring-opening of III involves a heterolytic fission of the 
Si—CHt bond to form a zwitterion (V).10 The assignment of charge in V is in accord

with Pauling electronegativities which predict a 12% ionic character to the Si—C bond,11 
with silicon being electropositive relative to carbon.

The increase in intrinsic viscosity with increasing temperature in the thermal poly
merizations indicates that chain propagation occurs from a combination of zwitterionic 
intermediates. An individual attack of the siliconium ion or the carbanion of V and III 
is less likely, since if either of the latter propagation mechanisms were operative, it could 
be expected that the cationic or the anionic catalysts would have significantly enhanced 
the conversion and the intrinsic viscosity. Indeed, this did not occur as each ionic 
catalyst strongly retarded the polymerization. Instead, it is conceivable that the ionic 
catalysts, as well as the other additives which were studied, reacted with a growing chain 
to terminate polymerization.
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P o lym erisa tio n  o f ß-C yan oprop ionaldehyde. IX . A nionic  
C opo lym erisa tion  w ith  P h en yl Isocyan ate

INTRODUCTION

In the preceding study,1,2 anionic copolymerization of /5-cyanopropionaldehyde 
(NC—CH2—CH2—CHO, CPA) with dimethylketene [(CH3)2C = C = 0 , DMK] was 
carried out, and the mode of bond-opening of DMK was discussed from the NMR 
structural analytical data of resulting copolymers.

Since Shashoua3,4 conducted the polymerization of isocyanates having heterocumula- 
tive double bonds as well as DMK, many investigators have studied the polymerization 
of isocyanates6-18 and also their copolymerization with some aldehydes.19-22 The 
present investigation is concerned with the anionic copolymerization of CPA with 
phenyl isocyanate (C6H£N = C = 0 , Phi) initiated by benzophenone-dilithium complex 
(Lio-BzPh) and discussion of the structure of the resulting copolymer.

CIIs\ r---,
CH/ C=C=0  0 ^ N = C = O

II III
DMK Phi

EXPERIMENTAL

The technique employed here was essentially the same as that described in the pre
ceding papers.2,23

C H =0
I

CH,
I '

CH,
I ‘

CN
I

CPA

Materials

CPA, tetrahydrofuran (THF), and benzophenone (BzPh) were purified as already de
scribed.23 Phi was distilled in vacuo after a careful removal of moisture. Li,-BzPh 
and the cyclic trimer of CPA, 2,4,6-tris(/3-cyanoethyl)-s-trioxane, were prepared in the 
same way as described in the preceding papers.2,23 3-Phenyloxazolidone-2 and 2-N- 
phenylimino-l,3-dioxolane were prepared according to methods described elsewhere.24,26

Polymerization

A cold solution of CPA and Phi in THF was added to a THF solution of Li,-BzPh 
with vigorous stirring. Termination was carried out by adding a small amount of 
methanol directly into the polymerization system. The resulting copolymer was 
washed with a large amount of methanol and dried under reduced pressure. The average 
molecular weight of the polymer Mn was measured by vapor-pressure osmometry (Hew
lett-Packard Model 302) in dimethylformamide (DMF) at 37°C.

Structural Analyses of the Copolymers

Infrared spectra of the copolymers were measured by the KBr method by using a 
Hitachi grating infrared spectrophotometer, Model 215. NMR analysis was made in 
deuterated chloroform with a JNM-4H-100 spectrometer.

RESULTS AND DISCUSSION

The results of copolymerization of CPA with Phi with use of Li, -BzPh are given in 
Tables I and II.

©  1971 by John Wiley & Sons, Inc.
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TABLE I
Anionic Copolymerization of /3-Cyanopropionaldehyde with Phenyl Isocyanate“

Expt.
no.

Monomer
Li2-BzPh, 
mole-% 

(based on 
monomer)

Time,
min

Polymer
yield,

%b

Mole
fraction
of CPA 

in
copolymer”

CPA,
g

Phi,
g

Mole 
fraction 
of CPA

43 3.12 0 1.00 0.10”1 1440 63.6 1.00
73 4.36 5.58 0.534 0.10 10 80.5 0.41«

103 7.85 1.23 0.90i 0.05 1.5 5.6 0.73„
79 7.58 1.29 0.894 U 12 44.4 0.78a
89 6.61 2.36 0.80, u 2 50.2 0.63s
88 4.62 5.31 0.55s ll 1.0 39.6 0 .452
86 2.06 8.93 0.24g u 1 37.6 0.243
87 0.89 10.81 0.10s ( l 0.7 40.0 —
74 0 11.74 0 0.02 3 15.1 0

“ At <10-4 mm Hg, — 78°C; solvent, THF; volume ratio of solvent to monomer, 5. 
b Calculated for the total weight of the monomers.
0 Estimated from the elementary analytical data. 
d Na2-BzPh.

Copolymerization proceeded in a homogeneous phase except for the case of extremely 
low or high mole fractions of CPA in monomer feed (experiments 79, 86, 87, 103, and 
124), in contrast with homopolymerization of CPA and Phi.8’4'23-26 The rate of copoly
merization was much higher than that of homopolymerization of CPA. The resulting 
polymer obtained as a white powder was found on the basis of the elementary analysis to 
be composed of CPA and Phi structural units. The composition in the monomer feed 
had remarked effects on both the polymer composition and the copolymerization rate.

Table III shows a comparison of some properties of CPA-PhI copolymers and the 
homopoly mere. The copolymers (as seen in samples 88 and 89) were soluble in DMF, 
chloroform, and THF, and insoluble in benzene. The average molecular weight M„ and 
softening point of the copolymer were not so high.

TABLE II
Anionic Copolvmerization of /3-Cyanopropionaldehyde with Phenyl Isocyanate“

Expt.
no.

Monomer

Time,
min

Polymer
yield,

0 7  h/(>

Mole 
fraction 
of CPA

in
copolymer”

CPA,
g

Phi,
g

Mole 
fraction 
of CPA

124 7.60 1.18 0.91s 2 5.3 0.75,
91 6.62 1.20 0.88* 0.5 0.5 0.69s

123 7.14 1.80 0.85, 0.7 4.2 0.66s
85 6.79 2.87 0.772 5 7.3 0 .572

125 6.24 3.62 0.71a 1 3.8 0.50,
77 5.86 3.60 0.70o 2 6.4 0 .524
82 4.23 6.06 0.50o 1 4.5 0.38s
84 3.14 7.44 0.37, 2 16.9 0.32„

* At <10 ~4 mm Hg, — 78°C; initiator, Li2-BzPh, ca. 0.02 mole-% based on monomer;
solvent, THF; volume ratio of solvent to monomer, 5. 

b Calculated for the total weight of the monomers.
" Estimated from the elementary analytical data.
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TABLE III
Properties of CPA-PhI Copolymers

Sample
no.a

Mole 
fraction 
of CPA 

in
copolymer M nb

Softening
point,

°C

Solubility®

DMF
Chloro

form THF
Ben
zene

43 1.00 3000 — zb 0 0 0

79 0.78s 7190 ~ 7 5 + ± ± 0

89 O.6 8 5 2880 91-94 + + + 0

88 0.452 — 109-113 + + + 0

86 0.243 — 113-118 + + ± 0

74 0 — 190-199 0 0 0 0

a Sample numbers refer to products of experiments listed in Table I. 
b By vapor-pressure osmometry in DMF at 37°C.
c Solubility at room temperature : (+ )  soluble; (± )  partially soluble; (0) insoluble.

