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Polym erizalion o f Acrylonitrile with VC14-A1(C2H5) 3 
Catalyst System in Presence o f Acetonitrile

SUNIT S. D IX IT , A. B. DESHPANDE, and S. L. KAPUR,
National Chemical Laboratory, Poona 8, India

Synopsis
The polymerization of acrylonitrile with the homogeneous catalyst system of VC14 - 

AlEt3 in acetonitrile at 40°C has been investigated. The rate of polymerization is found 
to be first-order with respect to monomer and inversely proportional to the catalyst con
centration. The overall activation energy for this catalyst system is 10.97 kcal/ 
mole. The inverse proportionality of rate of polymerization with the catalyst concen
tration is attributed to the permanent complex formation between the catalyst complex 
and acrylonitrile, and a reaction scheme is proposed.

Introduction

Ziegler-Natta catalyst system s1 as such or in the modified form have been 
used for the polymerization of certain polar monomers. The mechanism of 
polymerization and the structure of polymer, however, differ from th a t of 
coordinate anionic polymerization. Vanadium-containing catalyst sys
tem s2-5 are more effective for the polymerization of polar monomers than 
titanium-containing catalyst systems a t room temperature. The mecha
nism of polymerization in vanadium-containing systems is coordinate an
ionic, like the titanium-based catalyst systems of TiCfi-AlEU.

Further, polar solvents as additives are known4 to be effective modifiers of 
Ziegler-Natta catalyst systems, and in their presence the stereospecificity, 
molecular weight, and rate of polymerization improve considerably. But 
for some work on the polymerization of acrylonitrile6 with VCl3-L iB H 4 or 
Ti, V, or Cr alcoholates or acetylacetonates with A lEt3 in a dimethylform- 
amide medium,7 there no data have been reported on the polymerization of 
polar monomers with Ziegler-Natta catalysts in a polar medium. The 
TiCl4-A lE t3 catalyst system8 in presence of a mixture of n-heptane and ace
tonitrile polymerizes acrylonitrile, but the exact mechanism is not reported.
I t  is also known th a t transition metal halides and organo-metallie compo
nents of Ziegler-Natta catalyst systems react independently with polar sol
vents such as dimethyl-formamide or tetrahydrofuran and produce com
plexes which are not useful for polymerization reactions.

Our work4 has shown th a t VC14 with A1(C2H 6)3 forms a complex in the 
presence of an excess of acetonitrile and polymerizes acrylonitrile by a free 
radical mechanism. I t  has been suggested th a t free radicals are produced
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from acetonitrile, and the rate of polymerization was observed to be in
versely proportional to the catalyst concentration. A complete kinetic 
study of the system has been carried out, and a scheme is proposed for the 
reaction of polymerization. These results are presented and discussed in 
this communication.

Experimental

The reagents and solvents were purified and stored as mentioned in an 
earlier communication from this laboratory for the polymerization of 
methyl methacrylate with VCl4-A lE t3 in acetonitrile.9

Polymerization was conducted in a tightly stoppered 50-ml Erlenmeyer 
flask and the reactants were added in the order: solvent, VCI4, A lEt3, and
monomer. The procedure for the polymerization followed was the same 
manner as th a t reported earlier.'2-4'9

Acrylonitrile was purified10 by successive washings with dilute H2S 04, 
dilute N a2C 0 3 solution, and water. After drying thoroughly with CaCl2, it 
was distilled at atmospheric pressure and stored over CaCl2, since otherwise 
the monomer absorbs water which cannot be removed by distillation. Im 
mediately before use the monomer was filtered and fractionated under nitro
gen. Purified and distilled D M F was used for viscosity measurements. 
Intrinsic viscosities of polyacrylonitrile were determined at 30°C, and the 
molecular weights were calculated by the relationship:11

[r,] =  29.6 X 10-'W S°-74 

Results and Discussion

As reported earlier4-9 VC14 reacts with an excess of acetonitrile to form a 
dark red complex. On addition of A lEt3 to this complex, the color changes 
from dark red to dark green and then to dark brown, indicat ing some reac
tions in situ. However, the entire solution remained homogeneous. On 
addition of acrylonitrile to this complex, the brown color faded and changed 
to dark green and immediately the polymer precipitated out at a Al/V ratio 
of 1.

The dependence of active sites in the catalyst on Al/V ratio was examined 
by increasing A lEt:l concentration and keeping the VC14 concentration con
stant. The rate of polymerization was maximum at Al/V ratio of 1; with 
further increase in Al/V, the rate of polymerization and molecular weights 
decreased (Fig. 1). At the same ratio of Al/V of 1, the per cent yield of 
polymer increased with time up to 120 min (Fig. 2) and later remained al
most constant. However, molecular weights were unchanged with increase 
in reaction time, even up to 4S0 min. Under these steady-state reaction 
conditions, the initial rate of polymerization for 2 hr was measured with in
creasing concentrations of catalyst and monomer.

I t  was observed that the rate of polymerization increased linearly up to a 
monomer concentration of 6.44 mole/1. (Fig. 2) and thereafter decreased 
with further increase in the concentration of the monomer. Molecular
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Fig. 1. Effect of A l/V  ratio in VCU-AlCCalDs catalyst system on (O) per cent con
version and (•)  molecular weight. Acrylonitrile, 4.5 ml; reaction time, 120 min; 
aging time, 20 min; temperature, 40°C; [CVL], 0.05 mole/1., total volume, 25.0 ml.

Fig. 2. Effect of reaction time in VCli-Al (CJish catalyst system on (O) per cent con
version and (•)  molecular weight. [Acrylonitrile], 4.5 ml; [VC14] 0.05 mole/1.; [Al- 
(C2H5)3], 0.05 mole/1.; Al/V = 1.0; aging time, 20 min; temperature, 40°C.

weights decreased with increasing monomer concentration, indicating chain 
transfer reaction with the monomer. The rate of polymerization also de
creased with varying catalyst concentration (Fig. 4), and it was inversely 
proportional to catalyst concentration. Molecular weights too decreased 
with increase in the catalyst concentration, showing the chain termination 
of polymerization reaction by the catalyst itself.

The decrease in the rate of polymerization by the catalyst itself is rather 
unusual and is considered a remote possibility. Stivala et. a l.,12 in their 
general scheme for the mechanism of coordinate anionic polymerization 
with Ziegler-Natta catalyst, suggested th a t catalyst could play a dual role 
of initiation and termination, bu t this has not been experimentally observed.
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In  the present studies, free radicals are responsible for the polymerization 
of acrylonitrile. Earlier we proposed4’9 a reaction scheme whereby free 
radicals are produced not from a free-radical initiator as such, bu t from the 
complex of VC14 and A lEt3 with acetonitrile. The same reaction system

Fig. 3. Effect of monomer concentration in VCh-AK^EUh catalyst system on (O) 
Rv and ( • )  molecular weight. [VC14], 0.05 mole/1.; [Al^HsJg], 0.05 mole/1.; Al/V = 
1.0; reaction time, 120 min ; aging time, 20 min; temperature, 40°C.
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Fig. 4. Effect of catalyst concentration in VCl4-Al(C2H5)3 catalyst system on (O) 
R p and ( • )  molecular weight. [Acrylonitrile], 4.5 ml (2.72 mole/1.); Al/V = 1.0; 
reaction time, 120 min; aging time, 20 min; temperature, 40°C.

was also found effective for the polymerization of methyl methacrylate, and 
the mechanism of polymerization was apparently observed as coordinate 
anionic. The N M R  structure of the poly(methyl methacrylate) obtained 
in presence and absence of hydroquinone, however, indicated tha t both an
ionic coordinate sites and free radicals are present in the reaction system.



ACHY LON IT  HI LE PO LYM ER IZ AT IO X 1171

These studies suggest tha t the complex formed from VCl4-Al(C2H 5)3 in 
presence of acetonitrile may not be effective for the polymerization of 
acrylonitrile. I t  is suggested th a t with the increasing catalyst concentra
tion, complex formation of acetonitrile with VC14 and AI(C2H 5)3 increases, 
and the formed complex reacts further with acrylonitrile, yielding a perma
nent complex. Such complex formation between polar monomers like 
acrylonitrile and one of the catalyst components of the Ziegler-Natta 
catalyst system such as AIEtC12-A N/VO CI3 is already known.13 In  view 
of the decrease in the rate of polymerization and molecular weight with 
catalyst concentration, it may be concluded th a t the rate of formation of 
permanent complex between acrylonitrile and catalyst complex is greater 
than the rate of polymerization of acrylonitrile with free radicals. This is 
illustrated by the reaction (l)--(4)

C i  +  C , — ^ C a  +  R -  ( 1 )

where Ci, C2, C3, and R ' refer to VCb, AlEtj, catalyst complex formed in 
acetonitrile, and radicals, respectively, and kd is the rate constant for the 
reaction. Then

R' +  M  ---------* M i (2)

M i +  M , ■
kP

— =-> M„ (3)

c 3 +  M -
A’comp

-------- > C4 (4)

where kt, kv and kcomp are the rate constants for initiation, propagation, and 
the formation of a new complex. C4.is the permanent complex formed be
tween the catalyst complex and the monomer.

Hence with increasing concentration of the catalyst, the rate of complex- 
ing of monomer with catalyst complex Rcomp is greater than the rate of poly
merization R„ , i.e.,

h 'C O m p  s *  t \ p

Thus R p is proportional to the reciprocal of catalyst concentration at con
stant concentration of monomer.

The overall activation energy of polymerization calculated from the plot 
of log R v versus l / T  in the range of tem perature 20-40°C was 10.97 kcal/ 
mole. This is slightly higher than th a t for the same reaction systems in ab
sence of acetonitrile.

I t  follows tha t acrylonitrile undergoes free-radical polymerization a t low 
concentration of catalyst but at higher concentrations of catalyst the forma
tion of a permanent complex between catalyst complex and acrylonitrile is 
responsible for the drop in the rate of polymerization.

Examination of the permanent complex formed by physical methods such 
as ESR, N M R  may be helpful in attaining a proper understanding of the 
nature and mechanism of its formation. The use of this system in the poly
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merization of other monomers may throw light on the complexity of the re
action.
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Anionic Copolymerizations o f Acrylonitrile 
with /3-Propiolactone

SHITOM I KATAYAAIA, IIID E IC H I HORIKAWA, Faculty of Science 
and Technology, Akita University, Akita, .Japan, and NOBORU MAH I'D  A, 

Denki Onkyo Company, Ltd., Tokyo, Japan

Synopsis
Anionic copolymerizations of acrylonitrile (monomer 1) with /3-propiolactone (mono

mer 2) and the structures of the resulting copolymers were studied. The copolymeriza
tion with sodium cyanide in yVpV-dimethylformamide gave copolymers of the structure I 
containing acid anhydride linkage in the molecular chains, with the monomer reactivity 
ratios, r, = 1.20, r2 — 0.00.

-fC H 2CHA-I-fCH,CHCITCH,CO,COCH2CIT,OA-„

CN CN
I

The copolymerization with potassium hydroxide gave either copolymers of the structure 
II (n = 0.00, r2 = 3.64 at 30°C; n  = 0.00, u  = 5.00 at 40°C) in iV,Ar-dimethyl- 
formamide or only /3-propiolactone homopolymer in toluene.

-fCHsCIlA-x-KALCHCOCTTCH.OA-^COCFLCTTOA-;
CN CN

II

INTRODUCTION

In  this paper anionic copolymerizations of acrylonitrile with /3-propio- 
lact.one were performed following the authors’ previous paper1 on radical 
copolymerizations of /3-propiolactone with acrylonitrile and with styrene. 
A series of intensive studies on the cationic copolymerization of /3-propio- 
lactone with styrene were performed by Yamashita and his co-workers,2-6 
but they did not mention the reactivity ratios of the characteristic proper
ties of the resulting copolymers. Shimosaka and his co-workers studied the 
copolymerization of /3-propiolactone with acrylonitrile in the presence of 
anionic organometallic catalysts,7 but they also did not report reactivity 
ratios or the characteristic properties of the resulting copolymers.

In  this paper the authors studied the anionic copolymerizabilities of 
/3-propiolactone with acrylonitrile either in the presence of sodium cyanide 
or potassium hydroxide and discussed the monomer reactivity ratios and the 
structures and characteristic properties of the resulting copolymers.

1173
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EXPERIMENTAL

Acrylonitrile, /3-propiolactone, and AhAMlimethylfonnamide (DMF) 
were purified by the same method as in our previous paper.1 Commercially 
available best quality sodium cyanide was dried at room temperature under 
vacuum for one week before use. Dry tablets of potassium hydroxide were 
used as catalyst without treating. Toluene was treated with sodium metal 
and distilled.

The polymerization conditions are listed in Table I. A lost of the poly
merization techniques are similar to those of our previous paper with some 
additions, i.e., all the polymerizations were carried out in a nitrogen a t
mosphere either in a flask with stirring or in a glass ampoule without stir
ring. The monomer mixture of the compositions /i  (mole fraction of 
acrylonitrile) and / 2 (mole fraction of /J-propiolactone) was placed in the 
reaction vessel, followed by the addition of the solvent and then the cata
lyst. In  polymerization in a flask, the contents were agitated during the 
whole process, the inner nitrogen pressure being kept a little above a t
mospheric pressure. In  polymerization in a glass ampoule, the ampoule 
was sealed in a nitrogen atmosphere and placed in a constant tem perature 
bath for polymerization without agitation. Polymers obtained in N,N- 
dimethylformamide were precipitated in water, washed with methanol, and 
dried in vacuo a t the room tem perature for several days. Polymers ob
tained in toluene were washed with benzene and then methanol.

Separation of poly-/3-propiolactone homopolymer from polymer mixtures 
was carried out by the same method as in our previous paper,1 namely, re
precipitation of the DAI F solution in chloroform and extraction with reflux
ing chloroform. Polymer characterization and analyses were also by the

1171 K AT AY AM A., H0R1KAW A, A M ) MASUDA

TABLE I
Polymerization Conditions“

Solvent

Poly
meriza

tion
Poly-

meriza-

No.
Poly

merization Catalyst Type
Vol

ume, ml
perature,

°C
time,
hr

r> Flask DMF (15 ml) sat
urated with 
NaCN

DMF 350 -6 0 1

i i Flask KOH
(0.5 g)

DMF 300 40 20

h i Ampoule KOH
(0.6 g)

DMF 320 30 240

IV Ampoule KOH
0.6 g

Toluene 320 25 480

“ All quantities are for 1 mole of the total monomers.
b The polymerization was stopped by the addition of 37.5 ml DMF containing 3% 

sulfuric acid.
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same method as well, i.e., compositions of the polymers by elementary 
analyses, melting point by the disappearance of the optical birefringence, 
solution viscosity in DM F a t 30°C, potassium bromide tablets of polymer 
powder for infared spectra, and powder for x-ray diffraction.

RESULTS AND DISCUSSION 

Polymerizability

As shown in Figure 1, copolymers were obtained with sodium cyanide in 
DM F (expt. I) a t the initial monomer composition of fi > 0.7, and the 
polymer yield increased with increasing f x. On the other hand with potas
sium hydroxide in D M F (expts. II and III) , polymerization took place 
throughout the whole/i range with the minimum polymer yield a t = 0.8. 
The rate of polymerization of the copolymerization II  (at 40°C) is ten 
times tha t of the copolymerization II I  (at 30°C). This seems to be a 
rather unexpected result, but is a remarkable fact due to the reactivity of 
/3-propiolactone. The reactivity and polymerizability of /3-propiolactone 
increase considerably with a small increase of tem perature even without 
catalyst,8-10 and with catalyst increase very markedly.11-13 The polymer-

Fig. 1. Total polymer yield vs. monomer composition: (O) I, with sodium cyanide in 
DMF; (•)  I I ,  with potassium hydroxide in DMF at 40°C; ( O )  I I I  with potassium 
hydroxide in DMF at 30°C; (0) I V ,  with potassium hydroxide in toluene at 30°C.
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0 0.2 0.% ,  0.6 0.8 1.01 1

Fig. 2. Polymer composition vs. initial monomer composition: (O) I, sodium cyanide 
in DMF; (•)  II, with potassium hydroxide in DMF at 40°C; (©) III, with potassium 
hydroxide in DMF at 30°C.

ization with potassium hydroxide in toluene (expt. IV) gave only poly-/3- 
propiolactone homopolymer in almost quantitative theoretical yield.

As shown in Figure 2 and Table II, the monomer reactivity ratios for the 
copolymerization with sodium cyanide are i\ = 1.20 and rs = 0.00; from 
this, together with the zero yield on homopolymerizations of d-propiolac- 
tone, it may be concluded tha t /3-propiolactone cannot react with the ring- 
opened /3-propiolactone end of the propagating copolymer molecule but only 
with acrylonitrile end. For the copolymerizations with potassium hydrox
ide in DM F, the monomer reactivity ratios are i\ =  0.00, r2 =  3.64 at 30°C 
and )\ =  0.00, f2 =  5.00 at 40°C. In  this case, though i\ = 0.00, acrylo
nitrile can homopolymerize, so tha t the rate constant kn is not zero but

TABLE II
Monomer Reactivity Ratios

No. n 7*2 n  r-i

I 1.20 0.00 0.00
11 0.00 5.00 0.00

III 0.00 3.64 0.00
IV 0.00 CO —



AC.RYLOY ITRI1.E -/3-RROPRYMTRI RE COPORYM ERI/ATRYN 1177

kn <SC kn- Let’s take r and k as the reactivity ratio and the rate constant of 
the copolymerization at 30°C (run III)  and r' and k' as those for the co
polymerization at 40°C (run II); then,

V2 = km /k p.n =  3.64

v2 — kp2‘/ / k v2i — n.OO (1)
r2/ r 2' =  0.72S (2)

rt'/rt = 1.37 (3)

Thus, eq. (2) shows the ratio of the relative length of the -(M iM ,) ,-
sequence of the polymer I I  over th a t of the polymer III, and eq. (3) shows the 
ratio of the relative sequence length of the ring-opened /3-propiolactone 
units, — (Ih M i),— of the polymer II  over th a t of the polymer III. Thus 
polymer III  has more alternating units and less — (M 2 M 2 )»— units than 
polymer II. The actual sequence length of the alternating units of the 
polymer III  should be much longer than the polymer II, since the degree 
of polymerization of the polymer I I I  is higher (as shown in Fig. 3) due to the 
smaller rate of termination than th a t of the polymer II  which is lowered due 
to the higher rate of termination.

The monomer reactivity ratios on the copolymerization with potassium 
hydroxide in toluene should be >\ = 0.00 and r2 = » ,  since only poly-0- 
propiolactone homopolymer was obtained. The fact th a t acrylonitrile 
could not homopolymerize or copolymerize at all in toluene indicates th a t 
solvent plays an im portant role on this copolymerization and on the 
structures of the resulting copolymers.

Solution Viscosity and Melting Point
As shown in Figure 3, except for the polymerization in toluene by which 

only poly-/3-propiolactone homopolymer was obtained, the solution vis
cosities of polymers increased with the increasing f h The viscosity of the 
polymers obtained with potassium hydroxide in ALA-dimethylformamide at 
30°C (No. I l l )  was higher than th a t of the polymer (No. II) polymerized at 
40°C. This means th a t in this copolymerization the tem perature increase 
increases the rate of term ination kt. From this fact and the already men
tioned r2 values at, 30°C and 40°C, it, may be concluded th a t polymer I I I  has 
longer alternating units than polymer II. In  the case of the polymer
ization in toluene, acrylonitrile worked to decrease the degree of polymer
ization of the resulting poly-/3-propiolactone homopolymer though it did not 
decrease the theoretical yield. A nonpolar solvent like benzene or toluene 
gives high molecular weight poly-/3-propiolactone, while a solvent with 
higher dielectric constant, or with unshared electron pair, like tetrahydro- 
furan or acetonitrile gives poly-/3-propiolactone of lower molecular weight, 
though the yield is not lowered.12'14 In the above case of the polymeriza
tion in toluene, acrylonitrile functioned as a solvent. DA IF is also this kind 
of solvent, as the copolymer resulting from copolymerizations in DM F
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F ig .  3 .  S o lu t io n  v is c o s i ty  v s . m o n o m e r  fe e d :  ( O )  I ,  w i t h  s o d iu m  c y a n id e ;  ( • )  I I ,  
w i t h  p o ta s s iu m  h y d r o x id e  in  D M F  a t  4 0 ° C ;  (O )  I I I  w i t h  p o ta s s iu m  h y d r o x id e  in  D M F  
a t  3 0 ° C ;  ( 0 ) I V ,  w i t h  p o ta s s iu m  h y d r o x id e  in  to lu e n e  a t  3 0 ° C .

(polymers II and III) are of lower molecular weight, since the main sequence 
of the copolymer chain consists of the ring-opened /S-propiolactone units.

As shown in Figure 4, the melting points of the copolymers obtained with 
sodium cyanide catalyst decreased with increasing/i and Fi. On the other 
hand, the copolymers obtained with potassium hydroxide in DMF (II and
III) had increasing melting points with increasing fi and Fj. This differ
ence indicates the difference of the chemical structures between the copoly
mer I and the copolymers II or III. The gently sloping increase of the 
melting point of copolymer III is due to the shorter sequence of the ring- 
opened /3-propiolactone units in the copolymer molecule, while the melting 
point of copolymer II increased with a rapid slope, due to the longer 
sequence of the /3-propiolactone units. The authors reported that a block 
copolymer with long sequences of each comonomer unit has an almost con
stant melting point in the richer Fi range and another corresponding melt
ing point in the richer F2 range so that at one Fi value the melting point of 
the block copolymer increases discontinuously to another melting point.15-17 
The melting point of poly-/3-propiolactone polymerized in toluene (IV) is 
constant regardless of /i and its molecular weight being higher than those 
of poly-/3-propiolactone homopolymer obtained by the polymerizations in
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0 0.2 0.it 1 0.6 o.f, 1.0

F i g .  4 .  M e l t i n g  p o i n t  v s . m o n o m e r  fe e d  a n d  p o ly m e r  c o m p o s it io n :  ( O )  I ,  w i t h  
s o d iu m  c y a n id e ;  ( • )  I I ,  w i t h  p o ta s s iu m  h y d r o x id e  in  D M F  a t  4 0 ° C ;  (O) I I I ,  w i t h  
p o t a s s iu m  h y d r o x id e  in  D M F  a t  3 0 ° C ;  ( 0 )  I V ,  w i t h  p o ta s s iu m  h y d r o x id e  in  to lu e n e  a t  
30°C.

DMF (II and III). A,Sahara and Katayama12'13 reported that the melting 
point of poly-/3-propiolactone does not necessarily depend upon its molec
ular weight but rather upon the method of polymerization and the after- 
treatment.

Separation of poly-/i-propiolactone Homopolymer from Copolymers

As shown in Table III, the copolymers polymerized with sodium cyanide 
(I) were almost completely insoluble in chloroform without any extract, 
which indicates that the polymers are pure copolymers without any blend
ing of poly-/3-propiolactone homopolymer. The copolymers polymerized
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with potassium hydroxide in DMF (II) were much extracted by chloro
form to give residues with higher F\ values. It should be noted that the 
extract contains not a little amount of acrylonitrile fraction, which in
dicates that the extract is not poly-/3-propiolactone homopolymer but either 
a copolymer with ring-opened /3-propiolactone units or at least a mixture of 
the copolymer and poly-^-propiolactone homopolymer. In Table III, 
data1 on the radical copolymerizations are listed again with additional 
data on Fi of the soluble part for reference. We recall that poly-/3-propio- 
lactone homopolymer was obtained together with copolymer on the radical 
copolymerization in NjN-dimethylformamide1 as is shown in Table III and 
that the poly-/3-propiolactone homopolymer was produced by the com
peting ionic polymerization. I t should then be questioned why then the 
competing ionic polymerization in the solution radical polymerization did 
not give an ionic copolymer while an ionic copolymer was obtained by the 
copolymerization with potassium hydroxide in Ar,Ar-dimethylformamide.

T A B L E  I I I
C h a n g e s  o f  P o ly m e r  C o m p o s i t io n  a f t e r  l t e p r e c ip i t a t i o n  

a n d  E x t r a c t i o n  b y  C h lo r o f o r m

p o ly -
m e r
lIO .a

O r ig in a l  
p o ly m e r  

F  i

P o ly m e r  a f t e r  r e p r e c ip i t a t io n P o ly m e r a f t e r  e x t r a c t io n

In s o lu b le
S o lu b le

In s o lu b le
S o lu b le

F lW t  % F i W t  % F 1

i > 0 . 8 8 > 9 8 — — > 9 9 — —

n 0 . 3 1 9 2 8 . 7 0 . 7 5 4 0 . 1 0 7 2 9 .1 0 . 7 6 1 0 . 0 9 7 2
0 . 1 5 8 8 . 5 5 0 . 7 3 2 0 . 0 9 3 3 8 . 4 0 . 7 2 8 0 . 0 9 3 7
0 . 0 4 7 T r a c e — — T r a c e — —

H b 0 . 8 1 5 8 9 . 6 0 . 8 0 3 0 . 8 7 1 9 4 . 4 0 . 8 0 1 0 . 9 7 7
0 . 7 0 0 7 7 . 7 0 . 7 8 3 0 . 3 8 7 6 9 . 6 0 . 7 1 5 0 . 6 6 5

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

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

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

0 . 0 8 7 T r a c e — - T r a c e — —

“ H i,  is t h e  r a d ic a l  p o ly m e r iz a t io n  w i t h o u t  s o lv e n t 1 a n d  R s is  th e  r a d ic a l  s o lu t io n  p o ly 
m e r iz a t io n  in  A p V - d im e t h y l f o r m a m i d e  ( D M F ) .

Actually only poly-/3-propiolactone homopolvmer was obtained in the pres
ence of acrylonitrile without radical initiator in DAIF, which means the 
resulting anion at the terminal of propagating poly-/3-propiolactone could 
not react with acrylonitrile. Then the anion should be a carobxylate anion 
that can not react with acrylonitrile. Polymerization with potassium 
hydroxide produces an oxy anion which can react with both /3-propiolactone 
and acrylonitrile. The extracts from the copolymers polymerized radically 
without solvent were oligomers rich in acrylonitrile units. The reason why 
such oligomers were not extracted from the copolymers by the radical 
solution polymerization may be that oligomers may be formed as the bulk 
polymerization proceeds on to make the reaction system solidify, trapping
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F i g .  5 .  I n f r a r e d  a b s o r p t io n  s p e c t r a  o f  c o p o ly m e rs :  ( I )  w i t h  s o d iu m  c y a n id e ;  ( I I )  
w i t h  p o ta s s iu m  h y d r o x id e  in  D M F  a t  4 0 ° C ;  ( I I I )  w i t h  p o ta s s iu m  h y d r o x id e  in  D M F  
a t 3 0 ° C .
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propagating oligomers to stop further propagation, while on the solution 
polymerization such a trapping does not take place.

Structures of Copolymers

As shown in Figure 5, the infrared absorption spectrum of the copolymer 
polymerized with sodium cyanide (I) showed acid anhydride bands at 1820 
and 1745 cm-1 (C = 0 stretching) and an ether band at 1070 cm-1 (C—0 
stretching). On the other hand, the copolymers polymerized with po
tassium hydroxide in DMF (II and III) showed ester bands, of which the 
C = 0  stretching absorption at 1740 cm-1 and the C—0  stretching at 1180 
cm-1 were marked. It is quite interesting that polymers II and III of 
different I<\ and F2 values have almost the same infrared spectra. As we 
described in our previous paper,1 the marked decrease of the intensity of the 
cyano group in the infrared spectra of both polymers II and III is due to the 
carbonyl group attached at the a-carbon of the nitrile unit. Bellamy 
described this phenomenon in detail: “The introduction of an oxygenated 
group into the molecule results in a quenching of the C = N  absorption in
tensity to a remarkable extent, and its effect is greater when the oxygen- 
containing group is attached to the same carbon atom as the nitrile.18 
The CH stretching and CHii2 deformation bands can be observed both in 
the nitrile and ring-opened /J-propiolactone units in the copolymers, so that 
clear differences in the infrared spectra of polymers II and III are not 
observed.

On the ring-opening of /3-propiolactone by the attack of an anion B- , 
there are two types of ring-opening mechanisms [eqs. (4) and (5) ]:

B - < T . C H — C H ,  — *  B C H 2C H 2C 0 2G  ( 4 )

r~I I
^ 0 ---------C O  A lk y l - o x y g e n  f is s io n

B 7  +  C H ,— C H ,  — *  B C O C H ,C H ,O e  (5 )

\  I
\  0 ------- —C O  A c y l-o x y g e n  f is s io n

If the resulting carboxylate anion in eq. (4) reacts with acrylonitrile, an 
ester linkage should be formed [eq. (6) ].

cS "N fS
B C H , C H , C 0 ,  +  C H , = C H  — -*■  B C H . , C H , C O , C H , C H e  ( 6 )

I ' 'I
C N  C N

If the resulting oxy anion in eq. (5) reacts with acrylonitrile, a ketonic car
bonyl and an ether linkage should be formed [eq. (7)].

B C O C H , C H , O C H , C H e  ( 7 )

C N

B C O C H ,C H ,O e
x ry

C H , = C H

C N
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If each reaction (4) or (5) is repeated by the attack of each resulting anion 
on /3-propiolactone, poly-/3-propiolactone units should be formed. If the 
resulting carbanion in the reaction (6) attacks /3-propiolactone by the 
reaction (4) and then reactions (4) and (6) are repeated, the resulting co
polymer should contain the unit A:

-fC H 2CH2C0 2CH2CHA*
I

CN
A

In the same manner, if the reactions (5) and (7) are repeated, the resulting 
copolymer should contain the structure (B)

-fCOCH2CH2OCII .CH ) r
I

C N

Ü

The structure of the copolymer polymerized with sodium cyanide (I) is, 
however, neither structures A nor B, since it has neither ester linkage or 
ketonic carbonyl linkage but acid anhydride and ether linkages, which in
dicates that there should be another copolymerization mechanism. From 
this fact that the monomer reactivity ratios, = 1.20 and r2 = 0.00 with
out homopolymerization of /3-propiolactone, the following conclusions may 
be reached concerning the structure of copolymer I.

(a) The carbanion of acrylonitrile unit at the propagating copolymer 
terminal can react with both acrylonitrile and /3-propiolactone. The 
carbanion attacks /3-propiolactone as shown in eq. (4) to give a carboxylate 
anion terminal, forming a methyne-methylene linkage. The reaction (5) 
does not take place, for if it did, the resulting copolymer would have a ketonic 
carbonyl linkage which was not observed in the infrared absorption spectra.

(b) The resulting carboxylate anion cannot react with acrylonitrile, 
for if it could, the resulting copolymer would have an ester linkage. The 
carboxylate anion reacts with /3-propiolactone giving an oxy anion terminal 
and an acid anhydride linkage. The attack of the carboxylate anion on /3- 
propiolactone by the mechanism (4) does not take place, for if it did the 
resulting copolymer would have ester linkages.

(c) The resulting oxy anion reacts with acrylonitrile to give an ether 
linkage, but, cannot react with /3-propiolactone. If the oxy anion were to 
react with /3-propiolactone by the mechanism (4) and the resulting car
boxylate anion were to react with /3-propiolactone, a poly-/3-propiolactone 
homopolymer — [CHsC^CCLCOCHoCITOb“ would be formed, which is 
contrary to the experimental result. If the oxy anion were to react with 
/3-propiolactone by the mechanism (5), the resulting copolymer would have 
ester linkages. Thus the copolymerization mechanism may be summarized 
as shown in eq. (8).



1184 K A T A  Y A M  A, H O R IK A W A , A N D  M A S U D A

-C H .¿ C H  +  C H ,— C H ..

' a .  ' "C N 'O-----CO

r-n Addition to acrylonitrile
¡ ’ ~ - C I I ; C H C I i  ( ' H  < '( )  ( ' . H ' H . C H J  i C H  Ç H  o rt h e re p e tit io n u f  >

I p»! above reaction
C N  C N

— [ C H 2C H 3 r [ C H 2C H C H 2C H 2C 0 2C 0 C H 2C H , 0 ] 7 -  ( 8 )

C N  C N

The copolymers polymerized with potassium hydroxide in DMF (II and
III) probably have the structure B linked with poly-/3-propiolactone unit 
sequence, for a carboxylate anion cannot react with acrylonitrile though it 
reacts with /3-propiolactone at this temperature.19-21 

The catalytic initiation may be as shown in eq. (9).

There may be two questions about the reaction: namely there may be 
another initiation mechanism as shown in the eq. (10), and the resulting 
carboxyethoxy anion in eq. (9) may be converted into the hydroxypro- 
pionate anion, which is the same anion as that in reaction (10).

K + O H  +  C H 2— C H ,
H  IYr>-----r-CO

H O C H ,C H ,C O ,  K + (10)

/3-Propiolactone (0.72 g) was added to a mixture of 0.56 g of potassium 
hydroxide either without solvent or in 5 ml of DMF or toluene. The mix
tures without solvent and with DMF were kept at 30°C for 30 min. The 
mixture with toluene was kept at 60°C for 45 min, since the rate of the 
reaction was slow compared with those of the other two mixtures. The 
infrared absorption spectra of the mixtures are shown in Figure 6. The 
mixture reacted without solvent showed the OH stretching band of a 
carboxylic acid at 2400-2700 cm-1, although the C = 0  stretching of the 
carboxylic acid is the same as that of the ester which constitutes poly-/3- 
propiolactone, and a weak band of a carboxylate anion at 1570 cm-1. The 
mixture reacted in DMF also shows the OH stretching band at 2400-2700 
cm-1 but the band at 1570 cm-1 is not observed. The mixture reacted in
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28 24 20 19 18 1? 16 15 14 13 12 11 10
X 102 CM-1

F ig . 6. In f ra re d  a b so rp tio n  s p e c tra  of th e  r e a c te d  m ix tu re s  of (3-prop io lactone  w ith  
p o ta s s iu m  h y d ro x id e : (A ) w i th o u t so lv e n t { (Ê) w ith  D M F ; (C ) w ith  to lu en e .
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toluene does not show the band at 2400-2700 cm“1 but shows a strong 
absorption of carboxylate anion at 1570 cm.-1 These facts indicate that 
the initiation in DMF is by the mechanism (9) and the resulting oxy anion 
is stable. The initiation in toluene is by the mechanism (10), giving a 
carboxylate anion. The initiation without solvent is by both mechanisms. 
The above result is rather similar to the solvent effect on the reaction of 
(3-propiolactone with amines studied by Gresham and his co-workers,22 i.e., 
acetonitrile gives aminoacid as the main product, water gives amide, and 
without solvent a mixture is obtained. It may be assumed that in a sys
tem where the basicity is strengthened, acyl-oxygen fission of /3-propio- 
lactone takes place, while in a neutral or acidic system or a system where 
the basicity is lowered, alkyl-oxygen fission takes place. In our previous 
paper1 /3-propiolactone homopolymerized in DMF with and without the 
presence of acrylonitrile. The propagation therein should be by the car
boxylate anion, which is produced by the alkyl-oxygen fission of /3-propio- 
lactone since the polymerization system is not basic enough without strong 
base. Toluene does not, work to make potassium hydroxide basic enough, 
so that only alkyl-oxygen fission takes place to give a carboxylate anion 
which polymerizes only /3-propiolactone. Now the propagation of the co
polymerization with potassium hydroxide in DMF will be as shown in eqs.
(11)-—(14), continued from the initiation (9).

P~OCOCH2CH2Oe P~OCOCH2CH2OCOCH2CH2O0  (11)

o^-co

o r

p ~-ococh.,ch2o® Slû '  > P'~OCOCH2CH2OCH2CHe
rCH,=CH

An CN

(12)

P' ~CH,CH > P'~CH2CHCOCH2CH2Oe

CN

(1 3 )

F  ~CH2CHfc

CN

Very slow ku ̂
ch2Q:h

CN

P'~CH,CHCH2CH‘~

CN CN

(1 4 )

The above reaction mechanism leads to a copolymer of the structure C: 

-fC H 2CHd-*-FCH2CHC0CH2CH20d-v-fC 0C H 2CH20-K
CN CN

C

As shown in Figure 7, the copolymer polymerized with sodium cyanide 
has a rather broad x-ray diffraction peak at 16.8° which is the same peak
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as that of polyacrylonitrile. Since F2 is small, the alternating unit of the 
structure shown in eq. (S) cannot constitute a sequence long enough to give 
the corresponding crystalline region. The copolymers polymerized with 
potassium hydroxide in DAIL at 30°C have four peaks, i.e., at 21.0° and 
30.2° which are due to the poly-/3-propiolactone unit of the structure (14),

F ig . 7. X -P ia y  d iffrac tio n  p a t te rn s  of co p o ly m ers : ( I )  w ith  so d iu m  c y an id e ; ( I I )  
w ith  p o ta s s iu m  h y d ro x id e  in  D M F  a t  4 0 ° C ; ( I I I )  w ith  p o ta s s iu m  h y d ro x id e  in D M F  
a t3 0 ° C .  C u K a  sou rce.

4
fiîunviH'Wvaî'ii
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and at 22.1° and 23.0° which are new peaks that cannot be observed with 
poly-/3-propiolactone or polyacrylonitrile homopolymers. These new 
peaks should be due to the alternating unit of the structure C. The lack 
of the peak at 10.8° indicates that the sequence of polyacrylonitrile unit in 
the structure C is too short to give the corresponding crystalline region. 
The copolymer polymerized with potassium hydroxide in DA I F at 40°C 
has almost the same diffraction pattern as that of poly-j3-propiolactone 
homopolymer. Copolymer III (Fi = 0.187) and copolymer I I (Fi = 0.158) 
are very similar in chemical compositions, though the former has peaks due 
to the mentioned alternating unit while the latter has not. The alternating 
sequence of the copolymer II should be too short to constitute crystal
lites.
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Anionic Copolymerization o f p-Anisaldehyde 
with Dim ethylketene

KAZUHIKO HASHIMOTO and HIROSHI SUMITOMO, Faculty of 
Agriculture, Nagoya, University, Cliikusa, Nagoya, Japan

Synopsis
A n io n ic  c o p o ly m e r iz a t io n  o f  p - a n is a ld e h y d e  ( A N A )  w i t h  d im e t h y lk e t e n e  ( D M K )  

w a s  m a d e  w i t h  u s e  o f  b e n z o p h e n o n e - d i l i t h iu m  c o m p le x  as a n  i n i t i a t o r  a t  — 7 S ° C  in  a  
h ig h  v a c u u m .  I n  s p i t e  o f  a  c o p o ly m e r iz a t io n  in  s u c h  a  g o o d  p o la r  s o lv e n t  as  t e t r a h y d r o -  
f u r a n ,  t h e  c o m p o s it io n  o f  t h e  c o p o ly m e r  w a s  n e a r ly  e x a c t ly  1 : 1  o v e r  a  q u i t e  w id e  ra n g e  
o f  th e  m o n o m e r  fe e d .  F r o m  t h e  a n a ly t ic a l  d a t a  o f  th e  p r o d u c t  a f t e r  th e  h y d ro g e n o ly s is  
o f  t h e  c o p o ly m e r  w i t h  l i t h i u m  a lu m in u m  h y d r id e ,  t h e  c o p o ly m e r  w a s  fo u n d  to  h a v e  a  
s t r u c tu r e  r e s u l t in g  f r o m  th e  a l t e r n a t in g  a d d i t io n  o f  th e  C = 0  d o u b le  b o n d  o f  A N A  to  th e  
C = C  d o u b le  b o n d  o f  D M K .  N o  c o p o ly m e r iz a t io n s  o f  A N A  w i t h  p h e n y l  is o c y a n a te  a n d  
m e t h y l  is o c y a n a te  t a k e  p la c e  u n d e r  th e  s a m e  c o n d it io n s .

Introduction

In the preceding papers1-3 anionic copolymerizations of |8-cyano- 
propionaldehyde (NC—CH2—CH2—CHO, CPA) with various monomers 
having heterocumulative double bonds such as dimethylketene [(CH3)2- 
C = C = 0 , DMK],1 phenyl isocyanate (C6H6N- C = 0 , Phi),2 and methyl 
isocyanate (CH3N = C = 0 , Mel)3 were found to give random copolymers. 
The microstructures of these copolymers as determined by NMR analysis 
were discussed.

p-Anisaldehyde (CH30 —C,;H,—CHO, ANA) is an interesting monomer 
obtained from anise oil and also prepared by the oxidation of anethol. 
Copolymerization of ANA with DMK was briefly mentioned by Natta et 
al. in their paper.4 The present paper is concerned with more detail 
studies on anionic copolymerization of ANA with DMK, in comparison with 
that of CPA with DMK.

Experimental

The material and methods employed here was essentially the same as 
those described previously.1-3,6 ANA was distilled in vacuo after drying 
over Molecular Sieves. Hydrogenolysis of the resulting copolymer with 
lithium aluminum hydride was performed in boiling tetrahydrofuran 
(THF). The number-average molecular weight of the copolymer M„ was 
determined by using vapor pressure1 osmometry on a Hewlett-Packard 
instrument, Model 302 in benzene at 37°C. The infrared spectra were
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measured with a Hitachi grating infrared spectrophotometer, Model 215. 
NMR analyses were made in deuterated chloroform with a JNM-4H-100 
spectrometer. Mass spectra were run on a Hitachi RMS-4 mass spec
trometer.

Results and Discussion

The results of copolymerization of ANA with DMK initiated by benzo- 
phenone dilitluum complex (LF-BzPh) at —78°C are shown in Table I.

Copolymerization proceeded in a homogeneous phase, and the rate 
decreased with increasing mole fraction of ANA in the monomer mixture. 
No homopolymerization of ANA occurred, while DMK homopolymerized 
to give polyester under the present conditions. In spite of the fact that 
copolymerization was carried out in such a good polar solvent as T ill', 
the composition of the copolymer obtained here was nearly exactly 1:1 over 
a quite wide range of the monomer feed, as also shown in Figure 1.

The resulting copolymer obtained was a white powder which was soluble 
in THF and chloroform and partially insoluble in benzene and dimetliyl- 
formamide. In Table II are given the results of elution fractionation of 
the copolymer, including softening points and molecular weights of the 
fractions.

MOLE FRACTN. OF ANA 
IN MONOMERS

F ig .  1 . C o m p o s i t io n  o f  c o p o ly m e r  as  a  f u n c t io n  o f  m o n o m e r  c o m p o s it io n  in  th e  s y s te m
o f  A N A  a n d  D M K :  (O ) ,  e x p e r im e n t a l  v a lu e ;  (------- ) c o m p o s it io n  c u r v e  c a lc u la te d  f r o m
n  =  0 .6 ,  r 2 =  0 .0 4  in  th e  s y s te m  o f  C P A  ( M , )  a n d  D M K  ( M 2 ) . 1 C o n d i t io n s :  L i 2- B z P h ;  
T I I F ;  — 7 8 ° C .

It was found that each fraction had a nearly equimolar composition, but 
the softening point of the benzene-insoluble fraction was higher than that 
of benzene-soluble fraction. The x-ray diffraction diagram revealed that 
the crystallinity of the original copolymer was not high but that of the 
benzene-insoluble fraction increased after treatment at a temperature near 
its softening point.

Natta et al.4 mentioned the butyllithium-initiated ANA-DMK copoly
merization in a nonpolar solvent such as toluene. Their copolymer seemed 
to be much less soluble than that obtained here from the Li2-BzPh-THF
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T A B L E  I I
R e s u lt s  o f  E lu t i o n  F r a c t io n a t i o n  o f  A N A - D M K  C o p o ly m e r s

S a m p le »

M o l e  
f r a c t io n  

o f  A N A  in  
c o p o ly m e r

B e n z e n e -s o lu b le B e n z e n e - in s o lu b le

W e ig h t ,

%

S o f te n in g  
p o in t ,  ° C M nh

W e ig h t ,
0/Zo

S o f te n in g  
p o in t ,  ° C

1 1 4 0 . 5 3 4 8 1 . 0 1 2 8 - 1 4 4 — 1 9 . 0 1 4 4 - 1 9 8
1 0 9 0 . o 0 „ 8 3 . 2 1 4 6 - 1 7 5 — 1 6 .8 1 6 2 - 2 0 3
1 0 8 0 . 4 9 , 7 0 . 4 1 4 9 - 1 6 0 5 2 1 0 2 9 . 6 1 7 7 -1 9 0
1 1 0 0 . 4 6 4 1 0 0 1 4 7 - 1 5 3 1 3 7 7 0 0 —
1 1 3 0 . 4 9 , 1 0 0 1 4 1 -1 5 1 9 2 2 0 0 —
1 3 0 0 . 4 8 t 1 0 0 1 3 6 - 1 4 5 7 8 1 0 0 —

a S a m p le  n u m b e r s  r e f e r  t o  p r o d u c ts  o f  e x p e r im e n ts  l is te d  in  T a b l e  I .  
b B y  v a p o r  p re s s u re  o s m o m e t r y  in  b e n z e n e  a t  3 7 ° C .

system. The more polar solvent may give the lower molecular weight and 
the less crystalline copolymer.

The infrared spectrum of the resulting copolymer shown in Figure 2 has 
both characteristic absorption bands due to the AKA unit (at 2840, 1610, 
1510, and 830 cm“1) and to the DMIv unit (at 1465, 1385, and 1360 cm-1). 
Absorption bands attributed to the ester group also appear at 1735, 1250, 
and 1120 cm“ 1.

The NMK spectrum of the copolymer is shown in Figure 3. In the 
spectrum methyl protons of DM K unit give two peaks at r values of 9.35 
and 9.05, quite differing from methyl protons of the polyester type homo
polymer of DAI K.' The peaks appearing at 6.37, 4.20, and 2.8-3.5 r are 
attributed to methoxy, methine, and aromatic protons of ANA unit, respec
tively. There is an intensity ratio of 6:3:1:4 among the peaks due to 
methyl, methoxy, methine, and aromatic protons, which means that the 
copolymer consists of equivalent numbers of ANA and DA IK units. Taking 
account of the chemical shift of the only one peak due to methine proton, 
the copolymer is thought to exclusively consist of sequence I formed 
through the alternative addition of the C=C double bond of DMIv to the 
C = 0  double bond of ANA. It is also supported by the fact, that methyl

WAVE NUMBER, cm*1

Fig. 2. Infrared spectrum  of A N A -D M K  copolym er. Sam ple 113, K B r disk .
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o c h 3

I

peaks are observed at a higher magnetic field under the influence of the 
neighboring aromatic group in the ANA-DMK copolymer than in CPA- 
DMK copolymer previously reported.1

F ig .  3 . N M R  s p e c t r u m  o f  A N A - D M K  c o p o ly m e r .  S a m p le  1 1 3 ;  1 5 %  d e u t e r a t e d
c h lo r o fo r m  s o lu t io n ;  7 0 ° C .

Hydrogenolvsis of the ANA-D1UK copolymer with lithium aluminum 
hydride in boiling THE resulted in the formation of a colorless viscous oil in 
a good yield (97%). If the copolymer sample possesses the alternating 
structure I, the hvdrogenolysis product should be 2,2-dimethyl-l-(p- 
methoxy)phenyl-propanediol-l,3 (II).

C H :,

- C — C -------C H — 0 —

!! k

C H
I '

H O — C H  —  C  C H — O H
'  1 

cm,.

o c h . OOP;;
II

(1)

A nal. C a lc d  f o r  C k H , sO „ : C ,  6 8 .5 4 % ;  I I ,  8 . 6 3 % ,  m o l .  w t . ,  2 1 0 .2 6 .  F o u n d :  C ,  
6 8 .2 4 % ;  H ,  8 . 6 5 % .

In the mass spectrum of the reduction product was observed a parent peak 
at m/e — 210, which agreed with the, molecular weight of compound II.
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The infrared spectrum of the product (Fig. 4) exhibits characteristic absorp
tion bands at .3300-3400, and 1035 cm-1 assignable to ¡u - h and vc-o of 
hydroxyl group, respectively, instead of the absorption at 1735 cm^1 due to 
rc=o of the ester group.

NMR analysis was also applied to this compound. In the NMR 
spectrum given in Figure 5, the peaks at r values of 9.21 and 9.18, 6.22, 
and 3.18 and 2.80 are assignable respectively to methyl, methoxy, and 
aromatic protons. The methine peak of ANA unit shifted from 4.20 r to 
5.47 r after the hydrogenolysis. The AB-pattern peak at 6.54 r is at
tributed to the methylene group formed by the reduction of the ester group. 
A new broad peak at 6.86 r is thought to come from the hydroxyl proton 
in view of the facts that the chemical shift depended on the concentration 
of the solution (for example, 6.2-6.4 r in 10% deuterated chloroform solu
tion) and the peak almost disappeared after the addition of a small amount 
of heavy water.

F i g .  4 .  I n f r a r e d  s p e c t r u m  o f  h y d ro g e n o ly s is  p r o d u c t  o f  A N A - D M K  c o p o ly m e r  ( l i q u i d ) .

In conclusion, the copolymer obtained in the present system was con
firmed to consist of the alternative sequence I. In other words, the DMK 
unit enters the copolymer through opening of the C=C  double bond. It 
is to be noted that the CPA-DMK copolymer rich in DMK, previously 
described,1 was a random copolymer containing the structural unit III 
followed by the unit IV.

c h 3 — C — 1
II

— c — c —
II

c
Il 1 / \

0  C H , C H „  C l

I l l  I V

In the NMR spectrum of the ANA-DMK copolymer seen in Figure 3, 
an especially large shift of one of the two methyl peaks to a higher magnetic 
field, owing to the influence of the neighboring phenyl group, is observed. 
The difference between the chemical shifts may be increased by the slow 
movement of the macromolecules in the solution.
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F ig .  5 . N M R  s p e c t r u m  o f  h y d ro g e n o ly s is  p r o d u c t  o f  A N A - 1  ) M K  c o p o ly m e r .  I n  3 %  
d e u t e r a t e d  c h lo r o fo r m  s o lu t io n ;  2 5 ° C .

Anionic copolymerizations of ANA with Mel and Phi under the present 
conditions yielded only homopolymers of the isocyanates, differing from 
those of CPA (Table III).2'8

T A B L E  I I I
A n io n ic  C o p o ly m e r iz a t io n s  o f  p - A n is a ld e h y d e  w i t h  Is o c y a n a te s “ 

M o n o m e r

M o l e  P o l y m e r

E x p t .
A N A ,

g

Is o c y a n a t e ,

g

f r a c t io n  
o f  A N A

T i m e ,
m in

y ie ld ,

% b P r o d u c t

1 0 6 6 . SO M e l  2 . 8 7 0 .4 9 s 8 2 . 7 M e l  h o m o p o ly m e r
1 0 7 6 . S 3 P h i  6 . 0 1 0 .4 9 s 0 . 5 2 . 3 P h i  h o m o p o ly m e r

“ A t  < 1 0 - 4  m m  H g ,  — 7 .S ° C ; i n i t i a t o r ,  L i 2- B z P h ,  0 .1 0  m o le - %  (o n  m o n o m e r ) ;  s o l
v e n t ,  T I I F ; v o lu m e  r a t i o  o f  s o lv e n t  to  m o n o m e r ,  5 . 

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

It is likely that the ambident anion from isocyanates may be able to add 
CPA [eq. (2)] but not ANA [eq. (3)] in competition with the isocyanates 
under the present conditions:

R
1

R
1

C — N ~ ,  L i +  +
II

C H = 0  — >  - 
1

1
— C — N — ■ CH — 0 “ , L i ' 

1
II

0

1
C H ,  

1 “
O

1
C H .
I "

c h 2 C H ,

C N C N
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R

C —  N - , L i +
II
0

+ 0
R
I

C — N — C H —

0

o c h 3

o ; Li+ (3)

where R is CH3 or C6H6. Such lower reactivity of ANA monomer may be 
due to the resonance effect of the phenyl group on the 0 - 0  double bond.
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Methyl Methacrylate in Sulfur Dioxide: 
Solvated Radical Polym erization

J. J. KEARNEY, H. G. CLARK,* V. STANNETT,f 
and D. CAMPBELL, J Camille Dreyfus Laboratory,

Research Triangle Institute, Research Triangle Park, North Carolina 27709

Synopsis

M e t h y l  m e t h a c r y la t e  m a y  b e  p o ly m e r iz e d  b y  f r e e - r a d ic a l  in i t i a t o r s  in  l iq u id  s u l f u r  
d io x id e  w i t h o u t  in c o r p o r a t in g  s u l f u r  d io x id e  in  th e  p o ly m e r  c h a in ,  e v e n  t h o u g h  m e t h 
a c r y la t e  r a d ic a ls  a d d  s u l f u r  d io x id e  r e a d i ly  as  in d ic a t e d  b y  e le c t r o n  s p in  re s o n a n c e  s t u d 
ie s . A n  e x p la n a t io n  f o r  th is  a n o m a lo u s  r e s u l t  is  a d v a n c e d ,  a n d  e v id e n c e  f o r  t h e  p a r 
t i c ip a t io n  o f  s u l f u r  d io x id e  in  th e  t r a n s i t io n  s t a t e  o f  t h e  a d d i t io n  r e a c t io n  is  p r e s e n te d .

INTRODUCTION

Methyl methacrylate (MMA) is known to polymerize in sulfur dioxide 
(S) as solvent to produce a homopolymer containing only traces of sulfur. 
During the course of an investigation of the behavior of MMA in terpoly- 
merizations with isoprene and S,1 it became desirable to study the homo
polymerization in greater detail. The results of this study indicate that 
the growing methacrylate chain exists as a solvated free radical. Solvated 
radicals have been postulated previously2-4 to explain polymerization ki
netics although some earlier studies had indicated that solvents do not par
ticipate in free-radical propagation.6 In the present case clear evidence of 
radical solvation is obtained without the complexities of monomer associa
tion complexes.

Acrylonitrile and other vinyl monomers with strong electron-withdrawing 
substituents also give homopolymers in S as solvent. The usual assump
tion is that radicals derived from such monomers do not add S but do add 
their own monomer, i.e.,

— M  • +  S ---------— > n o  r e a c t io n ( 1 )

— M  ■ +  M  — ---------- > — M M  • ( 2 )

*  P r e s e n t  a d d re s s :  B io m e d ic a l  E n g in e e r in g  D e p a r t m e n t ,  D u k e  U n i v e r s i t y ,  D u r h a m ,
N o r t h  C a r o l in a .

f  P r e s e n t  a d d re s s :  C h e m ic a l  E n g in e e r in g  D e p a r t m e n t ,  N o r t h  C a r o l in a  S t a t e  U n i 
v e r s i ty ,  R a le ig h ,  N o r t h  C a r o l in a .

I  P r e s e n t  a d d re s s :  D e p a r t m e n t  o f  P h y s ic s ,  R o y a l  M i l i t a r y  C o l le g e  o f  S c ie n c e ,
S h r iv e n h a m ,  E n g la n d .
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The electron spin resonance studies of Ivuri and Ueda, however,6 indicate 
that S adds readily to the methacrylate radical. Verification of the ESR 
observations would make it of considerable interest to explain the reported 
polymer composition.

EXPERIMENTAL

Polymerization
Methl methacrylate (M) obtained from the Rohm and Haas Corpora

tion was distilled under high vacuum. Anhydrous sulfur dioxide (S) was 
obtained from the Matheson Company, ft was distilled from lecture bot
tles into the polymerization ampoules without other purification. M and S 
were degassed separately at 10~5 torr and sufficient M was distilled into S 
maintained at liquid nitrogen temperature to make a 20% solution. The 
sample tubes were sealed off, brought to room temperature and irradiated 
with 60Co 7-radiation at the desired temperatures. Sufficient radiation 
dose was used to give approximately 10-15% conversion of M to polymer, 
except in the case of polymers prepared at — 50°C, where the polymeriza
tion rate was very low and conversions of 3-5% were obtained. After ir
radiation the tubes were quenched in liquid nitrogen, cut open, and meth
anol added. After the mixture warmed to room temperature it was filtered 
and allowed to air dry.