From the copolymerization data in the system of CPA (Mi) and Phi (M2) the values 
of monomer reactivity ratios, r, = 0.18 ±  0.05 and r2 = 0.8 ±  0.1, were determined by 
using the Mayo-Lewis integral scheme (see Fig.l). The values are different from those 
in the previous CPA-DMK system under the same conditions, as shown in Table IV. 
Although ionic polymerization is generally known to be dependent in a complex way on 
many factors, these apparent values under the present condition are thought to be of use 
for the comparison of reactivity of the monomers. The rate of addition of Phi mono
mer to the CPA alcohólate anion is found in terms of the values of I /r¡, to be more than 
three times that of DMK monomer. The values of rxri show that the alternating ten
dency of DMK is larger than that of Phi. Such a difference of the reactivity may be 
attributable to the polarity of heterocumulative double bonds and the conjugation effect 
of phenyl group.

In Figure 2 are given infrared spectra of CPA-PhI copolymers, where x represents 
a mole fraction of CPA unit in the copolymer. These spectra have characteristic ab
sorption bands at 2250 cm-1 based on the nitrile group, at 1600, 1500, 760, and 690 
cm-1 on the phenyl group, and also at 1730 cm-1 where no absorption appears in the 
spectra of their own homopolymers.3,4,27 Owing to the possibility of polymerization 
of Phi monomer through the opening of the C = 0  group in addition to that of the C =N

<o_o
Ü.
o

o<o:Ll
u j

o

MOLE FRACTION OF CPA 
IN MONOMERS

Fig. 1. Composition of copolymer as a function of monomer composition in the sys
tem of CPA. (Mj) and Phi (M2): (O) experimental value; (------) calculated from r, =
0.18, r2 = 0.8. Li2-BzPh; TIIF; -78°C .
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TABLE IV
Monomer Reactivity Ratios in Copolymerizations of CPA (Mj)“

m 2 n r2 nr2 1/n

DMKb 0.6 ± 0.1 0.04 ± 0.03 0.024 1.67
Phi 0.18 ± 0.05 0.8 ± 0.1 0.144 5.56

* With Li2-BzPh; THF; 78°C.
b Data of Sumitomo and Hashimoto.1)2

group,5.6.10 —13,28—3i the bond formations IV and V may he considered as resulting from 
the cross propagation between CPA and PhT.

— CH—

0
4

01o — C H --0— c —  
II1 II

0CH, CH, N
I

ch2 ch2I r i1
CN CN k J

IV V

Iwakura et al.6,14 determined the opening mode of the N = C = 0  group from the results 
of the aminolysis of polyisocyanates and concluded that diisocyanates polymerized 
through the opening of both C =N  and C = 0  groups and monoisocyanates through the 
opening of only C = N  group. It was so difficult to chemically analyze the structure of 
the random copolymer in the present system that a NMR method was adopted here for 
the qualitative analysis of its microstructures.

WAVE NUMBER, cm-1

Fig. 2. Infrared spectra of CPA-PhI copolymers (KBr): (A ) chloroform-soluble fraction 
of sample 79, * = 0.7S4; (B) sample 88, x  = 0.452; (C) sample 86, x = 0.24s.
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z-

Fig. 3. NMR spectra of CPA-PhI copolymers: (A) sample 88, x = 0.452; (B ) sam
ple 125, x = 0.50i; (C) sample 123, x = 0.665; (D) sample 124, x = 0.75j. All in 15% 
deuterated chloroform solution, 70°C.

NMR spectra of CPA-PhI copolymers are given in Figure 3. Peaks a (r, 8.0-8.3) 
and b (r, 7.5-7.7) may be attributed respectively to a- and 0-methylene protons of CPA 
unit by analogy with a- and 0-methylene peaks of the CPA cyclic trimer, 2,4,6-tris(0- 
eyanoethyl)-s-trioxane. The big peak /  and the shoulder peak e at 2.8-3.2r may come 
from the phenyl protons of Phi unit. The me thine proton of CPA unit is elucidated to 
give peaks c (r, 4.8) and d (r, 4.0) and also partially peak e from the viewpoint of 
intensity ratios of the methine peaks to the methylene peaks. In order to discuss the 
mode of bond opening of Phi monomer by means of the analysis of the microstructure of 
the copolymer, it is important to assign the methine proton of CPA unit. If Phi mono
mer polymerizes through the opening of its C =N  bond, the triads of CPA units, P-m, 
Pm, P-2u, and Pm, respectively, are shown as VI-IX.
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ÇH2

CN

CH— 0 — Pm CH— 1

CH, 
1 ' ch2

ch2
1 ch2

CN
1

CN

— CHc— O— CH— O—
I I

ch2 ch,
! I

ch2 ch2
I I

CN CN
IX

Methine protons of the central CPA unit are assignable as indicated here from the follow
ing consideration. The peak c (r, 4.8) must be due to the methine proton of the triad 
Pm from the observation that the methine proton of CPA cyclic trimer gives a peak at 
4.9t.2 As the methine peak due to the triad Pm  should be observed at a lower magnetic 
field than that of the triad Pm owing to the influence of neighboring phenyl group, peak

TABLE V
Intensity Ratio of Methine Peak

Sample
no.a

Run
number

Ratio of triadb Intensity Ratio 
of peak 

c:dcP 111 • Pm Pm ’ P 211 +  P 112

125 72.2 0.08:0.20 0.08:0.40 0.10:0.15
123 62.3 0.28:0.25 0.28:0.50 0.35:0.26
103 .52.3 0.41:0.23 0.41:0.46 0.47:0.26
124 49.6 0.45:0.22 0.45:0.44 0.48:0.26

a Sample numbers refer to products of experiments listed in Tables I and II. 
b Calculated from the run number.
0 Based on the peak intensity of four methylene protons.

d may come from the methine proton of the triad P2U- In view of the fact that an ester 
group generally shields protons more strongly than an urethane group does, the peaks 
based on the methine protons of the triads P-. 12 and Pu2 are considered to appear at a 
lower magnetic field. Taking account of the intensity ratio of the methine peaks, these 
methine peaks may be contained within the peak of phenyl protons. When Phi mono
mer, on the other hand, opens its C = 0  bond, the triads are expressed as in IX-XII.

Pt»

Pn — c —

X

■0— CHd—■0— CH— 0 — Pm  — ÇH-
II 1 1
N1 ch2 CH2

1
ch2

A ch2
1

ch2 ch2

k J 1
CN CN

1
CN

1 II
CH, 
I ' NI1
CH,

CN k -
XI

xn

ch2
I

ch2
I

CN
IX

CH2

ch2
I

CN
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In the NMR spectra of the model compounds, 3-phenyloxazolidone-2 has two triplet 
peaks on the methylene protons at r values of 5.6 and 6.05 and 2-Ar-phenylimino-l,3- 
dioxolane a singlet peak at 5.65r. From these observations the methine protons of the 
triads Pu2 (VII) and Pa\ (VIII) should not be equivalent, but the methine protons (XI 
and XII) are equivalent. Assuming that the present copolymerization system is ex
plained by simple terminal model, the triads should be calculated from the run number, 
R32 (see Table V).

As shown in Table V the intensity ratio of peak c to peak d based on the peak intensity 
of four methylene protons satisfactorily agrees with the ratio of Pm to Pm  than the ratio 
of Pm to Pm T- P112. This fact may suggest that Phi monomer enters the chain preferen
tially through the opening of the C = N  bond. This is analogous to the situation de
scribed in another copolymerization system of CPA-methyl isocyanate.33 More quan
titative discussion may require data from NMR obtained at a higher magnetic field 
strength.
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The thiazole derivative was recrystallized from ethanol; mp 119-122°C.
Anal. Calcd. for C3„H28Si2S20: C, 65.17%; H, 5.11%; N, 5.07%; S, 10.60%; Si, 

10.16%. Found: C, 65.34%; 11,5.18%; H,4.80%; S, 10.80%; Si, 10.71%.
The oxazole derivative was also recrystallized from ethanol; mp 139-142°C.
Anal. Calcd. for C30H28Si2O3: C, 69.20%; H, 5.42%; N, 5.38%; Si, 10.79%. 

Found: C, 69.16%; H, 5.37%; N, 5.48%; Si, 10.10%.
Preparation of p-Bromobenzaldehyde Diethylacetal.3 Into a one-lifer round bottom 

flask equipped with a nitrogen inlet tube and a condenser protected with a drying tube 
was placed 16 g (0.66 mole) of magnesium turnings. Small portions of 250 ml of dry 
ether and 120 g (0.508 mole) of p-dibromobenzene were introduced to initiate the reac
tion. The reagent and the solvent were then added portionwise at such a rate as to 
maintain the mixture refluxing slowly. After the Grignard reagent had formed, an ex
cess of triethyl orthoformate (100 g) and 200 ml of dry benzene were added. The mix
ture was refluxed under nitrogen overnight. Upon termination of the reaction, it was 
decanted. About 200 ml of dry ether was used to wash the product off the solid 
residue. The product (54 g, 42%) was then isolated by vacuum distillation at 
96°C/0.35 mm.

Preparation of l,7-bis(p-Benzaldehyde)-l,l,3,3,5,5,7,7-octamethyltetrasiloxane. The
Grignard reagent of p-bromobenzaldehyde diethylacetal (31.2 g, 0.126 mole) was 
prepared in 200 ml of THF under nitrogen with 3.06 g (0.126 mole) of magnesium turn
ings. Into a three-necked flask equipped with a magnetic stirrer, a nitrogen inlet, a con
denser protected with a drying tube and an addition funnel, were placed 22.18 g (0.063 
mole) of dichlorooctamethyltetrasiloxane4 and 100 ml of THF. To this was added 
dropwise the Grignard solution over a period of 30 min. It was stirred at room tempera
ture overnight. This was followed by heating at reflux for 4 hr. The organic layer was 
taken into ether (800 ml), w'ashed thoroughly wflth water which hydrolyzes the acetal and 
dried over magnesium sulfate. The solvent was removed. It w'as impossible to distill 
the residue in vacuo because it decomposed.

Preparation of the bis-Bisuliite Adduct of the Aldehyde. The bisaldehyde, (0.009 
mole) and sodium bisulfite (2.20 g, 0.021 mole) were added to a stirred solution of 125 ml 
of methanol containing 19 ml of water. The reaction mixture was stirred overnight at 
room temperature. The product was filtered. After washing with 60 ml of warm meth
anol, the W'hite product was dried in vacuo for 8 hr at 100°C.

Reaction of the bis-Bisulfite Adduct with o-Phenylenediamine to Give Compound I. 
The same procedure as described by Higgins and Marvel5 was used). l,7-bis(p-benzal- 
dehyde)-l,l,3,3,5,5,7,7-octamethyltetrasiloxane bis-bisulfite adduct (1.745 g, 0.025 
mole) and o-phenylenediamine (0.54 g, 0.005 mole) were added to 50 ml of DMF and the 
reaction mixture was heated at reflux for 1 hr in a nitrogen atmosphere. The reaction 
mixture was then poured out into water and it was filtered and washed with water. The 
product was recrystallized from DM F/H2(), mp: 210-215°C.

Anal. Calcd: C, 61.22%; 11,6.35%; N, 8.40%; Si, 16.84%; Found: C, 60.43%; 
H, 6.51%; N, 7.99%; Si, 16.95%.

We are indebted to Dr. G. F. L. Ehlers and Dr. G. A. Loughran of the Air Force Ma
terials Laboratory, Wright-Patterson Air Force Base, for the thermogravimetric analyses 
and the interpretation thereof.

This work was supported by the Air Force Materials Laboratory, Air Force Systems 
Command, Wright-Patterson Air Force Base, Ohio.
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P h o to p o lym eriza tio n  o f  H ydroqu in on e D iacry la te

An a,/3-unsaturated carbonyl compound such as acrylate is known to add rapidly an 
active hydrogen compound such as amine or alcohol to yield an addition compound in the 
presence of a basic catalyst in a manner as the Michael reaction. Phenyl acrylate and 
hydroquinone diacrylat.e are much more reactive1“3 to nucleophiles than other acrylates 
of aliphatic alcohols because of the inductive effect of the phenoxy group. While the 
addition reaction of hydroquinone diacrylate (HDA) with diols was investigated, it was 
found that the polymerization reaction took place with a poor reproducibility of polymer 
yield and it was sensitive to light in laboratory room. This discovery led to a study of 
the photopolymerization of II DA in various solvents.

Experimental

HDA was synthesized by the reaction of 1 mole of hydroquinone and 2 moles of 
acryloyl chloride in tetrahydrofuran (THF) in the presence of 2 moles of triethylamine 
as an acid acceptor. HDA was recrystallized three or four times from ethanol-n-hexane 
so that impurities including triethylamine or inhibitors were removed completely. The 
yield of HDA was 60%, mp 88-89°C.

Solvents were carefully purified by conventional methods before use. A given amount 
of HDA was dissolved in various solvents and the solution was sealed in a glass tube in 
vacuo; the tube in a water bath kept at 30°C was then exposed to sunshine. In an 
alternate method, an HDA solution was placed in a cylindrical tube (2.5 X 10 cm) in air 
or in vacuo and the solution was irradiated at a distance of 1.5 cm from a high-pressure 
mercury lamp (3660A, 450 W) for a given period. Then, the solution was poured in dry 
ether and polymer was collected by filtration.

Copolymerization of HDA with styrene was carried out at a total monomer concen
tration of 1 mole/1 in THF in vacuo and in air, by irradiation with the same mercury 
lamp. The copolymer formed was precipitated by ether and subsequently fractionated 
from acetone.

Results

When an HDA solution in sealed tubes was exposed in vacuo in direct sunshine, poly
mer started to precipitate after 30 min, and the whole solution became a highly swollen 
solid within 2 hr. Results of the photopolymerization of HDA in various solvents in 
vacuum by direct sunshine are shown in Table I, which indicates that solvent has a 
marked influence on the polymer yield. THF accelerates the polymerization of HDA 
to give a quantitative yield of polymer; more electron-donating solvents, triethylamine 
or dimethylaniline, did not cause the polymerization of HDA within 2 hr.

TABLE I
Photopolymerization of HDA by Direct Sunshine“

Solvent
Volume 

solvent, ml
Polymer 
yield, %

ij,„./c in
h ,so 4

Dimethylaniline 10 0 —
Triethylamine 20 Trace —
Ethanol 20 35 0.14
Benzene 10 38 0.36
DMAc 10 70 0.22
DMF 10 77 0.30
THF 10 100 0.10

HDA 0.5 g; 30°C; in vacuo, 2 hr.
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TABLE II
Photopolymerization of HDA by a Mercury Lamp“

Solvent

Volume
solvent,

ml

In air In vacuo

Polymer 
yield, % Vsp/ ßk

Polymer 
yield, % Vsp/ c*5

Acetone 10 7 — 34 0.28
Ethanol 20 8 — 40 0.10
Benzene 10 12 0.20 48 0.22
Triethylamine 20 18 0.10 42 0.04
Ethyl ether 20 41 0.14 40 0.10
Dioxane 10 63 0.24 65 0.20
DMF 10 62 0.26 80 0.22
THF 10 85 0.12 85 0.08
THF0 10 56 0.06 70 0.06

“ HDA, 0.5 g; 30°C, 1 hr; in a quartz tube. 
b In H?SO< at 30°C.
0 In the presence of 2.7 mg of hydroquinone as inhibitor.

The photo-induced polymerization of HDA by a high-pressure mercury lamp was 
carried out in various solvents in air or in vacuo; results are summarized in Table II, 
where the same trend of solvent effect on the polymer yield was observed. THF was the 
best solvent to yield polymer rapidly.