Carbon, hydrogen, and sulfur analyses, performed by the Galbraith Lab
oratories, Knoxville, Tennessee, showed no sulfur; results agreed with the 
theoretical values for poly (methyl methacrylate).

Nuclear Magnetic Resonance (NMR) Spectra
NMR data for the polymers were obtained with a Varian A-60 spectrom

eter in deuterated chloroform at 75°C.

Electron Spin Resonance (ESR) Spectra
ESR spectra were run on poly(methyl methacrylate) in the apparatus de

picted in Figure 1, which has provisions for the addition of monomers as 
gases. Powdered polymer was dried and compacted in a pellet press at 
pressures below 500 psi. The pellets could be cut and shaped but were brit
tle and porous by superficial inspection. The pellets were cut into pieces 
small enough to fit in the 5 mm quartz tube. The tube was evacuated to 
10-6 torr and sealed off. M and S vapors evaporated from degassed sam
ples were added to the quartz tube from side arms having glass break seals. 
The apparatus could be evacuated through a tube connected to the measur
ing tube which was fitted with a greaseless O-ring stopcock. Vapors of S 
and M were added by breaking the appropriate glass seal with a bar magnet 
and vapors removed through the stopcock without removing the sample 
from the spectrometer chamber.

The poly (methyl methacrylate) sample was irradiated by inverting the 
apparatus and thus allowing the sample to fall from the measuring tube to
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the Pyrex tube to which it was connected. The Pyrex tube was placed 
against the 60Co source and the quartz tube shielded from irradiation. 
When irradiation was completed, the apparatus was inverted and the sam
ple shaken down into the quartz tube ready for measurement of the ESR 
spectra.

RESULTS AND DISCUSSION

After irradiation with 60Co the highly porous poly (methyl methacrylate) 
gave the same ESR signal as growing methylmethacrylate chain radicals. 
When S was admitted to the evacuated sample the signal changed rapidly to 
one characteristic of a sulfonyl radical. The system was then evacuated; 
the signal being observed continuously during the evacuation. There was 
no return of the methacrylate spectrum, only a very slow decline of the sul
fonyl radical signal. The signals are shown in Figure 2.

The experiment was repeated, and AI vapor was admitted after the sul
fonyl radical was formed. There was no change in the spectrum shape; 
there was only a gradual decay in the intensity.*

*  H i g h  p re s s u re s  o f  S  o r  A I  le d  to  r a p id  d e c a y  o f  th e  E S R  s ig n a l  p r e s u m a b ly  b e c a u s e  
th e  p o ly m e r  w a s  p la s t ic iz e d  in c r e a s in g  th e  m o b i l i t y  o f  th e  ra d ic a ls  le a d in g  to  a n  a c c e le r 
a t e d  d e c a y  o f  th e  s ig n a l  f r o m  th e  s u l f o n y l  r a d ic a l .  A s  a  c h e c k  o n  th is  h y p o th e s is ,  is o -  
p r e n e  v a p o r  w a s  a d d e d  to  a  s a m p le  o f  th e  m e t h a c r y la t e  r a d ic a l .  A  m o re  c o m p le x  s ig n a l  
w a s  r a p i d ly  o b t a in e d  ( F ig .  2 c )  in d ic a t in g  t h a t  is o p r e n e  c o u ld  b o t h  d if fu s e  to  th e  s ite  a n d  
u n d e rg o  a d d i t io n .
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It was possible that S vapor could diffuse more readily than M to the rad
ical site in a solid polymer. This might account for the failure of M vapor 
to alter the shape of the signal from the sulfonyl radical. However the re
sults obtained with isoprene argue strongly against this possibility.

These observations indicate that the growing chain of poly(methyl meth
acrylate) in sulfur dioxide exists predominately as a solvated radical, —A IS •, 
and the addition of monomer must either involve a reversal of solvation 
followed by addition, [eqs. (3) and (4) ] or that polymerization must proceed 
via an insertion mechanism, [eq. (5) ]. This latter is the equivalent of say
ing that the S of solvation participates in the transition state during addi
tion, but no specific geometry or type of bonding is implied.

— M S -  ' — M -  +  S  ( 3 )

— M -  +  M ---------------» — M -  ( 4 )

— M S -  +  M ---------------> — M M S -  ( 5 )

It has been suggested that if the transition state of a radical chain prop
agation involves a solvent molecule that change in the stereochemistry of 
the resulting polymer should be expected. On the other hand, the work of
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Fox and Schnecko6 shows that free-radical polymerization of M in a variety 
of solvents has no significant effect on the polymer stereochemistry and the 
steric triad composition is determined only by polymerization temperature. 
Thus at a given temperature if polymerization follows eq. (3) and (4),

S

NMR analysis of polymer prepared in S solution should be the same as for 
polymer prepared in bulk.

NMR spectra as shown in Figure 3 actually show significantly greater 
syndiotactic triad content of the solution polymers. Table I gives values

T A B L E  I
S t e r ic  T r ia d s  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 s

P o ly m e r iz a t io n  
t e m p ,  ° C S o lv e n t

T r ia d ,  %

H S

2 .'i S O , 2 6 6 4
2 5 N o n e 3 0 5 5

- 3 5 S O , 2 9 7 1
— 3 5 N o n e 3 5 6 4

for triad content calculated by the method of Bovey.7 An alternate mech
anism for changes in stereochemistry through solvent interaction might be 
for the monomer to form a complex with the solvent. The altered geom
etry of the incoming monomer would influence the orientation in which it
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could add to the radical. This mechanism could be expressed by the com
bination of eqs. (3), (6), and (7):

M  +  S -------------> M — S  ( 6 )

— M -  +  M  - S --------------> —  M -  +  S  ( 7 )

where M—■-S is a monomer-solvent complex and fit both ESR and XMR 
data. It seems most unlikely, however, that this mechanism is pertinent 
to the present case. S is known to form charge transfer complexes with 
donor molecules such as butene, vinyl ethers, and dienes, but monomers 
with electron-withdrawing substituents such as acrylonitrile and methyl 
methacrylate are generally considered to have donor properties which are 
too low to form such complexes. An examination of the ultraviolet spectra 
of M and S and their mixtures in heptane solution did show slight shifts in 
wavelength of the absorption maximum and extinction coefficient, which 
may indicate very weak interaction at the limits of the ability to detect in 
unpressurized systems which are used.

A third mechanism for altering the stereochemistry of the polymer would 
be for monomer residues in the growing chain to solvate without involving 
the radical center. Altered geometry of the chain caused by solvent inter
actions could then influence the geometry of the incoming monomer, similar 
to the proposal of Szwarc.8 Again, there is no reason for believing that S 
should have a greater effect on the poly (methyl methacrylate) chain than 
the other solvents which have been evaluated by Fox.

It therefore appears that, during the free-radical polymerization of kl in S 
as solvent, the growing radical is solvated with S and that S is involved in 
the transition state for chain propagation.

T h e  a u th o r s  w is h  to  t h a n k  th e  D i v is io n  o f  Is o t o p e  D e v e lo p m e n t  o f  th e  A t o m ic  
E n e r g y  C o m m is s io n  fo r  s u p p o r t  o f  th is  w o r k  u n d e r  C o n t r a c t  A T ( 4 0 - 1 ) - 2 5 1 3 ,  T a s k  N o .  
13 .
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Polyesters Containing B ieyc lo [2 .2 .2 ]oc lan e  and 
B icyclo [3 .2 .2 ]n ou an e Rings

LUDEK TAIMR* and JAMES G. SMITH, Department of Chemistry, 
University of Waterloo, Waterloo, Ontario, Canada

Synopsis
P o ly e s te r s  c o n ta in in g  b i c y c le [ 2 .2 .2 ] o c ta n e  a n d  b ic y c lo [3 .2 .2 ]  n o n a n e  r in g s  a r e  p r e 

p a r e d  f r o m  l , 4 - b is ( c a r b o e t h o x y ) b ic y c lo [ 2 .2 .2 ] o c ta n e ,  l ,4 - b i s ( h y d r o x y m e t h y l ) b ic y c l o -
[ 2 .2 .2 ]  -o c ta n e  a n d  t h e  1 ,5 - d is u b s t i t u t e d  b i c y c le [3 ,2 .2 ]  n o n a n e  a n a lo g s . T h e s e  p o ly e s te rs  
a r e  c o m p a r e d  to  t h e  r e la t e d  p o ly m e r s  c o n ta in in g  1 ,4 - p h e n y le n e  a n d  tra n s -  1 ,4 -c y c lo 
h e x y le n e  r in g s  in  te r m s  o f  t h e i r  m e l t in g  p o in t ,  t h e r m a l  s t a b i l i t ie s  a n d  o x id a t iv e  s t a b i l i t ie s .  
T h e  lo w e r  s y m m e t r y  o f  th e  b ic y c lo  [3 .2 .2 ]  n o n a n e  r in g  p ro d u c e s  l o w e r - m e l t in g  p o ly m e r s  
t h a n  th e  o t h e r  r in g  s y s te m s . T h e  r e m a in in g  t h r e e  r in g s  a r e  a p p r o x im a t e ly  e q u iv a le n t  
i n  t h e i r  e f fe c t  o n  t h e  m e l t in g  p o in t  o f  a  p o ly m e r  p r o v id e d  t h a t  n o  m o r e  t h a n  o n e  b ic y c lo -
[2 .2 .2 ]  o c ta n e  r in g  is  p r e s e n t  p e r  p o ly m e r  r e p e a t  u n i t .  T w o  s u c h  r in g s  p r o d u c e  a  h ig h e r 
m e l t in g  p o ly m e r  t h a n  a n y  o t h e r  c o m b in a t io n .  B o t h  th e  t h e r m a l  a n d  o x id a t iv e  s t a b i l i t ie s  
o f  t h e  p o ly e s te rs  is  im p r o v e d  b y  th e  p re s e n c e  o f  t h e  b ic y c lo  r in g s . T h i s  is a t t r ib u t e d  
to  th e  r in g s  p r o v id in g  a n  a p p r o x im a t io n  o f  a  l a d d e r  p o ly m e r .

One of the most important properties of a linear polymer is its melting 
point. Its importance and ease of determination have stimulated numerous 
attempts to correlate this property with the chemical structure of the repeat 
unit. Bunn1 has reviewed the structural factors affecting the melting point 
and suggests that interchain forces, flexibility (or rigidity) of the polymeric 
repeat units, and the symmetry of this unit are the most important.

Within a given class of polymers, the interchain forces may be considered 
approximately constant and the interplay of rigidity and symmetry be
comes apparent. While several studies have been reported on polyamides, 
polyesters have been of less interest probably due to their generally lower 
melting points and consequent lower commercial interest. Korshak’s 
study2 of the aliphatic polyesters is the most extensive and, of course, the 
poly (methylene terephthalates),2,3 the polyesters of p-xvlylene glycol4'5 and
1,4-cyelohexanedimethanol5 are additional examples.

Our present study stems from this last example in which the combina
tion of symmetry and rigidity of the bans-1,4-cyclohexanedimethanol ring 
was considered responsible for the high melting points observed for the 
derived polyesters. It seemed appropriate to examine the effect of other

*  P o s td o c to r a l  f e l lo w  f r o m  t h e  I n s t i t u t e  o f  M a c r o m o le e u la r  C h e m is t r y  o f  t h e  C z e c h o 
s lo v a k  A c a d e m y  o f  S c ie n c e s , P r a g u e ,  C z e c h o s lo v a k ia .

1 2 0 3

©  1971 b y  John W iley  & Sons, Inc.
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rigid cyclic compounds whose structure closely resembled that of 1,4-cyclo- 
hexanedimethanol.

The bicyclo [2.2.2 Joctane ring system seemed admirably suited for this 
purpose. A diol such as 1,4-bis (hydroxy methyl)-bicyclo [2.2.2 [octane has 
a rigid symmetrical structure of similar steric size to that of 1,4-cyclo- 
hexanedimethanol with the added advantage that ring inversion which can 
convert the ¿rafts-diaxial conformer of the latter diol to the irans-diequa- 
torial form cannot occur. Furthermore, polyesters from bicyclo [2.2.2]- 
oetane-l,4-dicarboxylic acid can be prepared, whereas trans-l,4-cyclo- 
hexanedicarboxylic acid is known to isomerize during preparation of poly
esters.6

As an additional point of interest, the related polymers containing bicyclo- 
[3.2.2 (nonane rings were also prepared. In this series, the rigidity of the 
ring remained the same, but the symmetry was reduced. As models show, 
functional groups attached to the bridgehead carbons of the bicyclo [2.2.2]- 
octane ring are arranged at 180° to one another; in the bicyclo [3.2.2 Jnonane 
ring, these same groups form an angle of approximately 150°.

Some information already exists on polymers from the bicyclo [2.2.2]- 
octane derivatives.7,8 This is contained in the patent literature and is 
directed towards high-melting polymers of potential commercial value. 
Some overlap between the present study and these earlier reports do exist, 
and a few discrepancies have been noted. These have been discussed else
where.9

EXPERIMENTAL

With the exception of the bridgehead derivatives of bicyclo [2.2.2]- 
octane and bicyclo [3.2.2 (nonane, all polymer intermediates were obtained 
from commercial sources. The bicyclo derivatives were synthesized by 
well-documented procedures.10 ■11

All the polymers examined in this study were prepared in approximately 
1-g quantities with the use of titanium tetrabutoxide as catalyst except for 
polyethylene terephtlialate), for which a zinc acetate-antimony pentoxide 
catalyst was employed. Polymers melting below 200°C were prepared by 
a melt-phase polymerization,12 while polymers which melted above 200°C 
were prepared by the solid-phase polymerization procedure.13 In both 
cases, the polymerization time was 2-3 hr and the temperature 260-2S0°C. 
The heat source was an electrically heated, temperature controlled, drilled 
aluminum block, and the reaction vessel was a test tube equipped with a 
head with outlets for nitrogen and vacuum.

Since it was desired to compare the melting points with those of related 
polyesters,5 the polymer samples were crystallized in acetone and their 
melting points determined in the manner previously described. To obviate 
the possibility of annealing during solid-phase polymerization producing 
an artifically high melting point,14 two consecutive melting points were run 
on the same sample of each polyester prepared in this fashion.
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Inherent viscosities were determined in 60:40 phenol-tetrachloroethane 
solvent. Thermal stabilities were measured under nitrogen on a duPont 
950 thermogravimetric analyzer at a heating rate of 15°C/min on 9 ±  1 
mg samples. Oxidative stabilities were assessed on the same instrument 
by measuring the weight loss as a function of time in an oxygen atmosphere 
at 340°C, again for a 9 ± 1 mg sample.

RESULTS AND DISCUSSION

Table I compares the melting point of polymers which differ only in the 
nature of the ring present in the did portion of the repeat unit, i.e. 1,4- 
phenylene, trans-1,4-cy c lo hexy le n e, 1,4-bicyclo [2.2.2 [octane and 1,5- 
bicyclo [3.2.2jnonane. It is readily seen that the first three rings all have 
approximately the same effect on the melting point. No added increment 
in melting point is obtained on replacing any rigid, symmetrical ring system 
with the bicyclo [2.2.2 joctane ring.

T A B L E  1
M e l t i n g  P o in t  o f  P o ly e s te r s :  C o m p a r is o n  o f  th e

D i o l  R in g  S t r u c t u r e  D ,  H O C H 2— D — C E L O H

M p  o f  p o ly e s te r ,  ° C

I ) ia c id  *
tra n s

h o 2c — ( C h 2 )<— c h 2h  
H 0 2C — ( C H 2 )6— c o 2h  
H 0 2C — ( C H 2 )7— C 0 2H  
H 0 2C — ( C H 2 )s— c o 2h

7 8 - 8 1 1 2 2 - 1 2 4 9 9 -1 0 1  ( 0 . 3 6 ) b 8 0 - 8 2  ( 0 . 4 0 )
7 9 - 8 2 9 4 - 9 6 7 4 - 7 7  ( 0 . 6 0 ) N X '
6 3 - 6 6 4 5 - 5 0 3 4 - 3 7  ( 0 . 3 6 ) N X
8 8 - 9 3 7 2 - 7 8 6 3 - 6 5  ( 0 . 5 5 ) N X

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

*  D a t a  a r e  f r o m  K i b l e r  e t  a l . J 
b I n h e r e n t  v is c o s i ty  ^¡„i, in  p a re n th e s e s .  
c N o n  c r y s t a l l i z a b le  g u m .

A strict structural comparison of ring system would require that the 
bicyclo[2.2.2[octane I ring be compared to the cis-1,4-cyclohexylene ring in 
the boat conformation II. However, it is most unlikely that the cis-1.4-

I  I I

cyclohexanedimethanol is constrained in the boat conformation by the 
polymer chain and much more likely that it adopts the chair conformation 
with its lower symmetry. For this reason, the comparison is made between 
the two rings of similar symmetry and rigidity, frans-1,4-cyclohexylene 
and bicyclo [2.2.2[octane.
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Considering only those polyesters derived from aliphatic dicarboxylic 
acids, the polymers containing trans-l,4-cyclohexanedimethanol melt uni
formly higher than those containing the other ring systems. The slightly 
compressed conformation available to the irons-diol moiety6 probably ac
counts for this, since such a possibility is not available to the rigid bicvclo- 
[2.2.2]octane ring.

In general, the flexible acid segment controls the polymers’ melting points 
which all tend to be low. Even decreasing the symmetry of the diol unit 
by using a bicyclo [3.2.2 [nonane ring reduces the melting point only slightly. 
However, considerable difficulty in crystallizing these polymers does reflect 
their lower tendency to form ordered arrangements.

If the acid segment is itself rigid (terephthalic acid), the polyester melting 
point takes a sharp increase and the symmetry of the diol segment now ex
erts considerable influence on the melting point. Note that the terephtha- 
late/l,5-bis-hydroxymethylbicyclo[3.2.2[nonane polymer melts at a much 
lower temperature than any of the other three ring analogs.

Turning to the polymers prepared from the “bicyclo acids” (Table II), a 
somewhat different behavior can be observed. If the aliphatic diol con
tains an even number of carbon atoms, there is again little difference be
tween an aromatic ring and a bicyclo [2.2.2 [octane ring insofar as the melt
ing point is concerned. However, polyesters prepared from diols with an 
odd number of carbon atoms and terephthalic acid melt at a higher tem
perature than the analogous polyesters with a bicyclo [2.2.2 [octane ring 
replacing the aromatic one. Interestingly enough, a similar behavior was 
noticed5 in the comparison of polyesters from p-xylvlene glycol and trans-
1,4-cyclohexanedimethanol.

T A B L E  I I
M e l t i n g  P o i n t  o f  P o ly e s te r s :  C o m p a r is o n  o f  th e

D i a c i d  R in g  S y s te m s , H O 2C — I t — C 0 2H

h i p  o f  p o ly e s te rs , °C

D i o l  u n i t  H0.C
' ^ y J - C0 ‘h °

HCjsC— ^ X ^ - C O j H K O !' fAA- ¡'O H

HO—(CHi).—OH 2 5 8 - 2 6 2 b b
HO—(CH2)3—OH 2 2 5 1 4 0 - 1 4 3  ( 0 . 4 4 )c N X 1

HO—( C H î ) ,— -OH 2 2 5 2 3 3 - 2 3 8  ( 0 . 5 6 ) 1 2 7 - 1 3 0  ( 0 . 5 7 )
H O — (CD.),-,— O i l 1 3 6 - 1 4 0 5 4 - 5 6  ( 0 . 2 2 ) N X ' *
HO—(CH2)6—OH 1 5 7 1 4 4 - 1 4 7  ( 0 . 5 4 ) 5 0 - 5 5  ( 0 . 5 6 )

HOH2( W  \  h

hA __AcffiOH 3 1 2 - 3 IS 3 1 0 - 3 1 5  ( 0 . 4 0 ) 1 3 8 - 1 9 2  ( 0 . 2 6 )

“ D a t a  a r e  f r o m  S m ith  et, a l . 3

b P o ly m e r  d id  n o t  f o r m  u n d e r  th e  u s u a l  p r e p a r a t iv e  c o n d it io n s .  
c In h e r e n t  v is c o s i ty  jji„h  i n  p a re n th e s e s .  
d N o n c r y s t a l l i z a b le  g u m .

The higher melting point of the terephthalate polymers can be rational
ized by considering the entire acid unit as a rigid symmetrical structure III
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I I I  I V

due to the overlap of the 7r-orbitals of the aromatic ring and the carbonyl 
groups.16’16 Such cannot be generally true of the bicyclo ring; although 
the ring itself is a rigid unit, the carbonyl groups would appear to be free 
to rotate. However, the fact that some polymers containing the bicyclo 
acid have melting points equivalent to their terephthalate analog would 
indicate that a preferred orientation of the bridge head carbonyl groups 
probably exists. This can be attributed to the dipole-dipole repulsion of 
the two carbonyl groups which would tend to orient them as shown in IV, 
an arrangement resembling that of the terephthalate unit.

Obviously, this dipole repulsion is a weaker orienting effect than that 
operating in the aromatic system. When the bicyclo rings are coupled 
through an odd-carbon diol it evidently ceases to be fully effective and a 
lower melting polymer is generated.

A similar explanation accounts for the difference in melting point of the 
pair of polymers V and VI. Each unit has the same number and kind of

0 0 0 °

— O — (C H 2)6— 0 — C — C -------------- o — C - ( C H 2)4— c — o - c h 2- ^ \ ^ - c h 2-

m p l4 4 - 1 4 7 ° C  m p  9 9 -1 0 1 °  C

V  V I

o
II

structural units, the difference being the arrangement of the —C1U—O—C— 
link. If the carbonyl group of this link is attached to a rigid symmetrical 
ring, the melting point is appreciably higher than if attached to a flexible 
polymethylene segment. The dipole-dipole repulsions of the carbonyl 
groups are sufficient to orient these groups provided the intervening unit is 
itself rigid. In the case of the poly methylene chain, the orienting influence 
is counteracted by the flexible connecting chain.

Again, as Table II shows, the less symmetrical bicyclo[3.2.2Jnonane ring- 
produces lower melting polymers. But here the effect is quite pronounced 
in all the examples which were obtained crystalline.

Table III shows the effect of combining two rigid bridged ring systems 
in a polymer repeat unit.

The inherent viscosities of these polymer compositions would indicate 
that the melting ranges obtained are somewhat less than the equilibrium 
melting temperatures.17 Unfortunately, the limited amounts of monomers 
precluded an optimization of polymerization conditions. However, the 
differences observed in these melting temperatures is sufficiently large that 
certain conclusions can be made. The four different repeat units can be 
considered to be of equivalent rigidity and differ only in the symmetry of 
the diol and/or diacid components. A combination of two bicyclo [2.2.2]-
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octane rings produces a polymer of remarkably high melting point con
sidering that it is completely free of any aromatic component. Replace
ment of one of these rings by a less symmetrical bicyclo [3.2.2 ]nonane ring 
produces a sharp drop in melting point. Note that it is immaterial whether 
the ring of the diol or of the diacid segment is replaced; either polymer has 
about the same melting point. Naturally, a combination of two bicyclo- 
[3.2.2 [nonane rings again produces a sharp drop in melting point, a further 
reflection of the importance of symmetry.

T A B L E  I I I
M e l t i n g  P o i n t  o f  B r id g e d  P o ly e s te r s  H a v in g  D i f f e r e n t  

D i o l  a n d  D i a c i d  U n i t s

D ia c id  u n i t

D i o l  u n i t M p ,  ° C rjinh M p ,  ° C Vinh

H O C H , — C H . O H 3 S 0 -3 9 0 0 . 2 5 2 2 5 - 2 2 7 0 . 2 4

H O C H , — C H o O H
2 4 4 - 2 4 6 0 . 2 1 1 7 2 - 1 7 7 0 . 2 7

A few polymers derived from triptycene have been reported.18 Among 
this group, the terephthalate-bis(hydroxymethyl)triptycene polymer melts 
at 350-380°C compared with 304-307°C for the terephthalate-bis(hydroxy- 
methyl)bicyclo [2.2.2 [octane polymer. The structural difference between 
these two polymers is essentially the three benezene rings fused to the 
bicyclo [2.2.2 [octane ring. The additional rigidity conferred upon the 
repeat unit by this structure, must account for the higher melting point of 
the triptycene polymer.

Thermal Stability

Because of the limited amounts of the polyesters available, the thermal 
stability has been measured by thermogravimetric analysis under nitrogen. 
These stabilities are summarized in Table IV in terms of the temperatures 
at which the polymer sample has lost 10% and 50% of its original weight.

The polymers fall in three groups on tne basis of these stabilities. The 
first group, which is characterized by the presence of a single ring in the 
unit, shows decomposition temperature (T10 and %0) of ca. 400°C and 420- 
430°C.

The second group, with two rings in the repeat unit of which one may be 
a bridged ring, shows a somewhat higher stability. Here T10 and 7% 
values of 420-430°C and 440-450°C are observed. Polymer units based 
on 1,4-cyclohexanedimethanol appear somewhat less stable than their 
bridged analogs.



B 1 C Y C L 0  P O L Y E S T E R S 1209

D i a c i d  u n i t

HOjC—(CHj)«—COjH

IIO,C—(CH,)4—CO,H

T A B L E  I V
T h e r m a l  S t a b i l i t y  o f  t h e  P o ly m e r s

D e c o m p o s i t io n  
t e m p ,  ° C "

D i o l  u n i t T 10 r ,  o

HOCH,—CH,OH 404 428

II< ICH,—(CH,),—CH,( )H 395 4 1 9

HOCH,—(CH,)4— CH,OH 398 422

HOCH)—(CHi)i—CH,OH 400 421

HOCH,—(CH,),—CH,OH 392 412

HOCH,—^ X ^ —CH,OH 39,S 433

HOCH,— CHOH 412 447

H0CH> T ^ < H
h A  / t h .oh 414 430

HOCH,—¿ X ^ — CH,OH 438 401

HOCH,— CH2OH 431) 444

H0CH2y ^ < H
h ^ o T ' ch .oh

422 445

HOH,,C—^ X ^ —CH,OH 452 4 8 0

HOHO— CH,OH 455 477

I O I 1 C -  < ^ x } ) — C H  O .'l 455 4 82

HOHO— CH,,OH 457 477

“ T e m p e r a t u r e s  a t  w h ic h  1 0 %  ( i 7io ) a n d  5 0 %  (T-ao) o f  th e  i n i t i a l  s a m p le  w e ig h t  h a s  
b e e n  lo s t .
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The third group, showing the greatest thermal stabilities, are those con
taining two bridged rings in the same repeat unit. In this case, the T10 and 
T50 values are 455°C and 480°C.

This behavior is most simply interpreted by considering that the insertion 
of rings, and especially bicyclo rings, into a polymer chain brings the struc
ture to a closer approximation of an ideal ladder polymer. As the con
centration of rings in the chain rises, the chances of thermal decomposition 
cleaving the appropriate bonds in the polymer chain to produce volatile 
fragments decreases.

Oxidative Stability

The relative oxidative stability of these polymers was also assessed by a 
thermogravimetric method. Here the weight loss as a function of time 
was measured in an atmosphere of oxygen (and in nitrogen) at 340°C. 
The temperature was chosen to minimize thermal decomposition yet be a 
sufficiently high temperature to obtain reasonable instability in oxygen.

As the values summarized in Table V show, an oxygen atmosphere does 
accelerate the loss of weight of all polymers studied. The effect of two 
bridged rings in improving the thermal stability is also apparent in these 
isothermal weight loss determinations. Even the weight loss in oxygen is 
reduced by the presence of these rings.

TABLE V
Oxidative Stability of Polymers at 340°C

Decomposition 
A*' time, mina

mos- ----------------------
Diacid unit Diol unit phere ho f25 Ua

HO,C— CChH HOCH— CH.OH
N,
O ,

50
2

154b 
4 12-14

H0-C—C / ~ C° 'H
H n /  \ /C H  OH 

HOCHo'N__ A h

N,
0-2

14
3

23
5

39
11

HOT—C ~ y ~  CO2H HOCH,— CH,OH N,
O,

73
7

163b
21 80

HOT— CO,H HOCH,— CHTH N,
O,

310b
8

7S0b
27 100

* Time required for the sample to lose 10%, (ho), 25% (fo) or 50% (h0) of its original 
weight.

b Weight loss was essentially linear and these values were estimated by extrapolation.

In the case of the 1,4-cyclohexanedimethanol polymer, the tertiary 
hydrogens present on the ring have been considered19 the most easily oxi- 
dizable portion of the repeat unit. While this sensitive spot is absent in 
the polymers containing the bridged rings, it is more reasonable to attribute
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the improved oxidative stability once again to the approximation of a ladder 
structure by inserting these bicyclo [2.2.2]octane rings in the chain.

The authors wish to acknowledge the financial support of the Defence Research Board 
of Canada. The authors are indebted to Drs. Alan Bell and Charles J. Kibler of the 
Tennessee Eastman Co., Kingsport, Tennessee who arranged for the determination of 
the inherent viscosities of the polymer samples and to Mr. R. Needham who determined 
the stabilities of many of the polymer samples.
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Polyesters from 12-Hydroxymethyltetrahydroabietic 
Acid and 12-Hydroxymethyltetrahydroabietanol

AI AGED A. OSAIAX and C. S. AIARVEL, Department of Chemistry, 
The University of Arizona, Tucson, Arizona 85721

The polyester of 12-hydroxymethyltetrahydroabietic acid was prepared by the self- 
condensation of the hydroxy acid (I) and from its methyl ester (II). The condensation 
reaction was studied and different catalysts investigated. The inherent viscosity of the 
polymers vere measured and their DTA diagrams taken. A polyurethane as well as 
different polyesters of the diol (III) with methylene di-p-phenyl diisocyanate, tereph- 
thalic, adipic, suberic, and sebacic acids were synthesized. Alixed polyesters and poly
amide ester were also prepared. The properties of the above described polymers were 
investigated and their behavior on DTA reported.

The oleoresin is the basis of the extensive naval stores industry through
out the world. Rosin is the most important of this group of products which 
also includes tar, pitch, turpentine, pine oil, and other terpenes. World 
production of rosin during the last decade was over two billion pounds per 
year, about half of which originated from the United States. The resin 
acids amount to 90% of the rosin and thus provide a good natural resource 
of raw material. Some trials1-7 to obtain useful polymers from these 
products have been reported.

Three rosin derivatives were investigated viz., 12-hydroxymethyltetra- 
hydroabietic acid8 (I), methyl 12-hydroxymethyltetrahydroabietate9 (II), 
and 12-hydroxymethyltetrahydroabietanol10 (III).*

Synopsis

INTRODUCTION

RESULTS AND DISCUSSION

CH.OH CHoOH

"COOH 'CTLOH
III

©  1971 by John Wiley & Sons, Inc.
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TABLE I
Self-Condensation of I

Catalyst, Temp, °C Time, hr Vinh*

-- . 2S0 66 0.08
-- - 300 20 0 .09b

h 3p o 4 260 20 0.05
IbP<>4 230 44 0.04
-Mg 240 44 0.08

* The viscosity measurements were carried out in an Ostwald viscometer at 31 ±  1°C. 
Solutions of 0.25% polymer in benzene were used. 

b Sample a, Table IV.

The self-condensation of compound I was carried out in melt according to 
the standard method described in the literature.lla Table I shows the re
sults obtained.

During the condensation a white solid sublimed on the walls of the con
densation tube. In a typical experiment the monomer was heated under 
nitrogen at 250°C for 2 hr and vacuum was then slowly applied until 7 mm 
Hg was reached after 1 hr. The melt was heated under these conditions 
for 1 hr more, then the pressure reduced to 0.05 mm Hg and the temperature 
kept at 280°C for a further 43 hr. Benzene was used to extract the sub
limate, and the benzene-insoluble fraction, which amounted to 10% of the 
starting material, was found by infrared and melting point data to be the 
original hydroxy acid (I). Tire benzene extract was evaporated, the resi
due redissolved in tetrahydrofuran and precipitated in water. This sub
stance was found to be a low molecular weight polymer of T/inh = 0.03 and 
amounted to 41% of the starting material. Its infrared spectrum showed 
the presence of the expected functional groups, (ester, acid, alcohol). The 
unsublimed material, amounting to 45%, had an inherent viscosity of 0.0S, 
and the infrared spectrum showed the presence of the expected functional 
groups of polyester. The number of endgroupsllb was determined, and the 
corresponding amount of freshly distilled methylene di-p-phenyl di
isocyanate (IV) was added. Reaction with the diisocyanate was carried 
out both in melt at 230°C and also in refluxing toluene. In both cases no 
increase in viscosity was observed. It was concluded that chain-growth 
termination was not due to the loss of the functional groups in side reactions 
but probably due to steric factors.

The polyester of I was a hard, glass-clear product, whose films were brit
tle. It was soluble in benzene, tetrahydrofuran, methylene chloride, chlo
robenzene, partially soluble in dimethylformamide and petroleum ether, 
but insoluble in methanol. Sample a showed two DTA peaks at l(i4°C 
and 218°C.

The same polymer was obtained from the self-condensation of the methyl 
ester (II) by the melt method. Table II shows the results obtained.

A polyurethane (sample c, Table IV) was obtained by refluxing the diol
(III) with the diisocyanate (IV) for 24 hr in dry dimethylformamide under
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TABLE II
Self-Condensation of II

Catalyst Temp, °C Time, hr ??inh.a

— 200 3 No polymerization
Mg 230 22 No polymerization
p-Toluenesulfonic acid 280 64 0.04 (benzene)
Tetraisopropyl titanate 220 68 0.14 (THF)b

“ The viscosity of 0.25% polymer solution was measured in an Ostwald viscometer 
at 31 ±  1°C. Sample b showed two peaks in the DTA diagram, one at 168°C and one 
at 240°C.

b Sample b, Table IV.

TABLE III
Polyesters of III with Aliphatic Dicarboxylic Acids

Acid
Method

used Catalyst Temp, °C
Time,

hr *?inha

Adipic Solution Methanesulfonic.
acid

110 (Toluene) 71 0.40

Suberic Solution U 110 (Toluene) 71 0 .24b
Suberic Melt “ 250 25 0.16
Dimethyl

sebacate
Melt Tetraisopropyl

titanate
270 40 0.18'

a The viscosities of 0.25% solutions in benzene were measured in an Ostwald viscometer 
at 31 ±  1°C. 

b Sample e, Table IV. 
c Sample f, Table IV.

TABLE IV
Analyses

Sam
ple

c , 07Zo H, % N, % 0, 0//c
Calcd Found Calcd Found Calcd Found Calcd Found

a 79.19 79.15 10.76 10.69 10.05 10.18
b 79.19 78.72 10.76 10.76 10.05 10.05
c 73.69 75.05 7.90 8.56 4.77 4.99 13.63 10.84
d 76.95 76.82 8.91 8.91 14.14 14.41
e 75.60 75.76 10.50 10.52 13.89 13.63
f 76.18 76.16 10.72 10.80 13.10 13.15
g 72.64 73.31 7.50 7.84 19.85 18.59
h 71.08 70.84 10.10 10.19 4.25 3.19 14.57 14.45

nitrogen. The polyurethane was soluble in DMF and precipitated in meth
anol. Its inherent viscosity in dimethylformamide at 31°C was 0.14. It 
showed two DTA peaks, one at S0°C and one at 163°C.

The polyterephthalate of (III) was prepared in two different ways. When 
III was condensed with dimethyl terephthalate in melt (230°C) for 24 hr, 
using tetraisopropyl titanate as a catalyst, a polymer having 7finh = 0.17 
(benzene) was obtained. Condensing III with terephthaloyl chloride
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(crystallized from dry hexane) in refluxing chlorobenzene under nitrogen for 
4 hr gave a polymer (d, Table IV) with rjinh = 0.2 (benzene) which showed 
peaks at 50° C and 160°C in the DTA diagram. When the latter conden
sation was carried out in melt (240°C/0.01 mm Hg, 10 hr), the polymer 
showed rjinh = 0.13 in benzene. Films of this polyester were also brittle. 
In order to get more plastic polyesters, the diol (III) was condensed with 
adipic acid, suberic acid and dimethyl sebecate respectively. Table III 
shows the results obtained.

Films of the polyadipate were still brittle. It showed peaks at 72°C and 
165°C in the DTA diagram. Solutions of the polysuberate and polyseba- 
cate were found to be promising as adhesives. The polysuberate (polymer 
e) showed peaks at 51°C and 107°C and the polysebacate (polymer f) at 
52 °C and 157°C in the DTA diagram. These polyesters are colorless, 
glassy, soft plastic materials which can be cut by a knife, soluble in benzene 
and could be precipitated in methanol.

Polyesters and polyamide esters were also prepared:
III +  2 CIOC—CJb—COC1 +  HOCHjCHoOH-------- > polyester

III +  2 CIOC—(CH2)4—COC1 +  H2N—(CH2)6—NHo------- > polyamide ester.

One mole of III was condensed with two moles of terephthaloyl chloride in 
refluxing chlorobenzene and the diacid chloride so obtained was reacted 
with ethylene glycol. The polyester (g) was precipitated in methanol and 
gave r/inh = 0.10 (benzene). When the chlorobenzene was driven off from a 
sample of polymer solution and the polymer melt heated for 24 hr at 
250°C/0.01 mm Hg, the viscosity of the polymer could be raised to 0.14 
(benzene). Sample g showed peaks at 74°C and 173°C in the DTA dia
gram.

Condensation of III with adipoyl chloride under the same conditions de
scribed above gave an acid chloride which was used for interfacial poly
merization with hexamethylenediamine. The polyamide ester (h, Table
IV) so obtained gave = 0.28 measured in m-cresol and showed one peak 
at 55°C in t he DTA diagram.

EXPERIMENTAL

Monomers

12-Hydroxymethyltetrahydroabietic acid (I). This acid was sparingly 
soluble in ether, ethanol, benzene, acetone, and chlorobenzene but soluble 
in tetrahydrofuran, acetic acid, and nitrobenzene. The purity was 
checked by TLC on silica gel with tetrahydrofuran as eluent.

Methyl 12-Hydroxymethyltetrahydroabietate (II). This compound was 
soluble in ethanol, tetrahydrofuran, and benzene and crystallized from 
acetone. Its purity was tested by TLC (silica gel/THF).

12-Hydroxymethyltetrahydroabietanol (III). This product was spar
ingly soluble in ether, benzene, and acetone but soluble in ethanol and 
tetrahydrofuran. The purity was checked by TLC (silica gel/THF).
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Condensation in Melt

When the condensation was carried out in melt, the reactants were melted 
under dry nitrogen, brought to the desired temperature within 4-5 hr, then 
pressure gradually reduced until a pressure of 0.05-0.02 mm Hg was 
reached. The melt was heated under these conditions until the condensa
tion was completed.

Condensation in Solution

In this method the reactants were heated in a refluxing solvent which 
forms an azeotrope with water. The refluxing solvent passed through a 
layer of CaH2 to remove the water before returning to the reaction vessel.

Mixed Polyterephthalate of III with Ethylene Glycol

Terephthaloyl chloride (0.02 mole) was dissolved in 20 ml of dry chloro
benzene and 0.01 mole of III added. Dry nitrogen was passed through and 
the reaction mixture cautiously warmed until the evolution of HC1 started. 
The solution was refluxed for 1.5 hr to complete the reaction, then 0.01 mole 
of ethylene glycol (distilled over Na) was added and the mixture refluxed 
for a further 4 hr under nitrogen. The solution was diluted to 10% and the 
polymer precipitated in methanol.

Mixed Polyamide Ester

Adipoyl chloride (0.02 mole), 40 ml of tetrachloroethylene, and 0.01 mole 
of III were gradually brought to reflux under dry nitrogen. The mixture 
refluxed for 1.5 hr, then cooled down to room temperature. A solution of
4.4 g of hexamethylenediamine in 50 ml of water was poured cautiously onto 
the previously prepared diacid chloride. The polymer formed on the inter
face was continuously removed and washed with aqueous ethanol.

This is a partial report of work done under contract with the Western and Southern 
Utilization Research and Development Divisions, Agricultural Research Service, U.S. 
Department of Agriculture, and authorized by the Research and Marketing Act of 
1946. The contract is supervised by Dr. Glen Hedrick of the Naval Stores Research 
Laboratory.
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Chain Scission o f Butyl Rubber by Nitrogen Dioxide.
II. Photo-Oxidation as Function o f Nitrogen 
Dioxide, Oxygen Pressure, and Temperature

H. H. G. JELLINEK and P. HRDLOVIC, Department of Chemistry, 
Clarkson College of Technology, Potsdam, New York 13676

Synopsis

Studies of chain scission of butyl rubber (1.75% by weight of isoprene) have been ex
tended. Experiments showing chain scission as function of various oxygen and nitrogen 
pressures, temperatures, and near-ultraviolet light intensity are presented. The experi
mental data agree with the mechanisms assumed in previous work or with elaborations of 
such mechanisms to include additional factors (ultraviolet radiation etc.). N 0 2 retards 
chain scission in presence of near-ultraviolet light. Photo-oxidation in presence of rela
tively high and low nitrogen dioxide pressures, respectively, show experimental curves of 
opposite curvature; these data have also been evaluated in terms of mechanism. Ar
rhenius equations are presented for experiments related to the different reaction 
mechanisms.

Chain scission of butyl rubber by nitrogen dioxide in absence and pres
ence of air was investigated previously.1 In the present paper, the studies 
have been extended, including the effect of near ultraviolet radiation in 
presence of a range of nitrogen dioxide and oxygen pressures; these reac
tions have also been investigated over a range of temperatures (25-65°C).

It is known that ultraviolet radiation causes instantaneous isomeriza
tion and cyclization of diene polymers in the form of films and also in 
solution.2’3 (Main-chain scission was observed in presence of sensitizers 
such as halogen nitrosopropane.4 Chien5 suggested that initiation in the 
case of photo-oxidation takes place via charge transfer complexes between 
oxygen and substrate. Recently, a paper on photo-oxidation of rubber 
was presented by Morand.6

EXPERIMENTAL

Apparatus

The high-vacuum (10_6-10-6 mm Hg) all-glass apparatus was described 
in previous papers.1’7 Intrinsic viscosity was measured in Ubbelohde dilu
tion viscometers in benzene solutions at 25 ± 0.02°C.

1219
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Materials

Butyl rubber was the same material as used previously1 (Enjay Chem. 
Corp., Butyl 268, 1.75% by weight of isoprene). The polymer was purified 
by twice precipitating with methanol from 2% (w/v) benzene solutions.1 
The purified product was stored in a refrigerator (4°C) under nitrogen be
fore use. After prolonged storage time, some aging took place. X 02 was 
obtained from Matheson Comp. All solvents were of reagent-grade quality.

Procedure

Polymer films were prepared by casting 0.9 ml of a 3% (w/v) solution 
of butyl rubber in benzene onto flat glass plates (ca. 1.8 cm X 7.0 cm). 
These plates were then placed into boxes over dried silica gel and put into 
a desiccator. Fresh polymer solution was used for each casting. The sol
vent was slowly evaporated under standardized conditions (ca. 12 hr). 
The films were then dried in high vacuum for 24 to 30 hours at 50°C. Film 
thickness was on the average 20 a-

Nitrogen dioxide pressure was obtained in the same way as described 
previously1 by using the vapor pressure-temperature relationship. The 
N 02 pressures were low enough so that practically 100% X 02 was present 
(the percentage of N20, due to the equilibrium between X 02 and its dimer 
is negligible). The X 02 vapor pressures were as follows, at various tem
peratures, — 56.5°C, 1.0 mm Hg of NO*; —61.5°C, 0.5 mm Hg; —68.0°C,
0.2 mm Hg.

Temperatures were measured with a thermometer placed in the trap 
containing liquid X 02. Its calibration was checked by the melting point 
of chloroform (—63.5°C). The equilibrium vapor pressure was established 
in the entire high-vacuum system, including a 3-liter storage flask, keeping 
liquid X02 at the respective temperature in the trap for 2 hr before closing 
it to the rest of the system. The reaction vessels were connected through
out the experiments to the 3-liter vessel, hence the X 02 pressure remained 
constant. The vessels were thermostatted (±0.1°C), and arranged along 
the circumference of a circle with the light source in its center. The glass 
plates carrying the cast films were located exactly parallel and vertical to 
the light source by means of a telescopic device. Experiments were also 
performed in which 1 atm of dry air was introduced into the system. The 
ultraviolet light source was a Hanovia medium-pressure lamp (654 A 36); 
the reaction vessels were made of Pyrex glass (#7742) which cuts out all 
light below about 2800 A. Films were at once degassed after exposure in 
order to avoid dark reactions due to absorbed gases.

Number-average chain lengths, DP„, were obtained from viscosity- 
average chain lengths as described previously.1 In all cases, the films 
showed a weight increase of about 5% after exposure. It may be noted 
here that it is quite difficult to remove last traces of benzene from butyl 
rubber.
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X 10-1, A',.xp' = 2.88 X 10-1 hr-1.) The curve (see Fig. 3) is calculated 
[eq. (10)] and the points are experimental data.

The mechanism in the presence of ultraviolet light is as follows. Direct 
attack of photons on the butyl rubber molecule is very small indeed as chain 
scission is not apparent for quite a considerable time in vacuum at 3o°C. 
Hence, the ultraviolet light must act directly on the structure bonding the 
NO2 molecule. Such a mechanism (N02 pressure is constant) can be 
formulated as follows.

Reaction with double bond (negligible on exposure to near-ultraviolet 
radiation):

RH +  hv ------- * R- +  H-

R- +  NO, ------- * RXO-> (inert product)

Reaction with double bond (see previous paper1):

RH +  NO, * <-ltXO,> Cage

<-RNO,) — RH +  NO,

(■RX02) +  hv — -—» Inert product
kt . . .(■RXOj) -------> Chain scission

In this particular case, the steady-state concentration of the cages will 
be attained only after a long time, as there are no free radicals present. 
The rate of chain scission is given by,

-d[n ']/dt = fci [Cage ] (11)

and

d[( ag;H = A.i[nMo[N02] _  fc2[Cage] _  ks[Cage] -  kA[Cage] (12) 
(It

= A-,[»']„[XO,] -  ks [Cage ]

Integration of eq. (12) gives,

[Cage] = (ki/k3) [n']0[NO,](l -  e~u ) (13)

The average number of chain scissions for each original chain remains very 
small throughout the whole degradation process considered here, hence 
only initial stages of chain scission are involved; eq. (13) reduces to,

Finally,
[Cage] =

f c i A r 4 [ » ' ] o [ X O , ] i 2
a  =  ---------7 :----------=  Aexph

[n]o

(14)

(Id)

Hence, a h plotted versus t should give a straight line or a versus t a pa
rabola, which is actually the case. The parameters for the relevant curve
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m Figure 3 found in this way are: K exp = l.SS X 10~8 hr“2, K exP' (weak 
links) = 2.6 X 10”1 hr“1, and m = 1.5 X 10“1. The curve in Figure 3 has 
been calculated, the points represent experimental data.

Photo-oxidation results are shown in Figure 4. A tentative mechanism 
is suggested here, which accounts satisfactorily for the experimental re
sults:

R H  +  h v

R- +  0, 

R O r  +  R H  

R O O H  +  h v  

R O O H  

R O O H  

Cage4

Cage4 +  Os

—^  R 02-

ROOH +  R-

> R- +  H 02-
kh
---- > Inert products
k’6
---- » Cage4

> ROOH

——> Chain scission +  0 2

Detailed calculations are given in the Appendix, a for this case is given
by,

a2 = / W i 2 (16)
Figure 9 shows a 2 ' / 2  plotted versus t ,  which gives satisfactory straight 

lines. The rate constants /vt.xp,2 derived from the slopes at 25, 35, 45, and 
55°C are, respectively, 1.37 X 10“7, 2.92 X 10 7, 3.60 X 10“7, and 6.40 X 
10“7 h i-2.

Fig. 9. Plots of a1/s vs. t for data from Fig. 4. Numbering is the same as in Fig. 4.





C H A I N  S C IS S IO N  O F B U T Y L  R U B B E R  BY NO*. II 123 J

The corresponding Arrhenius plot is shown in Figure 8 (curve 3) and 

ATxp.8 = 1.5 X 10-2e~in>400/iM’ hr“2

The NO, pressure in Figure 6 is quite small. However, the experimental 
curves change from convex to concave towards the time axis with increas
ing N 02 pressures (see Fig. 5). Apparently, an additional reaction becomes 
prominent. This reaction is the one treated above, where N 02 reacts di
rectly with the double bonds in the polymer molecules [eq. (15)]. Because 
of the appreciable N 02 pressure involved, the experimental term cannot 
any more be approximated by the initial terms of its series. Hence the ex
pression for ai becomes,

«1 =  (/Cl/v4 ]o/^3  t^i-]o) [N O 2 ]  [i +  ( I /& 3 )  (1 — e /,J<) ]  (19)
The term in t can be neglected, hence the total aL is given by,

«i = K expjt2 -f- Ki [N02](1 — e l">l) (20)

For sufficiently high N 02 pressures, a reduces to the second term in eq. 
(20), while for relatively small N 02 pressures, it is given by the first term. 
Intermediate pressures have to be evaluated by the complete expression 
for «i [eq. (20)]. The experiments in Figure 5 have been evaluated as 
follows. The two runs (Fig. 5, curves 4 and 3), having low N 02 pressure, 
have been evaluated by using the first term in eq. (20); curve 2 was ob
tained by the second term only. The curves in Figure 5 are calculated. 
The rate constants at 35°C, 1 atm air, ultraviolet radiation, are listed in 
Table II.

TABLE II

NO,, 
mm Hg

exp>
h i - 2 A'dNOJ fa, hr 1

0.2 5.49 X HR8 — —
0.5 1.96 X K)“7 — —
1.0 — 5.34 X 10_e 2.55 X 10 2

APPENDIX

Photo-Oxidation

Equations for photo-oxidation are as follows.
Rate of chain scission:

-d [n ’]/dt = kg [02] [Cage,1 ]

Steady-state cage concentration:

[Cage4] = (AV*7)[ROOH]

Rate of hydroperoxide formation:

d[ROOH]/di ^  [« ']0 [RO2 ■ ] -  AqfROOH]

(A-l)

(A-2)

(A-3)
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Steady-state concentrations of radicals (A4 [n']0 = where <j> denotes 
quantum yield and 7abs is absorbed light intensity):

[R- ] =  {fci[,rt, ]o T  lu [R O O H ] T  /C3 [RO-2 • ] ]o}/^ 2 [O2 ]

^  (Axin']0 +  h [R00H])/A2[02]
[RO,-] = /c2[02] [R- ]/h[n']0

= (Axin'] 0 +  A4[ROOH])/A3[n']o 

Introducing eq. (A-5) into oq. (A-3) gives,

d[ROOH]/di = Ax[n']0

Integration yields:

[ROOH] = Ax[n']0i

Finally

a.% = ( [n' JoAjAoAg 10*]/ [n]o2/c7)£2 = K ex»,it2

Photo-Oxidation in Presence of NO ,

The steady-state concentrations for this case are,

[R • ] =  (Ax In' ]o +  h  [ROOH ])/(A, [02J +  A, [NO,])- (A-9)

[RO,-] = A,[0,][R-]/A,[n']o
= A2[02](Ai [n']0 +  A4 [ROOH])/A3[m']o(A2 [02] +  fc9[N02]) (A-10)

Hence, 

r/[ROOH]

(A-4)

(A-5)

(A-6)

(A-7)

(A-S)

eli
= (AxA,[0,][n']a -  A1A,[R00H][N0,])/(A,[0,] +  A,[NO,])

or
(I [ROOH]

dt
= A — B [ROOH ]

Integration gives,
[ROOH] = (A/B)( 1 -  e~m)

For initial stages only,

and

[ROOH] = At

(A-11)

(A-12)

(A-13) 

(A-14)

a-.i — [n' \okikikJcs [0,]iP/2 [n]oA;(A,[0,] +  A,[NO*]) (A-15)

For [N02] = 0, eq, (A-15) becomes identical with eq. (A-S).

The authors wish to express their appreciation to the Bureau of State Services, PUS, 
Division of Air Pollution, 1-RO-1-AP004S6, for financial support.
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Degradation o f Polymers and Morphology: 
Photo-Oxidative Degradation o f Isotactic 

Polystyrene in Presence o f Sulfur D ioxide 
as Function o f Polym er Crystallinity

P. HRDLOVIC,* J, PAVLIXEC,* and H. H. G. JELLINEK, Department 
of Chemistry, Clarkson College of Technology, Potsdam New York 13676

Synopsis
The photo-oxidative chain scission of isotactic polystyrene films has been studied as a 

function of the degree of crystallinity, S 02 and N 0 2 pressures, and temperature. The 
rate of chain scission increases in the presence of SO* with extent of crystallinity. It is 
assumed to be faster due to strain in and near the folds in the crystalline areas than in the 
amorphous regions. In the presence of NO>, chain scission increases up to about 8% 
crystallinity but subsequently becomes constant with further increase in crystallinity. 
It is suggested that the diffusion rates of oxygen and nitrogen dioxide into the films de
crease with increasing crystallinity. These two processes compensate each other.

The photo-oxidation of isotactic polystyrene in presence of S02 has been 
studied recently.12 However, the effect on polymer films of morphology or 
of the degree of crystallinity was not investigated. Generally, the effect, of 
morphology on oxidative degradation in presence of various gases and 
near-ultraviolet light has not been studied as yet.

In this work, the photo-oxidative degradation of isotactic polystyrene 
films, prepared in a variety of ways, producing different degrees of crystal
linity, has been studied in presence of sulfur dioxide and nitrogen dioxide, 
respectively. Pronounced effects on the rates of degradation as a function 
of crystallinity have been observed which will be described and discussed 
in this paper.

EXPERIMENTAL

Apparatus

The high-vacuum apparatus (If)-5 10 n mm Hg) has been described in 
a previous paper.1 It was equipped with a linear McLeod gauge. Six re
action vessels were arranged in a circular fashion around the ultraviolet 
light source (Hanovia 67)4-36). The vessels were made of Pyrex glass

* Permanent, address: Polymer Institute, Slovak Academy of Sciences, Bratislava,
Czechoslovakia.
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(#7740) cutting out ¡ill light below 2800 A; they were provided with three- 
way stopcocks each and arrangements for mounting the films, cast on 
microscope slides, exactly vertical and parallel to the light source. Films 
could thus be removed one at a time from each reaction vessel. The whole 
assembly was immersed in a thermostatted water bath, constant within 
±0.1°C. Each film was evacuated after exposure to prevent continuance 
of the reaction due to absorbed gases. S02 and N 02 were obtained from 
Matheson Inc.

Purification of Polymer

The purification of isotactic polystyrene was described in a previous 
paper.1 It was freed from about 20% (w/w) atactic polymer by dissolving 
in methyl ethyl ketone and precipitation. It was further purified by re
peated precipitation.

Intrinsic viscosities were measured at 30 ± 0.02°C for the S02 experi
ments in benzene solution ([?j] = 1.88 dl/g) and in chloroform solutions 
for the N 02 experiments ([??] = 2.01 dl/g). All chemicals were of reagent- 
grade quality.

Film Preparation

The casting procedures for preparing films was described previously.1 
Three different procedures were used for the production of films. These 
were cast from 2% (w/v) chloroform solutions, after filtration through 
fritted glass filters (41-00 ASTAI). The films were formed on microscope 
glass slides or on clean mercury surfaces. The thickness of the films was 
roughly 20-25 t±.

Amorphous films, designated A, were obtained by quick evaporation of 
solvent (20-22°C, 2.2 cm3 solvent, surface area ca. 19 cm2, evaporation 
time ca. 40 min).

Partly crystalline films, Ci, were formed by slow evaporation of solvent, 
otherwise the conditions were the same as for films A, except for the evapo
ration times, ca. 12 hr or longer. In the previous work1-3 only films of type 
Ci were investigated.