Fig. 1. Effect of hydroquinone on the photopolymerization of HDA: (A) in air; (A) 
in vacuo; (O) without hydroquinone in air; ( • )  without hydroquinone in vacuo. HDA, 
0.5 g; hydroquinone, 2.7 mg/10 ml in THF; 30°C; high-pressure mercury lamp (450 
W).

Since polymer yields in air were not significantly different from those obtained in 
vacuo, oxygen is presumed to have no significant effect on the polymerization. However, 
when hydroquinone was added to the solution, the polymerization was retarded, as can 
be seen in Figure 1.
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The rates of photo-induced polymerization of HDA in various solvents were deter
mined in air under the irradiation of a high-pressure mercury lamp (Fig. 2); it is seen 
that HDA polymerizes very rapidly to a quantitative yield of polymer in THF. Ir
radiation of THF in air by a high-pressure mercury lamp may have caused autoxidation 
of THF, hence resulting in the acceleration of the polymerization. However, when care
fully purified THF was irradiated for 2 hr under vacuum under the same reaction condi
tions THF did not cause the polymerization of HDA at all after the THF solution of

20 AO 60 80 100 120
REACTION TIME (m in.)

Fig. 2. Photopolymerization of HDA in various solvents in air. IIDA, 0.5 g/10 ml;
30°C; mercury lamp.

HDA was heated at 60°C in a dark place for 48 hr. Therefore, the accelerating effect 
of TI1F on the photo-induced polymerization can not be attributed to the autoxidation 
of THF. Since other ether solvents, such as ethyl ether or dioxane, resulted in a good 
yield of polymer as indicated in Table II, the ether group may play a specific role in the 
photo-induced polymerization of HDA.

MOLE FRACTION OF STYRENE IN MONOMER

Fig. 3. Copolymer composition curve of acetone-soluble polymer in styrene and HDA 
system: (f ) photopolymerization in vacuo; (2) photopolymerization in air; (3) thermal 
polymerization at 60°C (AIBN). St +  HDA = 1 mole/1. in THF; 30°C; mercury 
lamp.
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It was also found that phenyl acrylate, which has a structure similar to that of TIDA, 
has a much lower activity for the photo-induced polymerization. Although the reason 
for the high sensitivity of HDA in causing the photo-induced polymerization is not yet 
clear, the polymerization may proceed through a radical mechanism, since the poly
merization was retarded in the presence of hydroquinone.

TABLE III
Monomer Reactivity Ratios

rHDA rst

Photocopolymerization in air 0.20 0.12
Photocopolymerization in vacuo 0.34 0.17
Thermal copolymerization 0.42 0.27

The HI )A polymer obtained by the photo-induced polymerization swelled in dimethyl- 
formamide or dimethylacetamide, and no solvents were available to prepare a real solu
tion. Although concentrated sulfuric acid did dissolve the polymer, the polymer might 
undergo degradation, since no polymer was reprecipitated when the sulfuric acid solution 
of the polymer was poured in excess of water, and free hydroquinone and polyfacrylic 
acid) were recovered from the aqueous solution.

The photo-induced copolymerization of HI)A with styrene was carried out. in TIIF by 
irradiation with the mercury lamp. The copolymerization took place immediately after 
irradiation and the whole solution became a highly swollen gel within 1/j  hr. The co
polymers obtained could be fractionated by acetone. The compositions of acetone- 
soluble and acetone-insoluble copolymers, as determined by elementary analysis, are

TABLE IV
Overall Rates of Copolymerization of HDA with Styrene

HDA/St ratio

Overall rate, %/hr

Photo (vacuum) Photo (air) Thermal (AIBN)

1/9 0.5 0.8 (40)“ 1.5
3/7 5.0 4.8 (11)“ 5.0
5/5 6.5 6.5 (10)“ 10.0
7/3 12.5 14.5 (9)“ 13.5
9/1 18.0 20.0 (6)“ 17.0

a Polymerization started after an induction period (min).

shown in Figure 3 and compared with the compositions of copolymer obtained by the 
thermal copolymerization with azobisisobutyronitrile. It is evident in Figure 3 that the 
compositions of acetone-soluble copolymer are slightly dependent on the copolymeriza
tion conditions. The monomer reactivity ratios were calculated and are given in Table
III.

The overall rate of the copolymerization increased with increasing amount of HDA, 
and the apparent overall rates are summarized in Table IV. The acetone-insoluble 
copolymer only partly dissolved in common organic solvents and its composition is rich 
in HDA, compared with the composition of acetone-soluble copolymer.
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Influence o f S am ple  S ize on R a d ia tio n  D am age o f P o lye th y len e*

A sample of highly crystalline polyethylene of density 0.96 g/cm3 and of particle size 
60-80m (Super Dylan, Sinclair Koppers Company) was melted under vacuum to provide 
films of thickness about 10V The powder and cuttings from the crystalline films, of area 
ca 0.1 cm2, were degassed and, together, sealed in vacuum in ampules. The ampules 
were exposed to Co-60 y-raj's at ambient temperature at a dose rate of 3.2 Mrad/hr. 
Several days after irradiation the ampules were heated at 80°C for 24 hours to remove 
trapped radicals and the samples then exposed to air. Samples were examined in an at
mosphere of nitrogen at a heating rate of 20°C/min by differential thermal analysis (du- 
Pont 900 Thermal Analyzer). The minimum of a singlet endot,hernial peak was taken 
as a measure of a melting temperature. A second run gave lower values by one or two 
degrees and these are the values reported here, where (he quantity of importance is the 
depression of the melting point .

TABLE I
Influence of Experimental Conditions on Depression of Melting 

Point on Irradiation of Polyethylenes

Density of
polyethylene low7 high low high

Form of polyethylene bulk
granules

bulk bulk bulk powder
(60-80m)

Environment during vacuum vacuum air vacuum vacuum
7 -irradiation

Post-irradiation treatment none melted 
in air

none annealed in vacuum 
at 80°C

Depression of m.p. at low 0.03 0.01 0.04 0.04 0.04
doses °C/Mrad

Depression of m.p. at high not levels off continues levels continues
doses studied (2

points)
to fall off to fall

Reference 2 3 4 present work

7 -Irradiation of the polyethylene film, designated as the bulk sample in Figure 1, re
sults in a depression of the melting point for doses up to about 100 Mrad but it will be 
seen that further irradiation has relatively little effect. The powder sample initially has 
a similar slope but differs in that the melting point continues to drop up to the highest 
dose studied of 320 Mrad. Other work shows that depression of the melting point in a 
number of polymers, including polyethylene, provides a measure of overall radiation-in
duced chemical change of the polymer molecules.1 Therefore, the results in Figure 1 are 
interpreted to mean that after a low dose, <10 Mrad, the overal chemical change in the 
two types of sample is similar but that after higher doses the change is smaller in bulk. 
Further evidence for this interpretation was obtained from measurements of gel content, 
following extraction of samples in boiling xylene under nitrogen. After a dose of 70 Mrad 
the gel content of bulk samples was 72%, while that of powder samples was >85%; the 
latter result is reported as a lower limit because some powder may have been lost during 
the extraction of soluble polymer.

For comparison with the present results previous data on the radiation-induced depres
sion of the melting point of polyethylene have been collated in Table I. One notabe

* This work was supported by the Division of Isotope Development, The United States 
Atomic Energy Commission.

©  1971 b y  John W iley  & Sons, Inc.
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Fig. 1. Dependence of the melting point depression of polyethylene upon irradiation 
dose: ( • )  bulk sample, (O) powder sample.

feature is that despite the variety of experimental conditions there is some measure of 
agreement that for low doses (<cal<> Mrad) the depression of the melting point is about
0.04°C/Mrad. On the other hand, there is difference concerning behavior with increas
ing dose inasmuch as in some cases the melting point continues to fall whereas in others it 
levels off. Again this trend is taken to be indicative of chemical change in the polymer 
molecules and the explanation suggested for the decrease in rate with increasing dose is 
that trapped radicals accumulate in the samples and undergo back reactions with gas
eous products such as hydrogen atoms and hydrogen molecules. It is to be expected that 
these reactions would be more effective the greater the distance which has to be traversed 
before the mobile species escape from the surface of the sample. Therefore, it is to be ex
pected that they would be more pronounced in massive samples with a low surface to vol
ume ratio. Previously, back reactions of trapped radicals with hydrogen atoms have 
been postulated to account for a decrease in rate of accumulation of alkyl radicals in poly
ethylene with increase in dose.5 Reaction of alkyl radicals in polyethylene with hydrogen 
molecules has been demonstrated6-7 and invoked to account for decreased yields of hydro
gen under experimental conditions where escape of the gas from the polymer was im
peded during irradiation.8 The present explanation is consistent with observations that 
the depression of the melting point continues with increasing dose under other conditions 
where radical accumulation is not favoured. Cases include irradiation of the solid poly
mer in the presence of air4 and irradiation in vacuum at a temperature above the melting 
point.8 In view of the large amount of careful work done on the radiation chemistry of 
polyethylene it may appear improbable that a basic effect such as the influence of sample 
geometry should have been overlooked. Possibly this is because attention has been cen
tered on quantitative study of crosslink formation which has proved very difficult to re
late to dose because of large concurrent changes in the pattern of unsaturation.

Evidence of an influence of film thickness on the radiolysis of a polymer has been pre
sented previously in the case of polyfet.hylene terephthalate). First, an unidentified re
action product with an absorption maximum at 3250A was reported to decrease in con
centration with an increase in film thickness in the range studied of from 55 to 1 OOOyu.9 
Closer examination of the data indicates that at low doses the concentration is indepen
dent of thickness and so the results are similar to those reported above for polyethylene 
and may be explained similarly. Independently, it has also been reported that the yield 
of gas and the limiting viscosity number is smaller in thicker films of PET.1" These lal- 
ter findings also seem consistent with the present explanation.
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In conclusion, evidence has been presented that at low doses of 7 -rays the damage of 
polyethylene is not noticeably dependent on sample geometry. By contrast, at higher 
doses the damage is smaller in samples of low surface to volume ratio. Previously, re
lated data have been reported for PET. It is suggested that these effects are due to the 
back reactions of trapped polymer radicals with mobile species such as hydrogen atoms 
and gaseous molecules. In view of the potential importance of this effect in helping to 
unravel the radiation chemistry of polymers and because of the simplicity of the melting 
point technique it is to be hoped that similar studies will be made of other crystalline 
polymers.
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Effect o f th e  S u rfa c ta n t on  th e  H ydrolysis R a te  of 
P olyv in yl A ce ta te

Polyvinyl acetate (PVAc) dissolves into high concentrated anionic surfactant aqueous 
solution such as sodium dodecyl sulfate (SDS). The mechanism of the dissolution has 
been explained by the formation of water soluble polymer-surfactant complex by means of 
the adsorption of surfactant on the polymer.1 By the study of the saponification of 
PVAc in surfactant solution, it is desirable to obtain some new information about the 
mechanism of the saponification of PVAc and the state of the complex. In this paper, 
saponification rate of PVAc dissolved into SDS by NaOH was studied.

PVAc was prepared from polyvinyl alcohol (PVA). Commercial PVA (Gosenol 
NH-20, degree of polymerization about 2000, Nihon Gosei Co.) was completely acety- 
lated by acetic anhydride in pyridine. This PVAc was purified by reprecipitation with 
acetone and water. SDS was purified by recrystallization from ethyl alcohol and ex-

REACTI ON TI ME ( M I N . )

Fig. 1. The relationship between the reaction time and the conversion: (1) PVAc- 
SDS in water, concentration of PVAc = 0.0230 base mole, NaOH/PVAc = 1.15 by 
mole; (2) PVAc in water-acetone, concentration of PVAc = 0.0195 base mole, NaOPI/ 
PVAc = 1.23 by mole; (3) PVAc-SDS in water-acetone, concentration of PVAc = 
0.0200 base mole, NaOH/PVAc =1 .18  by mole.

Fig. 2. The relationship between the conversion and the rate constant of the re
action: (1) PVAc-SDS in water; (2) PVAc in water-acetone; (3) PVAc-SDS in water- 
acetone.

©  1971 b y  John W iley  & Sons, Inc.
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traction with petroleum ether. Acetone, NaOH and HC1 were the reagent grade ma
terials (Wako Chem. Ind. Co.). PVAc-SDS solution was prepared from solubilized 
PVAc in a 15 wt-% SDS solution by heating and mixing, with a weight ratio of PVAc/ 
SDS equal to ‘A-

Into PVAc-SDS aqueous solution, PVAc in water/acetone mixed solvent by vol
ume) and PVAc-SDS in water/acetone mixed solvent (3Aby volume), NaOH was added 
and PVAc was saponified at 25°C, where the concentration of the monomer unit of 
PVAc in reacting solution was about 0.02 mole/1 and the ratio of NaOH and PVAc was 
equal to about 1.2 by mole, respectively. After the fixed time, 10 ml of reacting solution 
was pipet ted out and was poured into the solution containing water, acetone, and the ex
cess amount of HC1 over the alkali in pipetted reacting solution to stop the reaction. 
This acidic solution was titrated immediately with 1/io-N NaOH aqueous solution and 
the amount of saponified ester was calculated. The ratio of water and acetone before 
the titration was always adjusted to 3A by volume.

The relationship between the reaction time and the conversion is shown in Figure 1. 
Both reaction rate for PVAc and PVAc-SDS in water-acetone are almost the same and 
that for PVAc-SDS in water is very small compared with them. From the results in 
Figure 1, apparent rate constants were calculated with the following integral equation of 
bimoleeular reaction:2

k = 2.303/1(6 — o) X log a(b — x)/b{a — x)
where a and 6 are the initial concentration of acetyl group and base (mole/1) and x is the 
amount of saponified group (mole/1) at the reaction time, t. In Figure 2, k ’a were plot
ted as a function of conversion. In Figure 2, fc0, which is the extrapolated value of k to 
the conversion equal to zero, is 0.21-mole-1-min-1 for the reaction in water-acetone inde
pendent of the existence of SDS and agrees with the result by Sakaguchi et al.2 For the 
reaction of PVAc-SDS in water, ko becomes 0.01 1 - mole-1-min-1 and is far smaller than 
that in water-acetone. When the concentration of PVAc is over 0.1 g/lOOml, SDS 
adsorbs on PVAc totally and the concentration where there is total adsorption decrease 
with added salt.3’4 Therefore, at the concentration of this experiment, it can be ex
pected that SDS adsorbs onto PVAc totally. From the above results, it is considered 
that the ester groups of PVAc in SDS aqueous solution are masked by the adsorbed SDS 
and the approach of the catalyst ion, OH- , to the group may consequently be prevented 
by means of steric hindrance or electric repulsion force against adsorbed SDS. In the 
mixed solvent of water-acetone, PVAc-SDS complex may not be formed or, at least, no 
interaction between SDS and PVAc to prevent the saponification of the ester group of 
PVAc may exist. Accordingly, the rate for PVAc-SDS in water-acetone becomes almost 
the same as that for PVAc in water-acetone.

The authors wish to thank 1 )r. T. I to, Director of Household Goods Research Labora
tories, for his encouragement and permission to publish this paper.
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An In frared S tu d y  o f S am e P o lyben sy ls

Heretofore, the absence of infrared absorption in the 12.6 p region of polybenzyls has 
been taken as evidence that the polymer is highly branched.1-3

We herein report evidence that polybenzyls containing essentially completely linear 
para structures may not exhibit this characteristic para substitution pattern.