More highly crystalline films, Cn, were obtained by annealing amorphous 
films, A, in a nitrogen atmosphere at 170°C. The films remained on the 
glass slides during this procedure (softening point of isotactic polystyrene 
ca. 230°C).

Still more crystalline films, Cm, were produced after annealing in 
vacuum, heating from 30°C to 165°C, keeping the films at this temperature 
for 2 hr and then cooling them slowly to room temperature.

A film of still higher degree of crystallinity, Civ, can be obtained by a 
variation of this procedure. Amorphous film prepared on a mercury sur
face was placed between two microscope glass plates and heated in high 
vacuum slowly to 165-180°C; it was kept at this temperature for 2-5 hr 
and then was cooled to room temperature within about 30 min.
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RESULTS

Observations under the Polarizing Microscope

Films prepared by the various procedures outlined above revealed dif
ferent degrees of crystallinity under the polarizing microscope. The 
amorphous films, A, have only very few fibrils (Fig. 1). The Ci and Cn 
films contain several networks of crystallinity (fibrils) (Fig. 2). Figure 3 
represents Cm films having 30% crystallinity. Kargin et al.4 made similar 
observations for isotactic polystyrene, obtained from solution. The well 
known spherulite structure formed by crystallization from melts was not 
observed in this work.

POLYM I’ll DEGIÎADÀTK >i\ WITH SO»

Specific Gravity of Films

Specific gravities were measured on films 1 cm2 in area by adding NaCl 
solution6 to degassed water (free floating method6) at 20 ± 0.02°C. The 
degrees of crystallinity were evaluated according to the equation,7

c (d — dA)
'(% dl)

where ay is the degree of crystallinity, dc and dA the specific gravities 
(20°C/4°C) of 100% crystalline and amorphous films, respectively; d is 
the specific gravity of the films of intermediate degrees of crystallinity 
(% = 1.111 g/cm3 from crystallographic data). The specific gravity of the 
amorphous films A, obtained in this work, has been taken as dA = 1.061 
g/cm3. The most recent value for dA containing 10% of atactic isomer is 
1.057 g/cm3.8 dA Values range from 1.053 to 1.056 g/cm3 and 1.04 to 1.065

Fig. 1. Film representing A samples. Polarizing microscope, 100X.
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g/cni5.1’111 Interesting density data were given by Hay,11 who observed 
that after annealing at 170°C for 20 hr, the sample had a density of 1.070 
g/em3, while after annealing for 3 hr at 16o°C, the density was 1.081 g/cm3. 
The difference in densities is rather similar to those ones for Cn and Cm 
films, respectively. It is quite reasonable to assume that the A films ob-

Fig. 2. Film representing Ci samples. Polarizing microscope, 100X.

Fig. 3. F ilm  representing C m  samples. Polariz ing microscope, 4 0 0 X .
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tained in this work are practically completely amorphous, as the films are 
soluble in benzene at 6°C.

Degradation was carried out in presence of lf>0 mm Hg of oxygen or 1 
atm of air, respectively, constant light intensity (X > 2800 A), and various 
S02 pressures or 10 mm Hg of N 02 (35°C only) at 30, 45, 57, and 60°C 
(S02 only) using films of various degrees of crystallinity.

TABLE I
Solubilities and Specific Gravities of Isotactic 

Polystyrene Films as Function of Crystallinity

Sam
ple

Soluble 
in 48 hi', 

wt-%

Solubility in benzene, as 
temperature, °C, at which

Specific gravity 
(20°C/4°C) '

Crystal
linity,

wt-%“
Haziness

disappears
Main part 
dissolves

100%
dissolves

A 98.7 — — 45.0 1.0610 0
C,'> 68.0 47.5 50.0 51.5 1 .0630 (on Hg 4.2

surface)
1.0635 (on glass 4.7

surface)
1.065 (highest

density)' 8.3
Cn 2.5 —- 49.0 51.5 1.0715 23
Cm 2.0 58.5 62.0 72.0 1.0746 30
Civ — Insoluble in boiling benzene 1.0788 38

“Specific gravity 1.081 of amorphous films (A) taken as standard for zero per cent 
crystallinity.

b Ci films were used in all previous work1,2.
c Densities change somewhat with locations on the film surface; this was the highest 

average density found.

Table I gives the solubilities, specific gravities and percentages of 
crystallinity of the various films. The specific gravity has a standard de
viation of ±0.0015; it varies somewhat at different locations of the films.

Results of Experiments in Presence of S 02

The experimental degradation rate constants are given in Table II and 
their a (degree of degradation) versus t plots in Figures 4 and 5. The con
version of the viscosity-average to number-average chain length has been 
described in the previous paper.1 The Cn films, prepared under nitrogen, 
show an initially fast reaction. This is probably due to the fact that some 
hydroperoxidation took place, as the nitrogen gas contained a small amount 
of oxygen.

Sample A was investigated as function of temperature, (Table III).
The rate constants in Table III are identical within experimental error, 

hence an energy of activation cannot be derived; the magnitude could 
possibly be as large as about 500 cal/mole (see Fig. 0).
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DISCUSSION

Experiments with Sulfur Dioxide

The crystallinities and densities obtained for the various films are in good 
agreement with results found in the literature.7-11

A reaction mechanism was presented in a paper by Jellinek and Pav- 
linec2 which accounts satisfactorily for all data known at that time con
cerning the degradation of isotactic polystyrene films (Ci) as a fund ion of 
S02 and 0 2 pressures and near ultraviolet light. Evaluation of this mech
anism leads to ([S02] < [02]),

Here /v,.xp is the experimental chain scission rate constant and the k are 
the rate constants for various steps in the mechanism. Photo-excited 
S02* molecules are the reactive species; this was not indicated in the pre
viously described mechanism;2 this changes the k-2 value but not the 
overall eq. (2).

1 0  2 0  3 0  4 0  5 0  h o u r

Fig. 7. Plots of a vs. time for isotactic polystyrene exposed to 10 cm Hg of NOo, 1 atm. 
air, ultraviolet light ( X  > 2800 A).

The increase in the experimental rate constants with percentage crystal
linity of the films is shown in Figure 8. It can be represented by a straight 
line except for a slight discrepancy of the Ci samples or by a curve slightly 
concave towards the crystallinity axis. The straight line is preferred here.

(2)

a . 16
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First, it was ascertained whether the cause for this increase in the rate 
constants is simply a concentration effect; it was assumed that S02 is 
only taken up by the amorphous part and not by the crystalline part of the 
films. The available amorphous film values can be calculated by means of 
the specific gravities and the S02 concentrations can be derived. The re
sults are indicated by the dotted line in Figure 8. Apparently, the increase 
in the rate constants is not due to such a simple concentration effect.

Fig. 8. Experimental rate constants as function of percentage of crystallinity: (---- )
rate constants as function of SO, concentration in amorphous parts of films only, zero 
concentration in crystalline parts.

Next, the assumption was made, that the rate constants in the amor
phous parts are different from those for the main-chain scission near or in 
the “fold” regions of the chains in the crystalline parts. I t is known 
from work12 on polyethylene that the fold regions are quite susceptible to 
chain scission. This case is similar to that of a chain containing weak 
links. However, in the present case, the “weak” links are quite numerous. 
As the percentage of total links broken in t he film is quite small, the number 
of normal and weak links in the amorphous part and in the folds, respec
tively, remain practically constant during degradation. One obtains on 
this basis for the degradation process an expression as follows,

a A +  aCR100% = «total = Kexpt = |dffA +  (1 — a)K CR,ol),Jl (3)
where «a and «cr,()0% are the degrees of degradation in the amorphous and 
100% crystalline films, respectively, the K  are the respective rate con
stants, and a is the weight percentage of amorphous material in a film. 
The value for K cr,00% can be calculated; however, this value is fictitious 
as long as it is not known whether the curve in Figure 8 remains straight 
from 40% to 100%, crystallinity. The value can be used to calculate rate 
constants or percentage of crystallinities for the range from 0 to 38%
crystallinity, however. The rate constants K \  and /v<...... . are, according
to the mechanism, given by eq. (4),

K a  or K c r wo% =  (k M k n h X h lO ,]  +  %[S02])f (4)
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The question arises as to the cause for the differences of the rate con
stant /Cux„ for the amorphous and crystalline parts in a film, respectively. 
It is not unlikely that the main chain links in or near the fold are weakened 
in contrast to those in the amorphous regions. Thus, in the1 latter regions, 
“normal” chain scission takes place, whereas in or near the folds, the energy 
of activation for chain scission is increased (this is indicated by the experi
mental results). The steady-state cage concentration must be larger in the 
fold than in the amorphous regions, and the frequency of escape of macro
radicals from the cages2 leading from potential to actual chain scission is 
increased. Differently expressed, the ku and kK/kn  values are larger for 
the fold than for the amorphous regions. This view is in general agreement 
with the usual assumption relating to degradation of crystalline poly
ethylene by nitric acid.12

Jellinek and Lipovac13 found the thermal oxidative degradation of iso
tactic polystyrene at elevated temperatures to be diffusion-controlled. 
This must also be the case here. However, S02 is quite soluble in benzene 
and also in polystyrene and is, therefore, not subject to diffusion control.

Experiments with Nitrogen Dioxide

Nitrogen dioxide behaves differently from sulfur dioxide. In the latter 
case, chain scission rate constants increase practically linearly with in
crease in weight percentage of crystallinity; however, main chain scission 
constants for films exposed to nitrogen dioxide increase at first until about 
8% w/w of crystallinity are reached, but then become constant. It was 
observed in case of butyl rubber, degraded in presence of near u.v. radia- 
tion (X > 2800 A) and 1"> cm of oxygen, that addition of X02 actually de
creased the random chain scission rate constants.14 However, in case of 
isotactic polystyrene this does not happen.3

It may be again tentatively assumed, in accordance with work of various 
authors,12 that main chain links in the “fold” regions of the crystalline parts 
degrade faster than main chain links in the amorphous regions. It is 
known from work by Jellinek and Lipovac13 that thermal oxidative deg
radation of isotactic polystyrene is diffusion-controlled at elevated tem
peratures. Hence, the supply of oxygen in the present instance will cer
tainly also be diffusion-controlled. As the diffusion coefficient for (), 
(25°C, D ~ 10~s cm2/sec) into polystyrene is larger than that for NCb 
(35°C, I) ~  10_ln cm2/sec), the N()■> supply must also be diffusion-con- 
trolled. The diffusion rates into the polymer films will decrease with in
creasing crystallinity. At the same time, the chain scission rates increase 
with increasing crystallinity. These two processes may almost compen
sate each other after a. certain low degree of crystallinity (ca. 8 wt-%) is 
reached. This would account for the observed functional relationship be
tween the overall experimental random chain scission rate constants and 
weight percentages of crystallinity.

This work was made possible by a grant from NASA, Grant NO. NGll-33-007-974.
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Nuclear Magnetic Resonance Studies o f  
Isoprenyllithium Derived from 1,1-Diphenyl-n- 

bulyllitliium -3,4-d5 and Isoprene

HEIMEI YUKI and YOSHIO OKAMOTO, Department of Chemistry, 
Faculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan

Synopsis
The equimolar reactions of 1,l-diphenyl-ra-butyllithium-3,4-f4 (ltLi) with isoprene (I) 

and isoprene-1,4-d-i (Id) were carried out in benzene-d6 quantitatively to give isoprenyl- 
lithiums, RILi and RIrfLi, respectively. From the NMR spectrum of the RILi it was 
proposed that the isoprene unit had cfs-1,4, cfs-4,1 and some unknown structures in 
benzene-i/6. When RILi was prepared in the presence of about one equivalent of THF 
to RILi, the anion was considered to include an isoprene unit in cjs-1,4, irares-1,4, cfs-4,1, 
and probably 3,4 structures. The same anion was obtained even if an equimolar THF 
was added afterward to the RILi prepared in benzene-d6 The RLi was reproduced by 
the reverse reaction from RILi, when a large excess of THF was added or the temperature 
of the solution was elevated. The results obtained were correlated with those of anionic 
polymerizations of isoprene by lithium initiators.

INTRODUCTION

In a previous paper,1 we reported the NMR study of 1,1-diphenyl-n- 
butyllithium-3,4-d5 (RLi) in benzene-tetrahydrofurari (THF) systems. 
One equivalent of isoprene (I) was added to this anion in benzene-d6 
quantitatively to form an isoprenyllithium, RILi. In the present study, 
the structures of RILi and RIdLi (Id = isoprene- 1,4-di) were investigated 
by NMR spectroscopy. Recently, Schue, Worsfold, and Bywater2 re
ported the NMR spectra of oligomer anions of isoprene derived from tert- 
butyllithium-ds (f-BuLi-d) and isoprene in benzene. Our results were a 
little different from theirs.

EXPERIMENTAL

Materials
l,l-Diphenyl-n-butyllithium-3,4-d3 (RLi) was prepared from ethyllith- 

ium-d5 and 1,1-diphenyIethylene in benzene-dr,.1
Isoprene-1,4-dr was obtained by pyrolysis of isoprene sulfone-di, which 

had been synthesized by repeated exchange reactions of isoprene sulfone3 
with deuterium oxide in the presence of a small amount of potassium car
bonate.4 The deuterated isoprene was dried over a mixture of calcium
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hydride and Molecular Sieves 4A. The content of deuterium in Id was 
more than 9(5% by XMR spectroscopy.

Isoprene was dried over calcium hydride and Molecular Sieves 4A.
THF and THF-r/g were dried over lithium aluminum hydride and then 

distilled onto Na-K alloy and benzophenone. From a blue solution, the 
solvents were distilled just before use.

Reaction of RLi with Isoprene
The reaction was carried out in an NMR sample tube, which had been 

dried by heating with a gas burner under high vacuum. Each of isoprene 
and THF was transferred to the tube in vapor phase using a vacuum system 
of a known volume. Their amounts were estimated from the depression 
of pressure. RLi was then added into the tube by using a syringe under 
dry argon and the tube was sealed off. The mixture was allowed to react 
in several minutes at room temperature and then was stored at — 20°C.

NMR Spectrum
The spectra were taken with JXM-4H-100 and/or JNM-C-60HL spec

trometers (JEOL) at 100 MHz and 60 MHz, respectively, using benzene as 
an internal standard. The upheld shift from benzene was shown as posi
tive 5.

RESULTS
NMR Spectrum in Benzene-fL

When RLi was added to an equimolar amount of isoprene in benzene, a 
deep red color owing to RLi turned yellow due to the formation of RILi in 
a few minutes at room temperature. Contrary to the rapid reaction be
tween RLi and isoprene in benzene, the addition of RILi to isoprene was so 
slow that besides the NMR spectrum of RILi, that of unreacted isoprene 
was observed for a while after the formation of RILi at room temperature 
when isoprene was used in only a slight excess. The spectrum of the 
remaining isoprene was the same as that of this monomer in benzene with
out RILi. The XMR spectra of RILi and IlIdLi measured in benzene-d6 
at room temperature and above 00°C are shown in Figures 1 and 2, respec
tively. As the structures of RILi the following six can be considered:

II CM:, H C H ,-L i + H— C l L— C l I “ L i
\ / \  / 1

(X= c C = C C
/ \ /  \ ^  \

C II, C H ,- L i+ n — c h , c i i 3 z~\ Q

(cts-1,4) (Iraras-1,4) (3,4)

c h 3

CH:i II CH 3 C II2-L i + R — GIR— C -L i +
\ / \  / 1

C==C c = c C II
/ \ /  \ II

CM, C I I , - L i + I I — C II, I I C II,
(i'i's-4,1) (leans-4,1) a ,-’ )
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The peak areas of the spectra in Figures 1 and 2 indicated that the anion 
was composed mainly of two structures which were 1,4 and/or 4,1. Conse
quently, as the main configuration of RILi the cis-1,4 anion was presumed, 
because the polyisoprene formed by lithium catalysts in benzene has a 
high cis-1,4 structure.5“8 The second was assumed to be cis-4,1, because it 
is preferable that the anion newly formed in the existence of THF is 
considered as a trans-1,4 anion, as described later.

Q H'
C2D5CH2-C-CH2

e f a
,ch3 CH,

3'c ii O
re -

'CH/U + R-CH/ ' ch/ u

9 d c 9
(1,4-Anion) (4,1-Anion)

Fig. 1. NMR spectra of RILi in benzeiie-c4 at 100 MHz: (fi)22°C; (B) 60°C.

The assignments of the peaks in the XMR spectra are shown in the 
Figures. If RILi was assumed to be composed only of cis-1,4 and cis-4,1 
structures, there seemed to be some discrepancies among the peak intensities 
in the spectra. The sum of the areas of the peaks a and b was smaller than 
one half of the area of the peak c, and the areas of the peaks c and d were not 
equal, but should have been equal, if the assumption stated above was 
correct. As a possible cause of these discrepancies there may be some un
known anion other than cis-1,4 and cis-4,1 anions, and their signals may 
overlap on the peaks other than a and b in the spectra.
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The peak y in Figure 1 was rather complex and broad. This may be 
caused by the formations of some aggregates which consisted of different 
compositions of the isoprenyllithiums.9,10

b e
rf'N H CH,
U  'c  = c ' 3

C2D5CH2-C-CD2
IÒ

3s,:c = c
CD2 Li R-CD2 CD2 Li

Fig. 2. NMR spectra of RIrfLi in benzene-(4 at 100 MIIz: (A) 24°C; (li) 68°C. Peak 
Irl in (A) was due to the methyl group of the unchanged isoprene).

The relative area of each peak in Figures 1 and 2, and the microstructure 
of the anion determined from the areas are summarized in Table I. The 
missing fraction arising after subtracting those of the 1,4 and 4,1 anions 
from unity was assumed to be attributed to the unknown units. On a 
raise in temperature, the relative intensities of the peaks a and / decreased, 
whereas that of e increased (B in Figs. 1 and 2). At the same time, peaks 
attributable to ItLi and RLLi appeared in the spectra, indicating that the 
reaction of RLi with isoprene was reversible and a dimer of isoprene was 
formed from RILi and a monomer reproduced. The chemical shifts of the 
RLi in these spectra were just the same as those measured in the absence 
of RILi.1 The microstructure of RILi above 00°C could not simply be 
determined from the ratio of peak areas because of the existence of RLLi as 
described above. Therefore, the microstructure was calculated by assum-
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ing that the RI2Li had a cis-cis structure, and the following assignments 
could be adopted for its NMR spectrum:

lvlaJLl e b e
i i c h 3 I I O IL

\ / \ /
c== c c== C

/ \ / \
I t — CH, CH!— (M L C IL - L i  +
d c d d K

The relative areas of the peaks in the spectrum of RILi (Table I) at high 
temperature were obtained by subtracting the areas considered to be due to 
the RI2Li. The area due to RI2Li was estimated from that of the repro
duced RLi.

When water was added to RILi, the peak due to —CIL~Li+ disappeared, 
the peak b shifted to 2.2 ppm. The peaks c, cl, and e also shifted but slightly. 
The NMR spectra of the resultant protonated compound of the anion 
indicated that the anion had been composed of equimolar amounts of RLi 
and isoprene.

NMR Spectrum in the Presence of THF

The NMR spectra were measured on RILi and RIrfLi, each of which was 
prepared in benzene-rfe by the reaction of RLi with equimolar amount of 
isoprene or isoprene-ch in the presence of a small amount of THF. The 
spectra are shown in Figures 3 and 4, respectively. The spectra were rather 
complicated because of the existence of the peaks due to THF. A similar

b e f a

F ig .  3 .  N M R  s p e c t r u m  o f  R I L i  in  th e  p re s e n c e  o f  a  s m a l l  a m o u n t ,  o f  T H F  in  b e n ze n e -rfa  
a t  1 0 0  M H z  ( T H F / R I L i  =  0 .5 6 ;  2 3 ° C ) .
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F ig . 4. N M R  s p e c tra  of RIc/Li in th e  p re sen ce  of a  sm all a m o u n t of T H F  in  benzene-rfc 
a t  100 M H z  (T H F /R I r fL i  =  0 .83 ): (.4 ) 23 °C , (B) 5 0 °C , (C ) 6 3 °C .

spectrum was also obtained when THF was added afterward to RILi in 
benzene-c/6-

The spectrum of RIdLi in benzene-t/6 in the presence of about one mole of 
THF-dg per the anion is shown in Figure 5. Except the unknown peaks i 
andj, every peak in the spectrum was found to correspond to those of the 
spectrum A in Figure 2 with slight downfield shifts. Therefore, the Rlr/Li 
in Figure o contained at least the cfs-1,4 and cis-4,1 structures. The spectra 
in Figures 3 and 4 were assigned similarly as to the signals raised from the 
cis-1,4 and m-4,1 anions. The spectra were found to be composed of the 
signals from these two anions, those from THF, and the unknown signals i 
and j.

The peak i is considered to be due to an olefinic proton because of its 
chemical shift at rather low magnetic field. It appears as an insufficiently 
resolved triplet in Figure 3 and as a singlet in Figures 4 and f>, similar to the 
peaks a and b. This indicates that the proton causing the peak i must 
have been coupled with a methylene group in RILi, and hence the proton 
may belong to the 1,4 and 4,1 anions. The 1,2 anion is not likely to be 
considered, because of steric hindrance. The relative intensities of the 
peaks b and i and of the peaks j  and e changed as a ratio of THF to RILi 
was varied; i.e., the relative intensities of the peaks i and j  increased with
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C2D5CH,-C-CD̂ 'CD̂ Li+THF-dg
yH
SCD2"Li+THF-dg

d

H /CD2"U+THF-dg
R-CD. CH,; 3

4 6
5 (ppm )

Fig. ">. NMR spectrum of RldLi in the presence of a small amount of THF-rf, in hen- 
zene-<i6 at 60 MHz (THF-da/RIdLi = 1.1; 23°C).

increasing ratio of TUF/RIl.i as observed in Figures 3 and 5. As in the 
anionic polymerization of isoprene by alkyllithium in hydrocarbon solvent, 
the content of the as-1,4 structure decreased with an increase in the ratio of 
THF to alkyllithium,6'7 we attributed the peaks i and j  to the trans-1,4 
anion. No additional peak was obsrrved around the peak a, indicating the 
absence of the trans-4,1 anion.

The assignments of the peaks are shown in Figures 3 and 5. The relative 
intensities of the peaks in the spectra are collected in Table IF In these 
cases there may also be unknown anions. The ratio of THF to RILi was, 
therefore, checked after the RILi was protonated, in order to avoid the 
error caused from the overlaps among the peaks due to THF and the un
known anions.

The microstructures of the isoprene unit in RILi and Rid Li are also 
shown in Table II. The missing fraction was estimated and assumed as 
that of the unknown anions similarly as in Table I. When the ratio THF/ 
RILi was increased, the portion attributable to the 4,1 structure decreased 
and the ratio of trans-1,4 to cfs-1,4 structure increased. At high tempera
ture, the peaks due to the 4,1 anion decreased and those due to RLi in
creased in time (Fig. 4). Contrary to Figures 1 and 2, the peaks due to
1,4 anion were broadened with increasing temperature.

When about half the volume of benzene-d6 in a RILi solution was re
placed by THF-rf8, a great deal of RLi was produced, and the liberated iso-
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RLi
RLi

3 4 6
6 (ppm)

Fig. 6. NMR spectrum of RILi in a mixture of benzene-d6 and TTIF-d8 at 60 MHz 
(benzene-ds/TITF-d8 = 1.0; THF-dg was added to RILi in benzene-d6; 23°C).

prene seemed to be consumed in the polymerization. The NMR spectrum 
is shown in Figure 6. The peak due to the CH2=  group in the isoprene unit 
was found at 2.3o ppm, where the peak due to the CH-2=  group of the 3,4- 
structure in polvisoprene appeared in the measurement in benzene.4

The NMR spectrum of the RILi in benzene-d6 was rather different from 
that of isoprenyllithium (i-BuILi) in benzene reported by Bywater et al.2 
who prepared the sample by the reaction of £er£-butyllithium-d9 with iso
prene. In our spectrum the resonance peaks of the isoprene unit were 
found at higher field than those in the spectrum of i-BuILi. This must 
be attributed to the anisotropic effect induced by the ring current of the 
benzene rings in the R group. Since polyisoprenyllithium is known to

DISCUSSION

\

Fig. 7. Transition complex of RLi with isoprene.
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associate in hydrocarbon solvents,7’12-15 the upheld shift in the spectrum of 
RILi may therefore be caused, at least partially, by the ring current of the 
other molecule of RILi in the aggregate. The addition of THF to RILi 
may lead to the dissociation of the aggregate8,12'13 and result in the down- 
held shift of the peaks of RILi. Of course, the downheld shift on the addi
tion of THF should also be due to the inductive effect induced by the co
ordination of THF, because the NMR spectrum of ethyllithium was shifted 
downheld by the addition of a small amount of diethyl ether.16

The —G H = resonance of the 1,4 anion was observed upheld to the 
normal position. This suggests that some charge resides on the carbon of 
the —C H = group:2

d-
11—OH, 5S-  CH,-Li +

\  /c = c
/  \

H CHS

On the other hand, the —C H =  resonance of the 4,1 anion appeared down- 
held to the normal position. This can be attributed to the lack of anionic 
character on the carbon of the —C H = group:

R— CH,
\  5i —

C=C
/

OIL,

« —
CH,-Li +/

\
II

Similar results have been found in the NMR spectra of allyllithium17 and 
phenylallyllithium,18 in which the protons on the 1 and 3 positions show the 
peaks at higher held while that on the 2 position appears at lower field.

Bywater et al.2 stated that the /-BuiLi in benzene was in as-1,4 and 
trans-1,4 structures. The RILi in benzene-d« was in the cis-1,4, cfs-4,1 and 
some unknown structures, if present, but there was no iraras-1,4 structure. 
This difference in the microstructure between the two isoprenyl anions is 
not certain at present.

The cfs-1,4 and ds-4,1 structures of RILi would not be formed through the
3.4 and 1,2 anions, because no trans anion was detected in the NMR 
spectrum. Isoprene could not form a stable complex with RILi in benzene, 
since the NMR spectrum of isoprene was the same as that in the presence 
of RILi. Consequently, the coordination, such as the complex shown in 
Figure 7,5,6 should exist only at a transition state, and the formation of the
1.4 and 4,1 anions through this transition complex must be one of the 
causes for the exclusive ds-form in the anions.

In the polymerization of isoprene by alkyllithium in a hydrocarbon 
solvent, the 3,4 structure increases as the polymerization temperature 
rises,6 although the content of 4,1 structure is unknown, because the content 
was included in that of the 1,4 structure. While the ds-1,4 anion was rather 
stable in benzene below 70°C, the 4,1 anion was so unstable at high tem
perature that it was converted to RLi and isoprene, a part of which reacted
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again with one another to give the cis-1,4 and other anions, probably 3,4 
anion. This is caused by the difference in ihe steric effect of the methyl 
groups in the 1,4 and 4,1 anions; the methyl group in the latter must 
occupy a sterically unfavorable position, and the coordination shown in 
Figure 7 is likely to be disturbed.

It was reported that a dimer anion was produced to some extent in the 
reaction between equimolar amounts of butyllithium and isoprene.19 In 
the reaction between equimolar amounts of R Li and isoprene the concentra
tion of RLi rapidly diminished to zero at room temperature, suggesting 
a very fast reaction between these two compound and the almost quantita
tive formation of the RILi. The fast reaction was evidenced by the change 
in the NMR spectrum.

The reaction of RLi with isoprene was much faster even in the presence 
of a small amount of THF than that of the reaction of RILi with isoprene, 
i.e., /if /ip-

ri
RLi +  I --------- > RILi

RILi +  I ----— -> RIjLi

The RLi is considered to involve steric hindrance and a resonance stabiliza
tion much larger than RILi, and accordingly the difference in the reactivity 
may be ascribed to the difference in the state of association, i.e., in the con
centration of active species.
The addition of a small amount of the THF could, however, induce the 
isomerization of RILi. This indicated an equilibrium between the m-1,4 
and trans-1,4 anion, probably through the 3,4-anion [eq. (1)].

H CH:, R—CH>—CH “Li+
\  /  Ic = c  ^  c
/  \  /  \

R— CI12 CH2-Li+ CIL CH,

H CH2~Li +

C=C
\

CIR
(1)

The NMR spectrum of allyllithium in diethyl ether showed a well separated 
doublet and quintet typical of a spectrum of the AX., type,17 indicating a 
rapid exchange reaction [eq. (2)].

CH2=C H —CH,-Li+ ^  Li+_CII2—CH=CH>

Bywater et al.2 reported that the isomerization of as-1,4 to trans-1,4 struc
tures occurs even at — 40°C if a large quantity of THF is present. In 
Figure 4 the peaks due to the methine and methyl groups were rather 
broadened at high temperatures, implying that the isomerization reactions 
became rather rapid between the m-1,4 and trans-1,4 anions.

In Tables I and II unknown anions were assumed. Because of the low 
accuracy of the NMR measurement the data are not sufficiently reliable, 
but the existence of unknown anions may not be ignored. The 3,4 anion 
is the most likely anion to exist besides the 1,4 and 4,1 anions, although 
direct evidence indicating its existence was not observed in the NMR 
spectra.
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The transition complex shown in Figure 7 becomes less important in the 
presence of THF, since the THF strongly coordinates lithium cation,1'5’20 
and a part of the 1,4 anion may be formed, probably through the 3,4-anion. 
The reactivity of isoprene must therefore depend on the presence of THF. 
A higher reactivity of isoprene was observed in benzene than in THF in the 
alkyllithium-initiated copolymerizations of this monomer with 1,1-diphenyl- 
ethylene21 and styrene.22

A large amount of THF led to the decomposition not only of the aggrega
tion of RILi in benzene but also of this salt into RLi and isoprene. The 
large steric hindrance due to the two benzene rings in RLi must be responsi
ble for the reversible reaction of RILi formation. The readdition of 
liberated isoprene took place more easily to RILi which had been disso
ciated from the aggregation than to RLi because of the lower steric 
hindrance of the former.

C6Ho C6IIj

CJRCIRCIFC—isoprene Li+ CDsClRClbC Li+ +  isoprene (6)

CdL Cells
R—isoprene Li+ +  isoprene -*■ It—(isoprene)t Li + (4)

The equilibrium reaction (5) in THF including a diphenylethylene anion and 
styrene has been reported.23

The 3,4 anion of RILi has a configuration similar to that of the styryl anion, 
the product of reaction (5).

The authors wish to thank Yoshio Terawaki and Hiroshi Okuda for the measurements 
of theNMR spectra.
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Photocoiidensation Polymers: Polybenzopinacols. II. 
Photolylie Coupling o f Aromatic Diketones

D. A. McCOAIBS, C. S. AIENON, and JERRY HIGGINS,* Department 
of Chemistry, Illinois State University, Normal, Illinois 61761

Synopsis
Photolytic condensations of p,p'-dibenzoyldiphenyl sulfide, p,//-dibenzoyldiphenyl 

ether, j»,p'-dibenzoyldiphenylmethane, and p,p'-dibenzoyldiphenyle1 hane with a 100-W 
long-wavelength ultraviolet lamp gave polypinacols having inherent viscosities ranging 
from 0.12 to 0.45. Treatment of the same monomers under similar conditions with a 
450-W ultraviolet lamp produced polypinacols having inherent viscosities ranging from 
0.04 to 0.37.

INTRODUCTION

Previously,1 we described the preparation of three aromatic polypinacols 
(lib, He, and Ilf) by photocondensationf of the corresponding aromatic 
diketones lb, Ie, and If. These polymers had low inherent viscosities 
(0.06-0.14) and contained a considerable amount of reduced rather than 
coupled product. We now wish to report the preparation of three new 
polymers Ila, lie, and lid  by a modification of our original procedure. In 
addition, the procedure described in this paper has been used to prepare 
polymer lib  having a significantly increased inherent viscosity over that 
previously reported.

RESULTS AND DISCUSSION

The photocondensations of monomers In-Id in benzene-isopropanol 
solutions with a 100-W, long-wavelength ultraviolet lamp was effected by a 
slightly modified version of the procedure reported previously. Irradia
tions of the diketone monomers were done in 1:1 benzene-isopropanol solu
tions at reflux in an open system under a stream of nitrogen for a period of 
24 hr rather than in a closed vessel under a nitrogen atmosphere over 
a period of several days.

* To whom correspondence should be addressed.
t Iu order to distinguish photochemically induced chain-reaction polymerizations from 

stepwise photochemical polymerizations, we define a photocondensation polymerization 
as any stepwise polymerization which requires the absorption of one or more photons per 
step.

1261
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An analogous procedure to that described above was used with a 450-W 
ultraviolet lamp fitted with a Pyrex filter. The use of a 450-W lamp re
sulted in a reduction of the reaction times from 24 hr to 2 hr, but the in
herent viscosities of the polymers were somewhat lower than those produced 
with the 100-W lamp (Table I). These lower molecular weights could be 
due to cleavage of carbon-carbon bonds. Breakage of carbon-carbon 
bonds during a photochemical process in sunlight has been reported.2 
Perhaps the high-intensity irradiation with the 450-W lamp may give rise 
to some cleavage to give lower molecular weights than the 100-W lamp.

TABLE I

Polymer

100-W UV lamp“ 450-W UV lamp1'

Mp, °C Mp, °C

lia 155-165 0.10 130-145 0.04
lib 165-1.SO 0.30 165-170 0.24
lie 100-170 0.25 135-160 0.21
lid 170-1,S5 0.45 165-170 0.37

a A 100-W Blak-liuy B 100-A ultraviolet, lamp used for polymerizations.
Ij A 450-W Ace Glass No. 3514 ultraviolet lamp and Pyrex filter used for polymeriza

tions.
0 Polymer concentrations ranged from 0.1 to 0.4 g/100 ml.
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Variations of the benzene-isopropanol ratios in the solvent did not seem 
to have any effect on the viscosities of the polymers. However, the monomer 
solubilities were greatly affected. The monomers were soluble in benzene 
but practically insoluble in isopropanol. Also, with smaller ratios of iso-

Wave Numbers cm ^

3500 3000 1600 1000

Fig. 1. Infrared spectra of polymers (KBr discs): (A) polymer 11a; (B) polymer lib; 
(C) polymer lie; (D) polymer lid.

propanol to benzene, longer irradiation periods were required for reductive 
carbonyl coupling. Thus, a 1:1 ratio of benzene to isopropanol was found 
to be quite satisfactory.

Contrary to the results obtained in the closed systems, the polymers 
formed in the above procedures did not contain benzhydryl hydrogens, as
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determined by NMR. This absence of reduction products may have been 
a result of increased monomer concentrations in these reaction mixtures.

Monomers Ie-Ig failed to give polymers under the above conditions. 
With the exceptions of small —OH stretching bands centered at about 3500 
cm“1, the infrared spectra of the products were identical to those of the 
corresponding monomers. The presence of a considerable carbonyl stretch 
in the infrared spectrum of polymer Ha at (1640 cm“ 1) (Fig. 1) suggests 
that the reductive coupling of the corresponding monomer was incomplete 
under these conditions. By comparing the ultraviolet spectra in 95% 
ethanol solution of monomers le-Ig with that of benzophenone, it was found 
that the high intensity tt -*■ w* absorption band showed bathochromic shift 
in going from benzophenone, Xmax255 mju, to If, Xmax 257 m¡i, Ie, Xmax 269 
mix, and Ig, Xmax 306.2 nyu. Although the n — tv* absorption band was well 
resolved from the tv -*■ w* for benzophenone, the same n —*■ tv* absorption 
bands for Ie and If showed only as shoulders of the tv —► t * bands and for Ig 
the n —* it* was completely buried under the n —*■ tv* band. As these low- 
lying 7T -*■ tt* triplet states do not lend to efficient hydrogen abstraction,3 
monomers Ie-Ig failed to give polymers, apparently for this reason.

Polymers Ilb-IId  form brittle films and may be drawn into brittle fibers 
from the melt. However, prolonged heating above 110°C causes con
siderable decomposition, as determined by infrared and viscosity studies.

Model Compound Study

In order to aid in the identification of polymers Ilb-lld , model pinacols 
I lia  and IIIc were prepared by photocoupling p-benzoyldiphenyl ether and 
p-benzoyldiphenylethane. Pinacol Illb  proved to be very difficult to 
prepare by photochemical coupling, since the starting ketone, p-benzoyl- 
diphenylmethane, was difficult to purify. Photocoupling of this ketone 
proceeded very slowly so the ketone was coupled with magnesium and 
iodine by a modification of the procedure described by Gomberg and 
Bachmann4 for the coupling of benzophenone. Here, too, yields were 
low and the resulting pinacol IHb was purified with great difficulty.
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Spectral data (NMR and infrared) obtained for model compounds li la -  
IIIc and those obtained for the corresponding polymers were consistent 
with the formulated structures (Fig. 2). The model pinacol for polymer 
Ha was not synthesized since only limited success was achieved in the 
preparation of this polymer. No attempt was made to separate the 
stereoisomers of the model pinacols.

EXPERIMENTAL

Instruments

The ultraviolet lamps used in this study were a 100-W Blak-Ray B100-A 
long-wavelength lamp and an Ace Glass No. 3515 450-W lamp. The

Wave Numbers cm“ "*-

3500 3000 1600 1000

Fig. 2. Infrared spectra of model pinacols: (A) pinacol I lia  (KBr disc); (B) pinacol 
Illb  (neat); (C) pinacol 111c (KBr disc).
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reaction vessel used with the 450-Watt lamp was an Ace Glass No. 6523 
photochemical reaction vessel fitted with a pyrex immersion well. Nuclear 
magnetic resonance (NMR) spectra were obtained with a Hitachi Perkin- 
Elmer R20 instrument. Infrared spectra were taken on Beckman IR-8 
and Perkin-Elmer Model 700 instruments.

Preparation of Monomers

Preparation ofp,p'-DibenzoyldiphenyI Sulfide (la). To a mixture of 33 g 
(0.18 mole) of diphenyl sulfide, 67 g (0.5 mole) of anhydrous aluminum 
chloride, and 150 ml of carbon disulfide was slowly added 59 g (0.42 mole) of 
benzoyl chloride with stirring. After the addition was complete, the reac
tion mixture was refluxed for 4 hr, cooled, and stirred into a 10% solution 
of HC1 in ice water. The liquid layer was decanted and the white solid was 
washed with concentrated hydrochloric acid, 10% sodium carbonate solu
tion, and finally with water. The crude product was then dried in vacuo 
and recrystallized from carbon tetrachloride to a constant melting point of 
168-169°C (lit.6 mp 169°C). The yield of product was 48 g (69%).

Preparation of p,p'-Dibenzoyldiphenylmethane (Ic). To a vigorously 
stirring mixture of 105 g (0.75 mole) of benzoyl chloride and 100 g (0.75 mole) 
of anhydrous aluminum chloride was quickly added 30 g (0.18 mole) 
of diphenylmethane. The reaction mixture was allowed to stir at 80-90°C 
for an additional 20 min before being hydrolyzed in 10% hydrochloric acid, 
washed with 10% sodium hydroxide solution, and then with water. The 
crude product was recrystallized to a constant melting point of 145-147°C 
(lit.6 mp 147.5-148.5°C). The yield of product was 8 g (12%).

Preparation of p,p'-Dibenzoyldiphenylethane (Id). To a mixture of 105 
g (0.75 mole) of benzoyl chloride and 100 g (0.75 mole) of anhydrous alu
minum chloride was slowly added 25 g (0.14 mole) of 1,2-diphenylethane. 
The resulting mixture was then stirred an additional 90 min at 80-90° C be
fore being poured into dilute hydrochloric acid in ice water. The precipi
tate was digested with 10% hydrochloric acid, washed with 10% sodium 
hydroxide, and with water. The crude product was recrystallized from 
benzene to a constant melting point of 175-176°C (lit.6 mp 174.5-176°C). 
The yield of product was 28 g (52%).

Preparation of p,p'-Dibenzoylbiphenyl (Ig). To a mixture of 91 g (0.65 
mole) of benzoyl chloride and 125 g (0.94 mole) anhydrous aluminum chlo
ride was added 29 g (0.19 mole) of biphenyl. The reaction mixture was 
stirred and kept at 80-90°C until evolution of hydrogen chloride ceased and 
was then hydrolyzed in cold, dilute hydrochloric acid. The resulting solid 
was digested with 10% hydrochloric acid, washed with 10% potassium 
hydroxide solution, and with water. The crude product was recrystallized 
from dioxane to a constant melting point of 219-220°C (lit.7 mp 218°C). 
The yield of product was 30 g (41%).
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Preparation of Model Compounds

Preparation of p-Benzoyldiphenyl Ether. To a mixture of 34 g (0.20
mole) of diphenyl ether and 33 g (0.25 mole) of anhydrous aluminum chlo
ride in 275 ml of carbon disulfide was slowly added 14 g (0.10 mole) of ben
zoyl chloride. The mixture was then refluxed for 120 min before being hy
drolyzed in a 10% solution of hydrochloric acid in ice water. After evapo
ration of the carbon disulfide, the oily layer was taken up in benzene, washed 
with 10% sodium hydroxide solution, washed with 10% hydrochloric acid 
solution, and with water. The benzene layer was dried over anhydrous 
magnesium sulfate and the solvent was removed leaving a yellow oil which 
crystallized upon standing 3 days. The crude product was recrystallized 
from hexane to a constant melting point of 68-69°C (lit.8 mp 69.2-69.4°C). 
The yield of product was 11.5 g (38%).

Preparation of p-Benzoyldiphenylmethane. To a mixture of 360 g (2.1 
mole) of diphenvlmethane and 28 g (0.2 mole) of benzoyl chloride was slowly 
added 41 g (0.31 mole) of anhydrous aluminum chloride with vigorous stir
ring. After the evolution of hydrogen chloride gas had ceased, the mixture 
was stirred into a 10% solution of hydrochloric acid in ice water. The or
ganic layer was taken up in benzene and washed with 10% sodium hydroxide 
solution, 10% hydrochloric acid, 10% sodium bicarbonate, and with water. 
The benzene layer was dried over anhydrous magnesium sulfate, benzene 
solvent removed, and distilled at reduced pressure. The fraction boiling 
at 230 240°C at 5-6 mm pressure (lit.9 bp 230-235°C/5 mm Hg) was col
lected. The yield of product was 10 g (18%).

Preparation of p-Benzoyldiphenylethane. Into a solution of 50 g (0.28 
mole) of diphenylethane and 35 g (0.25 mole) of benzoyl chloride in 150 ml 
of carbon disulfide was added with stirring 50 g (0.38 mole) of anhydrous 
aluminum chloride. The mixture was refluxed for 30 min, cooled, and hy
drolyzed in cold, dilute hydrochloric acid. After evaporation of the carbon 
disulfide, the oily layer was taken up in benzene, washed with 10% sodium 
hydroxide solution and with water. The benzene layer was dried over mag
nesium sulfate, benzene solvent removed, and distilled at reduced pressure. 
The fraction boiling at 175°C/0.2 mm pressure (lit.10 bp 260-280°C/15 mm 
Hg) was collected. The oil crystallized upon standing and was then re
crystallized from hexane yielding 28.5 g (40%) of ketone melting at 81-82° 
C.

Preparation of 1,2-Bis(/>-phenoxyphenyl)-1,2-diphenyl-l ,2-ethanediol 
(Ilia). A solution of 6.0 g (0.022 mole) of p-benzoyldiphonyl ether in 200 
ml of a 1:1 benzene-isopropanol mixture and two drops of glacial acetic 
acid was heated to refluxing temperature, purged with nitrogen, and irra
diated under a stream of nitrogen for 24 hr with a 100-W ultraviolet lamp. 
The solvent was removed and the gummy product was reprecipitated from 
hexane to a constant melting point of 110-113°C. The yield of product was 
3 g (50%).
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A n a l . Calcd for C33H30O4: C, 82.88%; H, 5.49%; Found: C, 82.83%; H, 
5.45%.

Preparation of l,2-Bis(p-benzylphenyl)-l,2-diphenyl-l,2-ethanediol 
(IHb). To a mixture of 1.8 g (0.075 g-atom) of powdered magnesium, 15 ml 
of dry ether, and 18 ml of dry benzene was slowly added 4.6 g (0.036 g-atom) 
of iodine. After this mixture had been refluxed for 15 min, a solution of
6.3 g (0.032 mole) of p-benzoyldiphenylmethane in 10 ml of benzene was 
added. The resulting mixture was refluxed an additional hour and poured 
into 75 ml of water. A 30-ml portion of 10% hydrochloric acid was added 
to dissolve the precipitate and a small amount of sodium bisulfite was added 
to remov eexcess iodine. The organic layer was washed with water, dried 
over anhydrous magnesium sulfate, and treated with decolorizing charcoal. 
The solvent was removed and the resulting solid was reprecipitated twice 
from hexane and twice from pentane. The yield was 0.5 g (8%), mp 
100-110°C.

Anal. Calcd for Ci0H34O2: C, 87.87%; H, 6.27%. Found: C, 87.89%; H,
6.31%.

Preparation of 1,2-Bis [-p-(2'-phenyIethyl) phenyl]-l,2-diphenyl-l,2-eth- 
anediol (IIIc). A solution of 6 g (0.026 mole) of 7,1-benzoyl diphenyl ethane in 
200 ml of a 1:1 benzene-isopropanol mixture and two drops of glacial acetic 
acid was heated to refluxing temperature, purged with nitrogen, and irra
diated under a stream of nitrogen at reflux with a 100-W ultraviolet lamp for 
24 hr. The solvent was removed and the solid residue was washed with 
hexane and reprecipitated from benzene-hexane solvent. The yield of 
product was quantitative, mp 1S0-181°C.

Anal. Calcd for C42H3S0 2: C, 87.76%; H, 6 .6 6 %. Found: C, 87.65%; IT,
6.70%.

Preparation of Polymers

Photocovdensations of Diketones with a 100-W Ultraviolet Lamp

Photocondensation of p,/T-DibenzoyIdiphenyl Sulfide (la). In a 250- 
ml round-bottomed flask fitted with a reflux condenser, magnetic stirrer, 
and nitrogen flow adapter was placed a solution of 6 g (0.016 mole) of p,p'~ 
dibenzoyldiphenyl sulfide in 200 ml of a 1:1 mixture of benzene and isopro
panol and 2 drops of glacial acetic acid. This solution was purged with 
nitrogen at reflux temperature and irradiated at reflux under a slow stream 
of nitrogen for 24 hr. The solvent was removed and the crude product was 
washed with isopropanol and dried in vacuo at 80°C overnight. The yield 
was essentially quantitative, mp 155-165° C. The inherent viscosity was
0.10 (dioxane).

A n a l . Calcd for (C mTBoC FS),,: C, 78.78%; H, 5.09%; 8 , 8.09%. Found: C, 
77.68%; 11,5.17%; 8,7.70%.
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Photocondensation of p,p'-DibenzoyldiphenyI Ether (lb). The proce
dure employed for the photocondensation of p,p'-dibenzoyldiphenyl ether 
was exactly analogous to that described above for p,p'-dibenzoyldiphenyl 
sulfide except that 6 g(0.017 mole) of p,p'-dibenzoyldiphenyl ether was used 
as the monomer. The yield was quantitative, mp 105-1S0°C. The inher
ent viscosity was 0.30 (dioxane).

Anal. Calcd for (CfflH2„0.,)„: C, 82.10%; H, 5.30%. Found: C, 81.75%; H, 
5.59.%.

Photocondensation of p,p'-Dibenzoyldiphenylmethane (Ic). The pro
cedure employed for the photocondensation of p,p'-dibenzoyldiphenylmeth- 
ane was exactly analogous to that described above for p.p'-dibenzoyldi- 
phenyl sulfide except that 6 g (0.016 mole) of p,p'-dibenzoyIdiphenyl- 
methane was used. The yield was quantitative, mp 160-170°C. The in
herent viscosity was 0.25 (dioxane).

A nal. Calcd for (C27H220 2)„: C, 85.67%; II, 5.86%. Found: C, 83.96%; H, 
5.64%.

Photocondensation of p,p'-Dibenzoyldipheny!ethane (Id). The proce
dure employed for the photocondensation of pp'-dibenzoyldi phenyl ethane 
was exactly analogous to that used for p,p'-dibenzoyldiphenyl sulfide above 
except that 6 g (0.013 mole) of p,p'-dibenzoyldiphenylethane was used as 
the monomer. The yield was essentially quantitative, mp 170-1S5°C. 
The inherent viscosity was 0.45 (dioxane).

An al . Calcd for (C28H240 2)„: C, 85.69%; IT, 6.16%. Found: C, 85.01%; H, 
6.01%.

Photocondensations with a J+50-W Ultraviolet Lamp

Photocondensation of p,p -T)ibenzoyIdiphcnyl Sidfide (la). A refluxing 
solution of 5 g (0.013 mole) of p,p'-dibenzoyldiphenyl sulfide in 250 ml of a 
1:1 benzene-isopropanol mixture was purged with nitrogen and irradiated 
for 2 hr under a stream of nitrogen. The solvent was removed, and the 
lumpy residue was crushed in cyclohexane, collected, and dried in vacuo at 
78°C overnight. The yield was 3.0 g (60%), mp 130-145°C. The inher
ent viscosity was 0.04 (dioxane).

Photocondensation of p,p'-DibenzoyIdiphenyl Ether (lb). The proce
dure employed for the photocondensation of p,p'-dibenzoyldiphenyl ether 
was exactly analogous to that described above for p,p'-dibenzoyldiphenyl 
sulfide except that 5 g (0.014 mole) of p,p'-dibenzoyldiphenyl ether was 
used as the monomer, and the reaction mixture was irradiated for 90 min. 
The yield was 3.9 g (78%), mp 165 -170°C. The inherent viscosity was 0.26 
(dioxane).

Photocondensation of p,p'-Dibenzoyldiphenylmethane (Ic). The pro
cedure employed for the photocondensation of p,p'-dibenzoyldiphenyl- 
methane was exactly analogous to that described for p,p'-dibenzoyldiphenyl 
sulfide except that 5 g (0.014 mole) of p,p'-dibenzoyldiphenylmethane was
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used as the monomer. The yield was 3.8 g (76%), mp 135-160°C. The in
herent viscosity was 0.21 (dioxane).

Photocondensation of 4,4'-DibenzoyldiphenyIethane (Id). The photo- 
condensation procedure for 4,4'-dibenzoyldiphenylethane was exactly anal
ogous to that used for 4,4'-dibenzoyldiphenyl sulfide except that 5 g (0.013 
mole) of 4,4'-dibenzoyldiphenylethane was used as the monomer. The 
yield was 3.4 g (68%), mp 155-170°C. The inherent viscosity was 0.37 
(dioxane).

We wish to acknowledge the helpful suggestions of Dr. J. II. Stocker. This work was 
supported by the Army Research Office-Durham, Durham, North Carolina.
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Poly (ethylene Sulfide). II. Thermal Degradation  
and Stabilization

E. IT. CATSIFF, M. N. GILLIS, and R. IT. GOBRAN, Thiokol Chemical 
Corporation■, Trenton, New Jersey 08607

Synopsis
High molecular weight poly(ethylene sulfide) undergoes severe thermal degradation 

at the high temperatures (220-260°C) required for processing in injection-molding equip
ment. Thermal degradation of the polymer is accompanied by gas evolution and a de
crease in melt viscosity. Stabilization of poly(ethylene sulfide) can be effectively ac
complished by addition of small concentrations of certain 1,2-polyamines, preferably 
together with certain zinc salts as coadditives. Use of this stabilizer system inhibits 
thermal degradation to a remarkable extent, making it possible to mold the polymer at 
these high temperatures and obtain excellent physical and mechanical properties. In
vestigation of the thermal degradation process was carried out. The rate at which gases 
evolved from unstabilized polyethylene sulfide) resins of various molecular weights and 
preparative histories and from model compounds of the same organic backbone struc
ture was measured at temperatures ranging from 220 to 260°C. Rate of gas evolution 
from the resins, irrespective of chain length or preparation, was found to be constant at 
230°C. The evolved gases, analyzed by infrared spectroscopy and gas chromatography, 
contained ethylene. Nearly identical apparent activation energies were found for the 
gas evolution reaction from the resin and model compounds. The AE* values were in 
good agreement with AE* determined by other techniques, 58 ±  2 kcal/mole. This 
is about the energy requirement expected for the homolytic cleavage of a carbon-sulfur 
bond of the type present in a poly(ethylene sulfide) structure. The rate and analytical 
data indicate that the degradative mechanism at processing (molding) temperatures is 
primarily due to the organic structure of the polymer. A mechanism of thermal sta
bilization is proposed in which the polyamine and zinc salt, in presence of molten polymer 
at processing temperatures, form a two-centered electron transfer complex, capable of 
reacting with both radicals of the homolytically cleaved bond, “healing” the scission, 
so to speak.

Introduction

Poly (ethylene sulfide), specifically the high polymer prepared by the 
diethylzinc-water seed technique,1 can be molded to a thermoplastic having 
exceptional properties suitable for engineering end-uses.2 Due to the high 
melting point of the resin, 205~210°C, injection molding of the polymer 
must be carried out at temperatures ranging from 220°C to 260°C. Since 
the resin, as prepared, degrades rapidly at these temperatures, the presence 
of a stabilizer is necessary in the melt in order to make processing possible.

After an extensive screening study of additives, certain polyamines, 
alone or in combination with ZnO or zinc hydroxychloride, were found to
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have an extraordinary effect in stabilizing the melt.3 4 The principal 
screening technique used was the Melt Indexer stability test, in which a 
charge of powdered resin, after blending with prospective stabilizers, was 
loaded into a Melt Indexer5 and subsequently extruded under a static pres
sure of 43 psi through a right cylindrical orifice 0.0825 in. in diameter and
0.315 in. long. The test temperature was initially 215°C, at which tem
perature the as-polymerized material was molten and degraded rapidly. 
As more effective stabilizers were found, test temperature was raised, until 
235°C was eventually adopted. Results were plotted as flow rate (g/min) 
versus time after a standard warmup period. When the flow rate was 
plotted on a logarithmic ordinate, in many cases the data could be approxi
mated by a straight line. For poorly stabilized melts, the rate of flow ac
celerated so rapidly that the entire charge was exhausted in a few minutes, 
but effective stabilizers reduced the degradation rate so that more than 30 
min was required to empty the Melt Indexer barrel (for polymers of 
moderate to high apparent molecular weight). Where possible, the semi- 
logarit.hmic slope of the flow curve (expressed as per cent per minute rate 
increase) was used to measure the degree of chemical instability.

Fig. I (continued)
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Time, min.

Fig. 1. Melt Indexer flow curves for standard polyethylene sulfide) at 23d°C (a) with 
2 phi' BDPPO and (ft) with 2 phr BDPPO and 1 phr zinc hydroxychloride. ( • )  lot A; 
(O) lot B; (□) lot C, 230°C; (A) Lot 1); (0  ) Lot D, zinc-free by extraction with 2-mer- 
captoethanol. Abscissa is time after warmup period.

Typical flow curves are shown in Figure 1. The type of data derivable 
from such curves is given in Table I. The stabilizing effect of suitable 
amines and the significant improvement brought about by added costa
bilizers are demonstrated by these data. The best amine we found was a 
bisdiamine, bis [p-(2,o-diazapentyl) phenyl] oxide (BDPPO). A finely 
divided zinc hydroxychloride* was the best costabilizer found, although 
colloidal Zn() from commercial sources was also extremely effective. The 
apparent molecular weight referred to in Table I and elsewhere in this 
article is obtained from the apparent melt viscosity at 235°C calculated 
from the Melt Indexer flow rate extrapolated to the end of the warmup 
period, by using the essentially arbitrary relationship:6

log M  = r>.14 -  0.4167 log Cr (1)

* Approximate composition Zn (OHhoClo-r,. Prepared by precipitation from aqueous 
ZnCls solution with aqueous diethylenetriamine.
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TABLE I
Melt Index Data of Poly(ethylene Sulfide) Prepared by the 

Diethylzinc-Water Seed Technique

Tem- Apparent
perature, Slope, Total flow molecular

Stabilizer additives °C %/min time, min“ weight1'

Polymer of conventional molecular weight
None 215 Very steep 5.4 —
BDPPO (2 phr) 
BDPPO (2 phr) +  zinc

235 1) 14.1 300,000

hydroxychloride (1 phr) 235 1.7 25.0 280,000

Polymer of high molecular weight
None 215 c 26 640,000“
N one 235 — 3.5 —
BDPPO (2 phr) 
BDPPO (2 phr) +  zinc

235 0 30+ 800,000

hydroxychloride (1 phr) 235 l.S 30+ 825,000

a For 4-g sample; 4-min hold time.
b Determined from zero-intercept melt viscosity.6
“Two slopes: initial, 0-7 min, steep; second slope, 7-26 min, 6.5%/min. Molec

ular weight extrapolated from first slope.

where M  is apparent molecular weight and G is flow rate (g/min) in our 
Melt Indexer.

In the work which follows, there was a dual purpose: (1) to define the
nature of the breakdown occurring at elevated temperatures, and (2) to 
postulate a mechanism of stabilization. Certain additional facts should be 
added, which were known at the outset of this work: the zinc-containing 
catalyst residues in the polymer could be extracted; such zinc-free polymer 
did not respond to stabilization by BDPPO alone, but could be stabilized by 
a combination of amine and zinc hydroxy chloride; the BDPPO-zinc 
hydroxychloride system was also effective in stabilizing polymer prepared 
by the use of some zinc-free initiators, e.g., XaCN in DMF and triethvlene- 
diamine (DABCO), but not all poly(ethyIene sulfide)s could be so stabilized.

Gas Evolution Studies of Thermal Degradation Process

Study of the rate and products of thermal degradation of polyethylene 
sulfide) and of certain model compounds was undertaken. Tire primary 
experimental technique used was the quantitative determination of total 
gases evolved. Standard gas evolution apparatus was used for volumetric 
studies with modifications intended to reduce the dead volume and maxi
mize the concentration of gas products in the (N2) atmosphere at the end of 
an experiment for purposes of analysis. Polymer or model compound was 
weighed into a 25-ml flask, over glass beads, and the flask was connected to 
the volumetric apparatus. The system was evacuated at room tempera
ture, filled with N2, and the flask then immersed in a constant temperature 
bath. Readings were taken of the volume of gas in the system with time.
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Infrared analysis of the gas products was a routine part of every thermal 
degradation experiment. The gas phase in the glass apparatus was trans
ferred to an evacuated cell having 7.5 cm path length. Sequential analyses 
were obtained by reacting a standard quantity of polymer at a given tem 
perature for varying lengths of time and obtaining the infrared spectrum of 
the gas phase from each reaction.

For qualitative and quantitative monitoring of individual gases produced, 
a reaction flask with a long side-arm was used instead of the usual round- 
bottomed flask. The side-arm was fitted with a rubber septum, and gas 
samples of 0.5-1 ml were withdrawn by syringe and introduced into the gas 
chromatograph. The absolute sample size was measured by noting the 
level of mercury in the gas buret immediately before and after withdrawal of 
each sample. By adjustm ent of the frequency of sampling, a fairly con
stan t to tal gas volume was maintained throughout the course of the experi
ment. Relative quantities of product gases were determined by applying 
separately determined response factors of the individual gases to their 
measured peak heights in the chromatogram obtained at each sampling.

The model compounds used included 3,6-dithiaoctane (DTO), H 3 CCH 2 S- 
CH 2 CH 2 SCH 2 CH 3 , MW 150, bp 210-213°C;7a 3,6,9-trithiaundecane (TTU), 
H 3 CCH 2 SCH 2 CH 2 SCH 2 CH 2 SCH 2 CH 3 , MW 210, mp 17°C;7b bp 157°C/8-9 
mm;7b and dibutyl trirner (DBT), BuSCH 2 CH 2SCH 2 CH 2 SCH,CH 2 SBu, 
MW 326, (5,8,11,14-tetrathiaoctadecane,) mp 62°C. Because of the low 
boiling point of DTO, TTU is the smallest molecule having repeat ethylene 
sulfide units th a t can be used in studies where required tem peratures are in 
excess of 210°C. Thus almost all of the studies on thermal breakdown of a 
model structure were on TTU. Methods of preparation and purification 
are described elsewhere . 8

The typical curve of gas evolution with time from poly (ethylene sulfide) 
prepared by the diethylzinc-water seed technique consists of two linear 
stages, the first lasting about 110 min at 230°C, and the second a faster rate, 
lasting until the end of the experiment (4 hr total reaction.) During the 
first stage, only one gas product is clearly seen in the infrared spectrum: 
ethylene. The generation of ethylene from poly(ethylene sulfide) under 
nonoxidative conditions is most readily explained as deriving from a 
homolytic scission of a C-S bond, followed by rapid loss of the alkyl frag
ment [eq. (2 )].

— SCH2CH2SCH2CH2'----  — SCH2CH2- -SCHoCH,—
j r a p i d l y  ( 2 )

-----s- + CH2= C H 2t

The measurement of gas evolution could therefore serve as a quantitative 
technique for determining the rate of thermal breakdown.

The determination of factors th a t could influence thermal instability was 
investigated by the gas evolution technique. Only the initial evolution 
rate (up to about 110 min at 230°C) was considered in these comparative
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experiments, since the period of exposure to nonoxidative high-temperature 
conditions, in practical application, is limited to the period of molding, 6-15 
min at most.

The factors which were feared capable of influencing the degree of in
stability were: (a) concentration of endgroups (related to polymer molecu
lar weight), (b) type of endgroup, (c) presence of inorganic fragments in the 
polymer chain. Wragg9 found that model compounds of the type Bu- 
SCH2CH2SZ11SCH2CH2SBU (zinc mercaptide model salt), rapidly evolved 
ethylene and H2S at 220°C and above. The products identified from the 
thermal breakdown of the zinc mercaptide model salt, primarily implicated 
S-Z11 scission.

The zinc mercaptide work is indeed evidence of S-Z11 instability. How
ever, two considerations must be borne in mind: (1) a S-Zn-S link has not 
been specifically postulated for the organic-inorganic fragments of our 
polymer (a monomercaptide zinc linkage has been considered more prob
able than a zinc dimercaptide); (2) the concentration of S-Zn-S bonds in 
the model is much greater (0.28 eq SZnS/100 g) than could possibly be 
present in the polymer: one SZnS group/molecule of 330,000 molecular 
weight corresponds to 3 X 10~4 eq SZnS/100 g.

I11 Table II, the initial rates of gas evolution are listed for polyethylene 
sulfide) polymers of various categories. There is no apparent effect of 
molecular weight, endgroups, or inorganic fragments on the rate of gas 
evolution from a poly (ethylene sulfide.)* The average value is about 
10 X 10~6 mole gas/unit ES/min at 230°C. If this were ascribed to the 
above-calculated maximum possible concentration of SZnS groups, each 
such group would be evolving gas at the nearly-explosive rate of 0.55 
mole/min.

The polymers from which Zn was extracted were virtually Zn-free and 
are believed to have mercaptan endgroups. The cyanide-initiated poly
mers should have nitrile and mercaptan or mercaptide endgroups with 
no possibility of Z11-S bonding.

In Table III rates of gas evolution are listed for the model compounds 
and for a typical “standard” polymer. Data for DTO is limited due to its 
low boiling point. TTU and DBT evolved gas at a single linear rate. 
Their rates are compared with the initial rate of gas evolution from the 
polymer; the ES unit was used as the mole substrate for the polymer.

At 230°C, under 1 atm N2, both DBT and TTU gave linear rates of gas 
evolution for as long as 6 hr. The infrared spectrum of the gas phase from 
DBT had a reproducible strong C-H absorption, unlike anything seen in

* Some polymers have been prepared (by use of other catalyst systems) which gave 
atypically low gas evolution rates, suggesting thermal stability. I11 the Melt Indexer, 
however, these polymers did not exhibit melt viscosity stability in the absence of added 
stabilizer. Apparently in these systems chain scission occurs but some secondary re
action inhibits gas evolution. Catalyst systems showing this phenomenon include 
NaCN in mixed toluene-BMF solution and triethylenediamiue (UABCO) in DMF or 
in the mixed solvent, “Standard” diefhylziiic-water-initialed polymer shows this 
phenomenon in the presence of some stabilizer candidates also.



PO L Y  (E T H Y L E N E  S U L F ID E ). 11 1277

T A B L E  I I
I n i t i a l  H a t e  u f  t í a s  E v o lu t io n  f r o m  P o ly ( e t h y le n e  S u lf id e )s  

a t  2 3 0 ° C  u n d e r  1 A tm o s p h e r e  N >

I n i t i a t o r A p p a r e n t  M W
T o t a l  g as  g e n e r a te d ,  m o l e /  

u n i t  E S / m i n  X  1 0 s

Z n E t 2- H 20 1 4 0 , 0 0 0 1 0 . 0

Z n E t 2- H 20 3 3 0 , 0 0 0 8 . 7
Z n E f u - H ü O 5 0 0 , 0 0 0 5 . 8 - 1 5 . 5 b
Z n E t 2- H 20 « 2 1 0 , 0 0 0 1 1 .0 4
Z n E t 2- H 20 ' u 2 1 0 , 0 0 0 1 5 .5
N a C N - D M F 2 1 5 , 0 0 0 S .O
N a C N - D M F 5 7 0 , 0 0 0 6 . 2

N a C N - D M F 6 2 0 , 0 0 0 7 . 0 - 8 . 4 b

a S e e d  te c h n iq u e .  
b R a n g e  o f  r e p l ic a te  e x p e r im e n ts .  
c Z in c  e x t r a c t e d  b y  m e r c a p t o e t h a n o l .  
d Z in c  e x t r a c t e d  b y  a c e t ic  a c id .

the gas phases from polymer or TTU, which we have assigned to 1-butene. 
The ethylene absorption at 940 c m '1 was relatively weak, so that quantita
tive monitoring of this wavelength would give a misleading impression of 
stability. The rate of gas evolution from DBT shows that thermal break
down is taking place at a rate per mole comparable to TTU.

Comparative infrared spectra of the gaseous thermal breakdown prod
ucts of standard polymer and the model compound TTU after 3.5 hr Nj 
aging at 220°C are reproduced in Figure 2. These spectra represent also 
the general distribution of gas products observed in the gas phase after 
comparable reaction time at 230°C.

The presence of acetaldehyde (and perhaps C02) among the thermal 
breakdown gas products is most readily accounted for by molecular 
oxygen contamination. However, an alternate mechanism may be en
visioned for acetaldehyde production during thermal breakdown in the 
absence of 0 2. A reversible thiol-vinyl reaction is proposed, followed by 
hydrolysis [eqs. (3) and (4)]:10

— S C H , C H , S U H , C H ,S C H , ( T L S —  ^  — 5 C H .,C H .,S C H  = C H ,  +  — S C H . C IL S H  (3 )

■— S O L C H ,

C H C H :, 1 1 ,0  v  2 -------S C H ,C H ,S H  +  C H :JC H O  (4 )

----SCHUHS^

Only water and sufficient acidity to catalyze thioacetal hydrolysis would 
need to be present as contaminants. Acetaldehyde would also be pro
duced by hydrolysis of 2-methyl-l,3-dithiolane, a major product of thermal 
degradation of Zn rnercap tide-initiated poly (ethylene sulfide).9 We did 
not search for such products, however, nor did we observe evidence of the 
formation of 1,4-dithiane, a sublimable solid. [A quantitative yield of
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F ig .  2 . I n f r a r e d  s p e c t r a  o f  g as  p h a s e  a f te r  a g in g  s u b s t r a t e  3 .5  h r  a t  2 2 0 ° C  u n d e r  N 2 fo r  
( t o p )  s t a n d a r d  p o ly f e t h y le n e  s u l f id e )  a n d  ( b o t t o m )  3 ,6 ,9 - t r i t h ia u n d e c a n e  ( T T U ) :  ( I )
e t h y le n e ;  ( I I )  a c e ta ld e h y d e ;  ( I I I )  C 0 2; ( V I )  e t h a n e th io l .  I X  a n d  5 X  r e p r e s e n t  e x t e n t  
o f  s c a le  e x p a n s io n .

dithiane is obtained by ZnCl2-catalyzed decomposition of poly (ethylene 
sulfide) at high temperature. This presumably occurs via a sulfonium ion 
intermediate. ] It appears that concentration of acetaldehyde relative to 
ethylene is greatest at short reaction times, e.g. 20 min, implying that only 
a limited amount of 0 2 or H20  is available. The gases present and their 
distribution are quite different from the array seen in the gas phase follow
ing oxidation at 150°C.8 The agreement in products obtained from the

T A B L E  I I I
C o m p a r a t iv e  R a t e s  o f  G a s  E v o lu t io n  D u r in g  T h e r m a l  B r e a k d o w n  

o f  M o d e l  C o m p o u n d s  a n d  S t a n d a r d  P o ly m e r

T e m p e r a t u r e ,
° C

T o t a l  g as , m o le /m o le  s u b s t r a t e /m i n  X  1 0 5

D T O T T U I ) B T P o ly m e r ''

1 8 0 < 0 . 0 1 0 . 1

2 2 3 7 . 5 4 . 6 6

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

“ M o l e s / u n i t  E S / m i n  X  1 0 5.
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polymer and model suggests that similar thermal breakdown mechanisms 
are operative in the model compound TTU and in the polymer above its 
melt temperature.

In a quasi-kinetic study by infrared absorption, gas phases were analyzed 
following thermal reaction at 230°C for different lengths of time. The 
spectrum obtained after 20 min agrees fairly well with the absorption 
due to ethylene in a reference spectrum. However between 1 and 3 hr, 
the multiple absorptions centering around 2995 cm-1 changed shape and 
increased in size, so that they resembled the absorptions due to ethanethiol 
in the gas phase; the growth of a companion peak at 1250 cm-1 supports 
the identification of ethanethiol. The transition in products being gen
erated, occurring between 1 and 3 hr, may well correlate with the onset of 
rapid degradation in the polymer, generally occurring at about 115 min 
at 230° C.

F ig .  3 . U n c a l ib r a t e d  g a s -c h r o m a t o g r a p h ic  s t u d y  o f  g a s e o u s  p r o d u c ts  f r o m  t h e r m a l  
t r e a t m e n t  o f  s t a n d a r d  p o ly ( e t h y le n e  s u l f id e )  a t  2 3 0 ° C  u n d e r  N 2: ( O )  e t h y le n e ;  ( □ )
I L K ;  ( A )  e t h a n e th io l .

For gas chromatographic (GC) study of thermal decomposition gases, a 
column packing of Amberlite XAD-2 was found to give effective separation 
of nitrogen and ethylene gases at 45°C, with a flow rate of 75 ml/min 
helium. The major gas products, identified by their retention times, were; 
ITS, ethylene, and ethanethiol. H2S, a weak absorber in the infrared, had 
not been heretofore identified by us among the gas products of polymer 
thermally degraded at these temperatures. It has been detected by 
Wragg9 and was known to be a product of pyrolysis of polyethylene 
sulfide) at 400°C.U

The growth of (uncalibrated) peak height of the three gases with reac
tion time is depicted in Figure 3. Two important trends can be seen:
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generation of ethylene apparently follows a constant rate throughout the 
course of the reaction; and H2S undergoes an increase in rate at about the 
time usually observed as the onset of rapid degradation. The explanation 
for the constant content of ethanethiol is not clear.* Infrared spectra of the 
cooled gases were indicative of increased ethanethiol content as the degrada
tion proceeded.

T A B L E  I V
Q u a n t i t a t i v e  D e t e r m in a t io n s  o f  G a s e s  E v o lv e d  T h e r m a l ly  

a t  2 3 0 ° C  f r o m  P o ly  ( e th y le n e  S u l f id e )

R e a c t io n  
t im e  a t  
2 3 0 ° C ,  

m in S a m p le  s iz e , m l
E t h y le n e  c o n c n ,  

/ r m o le /m l H 2S  c o n c n , ju in o le /m l
R a t io ,

I I 2S / C 2I I 4

15 0 . 4 0 0 . 0 6 7 N o t  m e a s u r a b le —

2 Ü 0 . 7 0 0 . 1 3 8 (( U —
4 0 1.00 0 . 4 0 2 0 . 3 3 3 0 . 8 3
5 0 0 . 4 2 0 . 4 7 9 N o  d a t a —
5 5 0 . 4 0 0 . 6 0 3 0 . 3 3 4 0 . 5 5
6 5 0 . 2 6 1 . 6 0 1 . 2 8 0 . 8 0
7 0 0 . 4 6 1 .9 1 1 . 7 4 0 . 9 1
SO 0 . 5 6 2 . 8 7 2 . 7 4 0 . 9 6
0 5 0 .S 2 4 . 1 0 4 . 4 8 1 . 0 9

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

1 5 5 2 . 0 6 7 . 7 8 1 5 .8 2 . 0 4
1 7 0 1 . 9 4 1 2 .5 8 2 8 . 8 2 . 2 s
1 8 5 1 . 4 6 1 9 .2 4 9 . 9 2 . 6 0
21.5 2 . 4 2 1 3 .8 9 5 0 . 4 3 . 6 3
2 3 5 2 . 7 0 1 3 .4 1 66.0 4 . 9 2

Tor a more quantitative determination, peak-height response factors 
were determined for ethylene and hydrogen sulfide gases under the follow
ing conditions: column, 5 ft X */« in. OD stainless steel column; packing, 
Amberlite XAD-2; column temperature, 47°C; helium flow rate, 07 
ml/min. Ethylene response factor was 0.893 X 10-8 mole ethylene/chart 
unit; hydrogen sulfide response factor, 16.67 X 10-8 mole HoS/chart unit. 
The Amberlite column is preferred for GO study of the gas products from 
poly (ethylene sulfide) breakdown under N2 because of the separation of 
peaks for nitrogen, ethylene, and hydrogen sulfide, so that all three gases 
can be distinguished. However, as can be seen from the response factors, 
the sensitivity of the column toward H2S is much poorer than the sensi
tivity to ethylene,

*  T h e  g as  s a m p le  in  th is  t e c h n iq u e  is t a k e n  f r o m  a  c o o l re g io n  o f  th e  f la s k  s id e -a r m ,  
w h e r e  s o m e  d r o p le ts  o f  c o n d e n s a te  m a y  b e  s e e n . T h e  c o n s ta n t  e t h a n e t h io l  c o n te n t  
m a y  m o s t  r e a d i ly  b e  e x p la in e d  as r e s u l t in g  f r o m  t h e  e q u i l ib r iu m  v a p o r  p re s s u re  o f  th is  
c o n d e n s a te ,  so n o  c o n c lu s io n s  m a y  b e  d r a w n  a b o u t  th e  r a t e  o f  g e n e r a t io n  o f  E u S I l .
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F ig .  -1. D S C  th e r m o g r a m s  u n d e r  N s  o f  5 , .S , l l ,1 4 - t e t r a t h ia o c la d e c a u e  ( D B T )  a t  a  s e a n -  
u in g  r a t e  <if 1 0 ° C / m i n :  ( b o t t o m )  im a g e d ;  ( t o p )  a f t e r  4  h r  a t  2 3 0 ° C  u n d e r  N 2.

A more favorable response factor for H2S was obtained with a similar 
stainless steel column, when 15% tricresyl phosphate (TCP) was used 
as liquid phase on Firebrick support: column temperature, 30°C; He 
flow rate, 75 ml/min. H2S response factor was 0.735 X 10~s mole H2S/chart 
unit. This column may therefore be considered preferable in degradation 
studies for more accurate measurement of PI2S evolution. It cannot, 
however, be used for ethylene, since the ethylene and X2 peaks overlap 
under analytical conditions convenient for frequent determinations.

In the present study of polymer breakdown, the size of sample with
drawn was adjusted to the rate of gas evolution. Quantities of ethylene 
and H2S present in each sampling of the gas phase, as determined by GC, 
are given in Table IV. Ethylene is not the only major gas product gen
erated; hydrogen sulfide and ethylene are apparently evolved in roughly 
equimolar quantities during the period of the first (slower) rate, until 
approximately 120 min of reaction. Thereafter, H2S evolution increases 
sharply. The total molar rate of gas evolution is not necessarily equal 
to the molar rate of melt scission. (An acceleration in rate of gas evolution 
has always been observed at about 115 min in the thermal degradation of 
polymer at 230°C).

As a further method of assessing the effect of thermal treatment on the 
molecular integrity of the polyethylene sulfide) backbone a differential
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T A B L E  V
P r o d u c t s  f r o m  T h e r m a l  B r e a k d o w n

S u b 
s t r a te F o r m u la D e g r a d a t io n  p r o d u c ts

D T O » E t S O l L C F L S F t G I L  - O I L ,  E t S H ?
(a ls o  d ie t h y l  d is u lf id e  a n d  e t h y l  v i n y l  
s u lf id e , l iq u id  p r o d u c ts  a t  1 5 0 ° C ,  d e 
t e r m in e d  b y  G C - M S )

T T U E t ( S C H 2C H 2)2S E t C H 2= C H 2, E t S H ,  H 2S , C 2I I 6?
P o ly m e r — ( S C H j C I L - K C H ^ C l b ,  E t S H ,  H 2S
D B T B u ( S C H 2C H 2 )3S B u B u t e n e - 1 ,  H 2S , C H 2= C H 2, E t S H ,  B u ta n e ?

a L i m i t e d  d a t a  o n  t h e r m a l  b r e a k d o w n  d u e  to  lo w  b o i l in g  p o in t .

scanning calorimetry (DSC) thermogram was obtained of recovered DBT 
(model compound.) that had been heated 4 hrs/230°C/N2. In Figure 4 
this is compared with a thermogram of the original sample. Clearly, the 
model compound is fairly pure, as received, and undergoes significant 
thermal degradation. The apparent premelting observed about 15°C 
below the true melting point is also affected by thermal degradation. 
This premelting is scarcely a surprising phenomenon in a somewhat polar 
molecule of this length.

Also, gas chromatographic analysis was performed on the liquid products 
of DTO thermally degraded at 150°C. A GC-mass spectral analysis was 
also performed. This method has been described elsewhere.8 Results are 
incorporated in a comparative listing of the known products from the 
various models and from unstabilized polymer, given in Table V. Most 
identifications were made by using infrared and/or GC dat-a of the known 
compound as reference. The generation of butene-1 from DBT was veri
fied by both techniques. H2S was identified by GC alone due to its weak 
absorption in the infrared. Ethylene from DTO (at 1S0°C) was identified 
by infrared spectroscopy alone.

The rate of scission may be calculated from a Melt Indexer curve by 
using the random-scission equation,* the number-average molecular 
weight being taken to be one-half the apparent (weight-average) molecular 
weight, as found by eq. (1) with the first constant set. at 5.08 for 215°C.6 
(This assumes that the molecular weight distribution of the polymer is 
the “most probable,” which should be true after some degradation has 
already occurred.) A study of the gas evolution to scission relationship 
was made by comparing Melt Indexer data with gas evolution measure
ments. Rate of gas evolution of a high molecular weight standard poly
mer at 220°C, was 2.1 X 10-5 mole gas/unit ES/min. The rate of scission 
calculated from a Melt Indexer curve of the same polymer at 215°C w s

*  T h e  e q u a t io n  fo r  r a n d o m  sc is s io n  o f  a  p o ly m e r  is n  =  ( \ / M t )  — (1 /J t fo ) ,  w h e re  n  
is  th e  n u m b e r  o f  m o le s  o f  s c is s io n s  p e r  g r a m  p o ly m e r  in  t im e  t, M t is th e  n u m b e r -a v e r a g e  
m o le c u la r  w e ig h t  o f  p o ly m e r  a t  t im e  t, a n d  M o  is th e  i n i t i a l  n u m b e r -a v e r a g e  m o le c u la r  
w e ig h t  o f  p o ly m e r .
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1.6 X 10~5 mole scission/unit ES/min from 7 min until the end of the Melt 
Indexer experiment at 16 min. This suggests that one mole of gas was 
generated per scission. Data were given by Lee and Wragg12 for melt- 
flow breakdown of DABCO-initiated polyethylene sulfide) at 230°C. 
For their (Melt Indexer, the first constant of eq. (1) should be 4.993 at 
230°C.13 The scission rate then turns out to be 4 X 10-6 mole scission/ES 
unit/min, which is of the same order of magnitude as for our ZnEfi II20- 
initiated polymer.

Activation Energy of Thermal Breakdown
The rates of gas evolution from the thermal breakdown reaction of TTU, 

DBT, and standard polymer at several temperatures were used to determine 
the activation energy for the breakdown reaction. For the breakdown of 
the polymer, initial rates only were used. In Table VI, initial and rapid 
rates at each temperature, and the time of onset of the rapid rate, are 
listed for a standard polymer.

T A B L E  V I
T h e r m a l  D e g r a d a t io n  o f  P o ly ( e t h y le n e  S u l f id e )

T e m p e r a t u r e ,
° C

I n i t i a l  r a te ,  m o le  gas  
g e n e r a t e d / u n i t  

E S / m i n  X  1 0 5

T i m e  o f  o n s e t  o f  
r a p i d  r a te ,  m in

R a p i d  r a te ,  m o le  gas  
g e n e r a t e d / u n i t  
E S / m i n  X  1 0 6

2 2 0 5 . 4 > 2 1 0 —

2 2 4 9 . 0 5 1 5 4  (? ) 1 2 .5
2 2 5 6 . 3 6 2 6 0 9 . 7
2 3 1 8 . 7 1 1 0 a 2 0 . 9 b
2 3 6 2 5 . 9 1 1 0 5 6 . 9  (? )
2 4 0 3 9 . 4 8 4 8 0 . 0
2 4 4 2 5 . 2 8 5 3 4 . 2
2 5 0 7 6 .1 5 8 9 9 .  1°

a T y p ic a l  v a lu e ;  v a lu e s  a t  th e  o t h e r  t e m p e r a tu r e s  a r e  f r o m  a  s in g le  e x p e r im e n t  e a c h .
b A v e r a g e  o f  2  e x p e r im e n t s :  1 8 .9  a n d  2 2 .8 .
° A  t h i r d  r a t e  c o u ld  b e  m e a s u re d ,  s t a r t in g  a t  1 2 3  m in ,  2 1 0  X  1 0 ~ 6 m o le  g a s /u n i t  

E S / m i n .  u n t i l  th e  t e r m in a t io n  o f  th e  r e a c t io n  a t  1 4 0  m in .

The Arrhenius plot of the rate data for the polymer is given in Figure 
5a; rate data for DBT and TTU are plotted together in Figure 55. For 
thermal breakdown of polymer, AE* is in reasonable agreement with 
values (Table VII) determined independently by using two other techniques, 
thermogravimetric analysis (TGA) and dynamic differential calorimetry 
(DDC).14 Thus the rate-determining step of breakdown, in the tempera
ture range tested, could be C-S bond scission, since the bond dissociation 
energyf is of a magnitude similar to AE*.

|  V a lu e s  fo r  d is s o c ia t io n  e n e r g y  o f  th e  c a r b o n - s u l f u r  b o n d  in  th io e th e r s  a r e  g iv e n 15 

a s : M e - S M e ,  7 3 .2  k c a l ;  E t - S E t ,  6 9 .3  k c a l ;  C 6H 5C H 2- S C IT 3, 5 1  k c a l .  T h e  c a r b o n -s u l 
f u r  b o n d  in  a  p o Iy ( e t h y le n e  s u l f id e )  s t r u c t u r e  ~WS C C — S C » “ ' s h o u ld  h a v e  a  b o n d  s t r e n g th  
m o r e  l ik e  t h a t  o f  a  b e n z y l  th io e th e r ,  t h a n  o f  a  d i e t h y l  t h io e th e r ,  s in c e  i t  is d o u b ly  a c t i 
v a t e d ,  o r  w e a k e n e d ,  b y  th e  p r o x i m i t y  o f  a n o th e r  e le c t r o n - w i t h d r a w in g  s u l f u r  a to m .
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For the gas-producing thermal breakdown reaction of the model com
pounds, AE* = 57.1 kcal, within the range (55 ±  4 kcal) of values for 
AK* of the breakdown of polymer. This agreement is strong indication 
that the thermal breakdown of polymer is due primarily to the instability, 
at the temperatures studied, of the carbon-sulfur bond in a poly (ethylene 
sulfide) structure. Therefore sufficient weakness exists in the organic

F ig .  5 . A r r h e n iu s  p lo ts  o f  t o t a l  g a s -e v o lu t io n  r a te s  u n d e r  N-> fo r  (a)  s t a n d a r d  p o ly 
e t h y l e n e  s u l f id e ) ,  A E *  =  .r>1.7 k c a l ,  a n d  ( 6 )  m o d e l  c o m p o u n d s : (O )  5 ,8 ,  1 1 ,1 4 - t e t r a t .h ia -
o n ta d e c a n e  ( D B T ) ;  ( • )  3 ,6 ,9 - t r i t h ia u n d e e a n e  ( T T U ) ,  A E *  =  5 7 .1  k c a l .

portion of the polymer, without invoking endgroup or metal-sulfur bond 
effects, to account for the thermal degradation of poly (ethylene sulfide) 
observed in the molding process. Furthermore, Zn or Cd mercaptide- 
init iat-ed poly (ethylene sulfide) could not be stabilized by the BDPPO- 
zinc hydroxychloride combination, so the instability of the SZnS grouping 
cannot be the cause of the thermal dissociation of ZnEto-HoO-initiated 
polymer, which could be so stabilized.

T A B L E  V I I

A p p a r e n t  a c t iv a t io n T e m p e r a t u r e  r a n g e  o f
M e t h o d e n e rg y ,  k c a l te s t ,  ° C

T G A 5 8 . 5 3 4 0 - 3 6 0
D D C 5 5 3 1 2 - 3 3 7
G a s  e v o lu t io n 5 1 . 7 2 2 0 - 2 5 0
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Postulated Mechanism of Thermal Degradation of 
Polyethylene Sulfide)

We conclude that there is intrinsic instability of the carbon-sulfur bond in 
a sequence of -f-CH2CH2S-)- units. While this instability could go unnoticed 
at temperatures of use (ambient to 150°C), it becomes an important, over
riding consideration at temperatures of processing (200-250°C or higher). 
The evidence to support the existence of this intrinsic thermal instability 
is threefold.

(1) The rate of gas evolution, at 230°C under N2, is uniform for polymers 
having diverse molecular weights with zinc catalyst fragments intact or 
extracted, and for polymers prepared by a catalyst system other than 
diethylzinc-water. This rate has an average value of 10 X 10-5 mole gas 
evolved/unit. ethylene sulfide/minute at 230°C. These data are also sub
stantiated by the similarity in melt flow behavior of standard polymer and 
zinc-free (by extraction) standard polymer of similar molecular weight; and 
by similar calculated melt scission rates for standard diethylzinc-water- 
initiated polymer and for DABCO-initiated polymer.

(2) The activation energy for evolution of gas, obtained via the Ar
rhenius equation from the experimentally determined rates of gas evolu- 
lion at several temperatures, is close to that required to cleave aC-S bond 
of the type found in the polymer. Activation energy (AA'*) for the gas 
evolution reaction also coincides with AE* for polymer degradation deter
mined by two other techniques.

(3) Similarities are found in the thermal degradation reactions of poly
mer and model compounds trithiaundecane (TTU), dithiaoctane (DTO), 
and dibutyl trimer (DBT) in identity of gaseous products formed, as well 
as in the activation energy AA*, for the gas-producing breakdown reaction 
of models TTU and DBT and polymer.

To explain the observed phenomena of thermal breakdown, a random 
homolytic scission is proposed, followed by evolution of ethylene and prob
ably H»S from the cut ends. (While ethylene production is probably an 
exothermic step, we have not been able to explain H2S evolution in this 
scheme.) This scheme is intended as a general mechanism for the initial 
(slower) stage of polymer degradation only. Formation of ethanethiol 
from ethyl-terminated model compounds is easily explainable by a scission 
of the type

H . - ,C C H 2S - | - C H 2--------------------- - I L O C I L S -  ( 5 )

followed by hydrogen abstraction; however, ethanethiol generated from 
the polymer is more probably an addition product of H2S and CH2= C H 2. 
If so, this would tie in the observed increase (by infrared) of ethanethiol 
at about the time of onset of rapid degradation, with the observed increase 
(by GC) in H2S generation at about the same time. The second, rapid 
stage of polymer degradation has been established only for polymers 
inflated by diethylzinc-water. Increased H2S generation, therefore, may
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be dependent upon method of polymer initiation. The extent of H2S 
generation in the initial (slower) stage of polymer breakdown is not firmly 
established; the chromatographic column used for the quantitative study 
was ideal for separation of ethylene from N2, but comparatively insensitive 
to ?I2S.

Stabilization of Polyethylene Sulfide) Against the 
Effects of Thermal Breakdown

There would seem to be an anomaly in claiming stabilization against 
uncatalyzed homolytic scission. However, the melt index flow curve of 
“standard” polymer stabilized with 2 phr BDPPO +  1 phr zinc hydroxy- 
chloride is nearly flat. The apparent action of the thermal costabilizers 
is to “heal” the scission.

Z n

. ( O H ) ,
BDPPO,

\
Z n O  (a c t iv e )  +  0 .5  H 2O f  +  0 5  H C l f (5)
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-  C H 20  —  Z n — 0 —  Z n  — S C H 2- 

" h e a le d ” c h a in  

+

H

H 2N C H 2C H 2— N — C H 2— 0 — ^ ) — C H —  N — C H 2C H 2N H 2

r e g e n e r a t e d  b is d ia m in e

Assembling all the experimentally determined requirements for stabiliza
tion of poly (ethylene sulfide), a general structure emerges which may 
perhaps approximate that of the effective thermal stabilizer. In the 
specific case of BDPPO and zinc hydroxy chloride, the structure of the 
stabilizer may be something like that shown in eqs. (5) and (6).

The stabilization reaction may then proceed according to eq. (7), 
followed by an internal stabilization of the charges in the complex.*

*  T h is  s t a b i l i z a t io n  r e a c t io n  is  p r o p o s e d  b y  a n a lo g y  t o  th e  in t e r m e d ia t e  s te p  o f  a n  
e le c tr o n -r e le a s e  r e a c t io n  b e tw e e n  f r e e  r a d ic a ls  a n d  m e t a l  d i th io c a r b a m a te s  w h ic h  h a s  
b e e n  p r o p o s e d 16 to  e x p la in  th e  p o t e n t  a n t io x id a n t  e f fe c t  o f  th e  l a t t e r :

A AH 3C,

R - +  C / / Q Ŝ M / / o ' \ _ N /

H , c

H ,C .\

H;,C'. /
A V \  n/ch-

-C .  x  e  c —

X  C H 3

I

H ,C .\  /  \  ¡ V  \  , /
n—c e  X  P —K

C H ,

11,0/  \ c /  \ C H ,
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A further step in the thermal stabilization reaction might be visualized as 
(8). If this latter step takes place slowly, the net effect of the bisdiamine 
is to serve to insert -ZnO- units into the polymer backbone at the site of a 
break, but the stabilizer is effectively consumed.

We may postulate that the proposed structure might require some part 
of the polymer to complete formation of the effective thermal stabilizer. 
(A carbon-sulfur bridge structure might be visualized connecting the two 
zinc-diamine complex centers, rather than the simple oxide bridge.) Two 
observations support this possibility: (1) apparently reduced stabilizer 
effectiveness of a prereacted BDPPO-zinc hydroxychloride system; (2) 
initial sharp drop in torque (and by inference, molecular weight) of polymer 
stabilized with BDPPO-zinc hydroxychloride in Plasticorder studies 
under N2. (There are less effective thermal stabilizers which do not cause 
this sharp drop, although they permit a steady, fairly rapid decrease in 
torque.) Such a stabilizer structure could lead to, e.g., '~vCH2OZnSCH2- 
CHoOZnSCHo-, as the “healed” chain.

A general mechanism as described is consistent with the requirements and 
conditions that have been observed, (a) A double zinc salt would provide 
two electron-releasing centers, stabilizing both radicals of a homolytic 
scission. A single-, or stepwise-electron-releasing stabilizer such as a 
dithiocarbamate salt would be incapable of “healing” a scission, (b) The 
structure explains (1) the effectiveness of zinc hydroxychloride as a co
stabilizer and (2) the near interchangeability of finely divided ZnO and 
zinc hydroxychloride. (c) The Melt Indexer behavior of polymer in the 
presence of BDPPO when zinc is present in the polymer, but no costabilizer 
is used, is made reasonable. A typical polymer of 0.08% zinc content 
contains 1.2 X 10-3 g-atoms of zinc/100 g; 2 g (2 phr) BDPPO contain 
6 X 10~3 mole amine; 1 phr zinc hydroxychloride contains 9.2 X 10-3 
g-atoms zinc. Since the proposed complex requires 2 atoms of Zn per mole 
of the bisdiamine, the hydroxychloride supplies most of the zinc to the 
complex. In the absence of zinc hydroxychloride, the amine must obtain 
the zinc oxide from the catalyst residues in the polymer, an inadequate 
source, (d) Other metal salts, especially oxides, show varying degrees of 
effectiveness as costabilizers. CuO, CdCOa, and diphenyltin oxide (DPTO) 
were the best of those we examined, (e) In work on the Brabender Plasti
corder, addition of BDPPO-zinc hydroxychloride to an unstabilized, 
partially degraded polymer caused the prevention of further degradation, 
but not the repair of previous breakdown, nor any increase in molecular 
size (as measured by torque). The data are most consistent with a 
“healing” mechanism, effective only with freshly scissioned chains.

On the other hand, some contradictory evidence exists. Polyethylene 
sulfide) s initiated by Na naphthalene or Cd or Zn mercaptide appear to 
be unstabilizable by BDPPO-zinc hydroxychloride.12 We found that the 
metal mercaptide-initiated polymer appears to evolve gas at a rate 
comparable to the second (fast) rate of standard polymer. This may
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indicate a different type of breakdown. Another apparent contradiction 
is the precipitation of benzene-dissolved diethylzinc-water-catalyzed 
poly (propylene sulfide) bv small amounts of polyfunctional amines (espe
cially BDPPO) at room temperature. This phenomenon may be inter
preted as signifying crosslinking of chains by the stabilizer, but in the melt 
the stabilizer does not crosslink standard poly (ethylene sulfide). At room 
temperature perhaps a chelation of the initiator fragments takes place 
causing polymer crosslinking; at temperatures in the region of 230°C, 
the amine may be capable of extracting the chelated zinc and thereby 
forming the effective thermal stabilizer.

A film-compensation technique was used to obtain infrared spectra of the 
amine-metal oxide (MO) additive combinations. Unaged films were 
examined of standard polymer containing 2 phr BDPPO +  1 phr MO, 
where MO may be CuO, Cu20, ZnO, or SnO. These were compensated 
with a reference film of standard polymer. The most obvious effect was a 
shift in the location of the maximum absorption of a broad peak from —.3U>00 
c n r 1 to ~3200 cm-1 when zinc hydroxychloride was the MO used, but 
not with ordinary ZnO.

In the literature, absorption in the 3500-3300 cm-1 region is assigned 
to NH stretching in primary and secondary amines.17 In coordination 
compounds involving primary amines these absorptions can be lowered by 
as much as 200 cm-1. Similarly, in the reaction of piperidine with zinc 
dibutyldithiocarbamate (zinc DBDTC), Higgins and Saville18 found an 
absorption band at 3245 cm“ 1, which they provisionally assigned to N-H 
vibration of the complexed amine, indicating a shift of —97 cm"1 on 
complex formation. The intensity of the band was proportional to the 
concentration of piperidine when [Piperidine]: [Zinc DBDTC] < 1:1, 
indicating that a 1:1 complex formed. The structures postulated for the 
complex were:

By analogy, the shift we observed might be a measure of the zinc-nitrogen 
bonding in a complex molecule. Since the polymer films were subjected 
to heat only long enough to insure melting, it may be that slow-forming 
complex molecules did not have time to form from their individual com
ponents. Melt Indexer data can be interpreted as indicative of slow com
plex formation in the cases of MO = ZnO, CuO, Cu20, and perhaps SnO and 
Sn02.
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F ig .  6 . D u r a t i o n  o f  t h e r m a l  “ p r o t e c t io n ”  a t  2 3 0 ° C  o f  s t a n d a r d  p o ly f e t h y le n e  s u lf id e )  
b y  h y p o t h e t ic a l  c o m p le x  o f  B D P P O - 2 Z n O :  ( • )  G a s  e v o lu t io n  d a t a ,  t im e  f r o m  te m 
p e r a t u r e  e q u i l ib r a t io n  ( 2 0  m in )  to  o n s e t  o f  r a t e  3  (m a r k e d  in c re a s e  in  g a s -e v o lu t io n  r a t e ) ;  
( O )  M e l t  In d e x e r  d a t a ,  t im e  f r o m  w a r m u p  p e r io d  (4  m in )  to  f lo w  i n s t a b i l i t y  p o in t  
( m a r k e d  in c re a s e  in  m e l t  f lo w  r a t e ) .  B r o k e n  l in e s  s h o w  r a n g e  o f  u n c e r t a in t y .

The hypothesis of a charge-transfer stabilizer complex in the presence 
of a randomly cleaving homolytic degradation implies that the duration of 
thermal stabilization is dependent on concentration of the complex. 
Therefore, gas evolution data were obtained on thermally stabilized poly
mer, for correlation with Melt Indexer stability. It was known that the 
bisdiamine (BDPPO) used alone suppressed gas evolution of thermally 
degrading polymer to a near-zero rate, although melt stability was still 
rather poor. Several dosages of (2 parts BDPPO/1 part zinc hydroxy- 
chloride) were added to standard polymer, giving the following gas evolu
tion pattern at 230°C: (a) gas expansion with temperature equilibration 
of the reaction flask from f  = 0 to t = 20 min; (b) gas evolution at a con
stant rate, called rate 1 (I?i), from t = 20 until t = ~60, where the rate 
is roughly proportional to the concentration of additive; (c) a slower
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constant rate, called rate 2 (/?2), where the duration is proportional to the 
concentration of additive; and (d) a rate, more rapid than rate 2, called 
rate 3 (Rs), until the termination of the experiment. All the rates are 
much slower than the gas evolution of the unstabilized polymer. In the 
Melt Indexer, with a low concentration of this additive, the flow rate 
is fairly irregular and similarly displays an upward break or trend after a 
period that appears to depend on the dosage used.

The total time required for onset of gas evolution R3, less 20 minutes 
for initial temperature equilibration, is plotted versus the hypothetical 
complex concentration in Figure 6. The instability points of flow curves 
at 230°C are included in Figure 6 for comparison. Two possible straight- 
line fits are shown. Assuming that the ordinate of Figure 6 represents

T A B L E  V I I I
P h y s ic a l  P r o p e r t ie s  o f  S t a b i l i z e d  P o l y e t h y l e n e  S u K id e )  

M o l d e d  A f t e r  V a r io u s  H o l d  T im e s  a t  2 1 6 ° C

S e r ie s
H o l d  t i m e  a t  2 1 6 ° C  

p r io r  to  m o ld in g ,  m in
T e n s i le  s t r e n g th ,  

p s i
E lo n g a t io n  a  

b r e a k ,  %

A p p a r e n t  m o le c u la r  
t  w e ig h t  o f  

m o ld e d  p a r t

A 0  ( c o n t r o l ) 1 1 ,9 0 0 9 . 3 2 2 8 0 , 0 0 0
5 1 1 ,7 4 0 8 . 2 3 2 6 0 , 0 0 0

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

B * 0  ( c o n t r o l ) 1 1 ,3 1 0 8 . 0 6 2 8 0 , 0 0 0
3 0 1 1 ,0 5 0 9 . 1 5 2 8 5 , 0 0 0
6 0 1 1 ,4 3 0 7 .7 1 2 8 0 , 0 0 0
9 0 1 0 , 1 1 0 5 . 4 6 2 7 0 , 0 0 0

1 2 0 1 1 ,3 1 0 7 . 9 9 2 6 0 , 0 0 0

E D u p l ic a t in g  o r ig in a l  c o n d it io n s .

the time at which the stabilizer complex has been used up, the slopes in
dicate that the stabilizer complex is consumed at a rate of 2.1-2.6 X 10-5 
mole/ES unit/min. At this temperature, the rate of gas generation of 
unstabilized polymer is about 10 X 10~5, so each mole of stabilizer sup
presses the evolution of 4 or 5 moles of gas. This is order-of-magnitude 
agreement with the stoichiometry of the proposed mechanism which uses 
both ZnO groups to heal a scission. Obviously, if one ZnO will do the job 
or if more than one mole of gas is evolved/scission, the agreement is even 
better.

From Figure 6, it may be inferred that a standard poly (ethylene sullide) 
stabilized with 2 phr BDPPO and 1 phr zinc hydroxychloride will survive 
2 hr at 230°C. Such polymer was injection-molded with hold times 
(at 216°C) in the machine barrel of 0 to 120 min. The molded parts 
were studied by tensile-elongation determinations, Melt Indexer stability, 
thermogravimetry, and dynamic differential calorimetry. None of these 
techniques revealed any breakdown in molecular weight or stability of the
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polymer. As an example, physical properties of standard tensile-test 
bars molded after various hold times are given in Table VIII.

W e  a r e  in d e b t e d  t o  th e  D u n lo p  R e s e a r c h  C e n t r e s ,  S h e r id a n  P a r k ,  O n t a r io ,  C a n a d a  
a n d  B i r m in g h a m ,  E n g la n d  f o r  a  s u p p lj '  o f  th e  m o d e l c o m p o u n d  D B T  a n d  fo r  s a m p le s  o f  
p o ly  (e th y le n e  s u l f id e )  in i t i a t e d  b y  a  m e t a l  m e r c a p t id e ,  as w e l l  as  fo r  e x te n s iv e  d is c u s s io n s  
o f th is  w o r k .  W e  a ls o  w is h  to  a c k n o w le d g e  th e  m a n y  c o n t r ib u t io n s  o f  o u r  p r e s e n t  a n d  
fo r m e r  c o lle a g u e s  a t  T h i o k o l  C h e m ic a l  C o r p o r a t io n ,  in  p a r t i c u la r  M .  B . B e r e n b a u m ,
S . W .  O s b o rn ,  S . M .  E l le r s t e in ,  G .  F .  B u lb e n k o ,  a n d  R .  Is a a c ,  as w e l l  as I .  L .  D e w i t t  o f  
th e  E l k t o n  D iv is io n ,  w h o  p e r fo r m e d  th e  G C - M S  a n a ly s e s  a n d  a s s is te d  in  th e i r  i n t e r 
p r e t a t io n .
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Poly (ethylene sulfide). III. Oxidative Degradation

.MARINA N. GILL1S, E. H. CATS1EE, and RIAD H. GOBRAN, Thiokol 
Chemical Corporation, Trenton, New Jersey U8(!U7

Synopsis

I n je c t io n - m o ld e d  p o l y e t h y l e n e  s u l f id e )  c o n ta in in g  p o ly a m in e s  a n d  z in c  s a lts  as  t h e r 
m a l  s ta b i l iz e r s  h a s  e x c e l le n t  p h y s ic a l  p r o p e r t ie s  a t  r o o m  t e m p e r a tu r e ,  b u t  d is c o lo rs  
r a p i d ly  o n  a i r  a g in g  a t  lñ O ° C ,  w i t h  e m b r i t t l e m e n t  a n d  g e n e ra l  d e t e r io r a t io n  o f  p r o p e r t ie s .  
D e g r a d a t iv e  b r e a k d o w n  u n d e r  th e s e  c o n d it io n s  is p r e p o n d e r a n t ly  t h e r m o - o x id a t iv e  in  
n a t u r e .  T h e  s i te  o f  th e  p o ly m e r ’s th e r m o - o x id a t iv e  i n s t a b i l i t y  w a s  s o u g h t  in  o x id a t io n  
e x p e r im e n t s  in v o lv in g  th e  re s in  as  w e l l  as m o d e l  c o m p o u n d s  fo r  t h e  p o ly m e r ’s o r g a n ic  
s t r u c tu r e .  I d e n t i f ic a t i o n  s tu d ie s  w e r e  c a r r ie d  o u t  o n  th e  o x id a t io n  p r o d u c ts  o f  3 ,6 -  
d i t h ia o c t a n e  ( a  m o d e l c o m p o u n d ) .  R a t e  o f  o x y g e n  c o n s u m p t io n  b y  th e  m o d e l  c o m 
p o u n d  w a s  m e a s u re d  b y  a  p r e s s u r e -b o m b  te c h n iq u e  a n d  b y  a  v o lu m e t r ic  m e th o d .  O x i 
d a t io n  o f  th e  m o d e l c o m p o u n d  w a s  fo u n d  to  p r o c e e d  in d e f in i t e ly  as lo n g  as th e  s u p p ly  
o f  o x y g e n  w a s  re p le n is h e d . R a t e  o f  o x id a t io n  w a s  n o n a c c e le r a t in g  a n d  in d e p e n d e n t  o f  
o x y g e n  p re s s u re  w i t h i n  t h e  ra n g e  1 . 7 - 3  a t m  0 - ..  T h e  g a s e o u s  p r o d u c ts  o f  th e  o x id a t io n  
o f  u n s ta b i l iz e d  (n o  p o ly a m in e )  r e s in  w e r e  fo u n d  to  b e  id e n t ic a l  to  th e  p r o d u c ts  f r o m  th e  
o x id a t io n  o f  th e  m o d e l c o m p o u n d . A  m e c h a n is m  h as  b e e n  p ro p o s e d  t a k in g  in t o  a c 
c o u n t  th e  p r o d u c ts  is o la te d  a n d  id e n t i f ie d ,  a n d  th e  n o n a c c e le r a t in g  n a t u r e  o f  th e  o x id a 
t io n .  T h e  p o ly  (e th y le n e  s u l f id e )  s t r u c tu r e  is a b le  to  d e c o m p o s e  h y d r o p e r o x id e s  v i a  
f o r m a t io n  o f  s u lfo x id e s , p r e v e n t in g  th e  a c c e le r a t io n  o f  th e  o x id a t io n  r e a c t io n .  W h i le  
e f fe c t in g  th is  r a d ic a l  d e a c t iv a t io n ,  th e  p o ly m e r  c h a in s  a r e  c le a v e d ,  w i t h  a  r e s u l t a n t  loss  
i n  m o le c u la r  w e ig h t  a n d  p h y s ic a l  p r o p e r t ie s .  S o m e  success h a s  b e e n  m e t  in  th e  u se  o f  
in o r g a n ic  o r  m e t a l lo - o r g a n ic  a d d it iv e s  as  a n t io x id a n t s .  A m o n g  th e s e  a r e  d i t h io c a r -  
b a m a t e  s a lts  a n d  s e le n o c y a n a te s .  T h e  e f fe c t iv e n e s s  o f  th e s e  c o m p o u n d s  h a s  b e e n  d e m 
o n s t r a te d  in  th e  p o ly m e r ,  a n d  a  s u g g e s te d  r a t io n a le  fo r  s t a b i l i z a t io n  is  g iv e n .

Ethylene sulfide can be polymerized to a crystalline high molecular 
weight resin by anionic1 or coordination-type catalysis.2'3 The first 
article in this series4 described a two-step polymerization method in which 
diethylzinc-water was used as catalyst for ethylene sulfide monomer to 
form an initial seed. This seed was used to further polymerize fresh 
monomer to the desired particle size and bulk density.

The injection molding of poly(ethylene sulfide), mp ~210°C, which 
requires molding temperatures in the range of 220-260°C, was successfuly 
accomplished by the use of certain thermal stabilizers to prevent thermal 
degradation at these high temperatures. The second article in this series5 
dealt with the thermal degradation problem and described the use of poly- 
amines in presence of certain zinc salts as excellent stabilizers for poly
ethylene sulfide). Molded polymer containing this stabilizer system has
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T A B L E  I
C o m p a r a t iv e  A g in g  S t u d y  o f  S t a b i l i z e d  M o ld e d  
P o ly ( e t h y le n e  S u l f id e )  in  N -. a n d  A i r  a t  1 2 1 ° C

U n a g e d
( C o n t r o l )

A g e d in  N 2 A g e d  in a i r

P h y s ic a l  P r o p e r t ie s 2  d a y s 5  d a y s 2  d a y s 5  d a y s

M a x i m u m  te n s i le ,  p s i 1 0 ,3 0 0 1 0 ,7 0 0 1 0 ,8 0 0 6 , 2 0 0 2 , 5 0 0
M a x i m u m  e lo n g a t io n ,  % 6 . 4 5 . 0 5 . 1 1 . 9 0 . 7
¡M o d u lu s  o f  e la s t ic i t y ,

p s i 3 6 6 , 0 0 0 4 0 1 , 5 0 0 4 3 2 , 0 0 0 4 0 5 , 0 0 0 4 3 3 , 0 0 0
N o t c h e d  I z o d  im p a c t ,

f t - l b / i n 1 .o s 1 . 0 3 0 . 9 7 0 . 1 5 0 . 0 1

A p p a r e n t  m o le c u la r
w e ig h t * 2 5 0 , 0 0 0 2 4 5 , 0 0 0 2 4 0 , 0 0 0 1 7 5 ,0 0 0 1 6 3 ,0 0 0

D e n s i t y ,  s u r fa c e  la y e r ,
g /c c 1 .3 4 3 1 . 3 4 8 1 . 3 5 2 1 .3 6 4 1 .3 7 5

*  C a lc u la t e d  f r o m  m e l t  v is c o s i ty  m e a s u r e m e n ts .6

excellent mechanical properties as an engineering thermoplastic as shown 
in Table I.

It was found, in parallel experiments, that the molded polymer main
tained its properties when aged at 121°C under nitrogen with careful 
exclusion of trace oxygen. However, aging the polymer at the same

M

F ig .  1 . T h e r m o g r a m s  o f  th e  d i f f e r e n t ia l  t h e r m a l  a n a ly s is  in  N 2 o f  p o l y e t h y l e n e  s u l f id e )  
c o n ta in in g  t h e r m a l  s t a b i l i z e r  s y s te m  1 %  Z n O  a n d  2 %  b is [ p - ( 2 ,5 - d ia z a p e n t y l ) p h e n y l ]
o x id e  fo r  ( a )  h e a t in g  c y c le  a n d  ( 6 ) c o o lin g  c y c le :  ( --------- )  t h e r m o g r a m  in  N 2 o f  a  s a m p le
w h ic h  h a d  u n d e rg o n e  p r io r  m e l t in g  a n d  c r y s t a l l i z a t io n  in  th e  D T A  te s t  c h a m b e r  in  a n  a i r  
a tm o s p h e r e ;  (— )  t h e r m o g r a m  in  N 2 o f  a  s a m p le  w h ic h  h a d  u n d e rg o n e  p r io r  m e l t in g  a n d  
c r y s t a l l i z a t io n  in  th e  D T A  te s t  c h a m b e r  in  a  N 2 a tm o s p h e r e .  M o l t e n  s a m p le  h e ld  a t  
2 2 5 ° C  in  N 2 fo r  1 5  m in  p r io r  to  c o o lin g .
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temperature in an air atmosphere resulted in severe deterioration of 
properties, particularly the elongation and impact strength (Table I). 
This characteristic deterioration in properties is generally accompanied 
by surface cracking and the appearance of a 1715 cm-1 band in the infrared 
spectrum indicating carbonyl formation. Oxidative degradation at high 
temperatures affects only the surface layer of a molded specimen. It was 
found that after the oxidized surface layer was scraped, the original proper
ties were again obtained. Also, the density of the oxidized layer was 
considerably higher than that of the original or nitrogen-aged polymer 
(Table I).