Our evidence is based primarily on (a) the diminution of these bands upon melting 
and recooling, (b) pyrolysis of the polymers to yield primarily the para isomer of xylene, 
and (c) bromination and oxidation of the polybenzyls to yield linear polymers which do 
exhibit the 12.6 p band. NMR and infrared spectra of the brominated and oxidized 
polymers are consistent with Jacobson’s proof of these structures.4

We suggest that the absence of the characteristic infrared bands may be due to con
formational factors in the solid polymer.

EXPERIMENTAL

Analysis

The infrared spectra of the polymers were obtained with a Perkin-Elmer PE-337 
infrared spectrophotometer as dispersions in KBr, 5 wt-% (Fig. 1). NMR spectra 
were determined in CCi-t solutions, 20 wt-%, with 1%TMS internal standard, at room 
temperature with a Varian A 60 magnetic resonance spectrometer.

Polymerizations

The polymers were prepared by either the action of AlCL (anhydrous, J. T. Baker, 
Reagent) on benzyl chloride (99.8%, J. T. Baker, Reagent) in ethyl chloride (USP, J. T. 
Baker) solution in the method described by Kennedy3 or by the action of FeCl3 (an- 
hydrous, resublimed, Fisher) on benzyl chloride in a variety of solvents. This second 
method will be described briefly.

Polymer I. Benzyl chloride, 0.2 mole, was dissolved in 100 ml ethyl chloride under 
dry N2 at — 10°C. A cooled solution of FeCl3, 0.002 mole, in 50 ml ethyl chloride, was 
added to the rapidly stirred benzyl chloride solution. After all the catalyst had been 
added, the vessel was allowed to warm to ca. 5°C, where the reaction started slowly as 
evidenced by the development of a dark red color and HC1 evolution. After ca. I 1/* 
hours, the reaction was terminated by the addition of 50 ml methanol which annihilated 
the red color and precipitated the polymer. The ethyl chloride was allowed to boil 
off slowly and the remaining products were washed with an excess of methanol. The 
polymer was dissolved in dioxane and reprecipitated as a white powder with ice water. 
Drying in vacuum at 50°C resulted in 7 g (39% yield) of dried polymer, mp 89-90°C 
(polymer I), in agreement with the literature.2,3 The infrared spectrum is reproduced 
in part in Figure 1.

Polymer II. Benzyl chloride, 0.2 mole, and FeCl3, 0.004 mole, were allowed to 
react under conditions identical to those described above for polymer I. The yield 
was 7.5 g (42% yield) of dried polymer, mp 90-95°C (polymer II). The infrared peaks 
at 8, 9.1, and 12.6 p (Fig. 1) diminished in intensity upon heating the polymer to the 
molten state and subsequent recooling.

Polymer III. Benzyl chloride, 0.1 mole, was added dropwise to 0.025 mole of FeCl.i 
suspended in 50 ml CH2C12 at 0°C over a period of 4 hr. The resulting black solid was 
washed with methanol which gradually changed the color to bright orange. Extraction 
of this solid with benzene in a soxhlet extractor for several days resulted in a black 
solution still containing catalyst. Repeated washing of the precipitated polymer with 
methanol failed to remove completely the catalyst. The infrared spectrum, as a thin 
film on a KBr plate, is reported in Figure 1.

©  1971 by John  W iley  & Sons, Inc.
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1300 1000 800 600 C M -I 500

Fig. 1. Partial infrared spectra of polybenzyls: Polymers prepared at monomer:- 
FeCh ratios of (I) 100:1, (II) .50:1, and (III) 4:1; (IV)  spectrum of the brominated 
polybenzyl I.

Bromination of Polybenzyl

A 1-g portion of polybenzyl (I) was dissolved in 50 ml CCh and heated gently to 
reflux. A short-wave ultraviolet light source was focused on the flask and 1 g (10% 
excess) of Br2, dissolved in 20 ml CCh, was slowly added to the stirred polymer solution. 
HBr was gradually evolved and the solution was refluxed under ultraviolet light over
night. After 24 hr, the reaction mixture was cooled and the polymer was precipitated 
with ethanol and dried in vacuo at 50°C. A quantitative yield of brown polymer 
was obtained which softened around 135°C and flowed at ca. 150°C. The infrared 
spectrum was determined as a KBr dispersion, 3 wt-%. The NMR spectrum was deter
mined in 30% (w/v) CCh solution, with the use of 1% TMS as internal standard at 
room temperature.

Oxidation of Polybenzyl

Polybenzyl (I) (0.5 g) was added to a solution of 50 ml glacial acetic acid and 5 g 
chromium trioxide. The mixture was refluxed for 2 hr, cooled, and the resulting green 
solution extracted with benzene. Most of the benzene was removed under reduced 
pressure, and the remaining product was washed with an excess of methanol and dried 
in vacuum at 50°C to yield a white solid melting above 200°C.
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Pyrolysis of Polybenzyl

Pyrolysis of polybenzyl (I) was carried out in an evacuated glass vessel equipped 
with a dry ice trap. The sample was heated very gently until the first products began 
to collect (ca. 400°C). Examination of these products by gas chromatography showed, 
by peak area, 73% toluene, 18% benzene, and 2 % p-xylene. No o-xylene was detected. 
However, if the polymer was heated strongly past this initial point, orthoxylene was 
found to comprise 0.2% of the products, again by relative peak area.
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S t u d y  o f  t h e  K i n e t i c s  o f  t h e  P o ly m e r i z a t io n  o f  
N - V i n y l  P y r r o l id o n e  b y  V is c o m e tr y

During an investigation into the use of cupric sulphate-hydrazine as an initiator of 
vinyl polymerization, it became desirable to study the aqueous solution polymerization of 
Ar-vinyl pyrrolidone.

Since the polymer is very soluble in water, the technique of following the polymeriza
tion by isolating the polymer was considered to be impracticable because of the difficulty 
of finding suitable précipitants. It was therefore decided to establish whether the kinet- 
ics of the polymerization could be followed by observing the change in specific viscosity 
during the course of the polymerization.

The viscosity of a polymer solution is affected by both the molecular weight of the poly
mer and its concentration in solution. To determine the effect of the molecular weight 
of polyfiV-vinvl pyrrolidone) on the specific viscosity of its solution in water, different 
samples of the polymer were prepared from benzene solutions of the monomer. Experi
mental conditions such as temperature, reaction time, and the concentration of the initia
tor (azobisisobutyronitrile) were altered so as to give as wide a variation in molecular 
weight as possible. The polymers were precipitated from the benzene solution with 
petroleum ether. The specific viscosities of solutions of each polymer in water were de
termined at different concentrations and a graph was plotted of “specific viscosity” 
against “concentration.” The graphs for all the polymers were found to be co-linear 
and to pass through the origin. This result agrees with the observation of Breitenbach 
and Schmidt1 that the degree of polymerization of polyfiV-vinyl pyrrolidone) is unaf
fected by the concentration of initiator and the reaction temperature. A sample of poly- 
(Ar-vinyl pyrrolidone) was also prepared in aqueous solution using cupric sulphate-hydra
zine. The polymer was isolated by distilling off sufficient water (under reduced pres
sure) so as to enable the polymer to be precipitated as a sticky mass with acetone. This 
was then washed with diethyl ether and dried at 30°C in a vacuum oven. The viscosity 
average molecular weight of this polymer was found to be 5.3 X 104 compared with 1 X 
104 for the polymer prepared in benzene at 85°C using 0.05% azobisisobutyronitrile, and
2.7 X 104 for the polymer prepared in benzene at 60°C using 0.1% azobisisobutyronitrile.

The poly(Ar-vinyl pyrrolidone) used in the preparation of the calibration curve was pre
pared under different conditions to those prevailing during the actual kinetic study. 
Since the viscosity average molecular weights of the polymers vary only slightly, the per
centage conversion of monomer to polymer obtained from the calibration curve will dif
fer only slightly from the actual values and comparisons made between the rate of poly
merization under various reaction conditions are justified.