The effect of oxidative and nonoxidative environments was also studied 
by differential thermal analysis (DTA). Polymer containing the thermal 
stabilizer system showed the same sharp melting and crystallization peaks 
when the DTA measurements were repeated twice under N2 atmosphere. 
When the measurements were carried out first in air, and then under N2, 
shifts and broadening of these peaks were observed indicating oxidative 
degradation. Superimposed thermograms of the second cycle (N2) in 
each experiment are shown in Figures la and 16.

DITHIAOCTANE AND TRITHIAUNDECANE AS MODELS FOR 
POLYMER IN OXIDATIVE STUDIES

Due to the difficulties inherent in conducting experiments on the high 
molecular weight poly (ethylene sulfide), 3,6-dithiaoctane and 3,6,9-tri- 
thiaundecane were selected as suitable model compounds representing the 
repeat unit structure of the polymer but without the polymer’s complicat
ing features of catalyst fragments, end groups and crystallinity.

—S—CH2—CH2—S—CH2—CHj—S—
Polymer

CH3CH2—S—CH2CH2—S—CHaCU.i 
3 , 6 - D i t h i a o c t a n e  
(b p  2 1 0 - 2 1 3 ° C )

CH3CH2—S—CH2CH2—S—CH2CH2—S—CHiCHs 
3 ,6 ,9 - T r i t h ia u n d e c a n e  

(m p  1 7 ° C ,  b p  1 5 7 ° C / 8 - 9  m m )

Before any oxidative studies were carried out, the thermal stability 
of dithiaoctane was established by heating it at 150°C for 40 hr under 
30 psi N2 pressure after careful removal of oxygen. Gas chromatographic 
analysis showed only traces of decomposition products. Also, there was 
no increase in pressure during the experiment indicating that no volatile 
decomposition products were formed. This experiment demonstrated the 
stability of dithiaoctane under nonoxidative conditions and justified its 
use as a model compound for the polymer in oxidative st udies.
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Dithiaoctane was synthesized according to reactions (1) and (2).6
CHaOH

C H 3C H 2S H  +  K O H -------------- > C H 3C H 2S K  +  H 20  ( 1 )
h 2o

heat
2  C H 3C H , S K  +  C 1 C H 2C H 2C 1 -------------- > C H 3C H 2S C H 2C H 2S C H 2C H 3 +  2  K C 1  ( 2 )

( D i t h i a o c t a n e )

The crude product obtained in about 80% yield was fractionally distilled 
until impurities detectable by gas chromatography were essentially re
moved.

3,6,9-Trithiaundecane was synthesized by reactions (3) and (4).6
CHjOH

H S C H 2C H 2S C H 2C H 2S H  +  2  K O H ---------------> K S C H 2C H 2S C H 2C H 2S K  +  H 20  ( 3 )H2O, heat 
CH3OH

K S C H 2C H 2S C H 2C H 2S K  +  2  B r C H 2C H 3 ---------------------- >
H 2O, 30-45°C

C H 3C H 2S C H 2C H 2S C H 2C H 2S C H 2C H 3 +  2  K B r  ( 4  ) 

( t r i t h i a u n d e c a n e )

The product, obtained in 58% yield, was repeatedly distilled until 99.7% 
purity (by gas chromatography) was achieved.

TECHNIQUES USED IN THE STUDY OF OXIDATION

The techniques used in following the oxidation of the model compound, 
dithiaoctane, were equally applicable to the higher model homolog, tri
thiaundecane, as well as to the high molecular weight polyethylene sulfide). 
The oxidation study was composed of two parts: (1) quantitative deter
mination of oxygen uptake as a function of time and, (2) identification 
of oxidation products by various analytical techniques.

The oxygen uptake experiments were carried out in either a constant- 
volume, variable-pressure bomb apparatus, or a variable-volume, constant- 
pressure gas buret. All the oxidation experiments were carried out at a 
constant temperature of 150°C and generally without agitation. In a 
comparative experiment with the gas buret apparatus, the rate of oxidation 
of dithiaoctane at 150°C was 1.5 times as great when the system was 
agitated, compared to a nonagitated system. This shows that the effect of 
oxygen diffusion is not of major importance.

The bomb apparatus used consisted of a stainless-steel pressure bomb 
of the ASTM Norma-Hoffman type equipped with a pressure gauge and a 
Pyrex glass container as a sample holder. In a typical experiment, 
25 ml dit hiaoctane was charged into the glass container, the bomb was then 
assembled and pressurized with oxygen until the total air plus oxygen 
pressure reached 30 psig at room temperature. The bomb was then sealed 
and placed in a constant-temperature bath at 150°C. After thermal 
equilibrium was reached, the decrease in pressure was followed as a func
tion of time and, when necessary, the consumed oxygen was replenished



after cooling the bomb to room temperature. Knowing the volume of the 
bomb, the pressure drop could be converted into apparent moles of oxygen 
consumed. Typically, 25 ml of dithiaoctane consumed the available 
oxygen in about 20 hr at 150°C. The bomb technique has several draw
backs: (a) the thermal lag in attaining temperature equilibrium, about
1 hr after immersion, masks the initial rate of oxidation; (b) the build-up 
of gas products makes it difficult to determine true oxygen consumption 
since only the net drop in pressure is measured; and (c) the metallic 
surface of the bomb might affect the mechanism of oxidation, but this 
was minimized by use of a glass container for the compounds under study. 
In spite of these problems, the bomb technique was useful in that it allowed 
for many experiments to be performed simultaneously. Analysis of the 
gaseous and liquid products of oxidation were carried out after the bomb 
had cooled to room temperature.

The gas buret used was a conventional apparatus. In a typical oxidat ion 
experiment, 10.0 g of dithiaoctane was weighed into a 25-ml round-bot
tomed flask containing glass beads. The beads were used to adjust the 
available volume in the flask so that the amount of oxygen introduced 
into the cold flask would not be too great for the buret when heat was 
applied. Air was excluded from the buret by raising the mercury level 
with the leveling bulb up to the three-way stopcock and sealing the stop
cock. An ice bath was then applied to the reaction flask to freeze the 
dithiaoctane. Vacuum was next applied to evacuate the flask and tube 
up to the stopcock and 0 2 was introduced in the evacuated system. The 
frozen dithiaoctane was allowed to melt at room temperature, and then 
the reaction flask was immersed in an oil bath at a constant temperature of 
150°C. The stopcock was opened between buret and flask, and the 
oxygen in the heated flask was allowed to expand, filling the gas buret. 
As heating continued, the oxidation of dithiaoctane consumed oxygen, as 
manifested in a rising Hg level and decreased gas volume. This decreasing
0 2 volume was read periodically. Gas in the buret was maintained at a 
pressure of 1 atm by continuously adjusting the mercury leveling bulb as 
the oxidation and 0 2 consumption progressed so that the Hg levels in 
the manometer arm (open to the atmosphere) and the gas buret arm were 
always level. Since pressure was maintained constant at 1 atm, the gas 
volume consumed, measured in milliliters, could subsequently be converted 
to moles 0 2. The total readable volume in the gas buret was 7 ml, corre
sponding approximately to the volume of 0 2 consumed by the 10 g of 
dithiaoctane at 150°C in 4 hr.

The advantages of the gas buret system are that its glass surfaces pre
sented no threat of contamination and it could be easily and thoroughly 
cleaned. Further, it was so designed that a trap with molecular sieves 
could be included if desired. The trap was used to absorb gaseous oxida
tion products when a true measurement of gas consumption was required. 
The trap was eliminated when a build-up of gaseous products for analytical 
purposes was preferred. Frequently parallel oxidation experiments were
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carried out- in presence and absence of the trap. After oxidation, analysis 
was performed on liquid and gas products.

Similar sampling and analytical techniques were used for both the bomb 
and gas buret experiments to identify the oxidation products. Gaseous 
samples were taken for infrared analysis by venting the gases into an 
evacuated gas cell having 7.5 cm path length. Infrared spectroscopic 
analysis was performed on a Perkin-Elmer model 221. Gas chromato
graphic analysis of liquid samples was carried out on an Aerograph Model 
202. The liquid carrier was SE30 on Chrom W support. The tempera
ture of the column was 150°C, the injector was kept at 220°C and the 
detector at 2S0°C. Helium flow rate was maintained at 67 ml/min. 
To isolate a desired product, a cooled cell was fitted over the exit port ¡it 
the appropriate time. The concentrated fraction was then analyzed by 
infrared spectroscopy.

The mass spectrometric technique for analysis of liquid oxidation 
products consisted of trapping the effluent gas from the Aerograph instru
ment as a product was eluting, in an evacuated bulb which was cooled in 
liquid Nj, and then transferring the condensed sample by syringe into a 
CEC Mass Spectrometer Model 21-620A.

In the case of poly (ethylene sulfide), infrared analysis of the gaseous 
decomposition products was carried out similarly to that cf the model 
compound. Analysis of the solid breakdown products, trapped in the 
intractable polymer, was carried out on a compression-molded polymer film 
of 0.1 mm thickness. Films were oxidized in an air-circulating oven, 
maintained at either 150 or 120°C, and then analyzed by infrared spectros
copy. Analysis by this film technique is analogous to the infrared anal
ysis of liquid oxidation products from the model compound.

OXIDATION OF DITHIAOCTANE AT HIGH TEMPERATURES

Rate of Oxidation

Dithiaoctane consumed oxygen at an initial and apparently linear high 
rate at 150°C. After approximately 1 hr, the rate of oxygen uptake was 
reduced but continued to lie linear up to at least 4 hr (Fig. 2). This non- 
accelerating oxygen consumption contrasts sharply with the autoaccelerat- 
ing rate typical of polyethers as shown in Figure 2 for the dimethyl ether 
of tetraethylene glycol, ((' H :F) C  H 2 C II /  ) C 11 ATT) •) O, under the same experi
mental conditions.

The linearity of oxygen uptake by the dithiaoctane model compound, 
furthermore, was constant on long-term oxidation up to 120 hr as long 
as the oxygen consumed was replenished. Figure 3 shows data for three 
oxidation experiments, each showing a leveling of oxygen uptake when the. 
oxygen supply had been depleted. But by replenishing oxygen at the 
point that retardation would otherwise occur, the apparent oxygen consump
tion by the model compound was maintained at a constant rate.
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F ig .  2 . O x y g e n  u p t a k e  a t  ir> 0 ° C  a n d  1 a t m  0 2 b y  t h io e th e r  a n d  e t h e r  m o d e l c o m p o u n d s :  
( 0 )  t e t r a e t h v le n e  g ly c o l  d im e t h y l  e t h e r ;  ( O )  3 ,6 - d i t h ia o c t a n e .

Re0Ction time, hours

F ig .  3 .  A p p a r e n t  u p t a k e  o f  0 2 b y  2 6  g  3 ,6 - d i t h ia o c t a n e  o v e r  lo n g  p e r io d s  o f  t im e  a t  
J 5 0 ° C :  ( O )  o x y g e n  c h a rg e d  o n c e , 12  X  10 3 m o le ;  ( A )  o x y g e n  c h a rg e d  tw ic e ,  t o t a l l in g
2 2  X  1 0 - a  m o le ;  ) o x y g e n  c h a rg e d  th r e e  t im e s ,  t o t a l l in g  3 0  X  1 0 - 3  m o le .
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Bateman and Cunneen7 studied the oxidation of organic monosulfides 
at temperatures from 45 to 75°C. They observed that saturated mono- 
sulfides are inert towards oxygen at these temperatures. On tire other 
hand, unsaturated sulfides react readily with oxygen at 75 °C such that the 
initial rate is greater than that of comparable monoolefins. However, the 
rate of oxygen uptake by these unsaturated sulfides was reported to de
crease giving way to autoinhibition at an early stage of oxidation. Such 
inhibition was not observed in our work with dithiaoctane or poly(ethvlene 
sulfide) which was carried out at 150°C and in which oxygen was replenished 
when depleted.

It was also found in our study that the rate of apparent oxygen consump
tion is independent of oxygen pressure. Thus, from experiments carried 
out in pressure bombs, the rate of apparent oxygen uptake by dithiaoctane 
at 150°C was found to be approximately 2.4 X 10-3 mole of oxygen/hr/ 
mole of DTO at both 1.7 and 3.1 atm of oxygen partial pressure. No

E l u t i o n  t im e  i n  m in u te s

F ig .  4  ( c o n t in u e d )
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attempt- was made in these experiments to absorb the gaseous degradation 
products and thus the apparent oxygen uptake is lower than the true value.

The constant rate of oxidation over the pressure range studied shows that 
the oxidation of organic monosullides is not rate-dependent on oxygen 
concentration. This nondependency therefore, precludes direct oxygen 
attack on the molecule as the rate-determining step of oxidation, thus 
eliminating such possibilities as the reaction of molecular oxygen with the 
monosulfide to form a monosulfoxide as the initial rate-determining oxida
tion step. An attack of the molecule (by some mechanism) to form a free 
radical site is therefore suggested as the rate-determining step, preceding 
t he reaction with oxygen.

Identification of the Oxidation Products of Dithiaoctane

Liquid Products of Oxidation of Dithiaoctane. The distribution of 
liquid phase decomposition products of dithiaoctane was most readily

E lu t i o n  t im e  i n  m in u te s
F i g .  4  { c o n t in u e d )
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0.5 1.0 1.5 2.0 2.5

Elution time in minutes 

Fig . 4 (con tin u ed)

detected by gas chromatography. In Figure 4, a series of chromatograms 
is reproduced, representing oxidation reactions in the pressure bombs for 
varying lengths of time at 1">0°C. The product peaks are numbered so 
that their relative growth may be followed with time. Identification of 
the oxidation products was carried out by infrared (IR), gas chromatog
raphy (GC), and mass spectrometry as shown in Table II.

The infrared spectrum of oxidized dithiaoctane in Figure 5a was made 
with a cell having 0.10 mm path length, to approximate the intensity of 
absorptions usually obtained on oxidized polymer film, having 0.1 mm 
thickness.
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E l u t i o n  t im e  i n  m in u te s  

F i g .  4  ( c o n t i n u e d )

Liquid products identified from the oxidation of dithiaoctane at 1 50 °C 
are acetaldehyde, ethanethiol, diethyl monosulfide, ethyl vinyl sulfide, 3- 
thiapentanaldehyde, diethyl disulfide.

Water could not be definitely identified; it may be present in the infrared 
spectrum of the liquid phase, absorbing weakly. The analytical tech
niques supporting these identifications are listed in Table II.

Gaseous Products of Oxidation of Dithiaoctane. Oxidation of dithia
octane in the gas buret apparatus, in the absence of molecular sieves, was 
extended by repeated additions of 0 2 upon its depletion, for the specific 
purpose of accumulating a large amount of gaseous products for analysis
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F ig .  4 .  P a r t i a l  g as  c h r o m a to g r a m s  o f  th e  l iq u id  p h a s e  o f  3 ,6 - d i t h ia o o t a n e  o x id iz e d  a t  
lo O ° C  in  0 - 2  p re s s u re  b o m b s  fo r  v a r y i n g  le n g th s  o f  t im e  fo r  (a )  d i t h ia o e t a n e  b e fo re  o x id a 
t io n ,  a t t e n u a t io n  I X ;  ( b ) 1 h r  o x id a t io n ,  a t t e n u a t io n  I  X ;  (c )  2 - h r  o x id a t io n ,  a t t e n u a 
t io n  1 X ; (d )  4  h r  o x id a t io n ,  a t t e n u a t io n  2 X ; (e)  2 1  h r  o x id a t io n ,  a t t e n u a t io n  2 X  e x c e p t  
fo r  p e a k  (7, a t t e n u a t io n  4 X .  Id e n t i f ic a t io n  o f  p e a k s :  ( 1 ) a c e ta ld e h y d e ;  ( 2 )  e t h a n e -
t h io l ;  ( 2 A )  u n id e n t i f ie d ;  ( 3 )  e t h y l  v i n y l  s u lf id e  a n d  d i e t h y l  m o n o s u lf id e ;  ( 4 )  u n id e n t i 
f ie d ;  ( 5 )  3 - t h ia p e n t a n a ld e h y d e ;  (6 )  d i e t h y l  d is u l f id e ;  ( 7 )  d i th ia o e ta n e  i m p u r i t y ;  (S )  3 ,0 -  
d i th ia o e ta n e .

by infrared spectroscopy. Reaction was for IS hours at one atmosphere 
pressure. Because of a bath malfunction, the temperature was not known, 
but was believed to be between 120 and 150°C. The same gases were 
found to be the products of oxidation by pressure bombs at 150°C, by 
infrared analyses. A facsimile of the spectrum is depicted in Figure 6a.
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T A B L E  I I
A n a l y t ic a l  T e c h n iq u e s  I d e n t i f y i n g  th e  O x id a t io n  

P r o d u c t s  o f  D i t h ia o c t a n e

G C
p e a k
( F ig .

4 ) C o m p o u n d Id e n t i f ie d  b y

1 A c e ta ld e h y d e
( C H a C H O )

M a s s  s p e c t r o m e t r y
C o m p a r is o n  w i t h  111 o f  k n o w n  c o m p o u n d  

( c h a r a c t e r is t ic  b a n d  a t  1 7 3 0  c m - 1  fo r  
c a r b o n y l )

C o m p a r is o n  w i t h  G C  o f  k n o w n  c o m p o u n d

2 E t h a n e t h i o l
( C H a C H j S H )

M a s s  s p e c t r o m e t r y
C o m p a r is o n  w i t h  G C  o f  k n o w n  c o m p o u n d

3 E t h y l  v i n y l  s u lf id e  
( C H 3C H » S C H = C H i )

M a s s  s p e c t r o m e t r y  a n d  a n a lo g y  w i t h  
e t h y l  v i n y l  e t h e r  f r a g m e n t a t io n  

I R  w i t h  c h a r a c te r is t ic  b a n d s  a t  1 5 9 0  c m - 1

3 D i e t h y l  m o n o s u lf id e
(C H a C H a S C H a C H a )

M a s s  s p e c t r o m e t r y
C o m p a r is o n  w i t h  G C  o f  k n o w n  c o m p o u n d

5 3 - T h ia p e n t a n a ld e h y d e
( C H a C H j S C H a C H O )

M a s s  S p e c t r o m e t r y  
1 7 1 5  c m - 1  p e a k  in  I R

6 D i e t h y l  d is u lf id e  
( C H a C H j S S C I I a C I I a )

M a s s  s p e c t r o m e t r y
C o m p a r is o n  w i t h  I I !  a n d  G C  o f  k n o w n  

c o m p o u n d  
E le m e n t a l  a n a ly s is

F ig .  5 . P a r t i a l  in f r a r e d  s p e c t r a  o f  o x id iz e d  p o ly  (e th y le n e  s u l f id e )  a n d  m o d e l  c o m 
p o u n d s :  ( a )  l iq u id  p h a s e  o f  3 ,6 -d it .h ia o c ta n e  o x id iz e d  4  h r  a t  15 0 ° C  in  1 a t m  0 2; (b)
l iq u id  p h a s e  o f  3 ,6 ,9 - t r i t h ia u n d e e a n e  o x id iz e d  4  h r  a t  1 5 0 ° C  in  1 a t m  0 2; (c )  p o ly  ( e t h y l 
e n e  s u l f id e )  c o m p r e s s io n -m o ld e d  f i lm ,  (■ ■ • )  im a g e d  a n d  ( --------- ) a g e d  in  a i r ,  16  h r  a t 1T>()°C.
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F ig .  6 . I n f r a r e d  s p e c t r a  o f  g a s e o u s  p r o d u c ts  o f  o x id a t io n  o f  3 ,6 - d it .h ia o c t a n e  ( t o p )  a n d  
p o l y ( e t l i y le n e  s u l f id e )  ( b o t t o m )  a t  1 5 0 ° C  in  1 a t m  0 > .  Id e n t i f ic a t i o n  o f  p e a k s :  ( 7 )
e t h y le n e ;  (7 7 )  a c e ta ld e h y d e ;  ( / / / )  C O . ;  ( I V )  ( , ' ( ) ;  ( V )  C O S .  1 X  a n d  5 X r e p r e s e n t  e x 
t e n t  o f  s c a le  e x p a n s io n .

Identifications were assigned by comparison with reference spectra of the 
known gases.

Gasueos oxidation products of dithiaoctane are acetaldehyde, carbon 
dioxide, carbon monoxide, ethylene, and carbonyl sulfide. No absorptions 
due to water are evident in the spectrum.

OXIDATION OF POLY (ETHYLENE SULFIDE) AT HIGH 
TEMPERATURES

Rate of Oxidation
The rate of oxidation of poly (ethylene sulfide) at an oxygen pressure of 

1 atm, in moles of oxygen consumed per unit ethylene, sulfide per hour, 
was found to be 1.4 X 10~4 for polymer powder and 1.6 X 10~4 for polymer 
film having thicknesses of about 0.1 mm or less at the same temperature. 
This agreement suggests that the thickness of both powder and films used 
are within the limits of diffusability of oxygen. Again, due to a malfunc
tion in the temperature control, the exact bath temperature was not known 
but was believed to be between 120 and l.r>0°C.

Under identical temperature conditions, the rate of oxidation of dithia
octane was found to be 6.3 X 10~4 mole oxygen consumed per mole of 
model compound per hour. Considering dithiaoctane to correspond to two
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repeat units in the polymer, the rate of oxidation becomes 3.15 X 10“4 
mole of oxygen consumed per unit of ethylene sulfide per hour. Thus the 
rate of oxygen uptake per ethylene sulfide repeat unit is only two times as 
great for the model compound as for the high molecular weight polymer. 
This is considered to be fairly good agreement, especially since the model 
compound is a liquid and the polymer is in the form of solid powder or film.

The similarity of oxidation rates between model and polymer suggests 
that the degradation mechanisms are similar as will be confirmed by 
analysis of the oxidation products.

Identification of the Oxidation Products of 
Polyethylene Sulfide)

Gaseous Products of Oxidation. Polymer and model compound were 
oxidized in parallel experiments in gas buret assemblies under the same 
conditions of temperature and pressure, for extended periods of time, and 
in the absence of molecular sieves, in order to accumulate gaseous prod
ucts. Their infrared spectra are shown in Figure 0.

The same gaseous breakdown products are found in both spectra, further 
supporting the similarity of oxidation mechanism in polymer and model; 
they are acetaldehyde, carbon dioxide, carbon monoxide, ethylene, and 
carbonyl sulfide.

Solid Products of Oxidation. Due to the intractability of the polymer, 
it was impossible to isolate breakdown products due to oxidation. Detec
tion of breakdown products in the molded polymer was therefore limited 
to the interpretation of consistent infrared absorptions by the polymer film.

The most characteristic absorption reflecting oxidation was at 1715 
cm-1. This was postulated to be due to the formation of a terminal 
carbonyl ¡3 to a sulfur atom ('v"'CH2CH2SCH2CHO). A 1590 cm-1 ab
sorption, less strong, was equally characteristic and was considered due to 
terminal unsaturation also /3 to a sulfur (~~CH2CH2—S—CH=CH2) 
(Fig. 5c).

The 1715 c n r 1 and 1590 cm“ 1 absorptions were similarly found in the 
spectra of the liquid phase of oxidized trithiaundecane, as shown in Fig. 56. 
In dithiaoctane, the 1590 cm“ 1 peak is seen (Fig. 5a), but the carbonyl 
absorption is strong at 1730 cm“ 1 (which has been identified as due to 
acetaldehyde), as well as at 1715 cm“ 1. The probable identity of the 
species absorbing at 1715 cm” 1 among the liquid breakdown products of 
trithiaundecane is 3-thiapentanaldehyde, (H3CCH2SCH2CHO). It 
seems reasonable to suspect a /3-sulfur of being responsible for the small 
shift to a longer wavelength. Such a small shift was observed in compar
ing the carbonyl absorptions of acetic acid and ethylthioacetic acid.

MECHANISM OF OXIDATION
The products identified from the thermo-oxidative breakdown of the 

poly (ethylene sulfide) structure are consistent with the products one would 
anticipate from a free-radical oxidation in which the hydroperoxide is
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decomposed to nonradical fragments. Such a scheme was specifically 
outlined by Bateman et al.,8 and the general form of this scheme was also 
described by Barnard et al.9 Our proposed mechanism for the oxidation 
of poly (ethylene sulfide) is outlined in Figure 7. The decomposition of the 
hydroperoxide is outlined in Figure 8. The sulfoxide (IV) is decomposed 
by 13 elimination (Fig. 8) according to the scheme of Carruthers et al.10

The oxidation products obtained in the liquid phase from the breakdown 
of dithiaoctane, are, in general, models of the polymer chain terminals 
that are formed by oxidative scission. Thus ethyl vinyl sulfide is the 
model for terminal unsaturation (VIII). Since the products are chain 
terminals frozen in a solid polymer, one cannot expect them to react with 
each other, as do the small molecules in the liquid dithiaoctane: e.g., an 
exceptionally prominent accumulation of diethyl disulfide was found to 
result from oxidation of dithiaoctane, but the coupling of polymeric sulfenyl 
radicals or the oxidation of mercaptan terminals to form a disulfide linkage 
is much less probable. Similarly, acetaldehyde and 3-thiapentanaldehyde 
are each predictable from the oxidation of dithiaoctane, depending on 
where the hydroperoxide forms; but both serve as the model for the 
same polymeric aldehyde terminal, ^SCIBCi^SCIBCilO (VI), absorbing 
in the infrared at 1715 c n r 1.

The discovery of acetaldehyde as a gaseous oxidation product of the 
polymer itself requires some rationalization. The most reasonable ex
planation is that acetaldehyde is a secondary breakdown product, resulting 
from a liomolytic scission of the polymeric aldehyde (VI) at the C—S bond 
f3 to the carbonyl.

H
I

•C H ,C H ,S C H ,C = 0

VI

H H

H
I

C H ;,C = 0
-C H 2CB,S- +  'C H ,C = 0  

1 
H

X

The driving force for the formation of acetaldehyde is based on the relative 
stability of both radicals formed by the scission: the stability of the sulfenyl 
radical is well-known, and the vinyloxy radical (X) can exhibit resonance 
stabilization until it abstracts hydrogen to form acetaldehyde.

Such an argument was presented by Grassie11 to explain the observed 
formation of acetaldehyde in the thermal breakdown of poly (ethylene 
terephthalate):

f
0 = C H — CH, 0 = C H C H ,
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The two-step mechanism of acetaldehyde generation from the polymer 
can also explain why the carbonyl absorption at 1715 cm-1 characteris
tically reaches a limiting level: the formation of an aldehydic chain ter
minal approaches a rate equilibrium with the subsequent scission reaction 
generating acetaldehyde.

As indicated in Figure 8, the vinyloxy radical, in the presence of 0 2, 
could well be the precursor of an oxalic acid moiety, which would yield 
CO on dehydration. Another source of oxalic acid could conceivably be 
the thionylacetaldehyde endgroup (Y) postulated as one result of intra
molecular hydroperoxide decomposition. Szmant12a cites the decomposi
tion of phenylthionylacetic acid at 130-T50°C to form benzenethiol and 
glyoxalic acid. That a large part of the polymer hydroperoxide (I) may 
decompose intramolecularly to provide the thionylacetaldehyde (V) is 
suggested by Szmant’s conclusion,12b from the findings of Kharasch et- ah,13 
Szmant, and Lapinski,14 and Oswald,15 that a /3-hydroperoxide sulfide can 
give a quantitative yield of the corresponding /3-hydroxy sulfoxide (our 
compound II, which is a hemithioacetal).

One obvious shortcoming of this oxidation mechanism is its failure to 
account for COS. The entity —S—C—0 — is present in several of the 
intermediates, e.g., I, II, and III, but it is not obvious how any of these 
would decompose to release COS.

STABILIZATION

Before the inception of the fundamental studies on poly (ethylene 
sulfide) oxidation, exhaustive screening studies had been carried out in
volving all classes of ant ioxidants. Poly (ethylene sulfide) was found 
to be totally unresponsive to conventional antioxidants. Only the dit-hio- 
carbamates, particularly lead A7,.Y-dimethyldithiocarbamate, and the 
chalcocyanates, especially KSeCN, prevented the rapid failure in proper
ties that was shown in Table I. Data from some stabilization studies are 
given in Table III.16’17

In the light of the fundamental work, the reason for resistance to stabili
zation by additives is clear: the polymer is self-stabilized; hydroperoxides 
are decomposed and oxidation never is permitted to attain the rate accelera
tion typical of uninhibited radical oxidations. The basic problem, re
sulting in deterioration of properties, is that the stabilizer is the polymer 
itself; and a fundamental part of the stabilization mechanism is the sub
sequent scission of chains. The antioxidant required, therefore, to stabi
lize the poly (ethylene sulfide) structure against oxidation must be even 
more efficient than the polymer itself, and preferably more reactive toward 
the initiating species than is oxygen.

Antioxidant effectiveness in preventing oxidation of the polymer was 
followed in two ways: (1) by infrared analysis of air-aged compression 
molded polymer film containing the antioxidant; (2) by measurement of 
the Izod impact strength of air-aged molded test-pieces containing the 
antioxidant. Although measurement of a physical property is the closest
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indication of actual performance of the molded resin, the use of infrared 
scanning of a film was equally useful to the screening of antioxidants, 
in that sample preparation of films was more economical in both time and 
material required for an extensive aging study. Since the thermal stabi
lizers6 were normally omitted from the films (to simplify the spectra), a 
more straightforward approach to the oxidation reactions was achieved, 
also.

As described earlier, the 1715 and 1590 cm-1 infrared absorptions were 
characteristically prominent following the air-aging at 150°C for 10 hr 
of poly (ethylene sulfide) having no addit ives. Both oxidation peaks were 
absent, under these aging conditions, when the following additives were 
present: 2 phr cupric bromide, 2 phr cupric chloride, 1 phr mercuric chlo
ride, 1 phr stannic chloride, or 1 phr bismuth trichloride. When the 
polymer film was similarly aged in presence of 2 phr cupric acetate or 2 
phr cupric butyl phthalate, the 1715 c n r 1 absorption was either absent 
or much diminished, while the 1590 c n r 1 absorption was present. Films 
containing 1 phr lead dimethyldithiocarbamate or KSeCN also developed 
the 1590 cm-1 absorption on aging, with the 1715 cm-1 absorption absent 
or much diminished.

The possible reactions of a reducible cation with an alkyl radical have 
been outlined by Kochi.18 In his reaction schemes, electron transfer pro
duces terminal unsaturation, whereas ligand transfer produces no unsatu
ration. If the predominant means of radical generation, initiating the ox
idation reaction, is due to the slow thermal scission of the C—S bond,6 the 
resulting alkyl fragment would be the active initiating species.

Following Kochi, if a salt capable of electron transfer (e.g., salts of 
organic acids) were present, the alkyl radical fragment would Ire tie- 
activated :

------CH2CH2SCH2CH2- +  Cuu At----------- -------- CH2CH2SCH =CH 2 +  HAc +  CiGAc

The resulting structure with terminal unsaturation should absorb at 1590 
cm-1. However if the salt of the reducible cation were a halide or pseudo
halide, ligand transfer would take place:

------CH2CH2SCH2CH2- +  Cuu Cl2 --------- >------CH2CH2SCH2GH2C1 +  Ca'Cl

In this case, neither the carbonyl nor unsaturation absorptions would 
be evident.

We are indebted to the Dunlop Research Centres, Sheridan Park, Ontario, Canada and 
Birmingham, England for extensive discussions of this work. We also wish to acknowl
edge the many contributions of our present and former colleagues at Thiokol Chemical 
Corporation, in particular M. B. Berenbaum, S. W. Osborn, 8. M. Ellerstein, (î. F. 
Bulbenko, and R. Isaac as well as I. L. Dewitt of the Elkton Division, who performed 
the GC-MS analyses and assisted in their interpretation.



1311 G IU J S , C A T S!I l 1', AND GOBRAN

References
1. P. Sigwalt, Chim. Ind.-Genie Chim., 96, 909 (1966).
2. R. H. Gobran and S. W. Osborn (tu Thiokol Chemical Corp.), U.S. Pats. 3,365,429 

and 3,365,431 (Jan. 23, 1968).
3. R. H. Gobran, in Encyclopedia of Polymer Science and Technology, Vol. 10, Wiley, 

New York, 1969, p. 324.
4. R. H. Gobran and R. Larsen, J . Polym. Sei. C, 31,77 (1971 ), paper I.
5. B. H. Catsiff, M. N. Gillis, and R. H. Gobran, J. Polym. Sei. A -l, 9, 1271 (1971).
6. F. Fehér and K. Vogelbruch, Chem. Her., 91,996 (1958).
7. L. Bateman and J. I. Cunneen, J . Chem. Soc., 1955, 1596.
8. L. Bateman, J. 1. Cunneen, and J. Ford, J. Chem. Soc., 1956, 3056.
9. D. Barnard, L. Bateman, and J. I. Cunneen, in Organic Sulfur Compounds, Vol. 

1, N. Kharasch, Ed., Pergamon Press, New York, 1961, Chap. 21.
10. W. Carruthers, I. D. Entwistle, R. A. W. Johnstone, and B. J. Millard, Chem. Ind. 

(London), 1966, 342.
11. N. Grassie, Chemistry of High Polymer Degradation Processes, Interscience, New 

York, 1956, p. 148.
12. H. H. Szmant in Organic Sulfur Compounds, Vol. I, N. Kharasch, Ed., Pergamon 

Press, New York, 1961, (a) p. 163; (b) p. 159.
13. M. S. Kharasch, W. Nudenberg, and G. J. Mantell, J. Org. Chem., 16, 524 (1951).
14. H. H. Szmant and R. L. Lapinski, J. Org. Chem., 21,847 (1956).
15. A. A. Oswald, J. Org. Chem., 24,443 (1959).
16. French Pat. 1,576,906 (to Thiokol Chemical Corp.) (June 2.3, 1969).
17. French Pat. 1,584,134 (to Thiokol Chemical Corp.) (Nov. 3, 1969).
18. J. K. Kochi, Science, 155, 415 (1967).

Received June 30, 1970 
Revised September 3, 1970



JOURNAL OK PO LY M ER SC IEN C E: PART A-l VOL. 9, 1315-1333 (1971)

Dissociation-Association Sorption on Ion Exchangers. 
I. Experimental Study o f Dependence o f Equilibrium  
Function o f Acidity in Ion Exchanger on Activity o f 

Hydrogen Ions in Aqueous Phase

MILAN NOVAK, N u c le a r  Research In s titu te ,
T he  Czechoslovak A ca d e m y  o f Sciences, R e z ,  P rague, C zechoslovakia

Synopsis

Equilibrium coloring of crystal violet, methyl violet, and dimethyl yellow sorbed on ion 
exchanger Dowex-oO-WX4 was studied by a spectrophotometric method as a function 
of the pH of the aqueous phase. From the data obtained, the function of acidity in a 
ion exchanger was calculated corresponding to individual equilibriums of the exchange 
reaction. A simple relationship between Ho' in a ion exchanger and t he pH of the aque
ous phase was found.

The regularities of ion exchange have been studied by means of indicators 
sorbed on ion exchangers only rarely.

Nys and Savickaja1 worked on a spectrophotometric determination of the 
ionization constant of m-nitroaniline sorbed on Dowex 50-X1. The value 
of the constant was found to be 2.75 ±  0.15. Savickaja et al.2 determined 
by another method the ionization constant of sorbed m-nitroaniline to be 2.6 
± 0.2. In the aqueous phase, the same constant had been found by Paul 
and Long3 to be 2.5. These data show that no appreciable change of the 
ionization constant occurs.

Surkova et al.4 compared the catalytic activity of hydrogen ions present 
in an ion exchanger, Dowex 50, with their activity in aqueous solutions of 
sulfuric acid in connection with the dehydration of tetracyclene. When 
p-nitroaniline was used as indicator, the pH values calculated by means of 
the Henderson-Hasselbach’s equation for hydrogen ions in the ion exchanger 
which had been in equilibrium with 0.2-3.5AT sulfuric acid were found to be 
practically the same as the values found for hydrogen ions in an aqueous so
lution of sulfuric acid of the same concentration. This result was verified 
by studying the kinetics of dehydration of tetracyclene in a sulfuric acid 
medium, the ion exchanger being in the form of hydrogen ions.

At the sulfuric acid concentrations used in the cited work, the ion ex
changer was essentially in the form of hydrogen ions. When the regulari
ties of the ion exchange are studied, it is this region of acidities, in which the
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ion exchanger turns from one form of some ion into another ion form that is 
practically important.

THEORETICAL

The most simple system was chosen for the examination of the depen
dence of the dissociated hydrogen ions activity in the ion exchanger on their 
activity in the external solution. The following exchange reactions are 
supposed:

(R- +  Na+). +  HC1 ^  (R - +  H+)s +  NaCl (la)

R -  +  ITS+ —  R H S (lb )

where R designates the functional ion exchanger group and s the ion ex
changer phase.

We suppose that the sodium counterions remain fully dissociated in the 
ion exchanger phase, while the hydrogen counterions are forming uncharged 
ionic associates with the functional groups. The experimental study of eq. 
(la) is presented in this paper. The generalization of results and descrip
tion of the equilibrium state will be given in another paper. Under the 
equilibrium conditions expressed by eq. (la), the activity of the hydrogen 
ions in the aqueous solutions may be experimentally determined by a glass 
electrode and the activity of dissociated hydrogen ions spectrophotometri- 
cally by help of acid-base indicators sorbed on the ion exchanger.

The spectrophotometric measurement of the color of sorbed indicators is 
rather complicated. In order to make it possible to investigate quantita
tively the acidic and basic forms of acid-base indicators in the sorbed state, 
the validity of the Lambert-Beer law had to be verified. In spite of the 
fact that in an aqueous solution the indicator may be converted under some 
conditions practically completely into either acid or basic form it was found 
that, after the sorption under these conditions, the acidic form of the sorbed 
indicator contained such a portion of the basic form which cannot be ne
glected. An analogous phenomenon was found when the basic form of the 
indicator was sorbed. Therefore, only total amounts of the indicator 
sorbed are really known, not the individual amounts of the acidic and basic 
forms.

In order to determine the individual amounts of the indicators, the 
method of corresponding solutions suggested by Bjerrum5 was modified. 
The adopted method permits one to calculate the unknown concentrations 
of the colored component of the given compound if its total concentration in 
two different solutions and the corresponding hydrogen ions concentrations 
are known. The given quantities may be of different values. The extinc
tions of absorption bands of colored components in the solutions must be of 
the same value and so the concentrations of the colored components are 
equal. The counterions of the functional groups of swelled ion exchanger 
may be supposed, at least for the first approach, to be a solution which we 
shall call the intra-ion-exchange solution. Then the sorbed indicator might
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be also regarded as a part of the intra-ion-exchange solution. For the cor
responding solutions the following equation is valid:

cb — (Ci)i — (cn)i (c'i)i ~ (ëih 
(c'n)i — (ch)s (2)

where cB is the concentration of the basic component of the indicator, (êi)i 
and (c02 are the total concentrations of the indicator at a constant cB con
centration, and ( c h ) i  and ( c h ) 2 are the total concentrations of hydrogen 
ions. The bar above the symbol indicates a quantity of the intra-ion- 
exchange solution.

The method of corresponding solutions may be used only when the ab
sorption bands of the acidic and basic components are sufficiently separated.

If the absorption bands partly overlap, the concentrations of both colored 
components of the indicator may be calculated from relations presented by 
West:6

*k ' E '  - - rjrptteA h
(3)

¿B )

- ff T?'eB A  — €B -ft
(4)1<!

1 - 1/ - A
€A €B )

where E '  and E "  are the measured extinctions of the colored components B 
and A at the wavelengths X' and X", respectively, cA and cB are the concen
trations of the colored components, respectively, eA' and êA" are the molar 
extinction coefficients of component A at the wave lengths X' and X", re
spectively; ëB"and l B" are the analogous coefficients of component B, and d 
is the thickness of the absorbing layer.

The measurement of absorption spectra of sorbed indicators was per
formed in dispersed light. For optical reasons, this disadvantage might be 
improved by replacing the external equilibrium solution, among the ion 
exchanger beads, by another compound which has the same index of refrac
tion for all wavelengths of visible spectrum, as the ion exchanger beads. 
Such a treatment is impossible, however, because of the influence on the 
physicochemical properties of the intra-ion-exchange solution by this com
pound. The only solution of these difficulties is probably associated with 
the quality of the spectrophotometer used, with the maximal sensitivity of 
the detector (photomultiplier), and with the calculation of extinctions of 
sorbed indicators by applying a system of corrections for light dispersion. 
The intensity of the monochromatic beam is weakened by the absorption in 
the colored indicator in the ion-exchanger phase, dispersion, and by the ab
sorption, which corresponds to the light absorption by a neutral tone filter 
of distinct transparency. Spectrophotometric measurements were per
formed in such a way that quantitative data of colored absorption and dis
persion were obtained. The absorption equivalent to the neutral tone filter 
was compensated by a standard sample. The extinctions for the individual
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wavelengths of the absorption bands may be calculated according to the 
expression :

(M)\ — (E e — E t> ~~ Mh)\  (5)

where E e is the experimentally measured extinction value, E 0 is the back
ground of the measurement, and E h is a correction factor covering the 
acidity of the equilibrium intra-ion-exchange, or external solutions, and is 
identical with the correction for light dispersion at wavelength X.

The pH of the intra-ion-exchange solution might be calculated by means 
of the Henderson-Hasselbach’s equation if the physicochemical properties 
of the intra-ion-exchange solution approach the properties of the aqueous 
solution :

pH  = pKi +  log(cB/cA) +  log(yB/ 7 a) (6)

where K \  is the apparent dissociation constant of the indicator and 7 a , 7 b 
are the activity coefficients of acid and basic indicator forms.

This would mean that the sorbed ions, e.g., hydrogen ions, would form a 
discrete solution inside the ion exchanger which would be minimally affected 
by the organic skeleton and would prove sufficiently polar properties. The 
fact that the ionization constant of m-nitroaniline is practically invariant,1-8 
when m-nitroaniline is sorbed seems to give evidence for the existence of the 
above-mentioned state inside the ion exchanger. However, this conclusion 
cannot be generalized because similar quantitative data have not appeared 
frequently in the literature. Therefore, we have to measure either the ion
ization constants of the sorbed indicators or to express the acidity of the 
intra-ion-exchange solution by an equation in which the acidity does not 
depend on the nature of the solvent. Such conditions are satisfied by the 
Hammett equation:

IIu = (pKi)w +  log(cB/cA) = — log aH+ — log(dB/dA)7 (7)

where the subscript w denotes the indicator constant related to the aqueous 
solution as the standard state; the thermodynamic distribution coefficients 
of the acid and basic form d A and d B, respectively, define the distribution of 
the species between the aqueous and solid phases. According to the origi
nal Hammett assumption, the distribution coefficients ratio is of stable 
value and independent of the properties of the indicator.7“ A dependence of 
of this ratio on the nature of the indicator8 was found for nonpolar solvents. 
By applying the Hammett equation, some inaccuracy concerning the indi
cators used in this paper is introduced, because the equation was derived for 
the indicator base and its conjugate acid. The nature of ionization of the 
indicators used is more complicated. The ionization of triarylcarbinols in 
HoS04 solutions was described by Gold and Hawes,9 and the acidity function 
Jo  for indicators, as secondary bases, was defined as:

Jo =  = p K i  +  log(cB/cA) = Ho +  log a^o (8)
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The water activity in this solvent was determined by vapor-pressure mea
surements. The values of //» and ,/0 were compared for 5-95% solutions of 
sulfuric acid. By increasing the H.SOj concentration, the differences be
tween H u and -J0 were enhanced also. For 40% H-.SOj, this difference was 
- 1 0 % .

The vapor tension of water over the ion exchanger was not measured un
der the given conditions. The intra-ion-exchanger solution of Dowex 50 
may be supposed to constitute of a 40% solution of sulfonic acid. On com
parison with the solution of sulfuric acid, we may expect that differences 
between H 0 and .J0 will lie in the range of experimental errors. From these 
reasons we have chosen the Hammett equation for the calculation of the 
intra-ion-exchanger acidity. Owing to the secondary base character of the 
indicators examined, we denoted this acidity H J .

On determining experimentally the pH values of the external solutions 
which are in equilibrium with the intra-ion-exchange solutions, the acidity 
of which has been calculated, the dependence of H o' on the pH may be 
found.

EXPERIMENTAL »

Stock solutions of crystal violet (hexamethyl-p-rosaniline chlorohydrate) 
and methyl violet 6 It (pentamethyl-p-rosaniline chlorohydrate) having a 
concentration of 0.1% were prepared using redistilled water. Dimethyl 
yellow (dimethyl aminoazobenzene) was dissolved in 40% ethyl alcohol 
solution in such a way that a saturated solution of the indicator resulted. 
The excess of undissolved dimethyl yellow was filtered off, dried, and 
weighed.

Sorption of Indicators on the Ion Exchanger

Before use, 0.500 ±  0.001 g of Dowex 50-WX4 having the grain size of 
200-400 mesh was weighed, the ion exchanger being in the Na form. It was 
transferred alternatively into H and Na forms and thoroughly washed with 
redistilled water to the end. A 50-rnl portion of redistilled water was 
added to each ion-exchange sample together with a corresponding amount 
of acid-base indicator. The sorption of the indicators was practically 
quantitatively complete within about 10 min because the aqueous solution 
decolored. After decoloration of the solution, the sorption time was ex
tended for about .30 min in order to achieve equilibrium. During the sorp
tion, the sample was stirred. The individual samples were then filtered and 
transferred into Erlenmeyer flasks, in which the equilibrium experiments 
were made.

Equilibrium Experiments

The effect of varying amount of hydrogen ions in the intra-ion-exchange 
solution and in the external solution on the light dispersion was studied 
experimentally. Samples containing 0.500 ±  0.001 g of Dowex 50-WX4
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in the Na form, having a grain size of 200-400 mesh, were brought under 
vigorous stirring into contact with 50 ml of hydrochloric acid of various 
concentrations; the contact time was 72 hr. With the equilibrium external 
solution, the pH was measured and the acid concentration was determined 
by titration.

In order to verify the Lambert-Beer law, the experiments were so ar
ranged that an exchange reaction proceeded between the Na form of the ion 
exchanger and the hydrogen ions in the external solution at constant equilib
rium activity of H + ions and varying amount of the sorbed indicator. The 
volume of the aqueous solution was 50 ml. With sorption of crystal violet 
and methyl violet Git, the acidity of the aqueous phase was maintained con
stant by means of a phosphate-citrate buffer; similarly, with sorption of 
dimethyl yellow, the pH of 9.13 was maintained by means of a 0.1 iV borax 
solution. The equilibrium state was being established for about 72 hr with 
continuous shaking of samples. The acidity of the equilibrium external 
solution was checked by measuring the pH or by titrating.

When changes in color of the sorbed acid-base indicator were studied in 
dependence on the pH of the external solution, samples of ion exchanger 
on which a constant amount of the indicator was sorbed were brought into 
contact with 50 ml of hydrochloric acid of various concentrations. Then
0.1 or 1.0 ml. of crystal violet, 0.0S ml. ov methyl violet, or 1.0 ml. of di
methyl yellow solution was sorbed on the ion exchanger. The samples 
were stirred and, after about 15 min. the acidity of the external solution 
was checked and adjusted by adding acid. The adjustment of the pH was 
accomplished only by adding hydrochloric acid because, in the external solu
tion, only sodium ions from the exchange reaction were to be present. The 
pH of the external solution was adjusted several times as needed. The 
samples were shaken for about 72 hr; then the pH of the equilibrium exter
nal solution was measured, or the equilibrium acid was titrated. The pH 
was measured by means of a pH meter 22 (Radiometer Co.) using a glass 
electrode, which was calibrated with the use of buffer solutions. In case 
the equilibrium concentration of hydrochloric acid was too high for direct 
measurement of the pH, the solution was titrated. The corresponding ac
tivity coefficients of hydrochloric acid were found and the pH was calcu
lated. In the calculation of activities, the influence of sodium chloride 
transferred into the equilibrium solution in the exchange reaction was ne
glected. In these cases the sodium chloride concentrations in the equilib
rium solution were about 0.05fV, while the hydrochloric acid concentration 
was higher than 0.5N .

Spectrophotometric Measurements
The variation of color of the sorbed acid-base indicators was investi

gated by means of a Unicam-SP-700 spectral photometer. The ion ex
changer, together with the equilibrium solution, was put in 2-mm measuring 
cells, in which the exchanger grains sedimented freely for 15 min. The re
producibility of the results obtained in this way was satisfactory, which fol
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lows from the determination of the mean-square error of the measurement. 
Samples prepared by the same procedure, containing Dowex 50-WX4 in the 
Na form in redistilled water, served as the comparison samples. The 
same comparison sample was used during the whole series of a measurement. 
Before and after each series, the E 0 values were measured and, when eval
uating the Spectra, their arithmetic mean was used. The function of the 
spectral photometer was verified before every measurement. The base of 
the measurement was checked as well as the line of the 100% absorption 
The photometer function was checked so that, the absorption of air, or of an 
opaque filter, was measured against air. In individual cases, the base 
value varied within less than 1%.

The spectrophotometric measurements of light dispersion were made in 
the same way as in cases in which the indicator was sorbed on the ion ex
changer. From the results of the experiments, corrections were determined 
which were used when evaluating the spectra.

The concentrations in the intra-ion-exchange solution were obtained so 
that the number of moles, or the number of gram-ions of the substance pres
ent in the exchanger, was divided by the exchange volume. The exchange 
volume, in which the space between the beads was not involved, was deter
mined experimentally by using a method which will be described elsewhere 
in this report.

Each experiment was made at the room temperature, which varied in the 
range 20-2.5 °C.

RESULTS AND DISCUSSION
The acid-base indicators were chosen according to their ability to be 

sorbed on the ion exchanger in the Na form. By a mechanism of ion ex
change, such indicators may be sorbed on the exchanger, the chromogenous 
component of which is the cation of the indicator dye. The amounts of 
indicators used for the sorption were such that the indicator occupies less 
than 1% of the total number of functional groups. Under these conditions, 
the effect of indicator on the equilibrium of the exchange reaction was as
sumed to be negligible.

The pH range of the acid-base indicators sorbed on the exchanger by the 
ion-exchange mechanism should not change because the pH range for indi
cators does not depend on the types of ions which make up the charges of 
the chromogenous component. The compensating ions are, after the sorp
tion, the functional groups of the exchanger.

Correction for Light Scattering
Separately, the absorption spectra of the ion exchanger in equilibrium 

with various hydrochloric acid concentrations were measured; in this ex
changer, the concentration of hydrogen ions also varied. The absorption 
spectra of Dowex 50-WX4 are shown in Figure 1 as function of some 
equilibrium acidities of the external solution. The color of Dowex 50-WX4 
in the Na forms is bright cream. Negligible changes of coloring occur on
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Fig. 1. Absorption spectra of Dowex 50-WX4 at equilibrium with external solutions of 
various acidity. The number on the curve indicates the equilibrium pH fo the external 
solution.

changes in the concentration of hydrogen ions, and therefore the changes in 
extinction should be much smaller than those measured because they should 
correspond to the change of color. This discrepancy may be the result of 
the fact that the matter in question is not a simple absorption. In the pres
ence of the exchanger, the absorption spectra are taken in scattered light. 
If the beads of ion exchanger could be regarded as optically homogeneous, 
the light scattering would be caused only by the difference in the index of 
refraction of the light rays in the exchanger and in the external equilibrium 
solution. It has been found that the equilibrium aqueous phase containing 
hydrochloric acid or sodium chloride involved immersion in the presence of 
an exchanger of the Dowex 50 type, the grain size of which was 0.5-1.0 
mm.1 Our results obtained with a finer exchanger do not confirm this ex
perience. They show that, the indices of refraction of the exchanger beads 
and the equilibrium solution differ from each other and that they depend 
on the hydrogen-ion concentration. Then, considerable changes of extinc-
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Tig. 2. Correction nomogram for the light dispersion. The numbers on the curves 
indicate the wavelengths (in lim).

tions with the samples (Fig. 1) with which palpable change of coloring did 
not occur might be explained by the change of the light scattering.

Figure 2 shows the nomogram of corrections for different wave lengths in 
dependence on the pH of the external equilibrium solution. For simplicity, 
the corrections are shown at intervals of 50 nm. The working graphs were 
made at intervals of 10 nm and in the needed range of the pH. From the 
values of the corrections it follows that directly measured extinctions of the 
sorbed indicators will be higher in strongly acidic and basic region than they 
would be if they corresponded only to the indicator concentration in the 
intra-ion-exchange solution, while within these limits the measured extinc
tions will be lower than those corresponding to the indicator concentration.

Qualitative Comparison of Absorption Spectra of Sorbed and 
Dissolved Indicators

With the indicator sorbed on the exchanger, the form of absorption spec
tra of the acidic and basic form might change when compared with the spec
tra of aqueous solution.
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Therefore, the absorption spectra of indicators in aqueous solutions at 
different concentrations and acidities were measured. Conditions were so 
chosen that the indicators occurred preferably in the acidic or basic forms. 
The results were compared with the absorption spectra of indicators in ex
ternal solutions at different pH values. YVe have found that practically 
congruent spectra were obtained. Maxima of the absorption bands of the 
sorbed indicators shifted only about 20 nm to the higher wavelengths. 
The acidities of the external and aqueous solutions differed substantially, 
however, in both cases.

Determination of the Molar Extinction Coefficients of the Sorbed Indicators

The results of experimental verification of the Lambert-Beer law for the 
acid-base indicators sorbed on the exchanger are presented in Figures 3-5. 
After the interferring influence of hydrogen ions on the form of the indicator 
spectra has been eliminated, the linear part of the dependence of extinction 
on the amount of indicator sorbed crosses the origin. As the equilibrium 
pH of the external solutions was constant in all cases, possible inaccuracy in 
the correction value does not affect the slope of the straight line. The acid
ities of the external equilibrium solutions were so chosen that the indicator 
dyes were not subject to the extreme conditions.

The straight lines connecting the experimental results in Figure 3a were 
drawn with regard to the location of points corresponding to 0-0.1 ml of the

Fig. 3. Dependence of extinction of sorbed crystal violet on its amount in the intra- 
ion-exchange solution. Abscissa: amount, of sorbed stock solution of the indicator, or
the molarity of the crystal violet in the intra-ion-exehange solution after the sorption. 
(O) extinction at 435 nm (experimental); (9) extinction at 655 nm (experimental); 
( 8  ) extinction at 605 nm (experimental); (•)  extinction at 560 nm (experimental). 
Solid lines designate the calculated values for pure form.
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Fig. 4. Dependence of extinction of sorbed methyl violet 61! on its amount in intra
ion-exchange solution. Abscissa: amount of sorbed stock solution of (he indicator or
the molarity of methyl violet in the intra-ion-exchange solution after the sorption: 
(O) extinctions at 420 urn (experimental); ( • )  extinctions at G40 nm (experimental); 
(— ) calculated dependence of the extinction of pure acidic or basic form on their actual 
concentrations in the intra-ion-exchange solution.

T A B L E  I

Molar Extinction Coefficients of Sorbed Indicators

Coefficients in the maximum of absorption bands

Indicator nm € nm e nm e nm e

Crystal
violet 435 2.19 X 10* 560 4.46 X 10:: 605 4.49 X 10s 655 2.62 X 105

Methyl
violet 611 42U 3.28 X 10* 640 1.22 X 10‘

Dimethyl
yellow 538 1.36 X 104 455 1.05 X 104

Coefficients at the■ foot (X„) of the absorption band which has a maximum
absorption at X

X/X„ 6 x,/x„ e X/Xn e X,/X„ €

Crystal 605/ 2.46 X 10s 605/ 5.14 X 101 655/ 2.83 X 10< 560/ ~ 0
violet 560 655 605 605

Dimethyl 455/ 1.18 X 10s 538/ 8.95 X 102
yellow 538 455
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sorbed indicator. On using the scale of Figure 3, the points close to each 
other hand, therefore, the plot seems to be inaccurate.

In Figures 3 and 4, the solid line represents the calculated dependence of 
extinction on the real amount of the basic or acidic form sorbed on the ex
changer. The calculation was made by using the method of corresponding 
solutions. When this method is used, the total concentrations of hydrogen 
ions in the intra-ion-exchange solution must be known. The total analyti
cal concentration is known from experiments. In the calculation, the con
centration of hydrogen ions was replaced by their analytical concentrations.

Fig. 5. Dependence of extinction of sorbed dimethyl yellow on its amount in intra
ion-exchange solution. Abscissa: amount of sorbed stock solution of the indicator or
the molarity of dimethyl yellow in the intra-ion-exchange solution after the sorption: 
(CD) extinctions at 538 nm in hydrochloric acid medium; (0) extinctions at 538 nm in the 
acetic acid medium (the pH was the same in both cases); (9) extinctions at 455 nm in 
the hydrochloric acid medium; (©) extinction at 455 nm in the acetic acid medium; 
(O) extinctions at 538 nm in sodium chloride medium of the concentration resulting 
from the exchange reaction; ( • )  extinctions in NaCl at 455 nm.

By means of the dependences found, the molar extinction coefficients of 
sorbed indicators were calculated. The molar extinction coefficients are 
presented in Table I. In the acidic form of dimethyl yellow, no basic com
ponent was found (Fig. 5). Similarly, no acidic component was found in 
the basic form. The pH range of this indicator made it possible to use 
acidities at which the concentrations of the components were negligible, the 
equilibrium solutions being not too acidic or basic due to the stability of the 
dye.
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Measurement of cB/c A Ratio

Figure 6 shows the peaks of adsorption bands reflecting the change of the 
amount of the basic form of the sorbed crystal violet at different acidities of 
the external equilibrium solutions. That part of the spectrum correspond
ing to the absorption band of the acidic form of the crystal violet is not 
shown in the figure because in this region the results were not fully reproduc
ible. This failure is caused by two reasons. The first is the great difference 
in the values of molar extinction coefficients of the two forms of crystal 
violet. Therefore, if the values of extinctions of the basic form are to lie in 
a convenient range, some amount of the indicator must be sorbed on the ex
changer. However, then the values of extinctions of the acidic form are too 
low. The second reason is the fact that the maximum of the absorption of 
the hydrogen form of the exchanger lies in the range of the absorption 
bands of the acidic form of crystal violet. Therefore, the corrections for 
this range are relatively high and they are somewhat inaccurate. These 
inaccuracies, due to low values of the extinctions of the acidic form, cause 
considerable errors.

Fig. 6. Change of absorption maxima of basic form of sorbed crystal violet at various 
acidities of external solutions. Tne numbers on curves denote the equilibrium pH’s of 
the external solutions.
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Fig. 7. Change of absorption maxima of acidic form of sorbed crystal violet at 
various acidities of external solutions. The numbers on curves indicate the equilib
rium pH’s of the external solutions.

In Figure 7 are shown sections of spectra with the absorption bands of the 
acidic form of the crystal violet in equilibrium with strongly acidic external 
solutions. The amount of sorbed indicator was ten times as high as it was 
with the experiments the results of which are presented in Figure 6. Under 
these conditions, the mentioned deficiencies do not appear and the results 
are reproducible. The absorption bands of the basic form are not shown in 
the figure because they reach (except those of the highest acidity, i.e., 
pH-0.542) 100% absorption.

From the experimental results it follows that crystal violet as well as 
methyl violet 6R is not a very convenient indicator for the given purpose 
even though it is usable in some range of acidity. Moreover, it is incon
venient also because it has too complicated a spectrum which cannot be 
evaluated directly over the whole range (three color changes occur). 
Therefore, Figure 8 shows the sections of spectra corresponding to the 
absorption bands of the basic form of the sorbed methyl violet, the last 
spectrum being that obtained with the indicator in external solution having 
a pH 3.96. The last spectrum cannot be evaluated at all because of the
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Pig. 8. Change of absorption maxima of basic form of sorbed methyl violet 6R at 
various acidities of external solutions. The numbers on curves indicate the equilibrium 
pH’s of the external solutions.

presence of three overlapping absorption bands, all of comparable intensity 
and none of which may be neglected. The same holds with the spectrum 
of the acidic form of methyl violet as with the crystal violet.

In Figure 9, the spectra of sorbed dimethyl yellow are shown. The molar 
extinction coefficients of the acidic and basic forms do not differ too much 
from each other. At the equilibrium acidity, the correction values were 
lower than they were with the acidic media of the crystal violet and methyl 
violet. Therefore, with a single sample, the values of absorption of the 
acidic and basic forms could be obtained, the change of color of the indica
tor being well distinguishable from the curves.

Acidity Function Ho'

The calculated values of the equilibrium functions of acidities of the in- 
tra-ion-exchange are shown in Fig. 10 as a function of the equilibrium values 
of pH in the external solution. The acidity functions were calculated for
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Fig. 9. Change of spectra of sorbed dimethyl yellow at various acidities of external 
solutions. The numbers on curves indicate the equilibrium pH’s of the external solution.

the crystal violet from three different color changes of this indicator. In 
the most acidic region, the color change was experimentally determined for 
only one form of the indicator. The concentration of the second form was 
calculated from the difference between the total amount of the indicator 
and the experimentally determined concentration of the first form. For 
the two other color changes, the concentrations of acidic and base forms 
were determined by help of eqs. (3) and (4), because their adsorption bands 
were partially overlapped. Only one color change, occuring in the most 
acidic region, was used for the calculation of the acidity function of methyl 
violet 6R. The concentration of one form was thus experimentally de
termined, while the concentration of the other one was found by calcula
tion. The color changes of both forms of dimethyl yellow were measured 
in the more acidic region. Their absorption bands are partially over
lapped and therefore their concentrations were calculated according to the 
eqs. (3) and (4).

The values of indicator constants, which were determined for aqueous 
solutions, were used for Hammet’s equation for the calculation of the 
acidity function in the intra-ion-exchange solution. The spectrophoto-



SORPTION ON ION EXCHANGERS. I 1331

Fig. 10. Dependence of the acidity function of the intra-ion-exchange solution on the 
equilibrium pH of the external solution: (O) the values of Ha' calculated by help of
crystal violet from the spectra of its form having maximum absorption at 655 nm and a 
color change at 435 nm/655 nm, (©) the same values for maximum absorption at 435 nm 
and a color change at 435 nm/655 nm, (® ) the values of Ha’ from spectra of crystal violet 
at a color change 655 nm/605 nm, (©) the same for the color change 605 nm/560 nm; 
(9) the values of H J  calculated by help of methyl violet 6R from spectra of its form 
having maximum absorption at 640 nm and a color change at 420 nm/640 nm; (®) the 
values of H0' calculated from the spectra of dimethyl yellow at a color change 538 nm/ 
455 nm.

metric method was applied for the measurements and the values of con
stants were calculated by help of the Henderson-Hasselbach equation.10 
The values found are listed in Table II. The comparison of determined 
plvj values with published data was possible only for dimethyl yellow. 
The value of 3.25 is given for the only one color change at 431 nm/515 
nm.7 The difference between the amount of color changes presented in 
Table II and in data in the literature resulted probably from the fact that 
these basic studies on acido-basic indicators are relatively older. The 
studies were at that time performed visually or potentiometrieally and thus 
the color changes which occured in the region outside the eye sensitivity 
were unregistered or the color changes which are closed one to the other 
splitted into one color change.

The calculated values of the equilibrium H o' are in a simple relationship 
with the equilibrium pH in the external solution. Individual points lie 
acceptably on a straight line, expressed by

H o ' =  0.5 pH (6)

when the pH varies in the range of eight orders.
The methodical error of the procedure suggested cannot be evaluated be

cause no exact method and no theoretical relation are known by means of
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TABLE II
Apparent Dissociation Constants of Indicators in Aqueous Solutions at 25°Ca

Indicator 1. Color change 2. Color change 3. Color change

Crystal violet p/A',/637 = 1.60 p/A',/595 = 1.79 p/A,/545 = 2.50
433 637 595

Methyl violet 6R p/A',/633 = 1.11 p/A',/562 = 2.2s p/A,/543 = 3.27
431 633 592

Dimethyl yellow p/A,/431 = 3.14 
515

p/A,/365 = 4.77 
431

Indices designate maxima of wavelengths p/A; per basic or acidic form.

which the activity of dissociated hydrogen ions in the intra-ion-exchange 
solution could be found when associated ions are also present in the solution. 
The magnitude of the systematic error depends also on the choice ot con
venient acid-base indicators to be sorbed on the exchanger. The condition 
that the indicators should sorb on the exchanger by the mechanism of ion 
exchange makes the choice of convenient indicators quite narrow. There
fore, triphenylmethane dyes had to be used in spite of their poorer stability 
in acidic media. The decrease in the intensity of color in the acid form is a 
source of error in all calculations in which the values obtained with the 
acidic form are used. Further irregularities arise during establishment of 
the equilibrium of the exchange reaction, chiefly as a result of the variation 
of temperature, etc.

When calculating the errors, especially those arising during photometry, 
i.e. when preparing the samples, were taken into account. On the basis of 
experience one may expect that these errors will be decisive. The identical 
sample of sorbed crystal violet in equilibrium with the external solution was 
inserted nine times into the same cell and photometered. The mean square 
error of this measurement attained ±0.15 Ho'- In Figure 10, the error is 
illustrated by the size of the points under the assumption that this value 
does not depend on the quality of the indicator nor on the acidity of the ex
ternal solution.

On the basis of the experiments, one cannot decide whether the de
pendence of Ha on the pH found is true only for hydrogen ions or whether it 
illustrates a more general regularity. Therefore, this problem will be the 
subject of further work.

The author wishes to thank Mrs. L. Sourkova, Mrs. E. Stepankovd, and Mr. A. Havel 
for their technical assistance.
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Organometal-Initiated Polym erization o f Vinyl 
Ketones. III. Polym erization o f Methyl 

Isopropenyl K etone Initiated by the 
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K etone Complex
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Synopsis
The kinetics and mechanism of the triethylaluminum-methyl isopropenyl ketone com

plex-initiated polymerization of methyl isopropenyl ketone (3-methyl-3-butene-2-one) 
in toluene have been studied over a range of temperature. Equimolar quantities of 
monomer and triethylaluminum were premixed to form the initiator species prior to the 
addition of the excess monomer for polymerization. Initial and overall reaction rates 
indicate a first-order dependence on monomer and initiator concentrations. The over
all activation energy for the polymerization is 52 ±  3 kj/mole. Molecular weight dis
tributions were bimodal, with peaks corresponding to the trirner and high molecular 
weight material. The kinetic data are consistent with a coordinate polymerization 
mechanism.

INTRODUCTION

We previously reported the kinetics and mechanism of the triethyl- 
aluminium initiated polymerization of methyl isopropenyl ketone, for the 
case of the rapid mixing of the total quantity of monomer with the triethyl
aluminum. 1 This paper reports the large effect on the kinetics of premixing 
equimolar quantities of methyl isopropenyl ketone and triethylaluminum 
to preform the initiator species, followed by the addition of excess monomer 
for polymerization.

EXPERIMENTAL

All reagents were prepared, purified, and dispensed by high-vacuum 
techniques as described previously.1-3 Benzylidene acetone was dried by 
stirring a solution in toluene over calcium hydride.

To prepare the initiator complex, equimolar quantities of triethyl
aluminum and monomer were cooled to — 20°C and mixed. After stand-
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1336 LYONS AND CATTERALL

ing at 0°C for 1 hr under constant illumination (100-W tungsten lamp), 
the mixture was recooled to — 20°C for the addition of the excess monomer 
for polymerization. The polymerization rates were determined dilato- 
metrically and gravimetrically as previously described.1,2 The reactions 
were terminated after a polymerization time of 24 hr and the polymeric 
products recovered.

Molecular weight distributions were determined on a Waters gel permea
tion chromatograph as described previously.2

RESULTS 

Rate Measurements

The effect of initial monomer concentration [M]o, initial triethyl- 
aluminum-methyl isopropenyl ketone complex concentration [I]0, and 
temperature on initial and overall polymerization rates were studied.

In all polymerizations, the reaction between triethylaluminum and 
monomer gave an intense yellow which faded during the premixing period. 
The addition of further monomer after 1 hr reintensified the yellow, but this 
again faded rapidly and the pale straw solutions became heterogeneous 
with the production of white poly(methyl isopropenyl ketone).

Figure 1 shows that the rate of polymerization is proportional to [M]0 at 
constant [I]0. Figure 2 shows that at constant [M]0 the polymerization 
rate increases with [I ]0.

The effect of polymerization temperature is shown in Figure 3.
First-order rate plots with respect to monomer for the overall reaction 

are virtually linear, as shown in Figure 4.
Initial rates are directly proportional to both initial monomer and 

triethylaluminum-methyl isopropenyl ketone complex concentrations (Fig. 
5).

Fig. 1. Effect of initial monomer concentration on the rate of polymerization at var
ious [M]0: (/) = 1.0 mole/1.; (II) = 2.0 mole/1.; (Ill)  = 3.0 mole/1.; (IV) = 4.0 
mole 1; (V) =  5.0 mole/1. Toluene solvent; 0°C; [I] 0 = 0.10 mole/1.



PO LY M ERIZATIO N  OF VINYL K ETONES. I l l 1337

The overall and initial rate constants for the reaction, first order with 
respect to both monomer and triethylaluminum-methyl isopropenyl ketone 
complex are tabulated in Table I.

Activation energies for the overall and initial reactions, calculated from 
Arrhenius plots, are 52 ± 3 and 64 ±  2 kJ/mole, respectively.

TABLE I
Overall and Initial Rate Constant Data

[Ho,
mole/1.

[M]„,
mole/1.

Polymerization 
temp, °C

Overall rate 
constant 
!:• X Id2,

1./mole-min

Initial rate 
constant 

h '  X 102, 
1./mole-min

0.1 1.0 0.0 2.44 2.01
“ 2.0 1. S2 1.44
It 3.0 “ 1.28 1.77
“ 4.0 “ 1.37 1.97
i ( 5.0 U 1.08 1.78

Mean 1.79

0.05 2.0 0.0 1.27 1.68
0.075 i£ 1.76 1.55
0.10 “ “ 1.82 1.44
0.15 “ 2.00“ 1.47
0.20 (( 2 .08« 1.77

Mean 1.58

0.1 2.0 0.0 1.82 1.44
“ 7.5 6.07 4.11

“ “ 15.0 7.13 4.78
“ “ 20.0 8.50 13.80
“ ll 25.0 12.66 17.90

a Estimated values.

Time ( hours)
Fig. 2. Effect of initial triethylaluminum-methyl isopropenyl ketone complex con

centration on the rate of polymerization at various [I]0: (/) = 0.20 mole/1.; (II) = 
0.15 mole/1.; (III) = 0.10 mole/1.; (IV) = 0.075 mole/1..; (V) = 0.05 mole/1. Toluene 
solvent; 0°C; [M]0 ~  2.0mole/. 1
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Fig. 3. Effect of temperature on the rate of polymerization: (I) = 25.0°C; (II) = 
20.0°C; (III) = 15.0°C; (IV) = 7.5°C; (V) = 0.0°C. Toluene solvent; [I]0 = 0.10 
mole/1.; [M]0 = 2 .0mole/1.

Fig. 4. First-order rate dependence on monomer concentration, efiect of initial tri- 
ethylaluminum-methyl isopropenyl ketone complex concentration [I]0: (I) = 0.20 
mole/1.; (II) = 0.15 mole/1.; ( I ll)  = 0.10 mole/1.; (IV)  = 0.075 mole/1.; (V) = 
0.05 mole/1. Toluene solvent; 0°C; [M]0 = 2.0 mole/1.

Polymer Molecular Weights

Molecular size distributions of the polymeric products were bimodal. 
The broad higher molecular weight part of the distribution was asym
metric, and in some cases bimodal (Fig. 6).

Number-average molecular weights were calculated from the gel permea
tion molecular size distributions. The peak M n of the oligomer was limited 
to the very narrow molecular weight range (234-241); the peak M n of the 
higher molecular weight fraction ranged from 2650 to 17500.
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Fig. 5. Effect of monomer and triethylaluminum-methyl isopropenyl ketone complex
on the initial rate of polymerization: (------) effect of monomer concentration at [I]o =
O.lOmole/1; (--) effect of initiator concentration at [M]o = 2.0 mole/1. Toluene, 0°C.

Str a ight  chain length nm

Fig. 6. Typical molecular size distributions. (An = refractive index difference between 
solvent and polymer solutions, arbitrary units.)

At constant [I]0 the overall M n increased by a factor of 2.2 for a fivefold 
increase in [M]0, neglecting the small variations in percentage conversion 
after 24 hr. However, this was largely attributed to an increase in the 
proportion, rather than the molecular weight, of the high molecular weight 
material. Similarly, at constant [M]0 the overall M n only varied with [I]0 
by virtue of the variation in relative amounts of the high polymer and 
oligomer. Polymerization temperature had virtually no effect on the 
overall molecular size distributions.

Addition of further monomer after 24 hr to a polymerizing mixture at 
high conversion did not affect the pale straw color of the heterogeneous 
system. The added monomer polymerized slowly, but the overall M „  was 
not increased significantly. The high molecular weight distribution broad
ened, while the oligomer peak remained narrow.
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Initiation with the Triethylaluminum Benzylidene Acetone Complex
The polymerization was also initiated with the triethylaluminum- 

benzylidene acetone complex. A pale yellow solution of benzylidene 
acetone in toluene and triethylaluminum solution were premixed to give a 
deep burgandy red. After 2 hr at 0°C no fading of the color was detected, 
and the excess monomer was added. The solution turned to the normal 
yellow produced from the reaction of triethylaluminum with methyl iso- 
propenyl ketone. The subsequent polymerization rate, measured dilato- 
metrically, was approximately 15% slower than for the equivalent system 
with methyl isopropenyl ketone complex initiation. Infrared absorption 
spectra of the oligomer indicated the incorporation of aromatic nuclei, how
ever, because of the small effect of the end group in the high molecular 
weight fraction, no aromatic absorption could be detected.

DISCUSSION
The overall and initial rate kinetic data indicate a first-order dependence 

on monomer and triethylaluminum concentrations. This is consistent 
with the coordinate mechanism proposed for the polymerization initiated 
by triethylaluminum.1'2 The overall activation energy, 52 ±  3 kJ/mole, 
is similar to that obtained by Wexler4 (54 kJ/mole) for the triethylalumi- 
num-initiated polymerization of methyl methacrylate, in which a coor
dinate non-free-radical mechanism was also proposed.

Unlike polymerizations in which all the monomer and triethylaluminum 
were mixed rapidly giving rise to widely differing proportions of active 
centers, due to side reactions, the premixing technique ensures that a 
virtually constant proportion of the triethylaluminum is used in the forma
tion of the active centers. The decrease in overall rate constant with in
creasing monomer concentration, and the small increase in overall rate 
constant with increasing initiator concentration (Table I) are both indica
tive of a decreasing production of active centers with increasing [M]0/[I]o 
ratio. This trend is an order of magnitude larger when the premixing 
technique is not employed1 and suggests that, here, the effect is due to in
complete initiator formation prior to the addition of further monomer for 
polymerization. The reappearance of the yellow color upon addition of 
monomer to the preformed initiator complex is in accord with this pos
tulate.

Initiation with benzylidene acetone and triethylaluminum gives rise to 
a different proportion of active centers compared to premixing with methyl 
isopropenyl ketone. This probably accounts for the slightly slower poly
merization rate.

Baba5 reports that at room temperature the major product for benzyli
dene acetone is the carbonyl adduct, as we have shown for methyl iso
propenyl ketone at room temperature.6 However, a high proportion of the 
conjugate adduct is produced at lower temperatures.7 The conjugate 
adduct acts as the active center in the generalized polymerization scheme 
[eqs. (2)].
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Kinetic Scheme

A kinetic scheme can be written.
Initiation:

Monomer +  AIL'D -> C* +  X

where C* denotes active centers and X denotes inactive centers.
Propagation:

kp
C* +  nM -------- » polymer

hi [AI]o/[M] = KIC*]t

Since graphs of In [M]0/[M ] versus t are linear, the reaction is first-order 
with respect to monomer, and [C*] is constant within a given polymeriza
tion. As it is not possible to estimate the proportion of active centers, the 
absolute value of the propagation ra te constant cannot be determined. 
However, the average value of kpx, where x is the fraction of triethylalu- 
minum giving rise to active centers is given by eq. (3):

kPx  = 1.7 X 10~2 l./mole-min at 0°C, x = [C*]/[I]o

(calculated from initial rate data) (3)

CONCLUSIONS
The kinetics of the triethylalum inum -methyl isopropenyl ketone com

plex-initiated polymerization of methyl isopropenyl ketone indicate a first- 
order dependence on both monomer and initiator concentrations. The ac
tivation energy for the polymerization, over the tem perature range 0-25°C, 
is 52 ±  3 kJ/m ole, consistent with a coordinate mechanism. Molecular 
size distributions of the polymeric products are bimodal. Initiation with the 
triethylaluminum-benzylidene acetone complex produces poly(methyl 
isopropenyl ketone) with aromatic groups incorporated in the oligomer.

The authors wish to thank Professor M. C. R. Symons (University of Leicester) for 
helpful advice and discussions.
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Soluble Imide—Q uinoxaline Copolymers
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Synopsis
Eight new phenylated imide-quinoxaline ordered copolymers were prepared. The 

synthesis consisted of one-step solution condensations of aromatic bis(o-diamines) with 
.V,A'-bis(benzilyl)beuzophenoneimide and M,A?'-bis(benzilyl)tetrahydrofuranimide re
spectively. The polymers were all of high molecular weight and were soluble in a num
ber of different solvents. Thermal gravimetric analysis showed that the aromatic benzo- 
phenoneimide-quinoxalines (decomposing between 490 and 530°C) were considerably 
more stable than the aliphatic tetrahydrofuranimide-quinoxalines (decomposing between 
290 and 320°C). All polymers gave tough films which could be cast from solution.

INTRODUCTION
The syntheses of polyquinoxalines,1-10 polyphenylquinoxalines,11-16 and 

polyimides18-19 have been reported by a number of investigators. The 
phenylated polyquinoxalines have thermal and oxidative stabilities com
parable to the aromatic polyimides. M ost aromatic polyimides, however, 
are intractable in their final state and can be processed only through their 
soluble amic-acid prepolymers, while the phenylated polyquinoxalines have 
good solubility in a number of phenolic and halogenated solvents.

In  a previous publication20 it was shown th a t soluble, ordered imide- 
quinoxaline copolymers of high molecular weight were obtained by reacting 
bisbenzilylpyromellitimide with aromatic tetraamines. Since one of the 
monomers contained preformed imide rings, it was possible to obtain the 
final copolymers in a one-step reaction without preparing the poly(amic 
acid) intermediate. Since the stability of the quinoxaline moiety is of the 
same magnitude as the best aromatic imides, no loss in therm al and oxida
tive stability of these copolymers is evident. I t  was anticipated tha t tins 
synthetic route should easily lead to other soluble polyimides, and, in the 
following, a comparison is made between polymers containing an aliphatic 
(tetrahydrofuran) and an aromatic (benzophenone) imide moiety.

EXPERIMENTAL

Monomers

N,N'-Bis(4-benzilyl)-3,3,,4,4,-benzophenonetetracarboxylimide (IX).
A mixture of 4 g of 4-aminobenzil,20 2.87 g of 3,3',4,4'-benzophenone- 
tetracarboxylic dianhydride, and .50 ml of dimethylacetamide was stirred

131.3
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1314 AUGL AND D UFFY

under nitrogen for 16 hr at room temperature. At this point, 8 ml of acetic 
anhydride and 2 ml of pyridine were added, and the mixture was then re
fluxed for 8 hr. After the first 5 hr or reflux, 2 ml more of pyridine were 
added. A light yellow solid precipitated, which was filtered and washed 
with a 1:1 mixture of hexane-acetone. The yield was 4.0 g (63%); mp 
281°C.

N,N'-Bis(4-benzilyl)tetrahydrofurantetracarboxylimide (X). A mixture 
of 4.0 g of 4-aminobenzil, 1.89 g of tetrahydrofurantetracarboxylic dianhy
dride, and 50 ml of dimethylacetamide was stirred under nitrogen for 16 hr 
at room tem perature; 8 ml of acetic anhydride and 2 ml of pyridine were 
then added, and the tem perature was maintained between 75-80°C for 4 hr. 
After cooling, the solution was poured into 400 ml of water to give a bright 
lemon-yellow solid. The yield was 2 g; mp280°C.

The elemental analyses of compounds IX  and X  are given in Table I.

TABLE I
Elemental Analyses of Monomers and Model Compounds

Elemental analyses 

Calculated Found
Com- Mp, —---- -------------------- -----------------------------------
pound °c Formula C, % H, % N, % C, % H, % N, %

IX 28 J Ci6H2409M2 73.37 3.28 3.80 73.39 3.37 3.82
X 280 C36H22O9N 2 69.01 3.54 4.47 69.03 3.53 4.37

XI 345 c5,h 32o 5n 6 77.72 3.66 9.54 77.59 3.72 9.16
XII 377

(dec.)
CS8H3o0 5N6 74.80 3.92 10.90 74.63 3.96 10.73

Model Compounds
N,N'-Bis{ 1,4- [2- (3- Phenylquinoxalinyl) jphenylene j benzophenonetetra- 

carboxylimide (XI). A stirred mixture of 0.1081 g (0.001 mole) of
o-phenylenediamine, 0.3683 g (0.0005 mole) of X,Ar'-bis(4-benzilyl)benzo- 
phenonetetracarboxylimide, and 19 ml of m-cresol was kept under nitrogen 
first for 3 hr at 100° C and then for 3 hr at reflux. Addition of methanol 
gave a white precipitate which was filtered and washed with acetone. The 
yield was 0.3 g (75%); mp 345°C.

N,N' - Bis j 1,4 - [2 - (3 - phenylquinoxalinyl) Jphenylene j tetrahydrofuran- 
tetracarboxylimide (XII). This compound was prepared by reacting 
X,A''-bis(4-benzilyl)-tetrahjrdrofurantetracarboxylimide with o-phenylene
diamine in a molar ratio of 1:2 under similar conditions as described for 
compound XI.

The elemental analyses for compounds X I and X II are given in Table I.

Polymer Synthesis
The polymers were prepared by the following general procedure. A 

three-necked flask fitted with stirrer, nitrogen inlet, and reflux condenser
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was charged with equimolar amounts of bisbenzilylimides IX  or X  and the 
aromatic tetraamine. Freshly distilled m-cresol was added to give an ap
proximately 10% polymer solution. Nitrogen was slowly passed through 
the flask while the stirred mixture was kept at 90-100°C for 3 hr. Finally 
the solution was refluxed for 20 min to remove the water formed during the 
reaction. The polymers were precipitated by slowly pouring the polymer 
solution into strongly stirred methanol in a W aring Blendor. All polymers 
were of high molecular weight and formed tough films. The properties of 
the polymers are given in Table II.

RESULTS AND DISCUSSION 

Synthesis

Eight new ordered imide-quinoxaline copolymers were synthesized by a 
one-step solution condensation of aromatic bis(o-diamines) with N ,N '-bis- 
(bcuzilyl)imides [eq. (1)].

H,N

H,N

NH,

NH,
+

0  O

» <0^c_c~Ĉ ~N

Polymer I: X = direct bond,

Polymer II: X = CO 
Polymer III: X = SO- 
Polymer IV: X = O

Polymer V: X = direct bond,

Polymer VI: X = CO 
Polymer VII: X = SO, 
Polymer VIII: X = O

U
( C

u
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The two monomers X,XCbis(4-benzilyl)benzophenonetetracarboxylimide
(IX) and X,XCbis(4-benzilyl)tetrafiydrofurantetracarboxylimide (X) were 
prepared by reacting 4-amino.benzil20 with Td'TA '-benzophenonetctra- 
carboxylie dianhydride and tetrahydrofurantetracarboxylic dianhydride.

The polymerization was carried out in m-cresol at temperatures between 
90 and 100°C. All polymers were of high molecular weight, as indicated by 
their inherent viscosities, which ranged from 0.6 to 2.1 dl/g  (Table I).

Several other solvents have been found to dissolve the polymers. Table 
I I I  lists a number of solvents tha t dissolve some or all of the polymers at 
room tem perature over a period of 24 hr without continued agitation.

Two models, X I and X II, were prepared by condensation of o-phenvlene- 
diamine with compounds IX  and X, respectively, under conditions similar 
to those used for the polymerization.

TABLE III
Solubilities of Imide-Quinoxaline Copolymers

Solubility“

Poly- Poly- Poly- Poly- Poly- Poly- Poly- Poly-
mer mer mer mer mer mer mer mer

Solvent i ii h i IV V VI VII VIII

w-Cresol + + + + + + + +
m-Methoxyphenol + + + + + + + -
Tetrachloroethane + + + + - + + -
Chloroform — + + + - - + -
Dimethylacetamide - - + + - + - +
iV-Methylpyrrolidone - + + + + + + +
Hexafluoroacet.one + + + + + + + +
Hexafluoroisopropanol + + + + + + + +
Nitrobenzene - + + - - + + +
Pyridine - + + + - + + +
Sulfuric acid + + + + + + + +

“ The solubilities were qualitatively determined by letting the polymers dissolve at 
room temperature without continued mechanical agitation: (+ )  soluble; ( — ) insoluble.
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0  0  
XII

The syntheses of other models concerning the quinoxaline moiety in the 
polymer chain have been reported previously.15'20 All absorptions found 
in the infra-red spectra of the polymers could be accounted for from the 
spectra of the models.

Thermal Properties

Thermogravimetric analysis (TGA) was performed on powdered samples 
of the polymers. The decomposition was carried out by using an Ains
worth vacuum balance programmed at a heating rate of o°/m in. The poly
mer decomposition tem perature (PDT) is defined as the intersection of the

Fig. 1. Isothermal weight loss of polybenzophenoneimide-qiiirioxalines at 400°C in
static air.
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100% weight retention line with a line drawn tangent to the TGA curve at 
the first decomposition maximum.

As expected, the aromatic benzophenonetetracarboxylimide-quinoxalines 
(I-1V) are considerably more stable (PDT = 490-530°C) than their 
aliphatic tetrahydrofuranimide-quinoxaline analogs (V-VIII) which de
compose at 290-320°C (Table II).

Isothermal weight loss measurements were carried out on powdered sam
ples a t 400°C in static air. To keep errors at a minimum in comparing oxi
dative stabilities of the polymers, all samples were placed simultaneously 
into a muffle furnace lined with aluminum foil. H-film [poly-N,N'-(4,4'- 
oxydiphenyl)-pyromellitimide] was included for comparison. Under these 
particular isothermal weight loss conditions (400°C, static air), the mea
surements show that the oxygen link in the chain decreases oxidative sta
bility as compared to carbonyl, sulfonyl or direct carbon-carbon linkages, 
This observation was confirmed in our earlier work.15- 0- 22

The weight loss curves of polymers I -IV  are shown in Figure 1. The sta
bility of H-film lies somewhere between polymer II and III. As antici
pated, the aliphatic tetrahvdrofuranimide-quinoxaline copolymers (V- 
V III) have a very short lifetime at 400°C. They showed 100% weight 
loss in less than 20 hr.

Glass transition temperatures Tg were obtained from thin films by means 
of dielectric loss measurements in an apparatus described previously21 
(Table II).

The validity of the Tg values of polymers V -V III is uncertain, since the 
measurement temperature approaches their decomposition temperatures 
and part of the dielectric loss may be due to onset of decomposition.

The copolymer effect and true linearity of the polymers account for the 
lower T„ values as compared to pure polyimides.

CONCLUSIONS

Aromatic imide-quinoxaline ordered copolymers show good thermal and 
oxidative stability. They are prepared in a one-step condensation reaction 
leading to high molecular weight polymers, and due to their solubility in a 
variety of solvents they are easily proeessable.
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Polym erization o f Acrylamide and 
Acrylic Acid Photoinitiated by 

Diazidotetram m inecobalt(III) Azide

H. K0THANDARAA1 AN and M. SANTAPPA, Department of Physical 
Chemistry, University of Madras, Madras 25, India

Synopsis
The kinetics of polymerization of acrylamide and acrylic acid in aqueous solution 

photoinitiated by the complex, diazidotetrammineeobalt(III) was systematically studied 
at 35°C and pH = 3. Monochromatic radiation at. \  = 365, 405, and 435 m^ was em
ployed. The kinetics of polymerization were followed by measurements of the rates of 
monomer disappearance (bromometrically) and complex disappearance (spectrophoto- 
metrically) and the chainlengths of the polymers formed (viscometrieally). The de
pendences of the rate of polymerization on variables like light intensity, light absorption 
by the complex, wavelength, monomer concentration, and hydrogen ion concentration 
were studied. The rates of polymerization of acrylamide and acrylic acid w'ere found to 
be proportional to the square of the monomer concentration and to the first power of 
light absorption fraction kt and light intensity I. A kinetic scheme is proposed in the 
light of experimental results involving (1) a primary photochemical act of excitation of 
the complex, followed by the dark reaction of electron transfer within the complex pro
ducing the azide radical; (2) initiation of polymerization by the azide radical; (3) 
termination of the chain process by the complex molecule.

INTRODUCTION

While the photochemistry of coordination compounds was known for a 
long time, quantitative interpretations are just emerging into view. 
C obalt(III) forms a large number of diamagnetic hexacoordinate complexes 
which have been studied more thoroughly than any other class of coordina
tion compounds.1 The absorption spectra of complexes of the type [Co- 
(NH3)5X ]2+ correlate well with the oxidizability of the ligand X. The 
charge transfer bands of the complexes with the easily oxidizable ligands
I - , N3_ extend far into the visible, and on irradiation around X =  370 my 
redox photolysis occurs exclusively.2 Irradiation of the ion-pair Fe3+-N3~ 
at X >  300 mp caused electron transfer resulting in ferrous ion and azide 
radical which resulted in the initiation of polymerization of acrylonitrile, 
methyl methacrylate and methacrylic acid.3 The photoinitiation of vinyl 
monomers by azidopentamminecobalt(III) chloride was first reported by 
Santappa et al.4~6 Delzenne7 also observed photopolymerization of acryl
amide by chloro- and aquo- pentam m inecobalt(III) complexes. Studies on 
photolytic behavior including photoinitiated polymerization reactions in-
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volving tetram m inecobalt(III) complexes of the type [Co(NH3) iX 2]+ have 
been few. In  this paper we report a systematic kinetic study of polymeri
zation of acrylamide and acrylic acid photosensitized by diazidotetram- 
minecobalt (III) azide in aqueous solution at different wavelengths (X = 
365, 405, and 435 m/i) a t T = 35 ±  0.1° C with a view to elucidate the 
nature of the primary process, subsequent dark reactions and initiation 
and term ination of polymerization and to evaluate the various rate parame
ters.

EXPERIMENTAL 

Optical Arrangement

Two types of light sources were used: a high-pressure mercury vapor 
lamp (250 W ; M azda M E /D  box type fitted with glass windows, supplied 
by B.T.H. Co., U.K.) and a bulb-type ultraviolet lamp (125 W, Mazda 
M BW /W , also supplied by B.T.H. Co., purity  of 365 mpi >99% ). The 
light from the lamp, condensed and rendered parallel by a biconvex lens, 
was allowed to pass through a series of filter combinations8 to isolate the 
required monochromatic wavelengths. To obtain light of X = 365 n q , the 
125 W lamp (Mazda M BW /W ) was used without any filters. The reaction 
cell (4.6 cm light path, 4.6 cm diameter) was a cylindrical vessel (capacity 
75 ml) fused at both ends with flat, optically clear, quartz plates and had 
two outlet tubes of standard B-14 cones for deaeration of the system.

Preparation of the Complex

Diazidotetram m inecobalt(III) azide prepared by the method of Einhard 
and Weigel9 was 99% pure as checked by spectrophotometry (log e = 4.15 
at X = 337 mu). The cobalt content of the complex as determined by the 
method of Schwarzenbach10 was 23.32% (theoretical 23.36%).

Reagents

Acrylamide (American Cyanamid Co., U.S.A.) recrystallized11’12 from 
warm chloroform solution was a white crystalline solid (mp S4.5°C). 
Acrylic acid13 was twice distilled under reduced pressure in an atmosphere 
of nitrogen, and the middle cuts (bp 48.5°C/15 mm Hg) were used. Potas
sium ferrioxalate used for actinometry was prepared14 from potassium oxa
late and ferric chloride and purified by recrystallization from water. 
Perchloric acid (E. Merck, G. R., ca. 60% HC104) was used to maintain 
pH. Solvents (methanol, ethanol, chloroform, acetone, etc.) were distilled 
immediately before use, and middle cuts were used. Nitrogen freed from 
traces of oxygen by Fieser’s solution15 was passed through to deaerate the 
reaction system.

Estimations

The purity and concentrations of the monomer were estimated by bro- 
m om etry.16 A typical experiment may be described as follows. The reac
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tion mixture containing the diazido complex (2 X 10-B mole/1.), monomer 
(0.1 mole/1.), acid (HC104, pH «  3), and neutral salt (0.1 mole/1. NaC104) 
was introduced in the reaction cell and deaerated for about 45 min in the 
dark. The reaction cell was then mounted in a therm ostat at 35 ±  0.01°C 
(maintained by a toluene regulator and hot-wire vacuum switch relay, 
Gallenkamp) in the path of the monochromatic light and irradiated for 
5-15 min, depending on the type and concentration of monomer. The rate 
of monomer disappearance was followed by determining the concentration 
of monomer (bromometrically) in the reaction solution before and after ir
radiation. The rate of disappearance of the diazido complex was followed 
by the change in absorbancy of the reaction solution (measured in an ultra
violet spectrophotometer, Hilger & W atts Unispek, H700) after irradiation 
and reference to a Beer’s law calibration curve for the complex at X = 340 
niju- The light intensity of the mercury vapor lamp was measured by potas
sium ferrioxalate actinom etry . 1 4  The polyacrylamide formed was precipi
tated  by the addition of methanol and purified by reprecipitation. The vis
cosities of solutions of polyacrylamide in sodium nitrate (0 .1 %  polymer in 
1M sodium nitrate) were measured in an Ubbelohde viscometer (Polymer 
Consultants Corporation, ILK.) maintained at 30 ±  0.01°C in a therm ostat 
for precision viseometry (Krebs Electrical and M anufacturing Co., New 
York). From the intrinsic viscosities [1 7 ], the number-average molecular 
weight of the polymer M n was calculated by using the Mark-Houwink 
relationship : 11

[7?] = 6.8 X 10

Similarly for poly (acrylic acid)12 in dioxane at 30°C:

[t?1 = 7.4 X 10 417

was used.

KINETIC SCHEME

The kinetic scheme shown in eqs. (l)-(7 ) appears to explain most of the 
experimental results.

Light Absorption and Excitation of the Complex:

[Co(NH,)4(Ni)*]+ — ^  [Co(NH ,)4(N,),*]+ (1)
h v

fc„ is the light absorption fraction by the complex and /  is the light intensity. 
D ark Back Reaction:

[Co(NH,)„(N,)**]+ -----^  [Co(NH ,)4(N,),]+ +  A (2)

Deactivation of the excited complex in the dark leads to the complex 
molecule in the ground state, the excess energy A being dissipated in the 
surrounding medium.
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Redox Decomposition of the Excited Complex:

[Co(NH3)4(N3)2*]+ ----- ^  Co(II) +  4NH3 +  N ,~ +  N s- (3)

Radical Scavenging by the Complex Molecule:

Ns- +  [Co(NH3)4(N3),]+ ----- ^  Co(II) +  4NH, +  N r  +  3N* (4)

Initiation of Polymerization:

Ns- +  M > M -  (o)

Propagation of Polymerization:
b

M- +  1M ------- > 1VR

Termination by the Complex:

M n- +  [Co(NH3)4(N3):2]+

etc
-----> M„-

k,
-----» Polymer

(6)

(7)

RESULTS AND DISCUSSION

The polymerization under deaerated conditions was only photochemical 
in nature, the therm al reaction being absent. The free-radical nature of 
the process was established by the observation of long induction periods 
(~ 2 0  min) in the presence of oxygen. The steady-state maximum rate 
was observed to be dependent on the type of monomer; monomer con
centration, complex concentration, and wavelength of light. For acryl
amide, the steady-state maximum rate was attained in about 5 min at X = 
365 and 435 mg, while at X = 405 mg the time required was 10 min. For 
acrylic acid the steady-state maximum ra te  was reached in about 10 min 
for all the three wavelengths studied, i.e., 365, 405, and 435 mg. The per
centage of acrylamide polymerization was kept below 35% and tha t of 
acrylic acid was below 10%. The conversion of the complex was about 
40%. A pH « 3  was maintained in all the polymerization experiments 
to avoid precipitation of cobaltic hydroxide. All the experiments were 
conducted under deaerated conditions and at constant ionic strength (g 
=  0.1). The effects of variation of light absorption fraction, light in
tensity, monomer concentration, hydrogen ion concentration, wave
length of light, ionic strength, etc., on the measurables, rates of monomer 
and complex disappearance, chain length of polymer were studied in detail.

Rate of Monomer Disappearance ( — d[M]/dt)

On making the usual assumptions for stationary-state kinetics for micro 
and macro radicals and nonvariation of propagation and termination con
stants with chain length and on the basis of initiation by azide radicals and 
termination by the complex:

-d[M ]/d t  = fcpfc<W[M]*/(fc*[C])(fc4 +  kr){kt[ M] +  (8)
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0 0 - 0 Ï  0 .0 4  0.06 0.03 0.10 0-15. - > B , C

o o . o ?  o.io O.lS o.io A

Fig. 1. Plots of — d[M]/<ft vs. [M]2: (A) acrylamide, 365 m,u; (R) acrylamide, 405 
m/x; (C) acrylamide, 435 m/x; (D) acrylic acid, 365 m/x; (E) acrylic acid, 405 m/x; (F) 
acrylic acid, 435 m/x.

The rate of monomer disappearance was found to be dependent on the 
square of the monomer concentration [M]2 (Fig. 1), the first power of the 
light absorption fraction ke (Fig. 2) and the first power of light intensity I  
(Fig. 3) in the case of both acrylamide and acrylic acid polymerizations. 
These observations support the postulation of term ination by the complex.
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If termination was by mutual combination the rate of monomer disappear
ance would have been dependent on |M ]3, \  k el / ‘ and l '  If termination 
by azide radicals were considered, the dependence would have been on [M ]2 
only, k t and /  having no effect. Delzenne7 also observed a second-order de
pendence of the rate of acrylamide polymerization on monomer concentra-

0 .0 4 -  0 .6 0  0 .1 2 .  0 .1 6  0 .2 0  B ,C -

0 .1  0 . 4  0 - 6  O.Q C O  - » A

Fig. 2. Plots of — d [ M ] / d t  vs. k t : ( A )  acrylamide, 365 inm; (11) acrylamide, 405 him;
( C )  acrylamide, 435 him; ( D )  acrylic acid, 365 him; (A) acrylic acid, 405 him; (/'’) acrylic
acid, 435 dim-
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tion with aquopentamminecobalt(III) complex as the initiator and ex
plained this on the basis of termination by the latter. Delzenne suggested 
participation of the monomer in the formation of the initiating radicals 
through a reversible substitution of the coordinatively bonded water 
molecule by acrylamide (analogous to the substitution of a ligand by N -

O 0.5 1-0 15 2-0 2 5 3.0 3-5 -> C
O +  8 IX  16 2 0  £

0 1  i  3 +  5“ 6 7 _»C
Fig. 3. Plots of — d [ M . ] / d l  vs. I :  (d )  acrylamide, 36u i n ( B )  acrylamide, 405 111fi;

(01 acrylamide, 435 m u ;  ( D )  acrylic acid, 365 111/x; ( E )  acrylic acid, 405 m/y ( F )  acrylic
acid, 435 m/x.
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methylacetamide17 in [Co(en)2X 2]X) followed by photocliemically induced 
electron transfer within the intermediate complex.

NH,

H3N---------------HA)
NH3

+ HA) (9)

H

Co++ +  4NH3 +  NH4+ + 0 = C — C— CH2 (10)
I I

1LN OH

The analogy cited by Delzenne may be somewhat inappropriate. In the 
case of substitution of H 20  by iV-methylacetamide in the complex there 
was a distinct change of color on mixing N-metliylacetamide and solution 
of the complex and the shifts in \ max values were also reported. But in the 
case of the aquopentamminecobalt(III) complex no such color change or 
change in optical density measurements was reported. Complexation be
tween azidopentamminecobalt(III) complex and acrylamide was dis
counted by Natarajan and Santappa.4 In the case of diazidotetrammine- 
cobalt(III) azide also there was no significant change in the spectrum of the 
complex on addition of acrylamide, the log e (4.15) remaining the same at 
the maxima which proved to a first approximation that no complexation 
by substitution was involved. By increasing the concentration of chloro- 
pentamminecobalt(III) complex (from 5 X 10~4 to 1 X 10~2 mole/1.),
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Delzenne7 observed a fall from 0.5 for the exponent of the complex concen
tration in the la tte r’s dependence on the rate of polymerization. Also a 
decrease in the rate of polymerization with increase in the concentration of 
the complex was observed, and this was explained by the oxidative ter
mination of polymer radicals by complex molecules. In  the present study 
the rate of acrylamide disappearance increased with the concentration of 
the complex (1 X 10-5 mole/1.) a t first (ke increasing with [C]), reached a 
maximum value (at [complex] = 5 X 10-4 mole/1.); then on further in
crease of complex concentration (up to 2.5 X 10-3 mole/1.) a sharp decrease 
in rate was observed which may be due to the term [C] in the denominator 
in (8) becoming significant at high complex concentrations (due to in
creased termination by the complex). This was similar to the maximum 
rate observed in the case of the photopolymerization of acrylonitrile1718 
in dimethylformamide initiated by FeCl3 at a concentration of the metal 
ion of 10~3 il/.

Rate of Complex Disappearance ( — d[C]/dt)

The expression for the rate of complex disappearance on the basis of 
initiation by azide radical and termination by the complex molecule would 
be:

-d[C ]/d t = [2 kr/ (k d +  kr) ] k j  (11)

The net quantum  yield for complex disappearance 4>b would be equal to 
2kT/(lcd +  kr). The rate of complex disappearance was found to be propor
tional to the first powers of kt or [C] (Fig. 4) and /  (Fig. 5) and independent 
of monomer concentration and wavelength for both acrylamide and acrylic 
acid polymerization. The primary photochemical act we postulate is exci
tation of the complex. The excited complex can in the dark undergo redox 
decomposition giving azide radicals or undergo de-excitation. For the 
photolysis of chloropentamminecobalt(III) complex, Delzenne7 had sug
gested th a t redox decomposition occurs giving the chlorine radical (the 
primary photochemical act) in a single step. For the photopolymerization 
involving aquopentamminecobalt(III) complex, Delzenne suggested com
plex formation with acrylamide in the dark, which then underwent photo
redox decomposition (which was the primary photochemical act) giving 
the radical. N atarajan  and S antappa4 suggested the following prim ary 
step for the photolysis of azidopentamminecobalt(III)chloride:

kil
[Com (NH3)5N 3]2+ +  hv -------- 4 [CoIIN H 3)5N-3p+ +  A (12)

Our suggestion of an excited state prior to the many possible reaction path
ways like redox decomposition, deactivation, combination with polymer 
radicals etc., is supported by the conclusions of Valentine19 th a t electroni
cally excited states of moderately long lifetime—able to undergo internal 
conversion before reactive deactivation—are intermediates in photochemi
cal reactions of most cobalt (III) and other d6 coordination complexes. He
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further concluded tha t inefficiencies observed in the photoaquation and 
photoreduction of these systems are the result of competing reactions of 
their electronically excited states and not of recombination of radicals 
formed by primary homolytic cobalt-ligand bond fission as proposed by 
Adamson20’21 and W ehry.22

S

Q*■%
<

o
X

U-
lli
O
p)

■ os 
z

■4-

.10
3 4

■b -9 -» A
15

.10 
■ 05

•Z 0 
■ 10 ■15 —5 F

Fig. 4. Plots of — d [ C ) / d l  vs. k t : (3 ) acrylamide, 365 him; (Ji )  acrylamide, 405 ihm;
(C) acrylamide, 435 him; (L>) acrylic acid, 365 him; ( E )  acrylic acid, 405 ihm; ( F )  acrylic
acid, 435 him-
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4 3 I Z l b  20 -*B
1 2  3 4 - 5 "  ~>A , C

Fig. Plots of — <l[C]/dt vs. I: (A) acrylamide, 365 him; (B) acrylamide, 405 m/j.; 
(C) acrylamide, 435 m,u; (D) acrylic acid, 365 m/i; (E) acrylic acid, 405 in/»; (E) acrylic 
acid, 435 m .̂

Quantum Yields, 4>c

The primary photochemical act is the excitation of the complex molecule 
followed by the dark reaction, i.e., homolytic fission of the cobalt-azide 
bond to produce the azide radical. The formation of the azide radical is 
evident from the evolution of nitrogen observed by us in the absence of any

N ,

monomer.

ViN* T (13)
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Fig. 6. Plots of chainlength vs. variables at 305 m/*: (O) n vs. [M]; (• )  n vs.
d/[C]).

Quantitative measurements of the nitrogen evolution were made by us2* 
for the photolysis of azidopentamminecobalt(III)chloride. The decreasing 
quantum  yields with increasing wavelength (<j>c = 0.27 to 0.20; Table I)

TABLE I 
Rate Constants

Monomer
Wavelength

X, niju k p / k t k i  ,% </>c

Acrylamide 365 21.18 6.408 0.27
Acrylic acid U 28.74 (l U

Acrylamide 405 21.31 8.523 0.21
Acrylic acid U 28.93 U “
Acrylamide 435 21.24 9.0 0.20
Acrylic acid U 28. SI U U

reveal the operation of the Franck-Rabinowitch24 cage effect in preventing 
the separation of the fragments with decreasing energy of radiation and 
th a t the dark back-reaction (kd) becomes more and more im portant while 
the redox decomposition (Ay) becomes comparably less significant. (Table
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I for l’,i/kr) N atarajan  and Santappa4 reported the value of <f>, for azido- 
pentamminecoball complex to be 0.1S (at X = 365 mu).

Chain Lengths n

On the basis of initiation by the primary radical and termination by the 
complex, the expression for chain length would be:

n = (kp/ k t)[M]/[C] (14)

Chain lengths were found to be proportional to the first power of monomer 
concentration and inversely to the complex concentration both in the case 
of acrylamide and acrylic acid polymerizations (Fig. 6). Termination by 
the azide radical would reveal the chainlengths to be inversely dependent 
on k( and I,  while term ination by mutual combination would require de
pendence on [M]‘/!, k ~ l/' a n d / -1/*.

Rate Constants (k„/kt)

The rate constants kp/ k t were evaluated from slopes of the plots of 
[M p/Rj, versus [M] and assuming 2kr/ (k d +  kr) = </>„ = ( — cl[C]/dt)/kJ. 
The values were almost constant for different wavelengths studied (Table 
I). The values of kp/ k t from Figure 6 involving chainlengths were 21.78 
±  2.0 for acrylamide polymerization and 36.05 ±  4.S for acrylic acid poly
merization, the error limits having been evaluated by the method of least 
squares. N atarajan  and Santappa4 reported the values of kp/ k t 2 ~  1.83 
for acrylamide polymerization with azidopentamminecobalt (III) chloride as 
initiator. Dainton and Tordoff11 reported a value of 4.2 for the hydrogen 
peroxide photosensitized polymerization of acrylamide. In a subsequent 
paper, Dainton and Tordoff12 reported the rate constants for the polymer
ization of acrylamide photosensitized by ferric ion. For this sytem they 
have postulated linear termination by the ferric ion (fc4) and the ferric ion 
pair (/if,) and kv/ki  ~  8.0 and kP/ki, ~  1.3 and a comparison of these values 
with our kP/ k t «= 21 for the same monomer indicates th a t diazidotetram- 
minecobalt complex terminates more slowly than Fe3+ or Fe3+ ■ O H - . The 
rate constants for acrylic acid polymerization with the use of any type of 
initiator are being reported for the first time.

We thank Dr. K. Venkatarao, formerly of this laboratory for helpful discussions.

References
1. F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,” 2nd Ed., 

Interscience, New York, 1965.
2. A. W. Adamson, W. L. Waltz, Q. Zinato, D. W. Watts, F. D. Fleischauer, and

11. D. Lindholm, Chem. Rev., 68, 541 (1968).
3. M. G. Evans, M. Santappa, and N. Uri, J. Polym. Set., 7, 243 (1951).
4. L. V. Natarajan and M. Santappa, J. Polym. Sci. A -l, 6, 3245 (1968).
5. I,. V. Natarajan and M. Santappa, J. Polym. Sci. B, 5, 357 (1967).
6. M. Santappa and L. V. Natarajan, Proc. Indian Acad. Sci. A, 69, 284 (1969).



1361 K O T IT A X D A R A M  AN A N D  S A N T A P P A

7. G. A. Delzenne, in Macromolecular Chemistry Prague 1965 (J. Polym. Sei. C, 16) 
(). Wichterle and Q. Sedlàèek, Eds., Interscience, New York, 1967, p. 1027.

S. E. J. Bowen, Chemical Aspects of Light, Oxford Univ. Press, London, 1940, p. 
279.

9. M. Linhard, M. Weigel, and M. Flygare, X. Anorg. Allgem. Chan., 263, 233 (1951 ).
10. G. Schwarzenbach, Complcxometric Titrations (transi, by II. Irving), Methuen 

London, 1957, p. 78.
11. F. S. Dainton and M. Tordoff, Trans. Faraday Soc., 53, 499 (1957).
12. F. S. Dainton and M. Tordoff, Trans. Faraday Soc., 53, 666 (1957).
13. P. J. Flory, S. Newman, W. R. Krigbaum, and C. Laugier,./. Polym. Sri., 14, 451 

(1954).
14. C. A. Parker and C. Cl. Hatchard, Proc. Roy. Soc. (London), A235, 51S (1956).
15. L. F. Fieser, J. Amer. Chem. Soc., 46, 2639 (1924).
16. G. Mino and S. Kaizermann, J. Polym. Sri.., 38, 393 (1959).
17. W. I. Bengough, S. A. Macintosh, and I. C. Ross, Nature, 200, 567 (1963).
1.8. W. I. Bengough and I. C. Ross, Trans. Faraday Soc., 62, 2251 (1966).
19. D. Valentine, Jr., Advances in Photochemistry, Vol. 6 (Noyes, Hammond, and 

Pitto, Eds.), Interscience, New York, 1968, p. 123.
20. A. W. Adamson and A. H. Sporer, ./. Amer. Chem. Soc., 80, 3865 (1958).
21. A. W. Adamson, Discussions Faraday Soc., 29, 153 (1960).
22. E. L. Wehry, Quart. Rev., 28, 251 (1967).
23. H. Kothandaraman and M. Santappa, unpublished results.
24. H. Franck and E. Rabinowitch, Trans. Faraday Soc., 30, 120 (1934'.

Received September 21, 1970 
Revised November 12, 1970



.TOURNAI. OF P O L Y M E R  S C I E N C E :  F A R T  A-l VOL. «), 1.365-1373 (1971)

Polym erization o f Am inoalkyl Methacrylates in a 
Thin Layer in the Presence o f Atmospheric Oxygen*

V. I. JELISEJEVA and E. AT. AfOROZOVA, Institute of Physical 
Chemistry, U.S.S.R. Academy of Sciences, Moscow, U.S.S.R.

Synopsis
Chemically initiated monomer polymerization in a thin layer in air has been studied. 