The authors would like to thank Geigy (U.K.) Limited, Manchester, England, for a 
grant to P. I. Lee which enabled the work to be carried out.
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E f fe c ts  o f  P r e c ip i t a t in g  P o ly m e r  o n  t h e  R a te s  o f  V in y l  
P o ly m e r i z a t io n  I n i t i a t e d  b y  t h e  C u p r ic  

S u l p h a t e - H y d r a z i n e  S y s t e m

The aqueous solution polymerizations of methyl methacrylate initiated by the cupric 
sulphate-hydrazine system, both in the presence and absence of oxygeii, have been de
scribed previously.1’2 In the presence of oxygen,1 a decrease in the rate of polymerization 
was observed at high conversions and was attributed to the adsorption of primary radicals 
on the surface of the precipitating polymer (which was in the form of a sol) since the addi
tion of a suspension of poly(methyl methacrylate) to the reaction mixture decreased the 
overall rate of polymerization.

The effect of precipitating polymer is further seen from a study of the solution poly
merizations of acrylonitrile and .Y-vinyl pyrrolidone when poly(acrylonitrile) forms as a 
flocculant precipitate while poly(Ar-vinyl pyrrolidone) remains in solution. The kinetics 
of the acrylonitrile polymerization were studied as described previously1 and those of the 
iV-vinyl pyrrolidone polymerization were followed by viscometry.

The curve of percentage conversion against time for the acrylonitrile polymerization 
shows the same decrease in rate in the presence of precipitating polymer as does the poly
merization of methyl methacrylate; whereas in the jV-vinyl pyrrolidone polymerization, 
the polymerization follows first order kinetics throughout the reaction. This confirms 
that the decreased rate observed in the methyl methacrylate and acrylonitrile polymeri
zations is, in fact, due to the precipitating polymer as was suggested previously1 since the 
reaction conditions in all the three polymerizations were the same. Only low yields of 
poly(acrylonitrile) were obtained, however, since the acrylonitrile rapidly reacts with 
hydrazine, a reaction which does not initiate polymerization.

The graph showing the dependence of the rate of polymerization on the concentration 
of cupric sulphate is of the same form for all the three monomers studied; i.e., with increas
ing cupric sulphate concentration the rate increases to a maximum and then decreases. 
In the polymerization of iV-vinyl pyrrolidone, the rate increases to a maximum at a cupric 
sulphate concentration of 4 X 10-5 mole liter.-1 In this polymerization, in which there 
is no precipitating polymer, this maximum occurs at a cupric sulphate concentration 
greater than those at which the corresponding maxima occur in the polymerizations of 
methyl methacrylate and acrylonitrile. These are 9 X 10-6 mole liter-1 1 and 2 X 10-5 
mole liter-1 cupric sulphate, respectively. It thus seems that a given surface area is re
quired before sufficient primary radicals are adsorbed and annihilated on the surfaces 
present to cause a significant decrease in the polymerization rate. This surface is pro
vided by both the polymer and the insoluble cupric hydroxide formed.1 As the surface 
area of one component is increased, the contribution to the total area required from the 
other component is decreased; e.g., the surface area of the precipitated polymer in
creases as follows:

poly(A'-vinyl pyrrolidone) <  poly (acrylonitrile) <  poly(methyl methacrylate) 
[no precipitated polymer] [precipitated polymer] [polymer forms colloidal

while the cupric sulphate concentrations (at which the rates of polymerization decrease) 
increase in the following order:

The conclusion to be drawn from this work is that for this initiating system, the rate of 
polymerization is decreased by the precipitating polymer. This result is unexpected 
since the gel effect is usually the dominant feature in heterogeneous polymerizations3 and 
results in a rapid increase in the rate of polymerization once precipitation has occurred.

©  1971 b y  John  W iley  & Sons, Inc.
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However, the present work agrees with that of Palit and Guha4 who observed an initial 
decrease in polymerization rate as polymer precipitated.

The authors would like to thank Geigy (U.K.). Ltd., Manchester, England, for a grant 
to P. I. Lee which enabled the work to be carried out.
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O n  t h e  P h y s i c o - C h e m ic a l  P r o p e r t ie s  o f  P o ly v in y l  F lu o r id e  
O b ta in e d  b y  y - I r r a d ia t io n

Polyvinyl fluoride (PVF) is one of the least studied among fluorine containing poly
mers. This is explained by the fact that the very first samples obtained were character
ized by low thermal and light stability;1 due to this it has been classified as nonpromis
ing polymer. Besides, until recently, it was thought that vinyl fluoride is a monomer 
which polymerizes with difficulty.

However, recent research showed that this monomer polymerizes as easily as many 
other vinyl monomers. A marked peculiarity of this monomer is that because of its 
high reactivity the vinyl fluoride radical is very sensible to various impurities. For this 
reason, a vital requirement when dealing with vinyl fluoride is the maintenance of a high 
degree of purity of the monomer; it guarantees easy polymerization and a high-quality 
polymer, both in the sense of thermal, chemical, and light stability.

There is a wide range of information in the literature, relating to the chemically ini
tiated polymerization of vinyl fluoride and the properties of the polymers obtained.2'3

Because of the fact that radiational polymerization is one of the promising methods 
of the synthesis of polymers with good operating (service) qualities, study of the radia
tion polymerization of vinyl fluoride and the properties of the polymers obtained has 
been of great interest.

It was stated earlier that much the same as in chemical polymerization, the care
fully purified monomer easily polymerizes by the radiation method as well.4 Already 
at a dosage of 12 R/sec and a dose of 0.5 MR, the degree of conversion reaches a value of 
95% and above.

It was shown that such impurities as acetylene greatly inhibit polymerization. Oxygen 
is also known to influence the kinetic of polymerization, a factor which confirms a free 
radical mechanism of the polymerization process. It was discovered that such liquids as 
difluoroethane, benzene, and carbon tetrachloride influence the process of polymeriza
tion, mainly by reducing its rate and causing the formation of polymers with much lower 
weights and polymers that are wholly soluble.

The aim of this work was to study the physico-chemical properties of polyvinyl 
fluoride obtained by the radiation-chemical method and to compare them with the pi'op- 
erties of the chemically obtained polymer.

Polymerization was carried out by irradiating the monomer, in both liquid and gaseous 
phases, with the use of y-rays of Co60 at a temperature of 38°C. Highly purified vinyl 
fluoride was used in all experiments. Polymerization in balk was undertaken at a dose 
rate of 10R/sec and a dose of 0.5 MR.

A careful study of the influence of the conditions of synthesis on the structure of the 
molecular chain of polyvinyl fluoride, its crystallinity and thermal stability, was carried 
out.