Under these conditions the process is intensively inhibited by oxygen. Aminoalkyl 
methacrylates characterized by low volatility and high reactivity were used as monomers. 
Conditions ensuring a high degree of conversion, control of the process have been found 
determined. Monomer structurization by an active filler such as carbon black and re
dox initiation with peroxides and copper salts were found to be the main factors diminish
ing the induction period and increasing rate of polymerization of the aminoalkyl meth
acrylates.

INTRODUCTION

Direct conversion of monomers to polymers is one of the urgent problems 
of polymer production. The production of coatings in which there is 
monomer polymerization without solvents is the subject of considerable 
attention at the present time. However, this problem has been studied 
inadequately, since the initiation of the process is rather difficult owing to 
the increased inhibiting action of atmospheric oxygen in a thin layer. 
Alost, publications in this field have been devoted to the study of direct film 
formation from monomers under the action of slow discharge1-3 and elec
tronic beams.4’5 These methods involving the use of complex equipment 
were employed to coat small simple articles with polymeric films.

It seemed plausible to obtain monomer coatings by chemical initiation 
in air. This would expand the application of the method by avoiding the 
use of complex equipment.

Coating via chemically initiated polymerization of monomers in air re
quires the study of kinetics of the process with regard to specificity in poly
merization in the bulk, as air may display an inhibiting effect and cause 
possible oxidation. Since the process may be thought effective only if no 
monomer is lost, the induction period and the rate of polymerization at 
moderate temperatures are of prime significance, f

* Paper presented at the International Symposium on Macromolecular Chemistry, 
Budapest, 1969.

f There is no need to increase temperature under the conditions studied, in view of the 
greater monomer losses and the need for thermal devices.
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The polymerization rate and induction period are influenced by a de
crease in activation energy which can be varied by selecting the correspond
ing air-active initiators, and by the viscosity of the polymerized system 
hindering the diffusion of oxygen. In the case of polymer coatings, a cer
tain viscosity of the polymerizing system is also necessary to avoid its flow 
from the bed.

The effects of different initiators, accelerators, and thickening, structur- 
izing, and crosslinking agents on the rate of polymerization and induction 
period were investigated. The polymerization kinetics has been studied for 
aminoalkyl methacrylates, which are advantageous owing to the presence 
of amino groups in the polymer for high adhesion of coatings to the surface. 
Monomers containing amino groups were assumed to participate in the 
redox initiating systems with peroxides and atmospheric oxygen, decreasing 
the inhibition effect of the latter.6'7 Besides, the low vapor pressure of these 
monomers decreases their losses during polymerization.

Azobisisobutyronitrile (AIBN), benzoyl peroxide (BP), and to i-butyl 
(TBP) peroxides were used as initiators. AIBN was studied, with con
sideration of the reported data8 9 concerning the optimal initiating effect of 
azo compounds on aminoalkyl methacrylate polymerization. Peroxide 
initiation was studied because the peroxides may react with given monomers 
in the redox initiating systems which are of special interest: the activation 
energy of initiation is low, and thus a fast polymerization is possible at 
moderate temperatures. The effect of transition metal and its salts on the 
redox system in aminoalkyl methacrylate polymerization initiated by 
peroxides was also studied. Use was made of copper and copper stearate.

EXPERIMENTAL

Reagents

The monomers were free from inhibitors by double distillation under 
low pressures. Their characteristics are given in Table I.

The following initiators and accelerators of polymerization were investi
gated: benzoyl peroxide (BP) and azobisisobutyronitrile (AIBN), doubly 
recrystallized; tot-butyl peroxide (TBP), distilled under low pressure; 
copper stearate (CS), analyzed as chemically pure; copper in the form of 
finely dispersed powder or copper foil turnings.

Acrylic telomer (molecular weight dOOO) was used as a thickening agent. 
Triethanolamine trim ethacrylate (T.MTEA) was employed as a cross-link
ing reagent; its properties are given in Table I. Pure acetylene black with 
a surface of 99 m 2/g  was used as an active filler.

Kinetic Investigations

The polymerization kinetics was studied by the thermometrical method 
in view of its applicability to any degree of conversion. A special appara
tu s10 was designed for studying polymerization. I t  is shown schematically 
in Figure 1. This apparatus is a duplex compensation calorimeter with
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TABLE II
Activation Energy for Polymerization of Aminoalkyl 

Methacrylates with Various Initiators

Activation energy,
Monomer Initiator kcal/mole

PEMA Azobisisobutyronitrile 19.6
(0.5 mole-%)

PEMA Benzoyl peroxide 9.0
(0.5 mole-%)

PEMA 7Yr/-Butyl peroxide 10.2
(0.5 mole-%)

PEMA Azobisisobutyronitrile 13.9
(0.5 mole-%) and 
copper

PEMA Copper 14.5
PEMA Copper stearate (0.3%) 14.3
BEAM A Azobisisobutyronitrile 21

(0.5 moIe-%)

mole). Tltis indicates a redox mechanism of the initiation. The mecha
nism is confirmed by the absence of active thermal decomposition of TBP 
at 25-80°C. Thus its initiating effect can be explained solely by its 
participation in the redox process.

The data in Table II  show th a t both metallic copper and copper stearate 
exert a considerable effect on the course of PEM A polymerization in a thin 
layer in air, thus reducing the activation energy. Figure 2 show kinetic 
curves of polymerization of PEM A at 43°C in the presence of copper, copper 
stearate, or no admixtures; the accelerating effect of copper is evident even 
in the absence of initiators. The copper seems to affect the redox processes 
which initiate the polymerization catalytically. I t  may be suggested th a t 
in this case the atmospheric oxygen plays the part of oxidizers when amino
alkyl methacrylates are polymerized in the absence of the peroxides.

TABLE III
Induction Periods for PEMA Polymerization

Induction
Tempera- period,

Initiator lure, °C Additive min

Benzoyl peroxide
(0.5 mole %) 36 — 19

“ 43 — 14
“ 58 — 10
“ 65 — 4

None 43 — 100
“ “ Metallic copper 45
“ “ Copper stearate 7.5

(0.3%)
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Fig. 2. Kinetics of PEMA polymerization at 43°C: (1) with copper stearate; (2) with 
metallic copper; (3) without additives.

Fig. 3. Kinetics of PEMA polymerization at 36°C with BP in the presence of TMTEA: 
(1) 0% TMTEA; (g) 5.3% TMTEA.

Despite the low activation energy, polymerization of aminoalkyl meth
acrylates was not observed at room temperature for the initiators studied; 
this was attributed to the strong inhibiting effect of oxygen on polymeriza
tion in a thin layer. The values for induction periods of PEAIA polymer
ization in the presence or absence of BP are shown in Table III.

To carry out the process at a room temperature, the redox treatm ent 
may be applied to the system whose viscosity was increased by the struc
turization, which would protect the polymerizing layer from the action 
of oxygen. The structurization of the polymerizing system can be attained 
by chemical and physicochemical techniques, i.e., by addition of a multi
functional copolymerizing monomer or of an active tiller inducing the 
formation of a thixotropic system.

A multifunctional amino-containing monomer, TM TEA, was used foi
st ructurization of the system by formation of chemical bonds. Experi
ments have shown th a t addition of TM TEA to PEAIA decreases the in
hibiting action of atmospheric oxygen. This can be seen from the kinetic 
curves in Figure 3. This effect seems to be accounted for by an increase 
in viscosity of the system due to thé fact tha t the three-dimensional struc
ture forms as soon as the polymerization has begun. Thus, introduction of 
TAITEA has a positive effect essentially during the earlier steps of the
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TABLE IV
Effect of TMTEA Addition on the Induction 

Period for PEMA Polymerization with BP

Temperature, °C
TMTEA % based on 

PEMA Induction period, min

36 0 19
36 5 15
43 0 14
43 5 11

TABLE V
Effect of Carbon Black on the Induction Period of 

PEMA Polymerization at 28°C

Initiator0

Carbon black,
% based on

PEMA Induction period, min

Benzoyl peroxide 
Benzoyl peroxide and 

copper stearate 
Benzoyl peroxide 
Benzoyl peroxide and 

copper stearate

0 No polymerization

U 65 
10 6

10 2

° Benzoyl peroxide was 0.5 mole-% based on monomer; copper stearate was 0.3%.

polymerization, but it affects the induction period just slightly as may be 
seen from Table IV.

Introduction of an active filler, such as acetylene carbon black with a 
surface of 99 m 2/g , had a great effect on the polymerization of aminoalkyl 
methacrylate. As shown by experiments, introduction of 10% carbon 
black results in formation of a thixotropic system. The effect of carbon 
black on the induction period is illustrated by Table V.

Fig. 4. Kinetics of PEMA polymerization at 28°C with benzoyl peroxide as initiator: 
(1) with carbon black; (g) with copper stearate; (3) with carbon black and copper 
stearate.
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The observed effect of carbon black seems to be accounted for by its 
structurizing effect on the monomer owing to intermolecular forces. This 
would decrease oxygen diffusion into the monomer layer, thus reducing the 
induction period and favoring an increase in the polymerization rate at 
small conversions (Fig. 4). I t  follows from Table V and Figure 4 th a t the 
effect of carbon black on the rate of PEAIA polymerization is particularly 
marked in the presence of copper stearate. A system consisting of the 
amino-containing monomer, the structurizing agent, benzoyl peroxide, and 
copper stearate is completely polymerized without monomer losses in 30- 
40 min at room temperature.

Fig. 5. Kinetics of PUMA polymerization at 43°C with benzoyl peroxide as initiator, 
acrylic telomer added: (1) 0% acrylic telomer; (£) 10.5% acrylic telomer.

The induction period may be affected considerably by a polymeric 
thickening agent which raises the viscosity of the system. An acrylic 
telomer (molecular weight, 3000) was used. When the telomer was intro
duced into PEAIA in a concentration of 10.5%, the induction period dropped 
from 14 min to 4 min a t 43°C (Fig. 5). I t may be suggested that this 
effect, the same as in t he case of carbon black, is accounted for by decrease 
in diffusion of atmospheric oxygen to the monomer layer because of the in
crease in the viscosity of the layer.

CONCLUSION

The results presented in this paper allow us to propose tha t two conditions 
must be fulfilled for the chemically initiated polymerization of monomers at 
moderate tem perature in a thin layer in air: the polymerization activation 
energy should be lowered by use of redox initiating systems while the poly
merizing layer should be made more viscous to prevent the diffusion of oxy
gen. The most logical method of thickening appears to be the introduction 
of an active filler into the monomer.
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Eleclroinitiated Polym erization o f Vinylic Monomers 
in Polar Systems. I. Contribution o f the 

Electrolysis o f Methanol to Free-Radical 
Polym erization

AI. ALBECK, AI. KÖXIGSBUCH, and J. RELIS, Chemistry Department, 
Bar-Ilan University, Ramat-Gan, Israel

Synopsis
E l e c t r o l y t ic  p o ly m e r iz a t io n  o f  a c r y la t e s  a n d  m e t h a c r y la t e s  in  m e t h a n o l  s o lu t io n  c o n 

t a in in g  l i t h i u m  a c e ta te  as  e le c t r o ly t e  w a s  in v e s t ig a t e d  u n d e r  c u r r e n ts  r a n g in g  f r o m  1 0  to  
1 0 0  m A .  P o ly m e r  y i e ld  in c re a s e s  u p  to  a  l im i t i n g  c u r r e n t  v a lu e ,  b e y o n d  w h ic h  i t  d e 
c re a s e s . T h is  a b n o r m a l  b e h a v io r  is  d is c u s s e d . A  f r e e - r a d ic a l  m e c h a n is m  is s u g g e s te d .

INTRODUCTION

Polymerization initiated by electrolysis has been reported by some inves
tigators.1-6 It is accomplished in solutions containing a monomer and an 
electrolyte dissolved in a suitable polar solvent. Upon passing a direct 
electric current through such a solution, polymerization is initiated. The 
polymer yield is usually linearly dependent on the current employed. The 
mechanism may be free-radical, anionic, or cationic, depending on the 
solvents and the salts employed.

AI ethanol is generally used to precipitate the polymer obtained and as a 
polymerization suppressor. In this work the electroinitiation of polymeri
zation of acrylates and methacrylates in methanol solution is discussed. 
This system behaved differently from those previously mentioned in that 
the polymer yield was not simply related to the electrolytic current. For 
this reason voltage-current measurements were conducted in order to 
clarify the polymerization mechanism. These measurements, together with 
conclusions based upon them, are presented in this paper.

EXPERIMENTAL

Materials
AI ethanol (Frutarom Lab. Chemicals, Israel) analytical grade was kept 

over Alg for 24 hr and then distilled. Only the middle fraction was used, 
bp

The monomers (Fluka, Swiss) wore washed with ">% NaOII and then 
with f)% Ik,PO,. They were dried under anhydrous Na2SOj (24 hr) and

1 3 7 5

©  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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distilled under reduced pressure (1 mm Hg). The middle fraction was used. 
They were stored at — 30°C.

Lithium acetate (Schuchardt, Munich), analytical grade, was used with
out further treatment.

Polymerization by Electrolysis at Constant Current

Electrolysis was performed in solution of the monomer in a polarizing 
solvent. Lithium acetate in methanol was employed for this purpose. 
The monomer was mixed with this solution in a 1:1 ratio.

A 30-ml portion of the mixture was electrolyzed between two flat carbon 
electrodes of surface area 24.3 cm2, held 0.5 cm apart by Teflon spacers. 
The cell was thermostatted at 40.0 ± 0.1°C.

The electrolysis was conducted at constant current provided by a Kepco 
potentiostat Model HB 525M (General Electric Co. U.S.A.) in constant 
current mode. The polarity of the electrodes was periodically (5 min) 
reversed, as this was found to result in more highly reproducible yields by 
clearing the surface of the electrodes from polymer deposit.

After 18 hr of electrolysis the polymer was precipitated by further dilu
tion with methanol, washed and dried in vacuo at 50°C.

Voltage-Current Measurements

The voltage between the electrodes in the cell (Ee) was measured at a 
number of current values by increasing the current stepwise from 5 mA 
to 100 mA. The conductivity of each monomer mixture was measured 
with the same electrodes previously described, and the cell resistance was 
calculated.

The measured cell voltage is the sum of two potentials: (1) the IR-
(current-resistance) potential drop and (2) the electrode reaction potential
m -

The Ac was measured 1 min after switching on the electrolysis current. 
The specific electrode reaction potentials were found by subtracting the IR- 
(current-resistance) gradient from these values. The data are given in 
Tables I and II.

Polarography

Under polarographic conditions, a direct relationship between current 
and electrode reaction potential exists. A dropping mercury electrode 
was employed as indicator electrode and a graphite one served as a refer
ence electrode. The temperature was 27°C. The voltage was scanned 
from 0 to 5 V (with reference to the graphite electrode) by use of an Elec
troscan 30 polarograph (Beckman Co., U.S.A.). Before starting the 
polarographic measurements, the solution was purged with dry hydrogen 
until no oxygen reduction wave was observed. The ratio of methanol to 
monomer was 10:1.
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Variation of H2 Volume with Current
The hydrogen evolved in the electrolysis of a methanol-lithium-acetate 

solution at currents between 10 and 100 mA, in the procedure described, 
was collected and measured in a gas buret.

The volume of hydrogen which evolved during a minute at each given 
current strength, was calculated from the experimental results.

pH Measurements
For pH measurements the two graphite electrodes were dipped into a 

methanol-lithium acetate solution. Glass and calomel electrodes were 
so inserted that the glass electrode was fixed near one of the graphite elec
trodes. By reversing the polarity of the electric field between the graphite 
electrodes, the glass electrode indicated the pH at the anode or cathode as a 
function of current.

RESULTS AND DISCUSSION
Experimental studies showed1-6 a direct proportionality between current 

and polymer yield in electroinitiated polymerization. But the decrease in 
yield exhibited above certain current values in our work, requires explana
tion. The graphs in Figures 1 and 2 illustrate that the polymer yield in
creases with current rising to a definite value, beyond which further current 
increase causes decreased yields. For acrylates this maximum is between 
20 and 40 mA, whereas for methacrylates it occurs in the 55-65 mA range.

An anionic mechanism may be excluded prima facie because of the 
methanol solvent used. Funt and Bhadani4 found that methanol is a 
chain-stopping agent in anionic polymerizations. They conducted poly
merizations on a styrene solution containing 0.4934/ methanol and em
ployed a 100 mA current. Although, in the presence of methanol no poly
mer was produced even after a period of 4 hr, conversion of greater than 
00% was obtained in the absence of methanol under otherwise identical 
conditions.

A free-radical mechanism for the polymerizations may be tested by 
adding a free radical quencher and noting the effect produced by a current, 
which would in the absence of quencher give an optimum polymer yield.

We added p-benzoquinone to an ethyl acrylate solution and passed a 50 
mA current for IS hr. The conversion for this time was 3.6%, as compared 
to 40% conversion achieved under identical experimental conditions with
out p-benzoquinone (see Fig. 1). When oxygen was bubbled through the 
mixture and a current applied, the polymer yield decreased to 9% of the 
amount obtained at conditions where no oxygen was present. Also, when 
I AN():i was used as electrolyte, the yield was very low. (The polarographic 
measurements with this electrolyte showed the presence of oxygen). It is 
thus evident that in our system the polymerization is initiated by free 
radicals. These radicals are, in fact, Li atoms, formed at the cathode by 
electrolysis, in the reaction

Li+ +  e- I,i- (1)
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F ig .  1 . C o n v e rs io n  o f  a c r y la t e s  as  a  fu n c t io n  o f  c u r r e n t :  ( A )  b u t y l  a c r y la t e ;  ( X )  e t h y l  
a c r y la t e ;  ( • )  m e t h y l  a c r y la t e .  T e m p e r a t u r e  4 0 .0  ±  0 . 1  ° C .

The decrease in yield, occuring after a certain current value is exceeded, 
should be the result of the production of a free radical suppressor by the 
electrolysis process.

In polarography of a methanol-lithium acetate solution, two waves de
velop. The first, wave, which begins at —1.9b V, shows the reduction of 
Li+ ions. After this, at about —3 V, the solvent begins to decompose and 
there is a steep rise of the current. Since there are no other species in the 
solution which can undergo reduction at this potential, we assume that this 
wave is due to the decomposition of the solvent, reduction at the cathode 
and oxidation at the anode [see eqs. (l)-(7)]. This decomposition poten
tial is about bO- 100 mV lower for a mixture containing a monomer. Data 
of these potentials are given in Table III. Thus, two concurrent reactions 
occur, from which the first extends through the whole potential range in
vestigated, while the second begins only at —3 V. The first wave exhibits 
a low current due to the low lithium concentration (O.Obil/), while the
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F ig .  2 .  C o n v e r s io n  o f  m e t h a c r y la te s  as  a  fu n c t io n  o f  c u r r e n t :  ( A )  b u t y l  m e t h a c r y la t e ;  
( X )  e t h y l  m e t h a c r y la t e ;  ( • )  m e t h y l  m e t h a c r y la t e .  T e m p e r a t u r e  4 0 .0  ±  ( ) . l ° C .

second is of high current due to the high solvent concentration (15/1/). The 
reactions at the electrode may be as shown in eqs. (l)-(7) :

At the cathode:

Li+ +  e - ------- » Li- (1)

Li- +  CTLOH --------> C H ,0 - +  Li+ +  H- (2)

At the anode:

CH,OH --------* HCOHO +  2H+ +  2e~ (3)

At the cathode:

■> H22H+ +  2e (4)
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At the anode:

CHsCOO------ -► CH3COO- +  e- (5)

CHsCOO- — — > CH3- +  C02 (6)

2CHS- --------- * c 2h 6 (7)

T A B L E  I I I
R e d u c t io n  P o t e n t ia ls  o f  A c r y l a t e  a n d  M e t h a c r y l a t e  S o lu t io n s  O b t a in e d  b y  P o la r o g r a p h y »

S o lv e n t M o n o m e r
F i r s t  r e d u c t io n  

p o t e n t ia l ,  V
S e c o n d  r e d u c t io n  

p o t e n t ia l ,  V

M e t h a n o l — - 2 . 0 5 - 3 . 3 0
“ M M A - 1 . 9 3 - 3 . 0 0
U E t  M A - 1 . 9 0 - 2 . 9 5
u B u M A - 1 . 9 5 - 2 . 9 5
“ M A c -  1 . 8 5 - 2 . 3 5
“ E t A c - 1 . 8 5 - 2 . 8 5

B u A c - 1 . 9 0 - 2 . 9 3

R a t io  o f  m e t h a n o l  t o  m o n o m e r  =  1 0 : 1 ; 2 7 ° C .

C02 was not found (by GLC on silica gel column with a standard C02 as 
a reference) after polymerization, thus it may be assumed that, at the cur
rent densities employed, reactions (5), (6), and (7) do not take place. H2 
was evolved at the cathode throughout the polymerization, while formal-

F ig. 3. V ariation  of p H  w ith  current in  the anode and cathode sections, 27°C .
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F ig .  4 .  V a r ia t i o n  o f  (h e  r e a c t io n  p o t e n t ia l  E r w i t h  c u r r e n t :  ( • )  e t h y l  a c r y la t e ;  ( X )
e t h y l  m e t h a c r y la t e .

dehyde was found in the reaction mixture. The presence of formaldehyde 
was confirmed by two methods: (1) GLC (a 15% Carbowax 20.M on
Chromosorb W (50-80 mesh) and (2) polarography against a standard solu
tion of formaldehyde.

pH measurements demonstrated the presence of H+ in the vicinity of 
the anode. The H* concentration increased with increasing current. In 
contrast, the solution of the cathode section was strongly basic (see Fig. 3).

In current-voltage (current scanning) measurements (Fig. 4), two cur
rent ranges, similar to the two potential ranges in polarography, are ob
served which indicate the existance of the two reactions. In the lower cur
rent range, up to point a, the voltage Er rises steeply with relatively small 
current changes, according to reaction (1). From this point on, only small 
voltage changes occur with increasing current, according to reactions (3) 
and (4). (Er is slightly different from the potential values in polarography 
because a different electrode pair is used). Experiments showed clearly
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that the polymerization occurs at the cathode. Only the radicals H- and 
Li- are present, according to the reactions:

Li- +  H+ ------- * L i + + H -  (8)

2H- ------- > Ho (9)

Some investigators believe that the hydrogen radicals initiate polymeriza
tion. Kern and Quast7 claim that the electrolytic polymerization of an 
aqueous acidic solution of MM A is initiated by hydrogen atoms, which are 
formed at the cathode. They found also that the hydrogen activity was a 
function of the electrode material and decreased in the order Hg, Pb, he, 
Pt. Generally, however, the opposite, order is known about the catalytic 
activity of hydrogen at metal electrodes. Thus Liebhafsky and Cairns8 
showed that the electrode activity for hydrogen adsorption and evolution 
decreases from Pt through Pd, W, he, Cr, Ag, Cu, Pb, Hg. Also Federova 
et al.9 showed that it is not the hydrogen atoms that initiate polymeriza
tion at a Pb cathode. Polymerization occurs at the reduction potentials

F ig .  5 . V o lu m e  o f  I i 2 e v o lv e d  a t  d i f f e r e n t  c u r r e n ts ,  2 7 ° C .
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of hydrogen ions only in presence of peroxy compounds in the monomer. 
In agreement, with these findings, it is not surprising that Oplutka et al.10 
found that the presence of Hg alone (not as electrode) initiates the poly
merization of acrylonitrile.

l’arravano11 found that metals loaded with hydrogen, either electrolyt- 
ically or by processes of chemisorption, initiate polymerization of aqueous 
solutions of MAI A, but the efficiency is low compared with the total hydro
gen released by electrolysis or present in the chemisorbed state. Bhadani 
and Parravano12 performed electrolytic polymerization of 4-vinylpyridine, 
and in their opinion initiation occurs by direct electron transfer from cath
ode to monomer, but other possible' mechanisms, such as

Xa+ +  e~ ------- > Na-
Na- +  M ------- > M -- +  Na +

are not excluded.
Considering the possibility of initiation by hydrogen atoms in our system 

we introduced gaseous HC1 into the solution instead of Li acetate, and 
passed an electric current for 12 hr (as mentioned above). The only result 
was a slight turbidity of the solution in contrast to about 3 g of polymer ob
tained when Li acetate was used as electrolyte.

Thus we assume that the main initiators in our system are the Li atoms 
and the mechanism is as follows. The H+ ions migrate to the cathode and 
react quickly with a part of the Li atoms to give Li+ +  H- according to 
eqs. (8) and (9). This reaction is much faster than a free-radical reaction 
between Li atoms and the monomer at high concentrations of H+. Thus 
most of the Li free radicals are neutralized at currents above point a and a 
low conversion results. H + is present at low concentrations at low currents 
and do not quench the polymerization to an appreciable degree.

Measurements of the volume of hydrogen evolved, as described by eqs. 
(2) and (4) at various current densities, confirms the existence of these re
actions and affords a means of studying the effect of the H+-ions on poly
mer conversion. The curve illustrated in Figure "> comprises two different 
linear portions, indicating two electrochemical reactions. The curve 
would be linear throughout the range if reactions of one type only were 
occuring. The range A-B gives the amount of hydrogen resulting from re
action (2). By extrapolation, the volume of hydrogen which would be 
evolved at various current densities in absence of the other reaction may bo 
obtained. Subtraction of the curve obtained by extrapolation from the 
experimental curve yields the hydrogen evolved for any given current, 
according to the reaction described by eq. (4). Section C-D in Figure o 
illustrates these results. The current at the point D' of zero evolution of 
hydrogen (extrapolated from the C-D line, Fig. 5) is theoretically the low
est value where reaction (4) can take place. This value agrees with that 
found by the methods already described above, and this further substan
tiates the validity of our conclusions.

T h is  w o r k  is t a k e n  in  p a r t  f r o m  th e  P h . I ) .  th e s is  o f  J .  T ie lis .
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Pyrolysis-Gas Chromatographic Analysis of 
Poly (vinyl Chloride). II. I n  S i t u  

Absorption o f HC1 during Pyrolysis 
and Combustion o f PVC

MICHAEL AI. O’M ARA, B. F. Goodrich Chemical Company, 
Avon Lake, Ohio 44012

Synopsis
A  p y r o ly s is - g a s  c h r o m a t o g r a p h ic  t e c h n iq u e  f o r  m e a s u r in g  th e  a m o u n t  o f  h y d r o g e n  

c h lo r id e  re le a s e d  d u r in g  t h e  h ig h  t e m p e r a t u r e  p y r o ly s is  o f  p o l y ( v i n y l  c h lo r id e )  re s in s ,  
p la s t is o ls , c o p o ly m e rs  a n d  c o m p o u n d s  c o n ta in in g  in e r t  f i l le r s  h a s  b e e n  d e v e lo p e d .  T h e  
te c h n iq u e ,  w h ic h  is  a ls o  a p p l ic a b le  to  t h e  a n a ly s is  o f  c h lo r in a te d  p o ly e t h y le n e  a n d  
c h lo r in a te d  p o ly  ( v in y l  c h lo r id e ) ,  is b a s e d  o n  t h e  u se  o f  a  s t a n d a r d  p r e c u r s o r  o f  H C 1 ,  
p o l y ( v i n v l  c h lo r id e )  h o m o p o ly m e r .  T h e  a n a ly s is  h a s  b e e n  s u c c e s s fu lly  u s e d  to  m e a s u re  
t h e  d e g re e  o f  in  s i t u  a b s o r p t io n  o f  H C 1  d u r in g  p y r o ly s is  b y  c e r t a in  b a s ic  f i l le r s  [ K 2C 0 3, 
C a C O s , C a O ,  M g O ,  A l ( O H ) 3, N a 2C 0 3, A 1 20 3 a n d  L i O H ]  d is p e r s e d  in  a  p o l y ( v i n y l  
c h lo r id e ) - o - d io c t y l  p h t h a la t e  m a t r ix .  C o m b u s t io n  o f  a  n u m b e r  o f  c o m b u s t io n  re s id u e s  
(c h lo r id e  d e t e r m in a t io n )  r e v e a le d  t h a t  t h e  a m o u n t  o f  H C 1  a b s o rb e d  b y  t h e  b a s ic  f i l le r  
w a s  in d e p e n d e n t  o f  t h e  m e t h o d  o f  d e g r a d a t io n  (p y r o ly s is  o r  c o m b u s t io n ) .  F l a m m a b i l i t y  
m e a s u r e m e n ts  o f  th o s e  m a t r ic e s  h a v in g  t h e  s a m e  c o m p o s it io n  in d ic a t e  t h a t  i n  s i tu  a b 
s o r p t io n  o f  H C 1  d u r in g  c o m b u s t io n  h a s  l i t t l e  e f fe c t  o n  th e  o v e r a l l  f l a m m a b i l i t y  o f  th e s e  
m a te r ia ls .

INTRODUCTION

Pyrolysis of poly (vinyl chloride) in a radiant-heated quartz tube at 
600°C under a helium atmosphere results in the formation of a series of 
aliphatic and aromatic (major) hydrocarbons. In addition, a quantita
tive recovery of HC1 and a chlorine-free carbonaceous ash are also ob
tained. These analyses and a detailed description of the basic apparatus 
(pyrolysis chamber, gas chromatograph and mass spectrometer) have pre
viously been described.1

During the initial phases of this work, a pyrolysis-gas chromatographic 
technique was developed for determining the amount of HC1 evolved from 
PVC resin, compounds, copolymers, and other chlorinated polymers during 
thermal degradation. As a result of this capability, an investigation has 
been carried out on the absorption of HC1 by inorganic fillers in PVC com
pounds during pyrolysis and combustion processes.

The role of metal salts in PVC stabilization has been widely studied. 
Frye et ah, in a series of papers on the stabilization of PVC by organotin

1 3 8 7

©  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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esters,2 has shown that the ester moiety enters the polymer backbone during 
thermal (175°C) stabilization with the formation of organotin chlorides. 
Earlier work by Frye and Horst3 had shown that barium, cadmium, and 
zinc 2-ethylhexanoates undergo a similar interaction with PYC during 
stabilization.

Certain inorganic fillers in PVC compounds can act as HC1 absorbers 
during low temperature stabilization and high temperature combustion 
processes. For example, calcium carbonate, a typical filler in PVC wire 
formulations might be expected to absorb a stoichiometric equivalent of 
HC1 when the wire is burned. As shown later, this does not occur.

Little has been reported oil the reaction of this and other inorganic 
metal oxides, carbonates and hydroxides with HC1 during the high- 
temperature degradation of PYC. Chaleroux4 has shown that in a closed 
system containing HC1, the oxides of Mg, Ca, Ni, Co, Cr, and Al react with 
HC1, the completeness of reaction being a function of reaction temperature 
(18-650°C). Some metal oxides (Cu, Pb, Ag, Zn, and Sn) exhibit an in
verse relationship between the degree of reaction and temperature while 
others (Cd, Hg and Fe+3) exhibit a maximum followed by a minimum 
conversion as temperature is increased.

It was of interest to investigate these reactions when applied to high 
temperature processes (pyrolysis and combustion) of PVC. To accomplish 
this, a series of inorganic fillers were dispersed in a PYC dioctyl phthalate 
plastisol and fused at I .~>0°C. HC1 evolution from these matrices during 
pyrolysis at 600°C and during combustion was measured. In addition, 
the effect of HC1 absorption on the flammability of each of the various ma
trices was also investigated.

EXPERIMENTAL

Apparatus

A pyrolysis unit consisting of a quartz tube with a volume of 2d ml, a 
tube furnace with capabilities to 1000°C, a F & AI gas sampling valve, and 
a heated stainless steel line was placed on line with an F & M Model 700 
gas chromatograph. On-line or off-line operation of the pyrolysis chamber 
was afforded by means of the gas sampling valve (see reference 1 for ex
perimental detail).

A stainless steel union tee (Swagelok) was placed in the carrier gas line 
immediately before the quartz pyrolysis chamber. The tee was sealed 
with a standard nut containing a rubber septum. The purpose of this was 
to permit the injection of gaseous HC1 into the pyrolysis unit for pre
conditioning the system.

Materials

The poly (vinyl chloride) used throughout this work was a commercial 
PVC homopolymer containing 00.7% chlorine. Plastisols were prepared by 
fusing the homopolymer with a commercial dioctyl phthalate at 170°C
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for 5 min. This same procedure was used in preparing plastisols containing 
various inorganic fillers. The fillers (CaO, CaC03, MgO, etc.) were dis
persed in the plasticizer in a micro-pulverised form. Those materials not 
commercially available in this form were prepared from normal particle- 
sized samples.

Chromatographic Parameters
All HC1 Analyses were performed on a 10 ft X 3/i6 in. stainless steel 

column packed with 10% SE52 on CHRW, AG; carrier gas, helium; gas 
flow, 50 ml/min; oven temperature, ambient; pyrolysis effluent line, 
ambient; bridge current, 150 mA. Peak areas were measured by disk 
integration; areas reported are the product of disk count and attenuation 
X 10- 2.

Chromatographic Analysis of HC1
The pyrogram (gas chromatogram of the pyrolysis products) of PVC 

consists of an intense peak with a retention time equal to the dead time of 
the column and a series of smaller peaks with retention times ranging from 
18 to 35 min. The initial peak corresponds to the elution of HC1; the ot her 
components are the various hydrocarbons that are formed from the ther
mal collapse of the dehydrochlorinated PVC backbone.

In a series of pyrolysis experiments with PVC resin, it. was found that a 
linear relationship existed between the amount of resin degraded (10-20 
mg) and the area under the HC1 peak. For a typical run, five samples of 
resin were weighed to ±0.01 mg into 10 X 6 X 5 mm porcelain boats. The 
pyrolysis chamber was brought up to temperature (600°C) and one of the 
boats was introduced into the cold zone of the pyrolvzer. The gas sampling 
valve was then positioned such that the pyrolysis chamber was on-line 
with the chromatograph. After a 5-min carrier gas purge, the boat was 
moved into the hot zone with the aid of a magnet. Immediately after the 
HC1 chromatographic peak was recorded, the gas sampling valve was 
positioned for off-line operation. The pyrolysis chamber was opened, the 
previous sample boat removed and a new sample was introduced. This 
same operation was again repeated for each of the remaining samples. 
Upon completion of the analysis, the effluent line and chromatograph were 
heated to 150°C in order to drive off the condensed hydrocarbons resulting 
from the five pyrolysis experiments. Actually 6-7 runs could be made in 
this way before accumulated benzene, the primary organic pyrolysis 
product from PVC, began to bleed from the column.

The relationship between the amount of resin pyrolyzed and the chroma
tographic area of the HC1 peak was linear. It was noted that the first run 
of the series did not correlate with the remaining runs.1 This was at
tributed to the fact that the first run of HC1 through the effluent and chro
matographic lines conditions the apparatus for subsequent analyses. To 
test this, a second injection port in the form of a Swagelok tee with a rubber 
septum was added to the carrier gas line. In this way, once the first sample
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F ig .  1. R e la t io n s h ip  o f  H C 1  c h r o m a t o g r a p h ic  p e a k  a r e a  a n d  a m o u n t  o f  P V C  p y r o ly z e d
a t  6 0 0  ° C .

of PVC was introduced into the unit and the unit purged of air, a portion 
of HC1 (4 ml) could be injected into the line for purposes of precondition
ing. It was found that once this preconditioning step was taken, the first 
run of the series correlated with the remaining runs (Fig. 1).

The results from a typical run of 5 samples are summarized in Table I. 
These include the weight of homopolymer pyrolyzed, the area of the HC1 
peak (disk integration count X attenuation) and the ratio of area to weight. 
The data are also plotted in Figure 1.

T A B L E  I
R e la t io n s h ip  o f  S a m p le  S iz e  w i t h  C h r o m a to g r a p h ic  A r e a  o f  H C 1

R u n
W e i g h t  o f  P V C ,  

m g

G a s
c h r o m a to g r a p h ic  

a r e a  o f  H C 1

H C 1 a re a

W t ,  o f  P V C

1 1 3 .6 1 1 7 6 . 6 1 3 .0
2 1 7 .  SO 2 4 3 . 2 1 3 .7
o 1 0 .4 ! ) 1 3 4 .4 1 2 . S
4 l. 2 0 2 . 2 1 3 .0
5 1 2 .3 0 1 6 0 . N 1 3 .1
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Analysis of PVC Compounds
The amount of HC1 that is released from PVC compounds which contain 

various levels of plasticizer, inert fillers, etc. can easily be determined by 
pyrolysis if PVC homopolymer is used as a standard precursor of HC1 
(58.3%). The following empirical formula lias been devised for this pur
pose. If an equivalent of Cl in PVC produces an equivalent of HC1 as a 
result of high temperature pyrolysis, then

(Wt. HCQref = __ (Wt. HC1)a 
(G.C. Area HCl)ref (G.C. Area HC1)A

where (Wt. IIC1) is the amount of HC1 formed and (G.C. Area HC1) is the 
corresponding gas chromatographic peak area of that component. Sub
scripts “ref” and “A” refer to the reference sample (PVC liomopolymer) 
and to the PVC compound under investigation, respectively. Substituting 
the following relationship (2) into eq. (1)

Wt, HC1 = % HC1 X Wt. of sample
results in eq. (3):

(% HC1 X Wt.)ret = (% HC1 X Wt.)A 
(G.C. Area HCl)ref (G.C. Area HC1)A

On solving eq. (3) for (% HC1)A and substituting the theoretical amount 
of HC1 contained in the PVC homopolymer, i.e., 58.3%, for the quantity 
(% HCl)ref, the final form of the equation becomes

(2)

(3)

(% HC1)a
(58.3)(Wt.)ref (G.C. Area HC1)A 

(G.C. Area HC1)„, (Wt,)A (4)

The amount of HCI released from a PVC compound during high tempera
ture pyrolysis can thus be calculated by pyrolyzing known quantities of 
both the unknown compound and the reference (PVC homopolymer) and 
measuring the gas chromatographic areas of the resulting HCI peaks. In 
a typical experiment, three samples of the PVC compound to be analyzed 
and two samples of the reference are precisely weighed and pyrolyzed in a 
series of experiments analogous to that previously described.

In order to test this approach, a number of PVC compounds of known 
composition* were analyzed. A summary of the compounds studied, the 
per cent HCI found, and the theoretical HCI content is contained in Table
II. This analysis has been extended to chlorinated polyethylenes and 
chlorinated poly(vinyl chloride) (CPVC). It is noted that the % theoreti
cal and the found HCI contents for the CPVC samples are not the same. 
The reason for this is that the hydrocarbon fraction from CPVC contains 
a series of chlorinated hydrocarbons;5 therefore a quantitative yield of 
HCI is not realized for these polymers. The remaining analyses in Table II 
are within 0.6% of the theoretical value in every case but one.

*  C l  a n a ly s is  b y  S c h o n ig e r  m e t h o d .



1392 M . M . O ’M A R  A

T A B L E  I I
P y r o l y t i c  A n a ly s is  o f  H C 1  f r o m  P V C  C o m p o u n d s ,  

C h lo r in a t e d  P o ly e t h y le n e  a n d  C h lo r in a t e d  P o ly  ( v in y l  C h lo r id e )

S a m p le  t y p e
%  H C 1

( f o u n d )
%  H C 'l  

( t h e o r e t ic a l )

I ’ V C  p la s t is o l 3 0 .1 2 9 .1
3 7 . 0 3 7 . 3
4 4 . 7 4 4 . 5

P V C -  V in y l  a c e ta te  c o p o ly m e r 5 3 . 5 7 )2 .9
a  a 4 6 . 3 4 6 . 3

P V C  c o m p o u n d 3 8 . 5 3 8 . 6
P V C  c o m p o u n d 4 7 . 5 4 7 . 7
C h lo r in a t e d  p o ly e t h y le n e 3 4 . 9 3 4 . 3

U U 4 0 . 7 4 1 . 1
C h lo r in a t e d  p o l y ( v i n y l  c h lo r id e ) 6 3 . 9 6 9 . 2

U U
6 8 . 5 7 1 . 5

Gross amounts of C2 H, hydrocarbons in the pyrolyzate would seriously 
interfere with the described analysis due to the elution of these gases with 
HC1. For that reason, PVC plasticizers containing these structural moie
ties were not used.

In  S i tu  Absorption of HC1

.Mapy PVC compounds contain various levels of inorganic fillers which 
are typical PIC1 absorbers i.e., CaC03, Pb(OH)2, etc. It might be expected 
that during pyrolysis and combustion a certain amount of the HC1 evolved 
from the PVC matrix would react with these fillers in a typical acid-base 
reaction. The amount of HC1 absorbed should be a function of the amount 
and of the equivalent weight of the particular filler. A series of compounds 
were prepared in which various levels of CaC03 in one set, and K2C03 in 
another, were added to a PVC-dioctyl phthalate plastisol (50/50, w/w). 
Once these inorganic bases were dispersed in the plasticizer, the mixture 
was fused at 150°C. Chlorine analyses were obtained by ashing the sam
ples in a Schoniger flask, addition of a greater than equivalent amount 
of silver nitrate (10-20% excess) and an atomic absorption analysis of 
excess silver ion.13 These analyses were cross-checked through x-ray 
fluorescence analyses. In all cases, the Cl analyses were equivalent to 
theoretical. A list of the compounds prepared, their compositions and the 
Cl analyses (atomic absorption, x-ray fluorescence and theoretical) are 
listed in Table III. The checking was done only for those PVC compounds 
containing K2C03.

Each of the compounds listed in Table III was pyrolyzed at 600°C in a 
series of experiments aimed at determining the amount of HC1 evolved 
during thermolysis. PVC homopolymer was used as a standard, and the 
determination was carried out in a manner analogous to that previously 
described. The results of these determinations are summarized in Table
IV. For each compound analyzed, the theoretical amount of HC1 evolved
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(assuming no absorption), the actual amount of HC1 evolved, and the 
molar absorption efficiency (MAE) of K2COs and CaC03 for each of the 
samples is given. The MAE value is defined as the amount of HC1 ab
sorbed by the particular base divided by the amount of HC1 which theo
retically could be absorbed (on a stoichiometric basis) times 100. This 
latter quantity is based on the equivalent weight and on the amount of the

T A B L E  I I I
C o m p o s i t io n  o f  P V C  P la s t is o ls  C o n t a in in g  

V a r io u s  L e v e ls  o f  C a C 0 3 o r  K jC O j

C o m - C l ,  %
A m o u n t p o u n d

C o m p o n e n t g n o . A t o m ic  Ab.s. X - r a y a T h e o r e t ic a l

P V C 100 )
O O P to o  [ i 2 7 . 3 5  2 7 .2 4 2 7 . 2 4
k 2c o 3 0 j

P V C 100 )
O O P 100 ) 2 2 3 . 2 6  2 3 . 4 2 2 3 . 0 9
k 2c o 3 3 6  j

P V C l o o  1
D O P 100 } 3 2 0 . 4 2  2 0 . 8 2 2 0 . 8 4
K 2C 0 3 6 1 . 5 ]

P V C 1 0 0  )
D O P 100 ) 4 1 .7 .3 3  IN .  IN 1 7 .6 9
K 2C 0 3 1 0 ,s j

P V C 100 1

D O P 100 f 1 2 7 . 3 5  2 7 .2 4 2 7 .2 4
C a C 0 3 0 J

P V C 100 1

D O P 100 [ 5 — ■ — - 2 4 . 7 8
C a C 0 3 20 J

P V C 100 1
D O P 1 0 0  ) 6 —  — 2 2 .7 1
C a C O s 4 0  J

P V C 1 0 0  )
D O P 1 0 0  \ 7 —  — 1 9 .4 6
C a C o 3 s o  j

» M a t r ix - c o r r e c t e d .

particular base in the matrix. For example, if one mole of CaC03 absorbed 
two moles of HC1 during pyrolysis, the MAE value of CaC03 would be 
100%.

These data reveal that on this basis, the basic salts absorbed only part of 
the evolved HC1. Potassium carbonate is more efficient in removing HC1 
than is calcium carbonate. It is apparent that the efficiency in this case is 
not influenced by the actual level of base present. For example, K2C03 
has a molar efficiency of 84%, whether it is present in 36 parts or 61.5 parts.
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T A B L E  I V
E v o lu t io n  o f  H C 1  f r o m  P V C  C o m p o u n d s  C o n t a in in g  K 2C 0 3 a n d  C a C 0 3

C o m p o u n d “

T h e o r e t ic a l  
I I C l  e v o lv e d ,

07 / 0

IT  C l  e v o lv e d  
( F o u n d ) ,

%

H C 1
a b s o rb e d ,

07/o

M A E ,

%

l 2 8 . 0 2 8 .1 — —

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

a S e e  T a b le  I I I  f o r  c o m p o u n d  id e n t i f ic a t io n s .

Material Balance of Chloride

In order to cross-check the HC1 evolution determination in the preceding 
section, a material balance of chloride in one of the above experiments 
(compound 3) was carried out. Evolution data indicated that of the 21.4% 
available HC1 in that sample, approximately one-half (11.1%) was evolved. 
This coupled with a chloride analysis of the ash would yield a material 
balance calculation.

Equation (5) relates the amount of chloride in the original polymer to the 
amounts of chloride in the ash and in the gas phase after pyrolysis.

Original sample HC1
% Cl x  w t. = % Cl X w t.

Ash
% Cl X Wt. +

Hydrocarbon* 
% Cl X Wt. (5)

The results in Tables III and IV for compound 3 reveal that the chloride 
content in the original sample was 20.8% and that 11.1% of the total poly
mer is converted to evolved HC1. The chloride content of the ash was ob
tained by pyrolyzing 89.1 mg of the original sample, extracting the pre
cisely weighed ash with a 10.00-ml aliquot of water, and determining the 
chloride content of an aliquot of that solution by an atomic absorption 
analysis of Ag+ (after titration of Cl~ with an excess of silver nitrate). 
It was found that the ash contained 38.4% chloride. When these values 
are substituted into the material balance equation, the following is ob
tained :

Original Sample HC1 Ash
% Cl X Wt..- % Cl X w t. +  % Cl X Wt.

(20.8)(89.05) = (97.5) (9.88 mg) +  (38.4) (22.44 mg) 

1852 = 9(53 +  862 

1852 = 1825

*  T h is  q u a n t i t y  is  z e ro .
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In other words, the original S9.1 mg of sample which contained 18.5 mg of 
chloride, 1<S.2 mg of chloride (or 98.4%) could be accounted for in the gas 
phase as HOI and in the asli as KOI. Similar analyses were repeated for 
matrices containing lithium hydroxide and magnesium oxide, and in each 
case the material balance of chloride was excellent. Experiments with the 
lithium hydroxide matrix including the material balance are discussed 
below.

MAE Values of Typical Inorganic Fillers

A number of PVC compounds containing other typical HC1 absorbers 
were also analyzed in a manner analogous to that just described. These 
compounds each contained one of the following fillers: aluminum oxide, 
calcium oxide, magnesium oxide, sodium carbonate, aluminum hydroxide, 
and lithium hydroxide. The molar absorption efficiencies (MAE) of these 
components along with those values previously found for CaC03 and K2C03 
are summarized in Table V.

A number of the basic fillers in Table VI caused the PVC matrix to dis
color, and this was attributed to an initial dehydrochlorination with the 
formation of a conjugated polyene chain.

Some of the values reported in Table V are restated in Table VI in terms 
of actual percentage HC1 absorbed. The level of each of the inorganic 
fillers in the matrix, except lithium hydroxide, is 23.6 wt-%; the remaining 
?6.4% consists of PVC and dioctyl phthalate.

T A B L E  V
M o l a r  A b s o r p t io n  E f f ic ie n c ie s o f  P V C  F i l l e r s  ( A p p r o x im a t e )

F i l l e r M A E ,  %

C a C 0 3 4 8
K 2C 0 3 8 6

C a O 4 8
MgO 4 3
A l ( O H ) 3 18
N a 2C 0 3 3 7
A 120 3 0

L i O H 1 0 0

T A B L E  V I
P e r c e n ta g e  (o f  T o t a l )  H C 1  A b s o r b e d  d u r in g  P y r o ly s is  a t  6 0 0 ° C  

F i l l e r  %  H C 1  a b s o rb e d  b y  as h

C a O 5 3 . 5
A l ( O I I ) 3 2 3 . 6
N a 2C 0 3 2 1 . 8

M g O 6 7 . 6
A I 2O 3 0 . 0

L i O H 8 4 . 4
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Thus a PVC compound containing 23.6 parts of MgO will absorb ~08%  
of the evolved HC1 when thermally degraded at high temperatures. The 
deleterious effect of large amounts of this oxide on the PVC matrix un
fortunately rules it out as an “acceptable” filler.

A matrix containing hydrated lithium hydroxide was also investi
gated. The composition in this case was 47% PVC, 24% DOP, and 28% 
LiOH • H>0. It was assumed that during the fusion step at 150°C all of the 
water of hydration was vaporized from the sample. A thermogravimetric 
analysis at 5°C/min showed that all of the water of hydration in LiOH ■ H20  
is vaporized at temperatures below 100°C. Based on this assumption of a 
total water loss during fusion, the composition changes to 54% PVC, 28% 
DOP, and 18% LiOH. A theoretical chlorine content for this composition 
is 30.5%; we found 30.7 ± 0.3%. When the sample was pyrolyzed at 
600°C, 5.1 ± 0.5% HC1 was found in the pyrolyzate. A chloride analysis 
of the ash after pyrolysis gave 25.9 ± 0.4%, relative to the original weight 
of the sample. Thus the material balance of chloride in this experiment 
was:

Cl, original sample = Cl, ash +  Cl, HC1 

30.7% = 25.9% +  5.0%

30.7% = 30.9%

Based on these values, the amount of HC1 that is absorbed by the ash 
during pyrolysis is ~S5% of the available HC1 in the matrix.

The magnitude of each of the molar absorption efficiencies reported in 
Table V is dependent upon a number of variables. Lor the samples inves
tigated in this study, an “intimate mixture” of PVC and filler has been 
achieved. Under conditions where the mixing is less homogeneous, the 
efficiency would be expected to be less than reported in Table V. A similar 
situation would also arise for mixtures which contained larger particle 
sized fillers.

The near 50% efficiency reported for calcium carbonate and oxide and 
magnesium oxide suggest that an intermediate calcium oxychloride 
(CaOCl) or magnesium oxychloride which is impervious to further HC1 
attack is formed at these high temperatures. The high efficiency of the 
strong base, lithium hydroxide, and the low efficiency of the weak base, 
aluminum hydroxide toward HC1 absorption was expected. The low ef
ficiency reported for sodium carbonate is surprising and may be in error, 
especially in view of the high efficiency of the potassium carbonate filler.

Relationship of Pyrolysis to Combustion
It was of considerable interest to determine the degree of HC1 absorption 

under actual burning conditions. A number of samples of the PVC com
pound containing Iv2C03 (Table III, compound 3) in the range of 80-170 
mg were thermally degraded under pyrolytic and combustion conditions. 
The pyrolyzed samples were degraded at 600°C in a helium atmosphere
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T A B L E  V I I

S u m m a r y  o f  C o m b u s t i o n  ( C )  a n d  P y r o l y s i s  ( P )  

D a t a  f o r  P V C  M a t r i x  C o n t a i n i n g  K > C 0 3

S a m p l e  s i z e ,  m g C l  c o n t e n t  o f  a s h ,  m g

M e t h o d  o f  

d e g r a d a t i o n

9 6 . 1 3 9 . 7 2 C

1 6 6 . 0 2 1 7 . 2 4 C

1 1 7 . 3 5 1 1 . 9 1 P

S 3 . 7 2 8 . 2 1 P

S O . 0 5 S .  61 P

1 3 6 . 7 0 1 4 . 1 3 C

1 0 5 . 9 0 1 0 . 7 2 C

1 5 4 . 1 5 1 6 . 5 5 P

inside the pyrolysis unit. The samples degraded under combustion condi
tions were placed in a porcelain boat and ignited with the aid of a Meeker 
burner. Once ignition took place, the samples were removed from the 
flame until the samples self extinguished. At this point, the residues were 
returned to the flame for a few seconds to insure complete combustion. 
The ashes which resulted from the two experiments were then analyzed for 
chloride by the atomic absorption method previously described. The data

F ig .  2 .  E f fe c t  o f  p y r o ly s is  a n d  c o m b u s t io n  o n  H C 1  a b s o r p t io n .
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from these experiments are summarized in Table VII and shown graphi
cally in Figure 2.

It is obvious that the same amount of HC1 is absorbed by the K2CO3, 
regardless of the method of degradation (pyrolysis or combustion). This 
supports the contention that the pyrolysis experiments reflect actual com
bustion processes in so far as HC1 absorption is concerned. Similar experi
ments with the PVC matrix containing magnesium oxide provided analo
gous results.

It was found that the PVC-lithium hydroxide matrix absorbed more 
HC1 under combustion conditions than under pyrolysis conditions, al
though this difference was small. For example after pyrolysis, 25.9 ±
0.4% chloride remained in the ash; after combustion 26.9 ± 0.2% re
mained. This amount of HC1 absorbed during combustion corresponds to 
a molar efficiency of 100% for lithium hydroxide.

Effect of HC1 Absorption on Flammability
The flammability of chlorinated polymers has been discussed by a num

ber of authors. Basic studies by Fenimore and Martin6 have shown that 
as the chlorine content in a series of chlorinated polyethylene increases, the 
limiting oxygen indices (LOI) increase from 17.4 for polyethylene to ~60 
for poly(vinylidene chloride). Additional experiments involving the 
burning of polyethylene in atmospheres containing HC1 indicated that the 
increase in LOI for the above series was a result of changes in the pyrolysis 
reactions which were caused by the increasing chlorine contents of the 
polymers. There was no indication that the HC1 released during combus
tion altered the gas phase flame reaction to any appreciable extent.

The pyrolysis products from the chlorinated polyethylenes and poly
vinyl chlorides) listed in Table II were investigated. Basically, this study 
showed that as the chlorine content of the polymer increased, the pyrolysis 
products changed from low-boiling aliphatics (methane, ethane, propane, 
etc.) to higher-boiling aromatics (benzene, chlorobenzene, dichlorobenzenes, 
etc.) These findings were in general agreement with those of Tsuge.5'7 In 
addition, we found that as the chlorine content of the polymer increased, 
the amount of carbonaceous ash increased from <1% for the chlorinated 
polyethylenes to 26% for the chlorinated poly (vinyl chlorides). Thus by 
increasing the chlorine content of the polymer, the pyrolysis products 
undergo a qualitative change to less flammable fuels. In addition, cross- 
linking in the polymer during thermal degradation is greatly increased in 
the higher chlorinated polymers which results in the formation of greater 
amounts of carbonaceous ash. Both of these changes in the degradation 
profile account for the higher degree of flame retardancy in the chlorinated 
polyvinyl chlorides.

The PVC matrices which contain the five different inorganic fillers 
(Table VI) provide an interesting case of flammability. Each of the ma
trices contain the same amount of PVC and plasticizer, yet each differs 
with respect to the amount of HC1 which is evolved during combustion.
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T A B L F  V I I I
O x y g e n  In d ic e s  o f  P V C  M a t r i c e s  C o n t a in in g  2 3 . 6 %  In o r g a n ic  F i l l e r

M a t r i x  f i l le r O x y g e n  in d e x

%  o f  I IC 1  
in  m a t r i x  

e v o lv e d

M g O 2 2 . 6 3 2 . 4
N a .C O : , 2 3 . 4 7 8 . 2
A 1 , 0 3 2 4 . 4 1 0 0 . 0

C a O 2 1 . 8 4 6 . 5
M g O  ( 1 1 .8 % ) ,  d a y  ( 1 1 . 3 % ) 2 3 . 5 6 0 . 9
A l (O H J s 2 6 .1 7 6 . 4

Of the available HC1 in each matrix (27.5%), the degree of HC1 evolution 
during combustion ranges from 100% (A120 3) to 32% (MgO). It might be 
expected that if hydrogen chloride is grossly affecting the gas-phase flame 
reactions, the flammability of these matrices should be quite different. 
Along these lines, the flammability of each matrix as defined by the Oxygen 
Index was recorded. Indices were measured on the General Electric FL-101 
flammability tester; samples were in the form of 4 X XU X %  in- sticks. 
The results of these determinations are summarized in Table VIII; the 
amount of the available HC1 which is evolved during combustion is also 
included.