We interpreted the chain structure and crystallinity of polyvinyl fluoride from the 
infrared spectra of the polymer obtained under different conditions as is shown in Figure
1. Depending on the conditions of synthesis, splitting of peaks into dublets in the 
region of 820-830 cm^1 is observed. PVF, obtained by radiational polymerization 
in the gaseous phase, show the smallest amount of splitting, while the largest amount was 
observed in the polymer obtained when the process was conducted in bulk. Such peak 
splitting, which is related to the pendulum oscillation of CH2-groups, is closely connected 
with the degree of crystallinity of the polymer. On the basis of this phenomenon, it is 
easy to observe changes in the degree of crystallinity of PVF in relation to the conditions 
of its synthesis. Judging from this, crystallinity increases by the following order: 
PVF obtained in gaseous phase, PVF synthesized in the presence of a chemical initiator 
in bulk, PVF produced by polymerization in emulsion and finally, PVF where polym
erization was induced by y-irradiation in bulk. Decrease in the degree of irregularity 
is also observed in this order. This is connected with the probability of the formation 
of such monomer fragments with “head to head” and “tail to tail” structure, which is

©  1971 b y  John W iley  & Sons, Inc.
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shown by a change in the intensity of the absorption bands in the region of 1425 and 
1450 cm“1.5

Study of the thermochemical properties of PVF, carried out on V. A. Kargin’s balance 
in an interval of — 120°C to 300°C showed that this polymer has a very low glass transi
tion point. By our data (Fig. 2) this value is —70°C, independent of the conditions of 
synthesis of the polymer, and the melting point is about 195°C. From the thermo
dynamical curves it is also seen that in PVF, which is a crystalline polymer, in regions 
between the glass transition temperature and the softening point temperature of fluidity, 
which corresponds to the highly-elastic state of amorphous polymers, a certain amount

0)
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W a v e  N u m b e r  Cctm -1 )
Fig. 1. Infrared spectra of PVF. (1) Radiation PVF obtained in gaseous phase. (2) 

PVF obtained by chemical polymerization. (3) Radiational PVF obtained in bulk.

of reversible deformation is developed. This, in fact, made it possible to discover the 
region of transformation from glass to highly-elastic state at definite load values. This 
can be explained from the point of view of molecular movement. It has been estab
lished that at decreased temperatures, the revolving movements of the units of the poly
mer chain of fluorine containing polymers decrease more slowly than, for example, those 
of polyethylene, and do not stop at low temperatures. It is connected with the small 
radius of the fluorine atom and the conditional absence of space factors which hinder the 
rotation of units around their axis. For this reason the low temperature of glass transi
tion of PVF ( —70°C) is caused by the peculiarity of the structure of PVF and makes it 
possible to use this polymer as a freeze-proof material at relatively low temperatures.
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Fig. 2. Thermomechanical curves of different samples of PVF. (1) Radiational PVF 
obtained in bulk. (2) PVF obtained by chemical polymerization. (3-6) PVF plastified 
with dibutyl phthalate. Content of plasticizer: 3-10.0%; 4-18.7%; 5-28.3%; 6- 
35.4%.

On the basis of thermomechanical data conclusions can be made as to differences in the 
character of flow of samples of PVF, obtained by different methods. Deformation of 
flow of PVF obtained by radiation passes through a maximum, proving that high tem
perature processes of structnre formation occur which are connected with the branching 
of the polymer chain. At the same time, deformation of flow of PVF showed no indica
tion of the processes of structure formation at high temperatures and was followed by 
the evolution of hydrogen fluoride, when thermomechanical readings are taken in the 
presence of air.

PVF belongs to the class of thermoplastic polymers with a high melting temperature. 
Melting is accompanied by partial decomposition of the polymer in air. As a result of 
this the plastification of this polymer is of great interest, from the point of view of re
ducing its melting point, thereby avoiding thermal decomposition. There are no data 
about the plastification of this polymer in literature. We directed our stud}' on the 
plastification of PVF with the use of dibutyl phthalate and tricresolphosphate. The 
PVF samples were produced under various conditions. Results show that these com
pounds into the polymers in different quantities (Fig. 2) reduce both their temperature 
of glass transition and their melting temperature, and as should be expected, are in ac
cordance with the law of molar portions. The introduction of 25-30% of the plasticizer 
decreases the amount of structure formation in the process of flow, a phenomenon which 
is observed in radiation-initiated PVF and which confirms the earlier conclusion that a 
decrease in the deformation of flow in radiation-initiated PVF is caused by the process of 
structure formation.

A study of the solubility of PVF in different solvents—dimethyl formamide (DMFA), 
hexamethyl phosphoramide (HMPA), cyclogexane and dioxane—showed that the solu
bility of the polymer is dependent both on the nature of the solvent and on the conditions 
under which synthesis of the polymer was conducted. At room temperature all samples 
only swell to various degrees in the above mentioned solvents. Besides, in DMPA, 
HMPA, and in cyclohexane, swelling is followed by the formation of a glassy gelatinous 
mass. At boiling temperatures of these solvents, the solubility of the polymer varies.
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Thus the solubilities of PVF produced by radiation in bulk are as follows: in DMFA,
30-35%; in HMPA, 22-27%; in cyclohexanone, 10-15%; and in dioxane, 1-5%. 
At the same time, it was noted that with increase in the dosage of irradiation, the solu
bility of the polymer increases. For example, in DMFA the polymer obtained at a dose 
rate of 100 R/sec is 80-90% soluble, while that obtained at 13 R/sec is only 25-35% 
soluble.

The solubility of PVF, obtained under various conditions in any solvent decreases 
in the same order, as stated above, when judging the degree of polymer crystallinity.

Data characterizing the thermal stability of samples obtained were also taken. This 
study was conducted at a temperature interval of 170-350°C, both in the presence of 
air and in vacuum.

Fig. 3. Kinetics of weight loss of different samples of PVF in vacuum, (a) Radiation 
PVF obtained in bulk. (6) Radiation PVF obtained in gaseous phase, (c) PVF ob
tained by chemical polymerization.

Kinetic curves of polymer weight, loss show that thermal degradation of all samples 
proceeds at a reducing rate, and the kinetic equation of loss of weight indicates a first- 
order reaction. The highest rate of the evolution of volatile products is observed at 
the beginning of the process. This is then followed by a marked drop. The value of 
loss in weight is a function of temperature (Fig. 3).

Radiation-initiated PVF, obtained by bulk polymerization, is thermally stable in 
vacuum up to 300°C. At this temperature no more than 3% weight loss in observed 
during the first two hours; while PVF, obtained by polymerization in the presence of 
chemical initiators, shows a 6% weight loss for the same period. This is evidence of the 
fact that radiation polymerized PVF is thermally more stable than the same polymer 
produced by both the chemical method and by radiation polymerization in gaseous phase.
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Conclusions

1. The infrared spectra, thermomechanical properties, solubility, and thermal sta
bility of polyvinyl fluoride, produced by radiation and chemical polymerization under 
various conditions, were studied.

2. It was discovered that differences in the solubility, thermomechanical properties, 
and thermal stability of radiation-polymerized polyvinyl fluoride is caused by the branch
ing of the macromolecules.
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ERRATA

F o u r -C e n te r  T y p e  P h o to p o ly m e r iz a t io n  in  t h e  S o lid  
S ta te .  IV . P o ly m e r iz a t io n  o f  « „ a '-D ic y a n o -p -  

b e n z e n e d ia c r y lic  A cid  a n d  I t s  D er iv a tiv es

Fusae Nakanishi and Masaki Hasegawa 

[article in J. Polym. Sci. A -l, 8, 2151 (1970)]

In Table I, on p. 2154, the polymer yield of »-propyl ester (1!.= COO-w-QJ 17) was 
described as “qualitative,” but it should be “quantitative.”

S y n th e s is  a n d  P o ly m e r iz a t io n  o f  5 -V in y l-2 ,2 '-B i th io p h e n e

Edward Gipstein, William A. Hewett, and Omar U. Need 

[article in J. Polym. Sci. A -l, 9, 813 ((1971)]

The last sentence in the first paragraph on p. 813 should be amended to read: 
" .. .  three major absorption bands at 340 m y ,  242 m,u, and 198 m y ..  ..”

O p tic a l R o ta to r y  P r o p e r tie s  a n d  C o n fo r m a tio n s  o f  
E ste rs  a n d  P o ly e s te r s  o f  t r a n s -1 ,2 -C y c lo h e x a n e d ic a r b o x y lic  A cid

C. G. Overberger, G. MoNTAUDO, ToSHIYUKI FuRYAMA, 
and Murray Goodman

[article in J. Polymer Sei., C, 31, 33 (1970)]

In the by-line, Dr. Furuyama’s first name was misspelled; it should read “Toshjyuki.”
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