The oxygen indices of the six matrices which are identical in composition 
reveal that there is no real relationship between the index and the amount 
of HC1 evolved during combustion. There is little change in flammability 
over the entire range of HG1 evolution which may indicate the relatively 
minor role of this gas in flame retardation. Unfortunately a matrix capable 
of total HC1 absorption is not in hand at this time. Thus the above obser
vation may not hold over the entire range (0-100%) of HCl absorption. 
For example, the effect of HCl on flammability may be drastic from 100 to 
90% absorption and level off after that point. However, for the range in
vestigated in the present study, it is evident that there is little change in 
the flammability of the matrices tested.

The matrix exhibiting maximum flame retardation is that one which 
contains the aluminum hydroxide filler. Considering that during thermal 
degradation this filler is converted to the oxide with the subsequent release 
of water suggests that the gross quantity of diluent water in the gas phase 
has the greatest influence on the overall flammability of the matrix. The 
absorption of HCl by this matrix calls to mind another possible explanation 
for the higher degree of flame retardancv. The formation and volatiliza
tion of aluminum (III) chloride may contribute to flame retardation in a 
manner analogous to that reported for antimony chloride.8,9 Although 
the direct formation of the trichloride is unlikely, the oxychloride is a pre
cursor of the trichloride at elevated (600-700°C) temperatures.10,11 A 
similar, though more detailed transformation has recently been reported 
for antimony oxychloride.12
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Whether aluminum (III) chloride plays a role in flame retardation or 
not, the results of this study show that HC1 over a wide, but not inclusive, 
range plays a minor role in flame retardation.

T h e  a u t h o r  w is h e s  to  a c k n o w le d g e  t h e  h e lp f u l  s u g g e s tio n s  o f  L .  I t .  C r id e r  a n d  M .  L .  
D a n n is  d u r in g  th e  c o u rs e  o f  th is  w o r k ,  t h e  a t o m ic  a b s o r p t io n  a n a ly s e s  b y  M r s .  E .  1). 
T r u s c o t t ,  a n d  th e  x - r a y  f lu o re s c e n c e  a n a ly s e s  b y  J i.  A .  Y o u n t .
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Polym erizations with Hydrido and Alkyl Transition  
Metal Complexes in Aqueous Media

H. L. LENTZNER and H. E. DE LA MARE, Shell Development Company, 
Emeryville, California 94608

Synopsis
H y d r id o  p e n t a c y a n o c o b a l t a t e ( I I I )  a n d  a l k y l  p e n t a c y a n o c o b a l t . a t e ( I I I )  h a v e  b e e n  

s t u d ie d  as in i t i a t o r s  fo r  t h e  p o ly m e r iz a t io n  o f  is o p r e n e  a n d  b u t a d ie n e  in  a q u e o u s  e m u l 
s io n  s y s te m s . T h e  m ic r o s t r u c tu r e  o f  t h e  p o ly m e r s  is c o n s is te n t  w i t h  a  f r e e  r a d ic a l  
p ro c e s s . O t h e r  t r a n s i t io n  m e t a l  h y d r id e s  a r e  r e la t i v e l y  in e f fe c t iv e  as  p o ly m e r iz a t io n  
i n i t i a t o r s  o r  a c t  as  in h ib i t o r s  f o r  i h e  r a d ic a l  p o ly m e r iz a t io n  o f  t h e  s a m e  d ie n e s .

INTRODUCTION
During the last decade, a variety of stereospecific and nonstereospecific 

polymerizations have been reported in water or other polar media1'2 by 
using transition metal complexes as catalysts. In several cases, sodium 
borohydride, hydrogen, or other reducing agents were found to be effective 
cocatalysts.3-7 These latter observations suggested the examination of 
complex transition metal hydrides per se in aqueous polymerizations. 
Accordingly, we now report our studies with several complex metal hy
drides in the emulsion polymerization of isoprene and butadiene. Much of 
our work lias utilized the well-known pentacyanocobalt hydride, but several 
complex hydrides of other metals were also tested. Independently, Taka- 
hashi7 has communicated his results with the cobalt cyanide-hydrogen com
plex, demonstrating that such a system was active for polymerizing various 
polar monomers, styrene, and butadiene. However, no structural deter
minations were made on the polymers.

In addition to the hydrido complexes, we have also examined the alkyl- 
pentacyanocobaltate complexes as initiators in the emulsion polymeriza
tion of butadiene and isoprene. Recently, Aoki, et a].8 have also reported 
on the use of the pentacyanobenzylcobaltate (III) as an initiator for the 
polymerization of methyl methacrylate, styrene, acrylonitrile, and vinyl 
acetate. The data reported in this paper for diene polymerizations are in 
accord with their findings with the polar vinyl monomers.

EXPERIMENTAL

Materials
Butadiene. Phillips high purity (99..5%) butadiene was used in all ex

periments.
1401
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Isoprene. Polymer grade (Shell Chemical) isoprene was distilled off 
sodium dispersion, stored over OaH2, and kept refrigerated when not in use.

Water. Distilled water was degassed by refluxing and storing under an 
argon sparge.

Sodium Borohydride. Sodium borohydride was obtained from Metal 
Hydride Corp. and used as received.

Sodium Dodecylbenzene Sulfonate. This was (Siponate DS-10) a 
product of the American Alcolac Corporation (abbreviated Na-p-DOBS). 
Attempts to limit the hydroperoxide contamination were made by storing 
the emulsifier in the dark and under an inert atmosphere, by extraction with 
methanol and by dry box storage and sampling. Batches of emulsifier 
were analyzed periodically for hydroperoxide content and those used 
normally had <0.01%w peroxide calculated as the hydroperoxide of the 
original emulsifier. An emulsifier which is peroxide-free should give no 
polymer with isoprene at 60°C in the standard emulsion system; this ap
pears to be a good test for peroxide content.

Alkylpentacyanocobaltates. The K and Xa complexes were prepared 
usually in water/methanol by the procedures suggested by Halpern.9

All other chemicals were standard reagent grade chemicals. The transi
tion metal complexes were prepared by standard literature methods.

General Procedure
High Vacuum-Line Method. Weighed amounts of metal complex, re

ducing agent (in silu reductions), and solid emulsifier were placed in heavy- 
walled 25 ml ampoules and degassed on the high vacuum line until a pres
sure of 5 X 10~5 mm of mercury was attained.

The ampoules were then filled with a slightly positive pressure of argon. 
The ampoules were removed and quickly capped with rubber serum caps. 
Water and isoprene were added by syringe and the tubes immediately re
turned to the vacuum line and frozen in liquid nitrogen. Butadiene was 
condensed in the ampoule by distillation from a storage vessel on the high 
vacuum line. The vacuum line was pumped down to 5 X 10~5 mm. The 
contents of the ampoules were allowed to thaw and then refrozen and 
pumped down again. After this freeze-thaw degassing procedure was re
peated, the ampoules were sealed off under vacuum with a torch.

The ampoules were placed in wire gauze wrappers and warmed in vari
able temperature water shaker baths.

At the termination of the polymerization period, the ampoules were 
broken open and their contents dumped into methanol containing Ionox 
330® antioxidant.

Bottle Polymerizations. Bottle polymerizations were carried out in 8-oz 
hydrogen peroxide bottles equipped with self-sealing Hycar rubber gaskets 
and punched metal screw caps. Solid reactants were placed in the clean 
bottle and the bottles purged with argon or nitrogen prior to charging the 
other materials (water, isoprene, etc.) by standard syringe techniques. 
Gaseous butadiene was condensed into carefully cooled bottles (<( — 35°C)
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and the amount determined by weight . Unpenetrated rubber gaskets were 
exchanged for entry serum caps under vigorous inert gas purge prior to 
final capping. The bottles were placed in protective cages and tumbled 
in a controlled temperature water bath. The experiments of Tables II and 
IV were carried out in bottles. All other experiments were carried out by 
the vacuum-line technique.

Analyses

The microstructure of the polymers was determined by standard in
frared (butadiene) and NMR techniques (isoprene) which are equivalent to 
published methods.10’11 In the case of high molecular weight or crosslinked 
polymers, particularly polyisoprene, samples were degraded by ultrasonic 
techniques to give benzene solutions (~ 5  % w) which were of suitable 
viscosity for analysis by X.AIR.

The hydroperoxide content of the emulsifier was determined by a spec- 
trophotometric technique based on the oxidation of ferrous iron to Fe- 
(SCN)6+3 and determination of the latter species.

RESULTS AND DISCUSSION

Polymerization Studies with Hydrido Pentacyanocobaltates

Potassium Pentacyanocobalt Hydride [K3Co(CN)5H]. Pentacyanoco- 
baltate ion [Co(CN)3-3] lias long been known as the product obtained by 
the addition of cobaltous chloride to excess aqueous potassium cyanide.12 
Japanese workers first reported that the pentacyanocobaltate anion could 
be used as a hydrogenation catalyst.13 A subsequent investigation by 
King and Winfield pointed out that the active hydrogenation catalyst was 
the hydrido anion HCo(CN)5~3.14’16 Kwiatek16 then reported the facile 
hydrogenation of conjugated diolefins to mono-olefins using this hydride 
anion. Because of the similarity involved in the first steps of hydrogena
tion and polymerization, it was attractive to study the polymerization 
activity of this cobalt hydride.

The hydrido pentacyanocobaltate (III) ion [HCo(CN)5-3] can be pre
pared in various ways.14'15 Of the possible methods, the one which is 
simplest and gives the highest yield in hydride consists of treatment of the 
pentacyanocobaltate(II) anion with a ten molar excess of sodium boro- 
hydride. The hydrido complex has also been found to form via a dispro
portionation reaction of the pentacyanocobaltate(II) ion in water, a process 
referred to as “aging.” This aging reaction can be accelerated by the addi
tion of excess alkali cation, especially cesium. Both aging in water only 
and cesium-promoted aging give hydride concentrations of about 40% of 
the total cobalt. Borohydride reductions give essentially 100% hydride. 
In this study we have examined the hydride species from all three sources.

Isoprene Polymerization. In aqueous emulsion systems, potassium 
pentacyanocobaltate hydride was found to be active in the initiation of
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T A B L E  I
Is o p r e n e  P o ly m e r iz a t io n  w i t h  P o t a s s iu m  P e n ta c y a n o c o b a l t  H y d r id e “

P r e p a r a t io n
[ C o ] ,

m m o l e / 1 .
T e m p ,

° C
T i m e ,

h r
C o n v e r s io n ,

%

N a B H i 0 0 5 3 0

2 4 0 2 4 1 1

N a B I L 0 H T 1 2 0 0

2 4 R T U 7 2
0 4 0 l i

2 . 1

2 4 4 0 (( 0 4
0 6 0 (( 2 9 b

2 4 6 0 U S 3
C s C l 0 4 0 4 0 0

2 4 4 0 8 2
0 6 0 23*’

2 4 6 0 7 7
A g in g 0 4 0 17 0

2 4 4 0 17 31

“ C o n d i t io n s :  5  m l is o p r e n e , 1 0  m l  I L O ,  0 .3  g  N a - p - D O B S .
b T h is  a c t i v i t y  a t  6 0 ° C  in  t h e  a b s e n c e  o f  c a t a ly s t  m u s t  b e  d u e  to  t r a c e s  o f  p e r o x id e  

i n  th e  e m u ls if ie r .

T A B L E  I I
E f f e c t  o f  C o b a l t  C o n c e n t r a t io n  o n  P o ly m e r iz a t io n  o f  Is o p r e n e  

w i t h  H y d r i d e  P e n t a c y a n o c o b a l t a t e f l l l ) “

C a t a l y s t P r e p a r a t io n
[ C o l ,

m m o le / 1 .

C o n v e r 
s io n ,

%

S t r u c t u r e

t r a n s ,

%

C I S ,

%

1 , 2 ,
0/  bZo

C 0 C I 2 — 2 . 4 0 — — —

C o C b — 0 . 2 4 0 — — —

K , C o ( C N ) 5 C o + 2 +  5  K C N 2 . 4 5 9 6 1 . 8 2 8 . 5 4 . 7
K 3C o ( C N ) 5 C o + 2 +  5  K C N 0 . 2 4 2 1 6 1 . 9 2 1 . 0 8 . 6

K 3C o ( C N ) 5- H C o +2c +  1 0  B I R - 2 . 4 7 0 6 2 . 0 2 5 .1 6 . 5
K 3C o ( C N ) 5- H C o  + 2  +  1 0  B 1 L ~ 0 . 2 4 7 9 — — —

“ C o n d i t io n s :  4 X  h r ,  4 0 ° C ;  1 .5  g  N a - p - D O B S ,  5 0  m l  H 20 ;  2 5  m l  is o p r e n e .  
11 T h e  3 ,4 - s t r u c t u r e  c o n t e n t  is u s u a l ly  a b o u t  t h e  s a m e  as t h a t  o f  1 ,2 .
'  A s  C o ( C N ) 5- 3 .

free radical polymerization of isoprene irrespective of the method of prepa
ration.* The results of this study are summarized in Table I.

Further study of the effect of lower cobalt concentrations on the poly
merization of isoprene was carried out in argon-sparged pressure bottles 
at 40°C (see Table II).

As shown in Table II, solutions of cobaltous chloride and emulsifier were 
completely ineffective in making polymer. This, in our opinion, is indica

*  T h is  is  a n  i m p o r t a n t  o b s e r v a t io n  b e c a u s e  o f  th e  f a c t  t h a t  b o r o h y d r id e  a n d  t h e  e m u l 
s i f ie r  a lo n e  c a n  b e  p r o d u c t iv e  o f  r a d ic a l  p o ly m e r iz a t io n .
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tive of an essentially peroxide-free emulsifier.* However, the surprising 
result in Table II is the observation that K3Co(CN)6 and K3Co(CN)6H 
are about equally effective in promoting the polymerization of isoprene 
at [Co] = 2.4 mmole/1., whereas at [Co] = 0.24 mmole/1., the hydrido 
species is about four times as effective. We presume that the reason 
K3Co(CN)6 is more effective at [Co] = 2.4 mmole/1. than at 0.24 
mmole/1. is because of the relatively more rapid formation of the hydride 
itself by the in situ aging with water.14'16 In fact, it has been shown that 
the aging is at best very slow when the Co concentration is low (<100

T A B L E  I I I
B u t a d ie n e  P o ly m e r iz a t io n  w i t h  P e n ta e y a n o c o b a l t  H y d r id e “

f C o ] ,
m m o le / 1 .

p - D O B S ,  
g / 1 0  m l

C o n v e r 
s io n , %

CIS,
%

S t r u c t u r e

t r a n s ,
%

1 , 2 ,

%

2 . 4 0 . 0 3 2 6 3 0 5 2 18
2 . 4 0 . 0 3 2 4 2 5 5 6 19
2 . 4 0 0 — — —
2 . 4 0 1 — — —
2 . 4 b 0 . 0 3 2 5 3 9 4 2 19
2 , 4 b 0 . 0 3 2 5 3 3 4 9 18

2 4 0 . 0 3 4 9 2 7 51 2 2

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

2 4 ( M a k o n  N F - o ) c 0 . 1 1 — — —
2 4 0 . 0 3 o  Ì
2 4 0 . 3

ü
w i t h  1 -p e n t.e n e

2 4 ( M a k o n  X F - . 5 0 . 1 0  J

a C o n d i t io n s :  5  d a y s ,  4 0 ° C ;  5 ,5  m l  b u t a d ie n e ,  1 0  m l  a q u e o u s  C o  s o lu t io n .
b T h e s e  e x p e r im e n t s  in c lu d e d  s o m e  c o l lo id a l  c o b a l t  (? )  w h ic h  fo r m e d  d u r in g  th e  

p r e p a r a t io n  o f  th e  h y d r id e  c a t a ly s t ;  a l l  p r e p a r a t io n s  w e r e  m a d e  b y  N a B H j  r e d u c t io n  
o f  K 3C o ( C N ) 5.

0 A  n o n io n ic  e m u ls i f ie r  s o ld  b y  S t e p a n  C h e m ic a l  C o m p a n y .

m.VI).15 On the other hand, it will be noted that when one starts with the 
Co—H species (last two entries of Table II), there is experimentally little 
difference in the overall conversion to polymer at [Co] = 2.4 mmole/1. 
as compared to 0.24 mmole/1. This latter observation is consistent with 
the effective initiating capability of very low concentrations of the pure 
hydrido species.

Butadiene Polymerization. Similarly, potassium pentaeyanocobalt hy
dride was found to be an effective catalyst for the emulsion (anionic emulsi
fier, sodium p-dodecylbenzene sulfonate) polymerization of butadiene; 
representative data are summarized in Table III.

The microstructure of the polybutadiene as determined by an infrared 
film analysis is also seen to be typically free radical in nature.

*  H o w e v e r ,  in  o u r  e x p e r ie n c e ,  b u t a d ie n e  is  m u c h  less  s u s c e p t ib le  to  r a d ic a l -p r o d u c in g  
i m p u r i t i e s  t h a n  is , e .g .,  is o p re n e .
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In contrast to butadiene, no activity whatsoever was shown for a simple 
a-olefin, l-pentene (see the last three entries). The failure of the catalyst 
to act in the presence of the nonionic emulsifier (Makon NF-5; a poly
ether) may reflect the fact that the latter is a good “radical trap” although 
this was not established.

Alkylpentacyanocobalt Complexes

The effective initiating capability of Co(CN)3H~3 suggested to us the 
use of the alkyl complexes of cobalt, K3Co(CN)5R, reported by Hal- 
pern.9 Solutions of the benzyl and allylpentacyanocobalt complexes were 
made in situ from K3Co(CN)6 and the corresponding alkenyl bromide by 
Halpern’s technique. The results of some representative experiments are 
shown in Table IV.

T A B L E  I V
P o ly m e r iz a t io n  o f  D ie n e s  w i t h  A lk y lp e n t a c y a n o c o b a l t a t e  C o m p le x e s “

S t r u c t u r e
C o u v e r -  -----------------------------------

D ie n e C a t a ly s t
[ C o ] ,  

m m o le .  1.
s io il,

G f  / 0

tra n s ,
0 7Zc

cis,

%
1 , 2 ,
Ü7Zc

B u t a d ie n e — 0 0 — — —

B u t a d ie n e K 3C o ( C N ) ;, - C H 2C 6H ó 2 4 9 4 5 0 . 8 2 7 .1 2 2 . 1

B u t a d ie n e K 3C O ( C N ) 6- C 3H 6 2 4 8 2 5 8 . 4 2 1 . 8 1 9 .8
B u t a d ie n e K 3C o ( C N ) 5 2 4 4 8 5 9 . 0 2 2 . 4 1 8 .7
Is o p r e n e — 0 0 — — —
Is o p r e n e N a C o ( C N ) 5- C H 2C 6H ó 4 8 > 7 6 b 7 0 . 5 ' 2 1 . 4 8 . 1

I s o p r e n e K 3C o ( C N ) 5- C , H 5 2 4 91 6 1 . 6 2 7 . 3 5 . 5

“ C o n d it io n s : 4 4  h r ,  4 0 ° C ;  1 .6  g  N a - p - D O B S , 5 0  m l; 2 5  m l  is o p re n e  o r  b u t a d ie n e .
b I n  41  h r ;  s t r u c t u r e  s h o w n  w a s  r u n  o n  a  s a m p le  m a d e  in  a n o th e r  r u n  a t  0 - 6 ° C ,  

9 3 %  c o n v e r s io n  to  p o ly m e r  in  2  d a y s  w i t h  n o  m e t h a n o l  p r e s e n t ;  4  m m o le s /1  in  C o .  
c In c lu d e s  3 ,4  s t r u c t u r e .

Clearly these alkyl cobalt complexes are effective polymerization initia
tors for either butadiene or isoprene. In all probability, as with the hydrido 
species, they could be used at much lower concentrations; however, we 
have not attempted to study them extensively below 24 mmole/1. In every 
case, within experimental error of determination, the microstructure of the 
polymers is about that expected for typical free radical-initiated poly
dienes.

Miscellaneous Transition Metal Hydride Complexes
Several other stable hydrides and some presumably “transient” hydrides 

were examined for polymerization activity with isoprene (40-60°C). The 
list included those complexes listed in Table V.

In none of these cases was evidence found for significant polymerization 
activity with isoprene over and above that observed with controls. Sur
prisingly, the last two complexes even showed some inhibitory effects at 
higher catalyst concentrations (see Table VI).
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T A B L E  V

C o m p le x P r e p a r a t io n

¿ r a n s - (E t 3P ) i P t ( C l ) - H N e a t 16

1 1 -C o  [ ( C 6I I 5 ) . , P - C I L - C T I , - P ( C 6I L ) 212 N e a t 17

F e ( C 5H 6 ) ( C O ) 2C l  ( +  N a B P L ) I n  s i t u 18

K u [ ( C 6H 5 )2P - C H 2- P ( C 6H ô ) 2h ( C l ) - H N e a t 19

¿ r a n s - [C o ( e n ) 2C l 2] C l  ( +  N a B I L ) I n  s i t u 20

T A B L E  V I
I n h i b i t io n  o f  Is o p r e n e  P o ly m e r iz a t io n  b y  T r a n s i t io n  M e t a l  C o m p le x e s '*

C o m p le x

[ C o m 
p le x ]  , 

m m o le / 1 .
T e m p ,

° C
T i m e ,

h r
C o n v e r 
s io n , %

H u  [ ( C 6H 5 )2P - C H , - P ( C J L ) 2] j (C 1  ) - H 0 4 0 2 6 0

0 ..') L i
0 . 9 1 0 .7
4 . 2 3 . 2

1 0 . 2 3 .  S
1 9 .3 0 . 3

i r a r a s [ C o (e i i ) 2C I 2] C l  b 0 4 0 9 6 0

1 0 0

2 0 f)
0 0 0 9 0 2 6

1 0 0

2 0 0

" C o n d i t i o n s :  5  m l  is o p r e n e ; 1 0  m l  w a t e r ;  0 .3  g  N a - p - D O B S .
b W i lk in s o n  a n d  G i l l a r d 21 h a v e  p o s tu la t e d  a  I r a n s - to - d s  is o m e r iz a t io n  v i a  a  h y d r id e  

in t e r m e d ia t e .  T h e y  h a v e  fo u n d  t h a t  N a B H 4 c a ta ly z e s  th is  e a s i ly  o b s e rv e d  is o m e r iz a 
t io n  (g re e n  to  p i n k ) .  A l t h o u g h  n o  N a B I L  w a s  p r e s e n t  in  th e  a b o v e  e x a m p le ,  t h e  c o lo r  
c h a n g e  f r o m  g r e e n  to  p i n k  w a s  o b s e rv e d .  I n  a n  e x p e r im e n t  a t  0 ° C  in  w h ic h  N a B H 4 

w a s  p r e s e n t ,  th e  c o lo r  c h a n g e  w a s  a ls o  o b s e rv e d  a n d  a g a in  n o  p o ly m e r  w a s  fo r m e d .

Inhibition of Free Radical Polymerization by Transition Metal Complexes

Some complexes tested for catalytic activity actually exhibited inhibiting 
tendencies, reducing the yield of free radical product from that found in 
control runs. Clear examples of this behavior were found with trans- 
Ru [(C6H5)2P-CH2-P(C6H5)2]2(C1)-H and trans- [Co(en)2Cl2]Cl (see 
Table VI). It should be noted that the free-radical emulsion polymeriza
tion of isoprene at 60°C in the absence of any catalyst is very difficult to 
suppress and must come from traces of peroxide in the emulsifier. Yet as 
seen in Table YI, a 10-20 mmole/1. solution of [Co(en)2Cl2]Cl appears to 
be very effective in inhibiting any radical polymerization.

Inhibition by transition metal compounds has been described in the 
literature in very similar emulsion polymerizations.22'23 A plausible 
mechanism for such a reaction entails ligand transfer from the transition 
metal to the free radical. Ligand transfer of halide specifically is a well- 
known reaction.24'25 Chloride “trans” to hydride would be expected to
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undergo ligand transfer with ease; perhaps the inhibition with the Ru 
complex is an example of this.

Initiation with Borohydride and Emulsifier

In the course of this work on several occasions it was observed that com
binations of sodium borohydride and anionic emulsifier (Na-p-DOBS) 
were effective free radical initiators for polyisoprene. Representative 
examples of these polymerizations are shown in Table VII where it is seen 
that use of a 240 mmole/1. NaBH4 solution leads to low but significant 
yields of polymer in 48 hr at 40°C. Reasoning that this was due to the 
interaction of trace metal ions in the hydride and traces of peroxide in the 
emulsifier, an attempt was made to sequester these ions by adding tetra- 
methylethylenediamine (TIMED) and a Versene-Fe+3 solution. Neither

T A B L E  V I I
E m u ls io n  P o ly m e r i z a t i o n  o f  Is o p r e n e  w i t h  S o d iu m  B o r o h y d r id e »

S t r u c t u r e

D ie n e
[ N a B H J ,
m m o l e / 1 . C h e la t o r

C o n v e r s io n ,
oy /o

tra n s ,

%

cis ,

%  1 , 2 , 3

Is o p r e n e 0 — 0 — — —

I s o p r e n e 2 4 0 V e rs e n e  F e :i 8 G l . 6 2 7 . 3 5 . 6
Is o p r e n e 2 4 0 — 1 0 6 0 . 4 2 3 . 5 8 . 0

I s o p r e n e 0 — 0

Is o p r e n e 2 4 0 T M E D 2 5 In s o lu b le  g e l
Is o p r e n e 2 4 0 — 1 0 6 4 . 3 2 2 . 9 6 . 4

» C o n d i t io n s :  < 4 8  h r ,  4 0 ° C .

of these chelators was effective in stopping polymerization, nor could we 
find evidence for any significant trace metal ions in the borohydride when 
it was subjected to analysis by emission spectroscopy. We have no defini
tive explanation for the borohydride activity at this time, but simply 
suggest that caution must be exercised in interpreting data where excess 
borohydride has been used to generate other species in situ in an emulsion 
polymerization system. Our data, however, show that this is not a compli
cating factor in our work with cobalt since borohydride-free, aged K3Co- 
(CN)6H is similar to the K3Co(CN)5H prepared with borohydride.

CONCLUSIONS

We conclude that both HCo(CN)5~3 and RCo(CN)6-3 complexes are 
useful initiators for the polymerization of butadiene and isoprene in an 
aqueous emulsion system. However, the polydienes obtained have micro
structures consistent only with free radical initiation and propagation. 
Therefore, it is suggested that the initiation step in the absence of oxygen 
is the homolytic cleavage of an R—Co bond [eq. (2)]. In the case of the
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hydride complex, the alkylcobaltate complex is derived by reaction with the 
diene as suggested by Kwiatek'26 and shown for butadiene in eq. (1):

CiHi
I I — C o (C N )6 3 — ------ > C , l i 7— C o (C N )s ' 3 (1)

25-60°C
R — C o(G N  3 — -------> C o (C N )5- 3 +  K- (2)

diene etc.
K -  ---------------> H — C — C ~ C ~ C -  --------------> p o ly m e r

R -  =  C e H s C H i - ,  C H 2= C H — c i i , - ,  c h 3— c h = c h — c h 2-

As reported above, unsuccessful attempts were made to polymerize iso- 
prene with other hydrido complexes of Co, and complexes of Fe, Ru, and 
Pt. We can only presume in these cases that any alkyl-transition metal 
bonds which may have formed were relatively stable to homolytic cleavage 
at 40-00°C, the operating range of these experiments.

We also conclude as have others that certain halogen-containing transi
tion metal complexes are relatively effective inhibitors for the free radical 
polymerization of dienes and, therefore, any initiating capacity may be 
masked by the ability of the complex to capture free radicals.
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Synopsis

E S R  s tu d ie s  o f  u l t r a v i o l e t - i r r a d i a t e d  p o ly e t h y le n e  ( P E )  w e r e  c a r r ie d  o u t .  I r r a d i a t i o n  
e f fe c ts  d i f f e r e n t  f r o m  th o s e  o f  h ig h - e n e r g y  r a d ia t io n  a r e  o b s e rv e d .  U l t r a v i o l e t  r a d ia t io n  
is a b s o rb e d  s e le c t iv e ly ,  a n d  e s p e c ia l ly  in  c a r b o n y l  g r o u p s  in  P E  p r o d u c e d  b y  o x id a t io n .  
R a d ic a ls  p r o d u c e d  w e r e  id e n t i f ie d  as  — C H 2— C H — C H O  a n d  — C H 2— C H — C H 2— . 
S o m e  ra d ic a ls  g iv in g  a  q u i n t e t  s ig n a l  s ta b le  a t  r o o m  t e m p e r a t u r e  w e r e  a ls o  o b s e rv e d  b u t  
r e m a in e d  u n id e n t i f ie d .  T h e  r a d ic a l  — C H 2— C H — C H O  u n d e rg o e s  a  m u t u a l  c o n v e r s io n  
w i t h  th e  a c y l  r a d ic a l :

Heat
— C H 2— C H — C H O  y -------- v —  C H 2— C H o— C O

Light

INTRODUCTION

Electron spin resonance (ESR) studies of free radicals produced in ir
radiated high polymers have been reported by many authors. In most 
cases, free radicals were produced by high-energy radiation such as y-rays, 
electron beams, or x-rays. There are, however, also some ESR studies on 
the effect of ultraviolet light on high polymers. Charlesby et ah1 have 
made a comparison of the effect of ultraviolet and y-radiation on poly- 
(methyl methacrylate). Browning et ah2 have reported that alkyl radicals 
are produced in polyethylene in ESR study of ultraviolet-irradiated poly
olefins. Rânby et ah3 made some observations on free radicals produced in 
ultraviolet-irradiated polyethylene. They also detected methyl radicals 
in ultraviolet-irradiated polypropylene.

In our recent ESR study of ultraviolet-irradiated polyethylene, it was 
found that major absorption of light occurs at oxidized segments in the 
sample and that the resulting acyl radicals ‘—CH2—CH2—CO are con
verted by absorption of visible light to —CH2—CH—CHO.4

The present paper concerns a more detailed study of the ESR spectra 
produced by ultraviolet irradiation of polyethylene and the photoinduced 
isomerization of the resulting radicals.
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EXPERIMENTAL

Materials

Polyethylene used in the present work was Hizex 1200.1 (high density) 
manufactured by Mitsui Toatsu Chemicals, Inc. The sample was purified 
first by dissolving in boiling xylene and precipitating by cooling and then 
was washed in «.-hexane and acetone and dried at about 343° Iv in a vacuum 
oven. A rod-shaped sample, about 3.5 mm in diameter, was prepared from 
this purified polyethylene by extrusion through a nozzle at 403°K. It was 
sealed in Spectrosil tube after being evacuated in a vacuum of 10~4-10~s 
torr for one day at room temperature. Oriented samples were prepared by 
stretching the rod-shaped sample up to about 1000% at room temperature.

Irradiation

Irradiation was carried out with ultraviolet light from a super high- 
pressure mercury lamp (USH-250D) and a low-pressure mercury lamp 
(UL2-1HQ), manufactured bv Ushio Electric Co. Ltd. Predominant° o
wavelengths of the super high pressure mercury lamp are 4358 A, 3650 A

o o
(strongest), 3132 A, and a trace of 2537 A; those of the low-pressure mer
cury lamp are 2537 A and 1S49 A. In all cases of ultraviolet irradiation, 
the sample was kept in liquid nitrogen. In some cases, various color filters 
were used for selecting light of desired wavelengths from the lamp.

ESR Measurement

ESR measurements were carried out by using an X-band spectrometer 
manufactured by Japan Electron Optics Laboratory Co., Ltd., with 100 
kLIz field modulation. Measurements at 77° K were made by inserting a 
Dewar flask with a transparent cylindrical tip into the cavity. The sample 
was held in the Dewar flask filled with liquid nitrogen.

Heat treatment of the sample was carried out by keeping the sample in a 
liquid bath of a fixed temperature for 4 min and then returning it quickly 
into liquid nitrogen.

RESULTS

ESR Spectra of Ultraviolet-Irradiated Polyethylene

The ESR spectrum of polyethylene (PE) irradiated by ultraviolet light 
from the super high-pressure mercury lamp at 77° K and measured at 
77°K immediately after irradiation is shown in Figure la. It consists of 
a superposition of a signal with hyperfine structure and a central broad 
singlet. The main feature of this hyperfine structure seems to be that of a 
sextet with an average hyperfine splitting of about 30 gauss, though the 
feature at the central part is masked by the broad singlet. It is well known 
that such a spectrum for PE is assigned to the alkyl radical —CH2—CH— 
CH> -.6~7 Therefore, this hyperfine spectrum may also be attributed to
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contain hyperfine structure. The alkyl radicals giving the hyperfine 
structure are produced only by light of wavelength below 2900 A.

Change of the Line Shape with the Temperature of Heat Treatment

Figs, \b-lcl show the change of the line shape of the spectrum observed 
at 77 °Iv on heat treatment at various temperatures. The height of the 
central broad singlet begins to increase at about 163°K, as the temperature 
of heat treatment is raised, reaching a maximum at about 183°K. The 
shape of the broad singlet also changes to a sharp singlet during the course 
of this change and, as a result, the spectral intensity of the singlet does not 
noticeably change. The hyperfine spectrum, on the other hand, de
creases gradually from about 163°K.

At temperatures above 1S3°K, the central singlet, too, decreases gradu
ally and a weak broad singlet remains at. 303°K. The line width between 
points of maximum slope A//msi of this singlet was 24-30 gauss.

The ESR spectrum obtained by irradiation with ultraviolet light from 
the low-pressure mercury lamp also showed a similar change with the tem
perature of the heat treatment.

Irradiation of Oxidized PE

Browning et. al.2 noted that ultraviolet light tends to be selectively ab
sorbed by impurities and chain imperfections (e.g., olefinic or oxidized 
segments), in the ESR study of ultraviolet-irradiated polyolefins. In the 
present work, it may be possible that the sample is oxidized slightly in the 
process of preparation and that ultraviolet light may be absorbed by the 
oxidized segment to produce free radicals.

In order to get some evidence on this matter, a measurement was carried 
out on PE oxidized by ultraviolet irradiation in air. The ESR spectra of 
such sample irradiated in vacuo at 77° K by the super high-pressure mer
cury lamp and observed at 77°Iv after heat treatment at various tempera
tures are shown in Figure 5. The efficiency of radical production was 
higher in the oxidized sample than in the unoxidized one. It is also seen
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F ig .  6 . E S R  s p e c t r a  s ta b le  a t  r o o m  t e m p e r a t u r e ,  o b s e rv e d  a t  r o o m  t e m p e r a t u r e :  (a )  
u n o x id iz e d ;  ( b ) s t r e tc h e d ;  ( c )  o x id iz e d .

with the sample kept in liquid oxygen. The spectrum was comparatively 
stable in air at room temperature.

DISCUSSION

Mechanism of Production and Photoinduced Isomerization 
of Radicals Related to Singlet Spectrum

It is stated above that absorption of ultraviolet light in PE may occur 
at oxidized segments in the polymer, to produce free radicals. By using 
some ketones, e.g., di-?i-heptadecyl ketone, CHsiCH^uCOiCH^ieCHa, as 
a model sample of oxidized segment of PE, evidence was obtained that 
carbonyl groups are mainly responsible for the reaction.9

When di-n-heptadecyl ketone was irradiated with ultraviolet light an 
ESR pattern similar to that from PE was obtained. The spectrum corre
sponding to the broad singlet observed immediately after ultraviolet irradi
ation of PE, however, showed a poorly resoluble hyperfine structure. Tire 
mutual conversion in the case of ketone was observed more clearly than in 
PE, and the poorly resoluble hyperfine spectrum of the ketone converted to 
a singlet on warming at 163°K.

The reaction of free radical production may be written as in eq. (1);
uv

-OTT— CTT— C—OTL—CII-------------> ~C II— CTT,—C- +  CH2—C H ,~ (1)
II II() O

I  I I

It is certain that the singlet observed after heat treatment of the sample 
at 163°K in the irradiation of ketones and also of PE is related to radical I.

It was reported by Noda et ah,10 who worked on 7 -irradiated acyl chlo
ride, that acyl radicals I give a rather sharp singlet ESR spectrum.

In our case of ultraviolet irradiation, however, the absorption of visible 
light coming from the mercury lamp by radical I, almost immediately
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after its formation, causes the migration of a hydrogen atom and a con
siderable part of the radical 1 changes to — CH2—CH—CHO (hereafter 
referred to as radical III). Radical III is expected to give a hyperfine 
structure. In fact radical III produced in di-n-heptadecyl ketone gave a 
poorly resoluble hyperfine spectrum.9 Buley et al.11 showed that the 
splitting Ona due to the a-proton of the radical -CH2—CHO is 19.0 gauss. 
In the present work, however, the radical III observed immediately after 
irradiation at 77°K seems to have an appearance of a broad singlet. This 
suggests that oxidized segments may be irregularly present in PE.

Heat treatment causes the radical III to return to the original acyl radi
cal I and a sharp singlet makes its appearance. Mutual conversion be
tween these two radicals can be written as in eq. (2):

Heat
~CTl,—c r i—C lio  '( > ~CH j—CHi—CO (2 )

Light
°Light of wavelength below 6500 A was effective in the conversion of 

radical I to radical III.
Acyl radicals I may be produced by ultraviolet irradiation from car

bonyl groups situated at chain ends or on some points along the chain. If 
the reaction occurs at' a carbonyl group situated at a chain end, only acyl 
radical I produced by reaction (3) will be observed in ESR measurement.

uv
~C H 2—CH2—CHO  --------> ~C H 2—OH,—CO +  H (3)

The hydrogen atom will probably unite quickly with another hydrogen 
atom to become H? even at 77°K.

The observation shown in Figure 4, that ultraviolet light of wavelength 
above 2900 A produces radicals giving only the singlet spectrum and no 
hyperfine structure in PE, indicates that such light reacts only with car
bonyl groups at the chain end when PE is irradiated to produce acyl radi
cals.

• ° oLight of wavelength below 2900 A, including that of 2537 A, will react 
also with carbonyl groups situated at random points along the chain and 
produce radicals I and II as in eq. (1).

Radicals Giving Hyperfine Structure
An observation was made by Ohnishi et al.12 that allyl radicals in PE are 

converted to alkyl radicals by illumination of light of 2537 A. Radicals 
II and III, in our case, may be expected to undergo similar conversion by 
absorption of visible or ultraviolet light from the mercury lamp during the 
irradiation.

The fact that the major feature of the hyperfine spectrum is explained 
as a sextet arising from alkyl-type radicals suggests that most of the radicals 
II have converted to alkyl-type radicals to give the hyperfine structure.

Some of the radicals III, too, have probably changed to alkyl-type radi
cals during the irradiation because of the following reasons.

The irradiation of PE by unfiltered light from the super high-pressure 
mercury lamp causes scission of the main chain at carbonyl groups situated
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at. random on the chain to produce radicals II and III in equal quantities, 
in addition to the production of radicals III from carbonyl groups situ
ated at chain ends. Therefore, the intensity of the singlet should exceed 
that of the hyperfine spectrum if no conversion of radicals III occurs.

The broad singlet due to radicals III and the hyperfine spectrum, how
ever, were observed to appear in comparable intensities. This fact sug
gests that the conversion of radicals III to alkyl-type radicals is occurring 
during the irradiation. The result that only a singlet was observed in the 
irradiation by light of wavelength above 2000 A shows that such conversion 
occurs by light of wavelength below 2900 A.

Further, the observation that the irradiation by the low-pressure mer
cury lamp produces more abundant alkyl-type radicals than the irradiation 
by super high-pressure mercury lamp, probably, indicates that the light of 
2537 A is effective in causing the conversion.

Radicals Stable at Room Temperature

It is stated above that a weak broad singlet is observed at 77° K after 
heat treatment at 303°K and that this spectrum shows hyperfine structure 
when the measurement is done at room temperature.

Ranby et al.3 observed what was probably the same spectrum, and they 
attributed it to polyenyl type radicals which, they thought, are converted 
from radical II by dehydrogenation. Our observation that the radicals 
giving this weak singlet are also produced in liquid oxygen and that they 
are comparatively stable in air at room temperature shows that the radicals 
are probably related to oxidized sites in polyethylene. The identification of 
the radical responsible for the spectrum is not yet possible.

W e  w is h  to  t h a n k  l a t e  P r o fe s s o r  S . O k a m o t o  f o r  h e lp f u l  d is c u s s io n s .
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Grail and Modified Polym ers from Rubber Network. 
I. Method o f Obtaining Graft and Modified 

Polymers from Sulfur Vulcanizates with 
Dehydrogenated Raney Nickel and Raney Cobalt

P. D. NIKOLINSKI and V. V. MIRTSCHEVA, Department of Organic 
Synthesis, Institute of Chemical Technology, Sofia, Bulgaria

T h e  p r e s e n t  p a p e r  r e p o r ts  o n  a n  in v e s t ig a t io n  o f  e l im in a t in g  s u l f u r  f r o m  s u l f u r  v u l 
c a n iz a te s  b y  u s in g  d e h y d r o g e n a t e d  R a n e y  N i  ( R a n e y  C o ) .  T h e  d e h y d r o g e n a t e d  R a n e y  
m e t a l  e l im in a t e s  th e  s u l f u r  b y  fo r m in g  fr e e  r a d ic a ls  w h ic h  r e c o m b in e  w i t h  e a c h  o t h e r .  
T h e  re s u lt  is  a  h e a v i ly  c ro s s lin k e d  p r o d u c t  c o n ta in in g  tra c e s  o f  s u l fu r .  W h e n  a p p ly in g  
d e h y d r o g e n a t e d  R a n e y  m e t a l  in  th e  p re s e n c e  o f  s u b s ta n c e s  r e a d i ly  p r o d u c in g  f r e e  r a d i 
ca ls  o i' m o n o m e r s  p o ly m e r iz in g  b y  w a y  o f  a f r e e - r a d ic a l  m e c h a n is m , o n e  o b ta in s  a  m o d i 
f ie d  o r  a  g r a f t e d  h ig h  m o le c u la r  p r o d u c t .

By desulfurizing sulfur vulcanizates with dehydrogenated Raney nickel 
and Raney cobalt in the presence of monomers which are easily poly
merized by a free-radical mechanism or of substances yielding free radicals, 
we obtained graft polymers and modified rubber products.

The use of dehydrogenated Raney nickel for the desulfurization of some 
organic sulfur compounds has been reported in the literature. Hauptmann 
and Wladislaw et al.1,2 have effected desulfurization of organic disulfides, 
ethyl and phenyl esters of thiobenzoic acid by employing partially de
hydrogenated Raney nickel. The mechanism of desulfurization with 
Raney nickel may be outlined as follows.3 First, the sulfur chemisorbed 
on the Raney nickel surface combines with the nickel and forms a Ni-S 
bond; this is followed by breaking of the C-S bond resulting in the for
mation of free radicals and Ni sulfide. The hydrogen of the Raney Ni, if 
the latter contains any, combines with the free radicals. In case of lack of 
hydrogen the free radicals recombine. The radical hydrogenation and 
recombination processes develop simultaneously, their rate being dependent 
on the amount of hydrogen sorbed on the Raney nickel.

In case of hydrogen shortage in the Raney metal, a high yield of dimeric 
products is obtained and the C-S bond is replaced by a C C bond. On
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desulfurizing polycyclic sulfides, Birch4 has obtained olefins in about (30% 
yield. Desulfurization of sulfur-rubber networks with Raney metals rich 
in hydrogen (about 100 cm1 H2/g metal) brings about decomposition of the 
network and replacement of C-S bonds by C-H bonds. The result is a 
product containing no sulfur and soluble in the usual organic solvents for 
natural rubber.5'6 Desulfurization with dehydrogenation Raney metal 
(containing about 5 cm3 H2/g metal) results in a product containing traces 
of sulfur but insoluble in organic solvents (only swelling) and having a much 
higher degree of crosslinking than the initial sulfur vulcanízate. The 
probable explanation of this finding was given by us in a previous paper.7 
We assume that the additional crosslinking is a result of recombination to 
C C intermolecular bonds of radicals formed as a result of eliminating the 
intramolecularly combined sulfur from the Raney Ni. The recombi
nation of the free radicals is somewhat hampered by the poor mobility of the 
rubber molecules fixed in the network of the vulcanízate. Due to the 
above, when desulfurization is carried out in the presence of monomers 
subject to ready free-radical polymerization, the radicals obtained by 
elimination of sulfur initiate polymerization, yielding graft polymers. 
Desulfurization of the vulcanízate with dehydrogenated Raney Ni in the 
presence of compounds yielding free radicals (benzoyl peroxide, triphenyl- 
chloromethane, etc.) results in modified products.

Experimental
For preparation of graft and modified polymers rubber networks ob

tained by the curing recipe of Table I were used.
Press curing was carried out. at 100°C for 2 hr. The concentration of 

intermolecular chemical crosslinks, determined by the Flory and Rehner8 
and Moore and Watson9 calibration was 0.32 ± 0.01 X 10~4 moles/cm3.

The vulcanízate was crumbed by means of rollers with 1:1.17 friction 
and the resulting rubber crumbs were sifted to 28 mesh and extracted with 
acetone. After complete removal of Captax and free sulfur, the rubber 
crumbs contained 2.4% sulfur. The analysis for sulfur content was carried 
out by burning the samples under oxygen flush, and the sulfuric acid was 
determined by titration.

The desulfurization of the rubber crumbs was by use of Raney Ni and 
Raney Co.

T A B L E  I

W e ig h t  u n its

N a t u r a l  r u b b e r  (w h i t e  c r e p e ) 1 0 0

S t e a r ic  a c id 2

Z in c  o x id e 3
C a p t a x 2

N e o s o n  D i
S u l fu r 3
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Preparation and dehydrogenation of the metals to Raney form was 
carried out as follows. A 50-g portion of alloy containing 50% Ni (Co) 
and 50% A1 was treated with 26% solution of NaOH after Pavlik and 
Adkins.10 After being washed to neutrality, the Raney Ni (Co) was placed 
in a flask with two outlets and flushed with nitrogen. During that operation 
the Raney Ni (Raney Co) was kept on the bottom of the flask by means of a 
magnet. After that the flask with the Raney nickel (Raney Co) was treated 
under vacuum (5 mm Hg) and heated for 4 hr at 200°C. The flask with 
the dehydrogenated Ni or Co was cooled in nitrogen and the Raney nickel 
(Raney Co) kept submerged in toluene. The amount of hydrogen in the 
so obtained Raney Ni (Raney Co) was determined by hydrogenation of 
benzoquinone.11

The desulfurization was carried out in glass ampoules with the vulcan- 
izate network swelled in toluene in nitrogen medium. About 0.5 g of the 
rubber network was swelled in the material dissolved in toluene and 
readily yielding free radicals or in the solution of the monomer to be grafted. 
As substances readily yielding free radicals we used benzoyl peroxide and 
triphenylchloromethane; the monomers were styrene, methyl acrylate, and 
acrilonitrile. After 24 hours the ampoules were flushed with nitrogen,
2.5 g of the dehydrogenated Raney Ni (10-15 ml I P/g metal) or Raney Co 
added, and the ampoules sealed. The desulfurization was carried out at 
room temperature for 90 min, with vigorous shaking of the ampoules.

The separation of the desulfurized product and the metal in Raney form 
was effected by means of a magnet centrifuge. The separated Raney metal 
is quite good for two more desulfurizations. The traces of Raney metal 
were removed by processing with 18% hydrochloric acid, after which the 
desulfurized product was washed with distilled water to neutral reaction 
and the product dried under vacuum to a constant weight.

To remove benzoyl peroxide the product was extracted with ethyl 
alcohol at boiling temperature. Every 4 hr the ethyl alcohol was changed 
and the presence of benzoyl peroxide in the extract checked by the con
ventional qualitative reactions.12

The styrene and polystyrene were removed by extraction with butanone 
at 50°C, the butanone being changed every 24 hr. This was repeated until 
styrene and polystyrene were removed completely.

To determine the quantity of sulfur removed by means of Raney Ni or 
Raney Co, an apparatus for decomposition the NiS with acid13 was used, the 
isolated H2S being absorbed in 10% solution of Cd(CH3COO)2. The 
quantity of CdS was determined iodometrically.

The solubility of the resulting product was determined in toluene. The 
toluene was heated to 60°C and flushed for 30 min with nitrogen. A poly- 
aminde bag with an exactly weighed amount of desulfurized product was 
immersed in toluene and heated at same temperature for 6 hr. After that 
the bag with undissolved product was removed, washed twice with toluene, 
and dried to constant weight.
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In cases when particles of undissolved product pass through the bags, the 
sol fraction was separated from the gel by centrifugation. Simultaneously 
and in the same way the solubility of the initial rubber crumb was also 
determined. The sol fraction was calculated by using the equation:

Sol % = [(/\ -  1 \)/I \]  -  [(/-Y -  P 2“)//Y ]

where 1\ and Pi0 represent the initial weight of the resulting product and of 
the original vulcanízate, while P 2 and P 2° represent the insoluble part of the 
resulting product and of the original vulcanízate, respectively. We also 
obtained the infrared spectra of the products in a solution of tetrachloro- 
methane. All experimental results are given in Table II.

T A B L E  I I

A m o u n t
o f Clo n d i t io u s  o f  r e a c t io n

D e g r e e
o f

s u l f u r
r e 

m o v a l
( % )

K i n d  o f  
m o d i 
f y in g
a g e n t

t y in g
a g e n t
( g / g

v u lc a n 
i z a t e )

T e m p .
t ° C )

T i m e
( m i n )

A m o u n t  
o f  d e 
h y d r o 

g e n a te d  
l i a - N i

A m o u n t  
o f  d e 
h y d r o 
g e n a te d  
R a - C o

S o lu 
b i l i t y

P r o o f  o f  
fu n c t io n a l  

g r o u p s

N o n e — 2 0 9 0 2 . 5 — 7 2 In s o l 
u b le

—

B e n z o y l 0 . 3 2 0 9 0 2 . 5 — O S . s 9 3 . 2 J R  s p e c tr a
p e r o x id e 0 . 3 SO 9 0 2 . 5 — 6 2 . 5 6 9 . 4 m a x  a t 7 0 0 ,

0 . 3 2 0 9 0 2 . 5 5 3 . 7 7 2 . 6 1 5 0 0 , 1 6 0 0  
a n d  3 1 0 0  
c m - 1

T r ip h e n y l -
c h lo r -
m e t h a n e

0 . 5 2 0 9 0 2 . 5 5 6 5 2 C o n t a in in g
l . S %
c h lo r in e

S t y r e n e 0 . 5 2 0 9 0 2 . 5 — 73 7 3 . 0 J R  s p e c tr a
0 . 5 SO 9 0 2 . 5 — 7 0 5 3 . 4 m a x  a t 7 0 0 ,
0 . 5 2 0 9 0 — 2 . 5 6 5 .4 6 S . 3 3 0 0 0 - 3 1 0 0

c m ' 1

M e t h y l 
m e t h 
a c r y la t e

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

A c r y lo 
n i t r i l e

0 . 5 2 0 9 0 2 . 5 3 0 1 0

Results and Discussion

The results given in Table II show that by desulfurizing rubber crumb 
swelled in toluene with Raney Ni, poor in hydrogen, about 72% of the 
sulfur present in the vulcanizate is eliminated. The obtained product is 
insoluble in organic solvents of natural rubber and is much more cross- 
linked (c = 0.62 ± 0.01 X 10~4 mole/cm3) than the original vulcanizate 
(c = 0.32 ± 0.01 X 10-4 mole/cm3). In our opinion, the additional
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crosslinking is due to recombination of the radicals obtained by removal of 
the bound sulfur from the vulcanizate with the Raney nickel (Raney Co), 
or to the subsequent vulcanization of the rubber brought about by the 
radicals and similar to peroxide vulcanization.

Desulfurization with dehydrogenated Raney Ni (Raney Co) in presence 
of benzoyl peroxide yields a product almost completely soluble in organic 
solvents of natural rubber. In the latter case, most probably Raney Ni 
destroys the sulfur crosslinks and the obtained radicals are linked by those 
obtained from the benzoyl peroxide.
~ c i i , c  c i i  c i i  g i l  0 = 011— c n » ~

I I I
C I L  I C I L

C I L  s„ C I L  +  R a — N i - ------------->

~ C H 2 — c — c i i n i ,  c i i —  c = c i i — c i i , ~

- C I L  CII CII C I I  CII , O  CII c n 2-
I

C I L  C H 3

+

CIL CIL

'—CIL—C—CII—CIL—CH - -C =G H —C IL — ( I )

■C,II.C O O :.-------- » 2C,II.('(>()• (2)
C JL C O O 'O --------- > Cells' +  CO* (3)

2CJL- --------- ♦ CeHsCeHs (4)

Only by reaction (5) are modified products formed. Reactions between 
two macromolecules bringing about the replacement of the C-S bond by a 
C-C link and not the decomposition of the vulcanized network is, according 
to us, rather improbable. These radicals are less mobile than the radicals 
obtained from benzoyl peroxide dissolved in swelling agent; besides, the 
desulfurization gives a significant quantity of soluble fraction.

The infrared spectra of the obtained products were taken in a solution of 
tetrachloromethane (Fig. 1). The maxima at 700, 1500, 1600, and 3100 
cm-1 are characteristic for the benzene nucleus.

F ig .  1. I n f r a r e d  s p e c t r a  (s e e  t e x t ) .
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Desulfurization in the presence of free radicals obtained from triphenyl- 
chloromethane yields a product containing 1.8% chlorine. Its solubility 
is 52%.

If desulfurization is carried out in the presence of a monomer readily 
polymerizing by way of a free-radical mechanism, the free radicals obtained 
upon the elimination of sulfur bring about its polymerization. Desulfuri
zation in the presence of styrene, for instance, involves the process (6)-(S).

-C H .,— C H = = C H — C H — C H — C = C H — C H , -
I
C H 3

C H;,

------- C H —  C —  C — C H 2— C H — C = C H — C H -
I # *

C H ,

+  C 6H - , C H = C H ,

(7)

x  =  1 -n

f i -C 6H 5C H = C H 2

The grafts polymers are obtained by reaction (7).
The obtained product is about 78% soluble in toluene (Table II). The 

unreacted styrene and the polystyrene are eliminated by dissolving in 
butanone. The infrared spectra show maxima at 3000-3100 cm-1 which is 
characteristic of monoalkylbenzene and at 700 cm-1, characteristic for 
the benzene nucleus.

When sulfur vulcanizates are desulfurized in the presence of methyl 
methacrylate by using dehydrogenated Raney Ni (Raney Co), the resulting 
product is about 70% soluble.

Desulfurization with acrylonitrile leads to the introduction of an in
significant quantity of CN groups into the obtained product. The solu
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bility of the resulting product in toluene is very low (10%), and the de
gree of sulfur removal is 30%. This is probably due, first, to the fact 
that the radical polymerization of the acrylonitrile yields crosslinked prod
ucts and, secondly, to the deactivating effect of the CN group on the Raney 
Ni (Raney Co).
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Availability and State o f Order o f Hydroxyl Groups 
on the Surfaces o f Microstructural Units 
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Synopsis
T h e  r e la t i v e  a c c e s s ib i l it ie s  o f  t h e  h y d r o x y l  g r o u p s  o f  t h e  D -g lu c o p y r a n o s y l  u n i t s  o f  h y -  

d r o c e l lu lo s e  h a v e  b e e n  s t u d ie d  b y  m e a n s  o f  t h e  r e a c t io n  o f  A , A - d i e t h y l a z i r i d i n i u m  c h lo 
r id e ,  w h ic h  p ro d u c e s  2 - ( d i e t h y l a m i n o ) e t h y l  c e llu lo s e .  T h e  d e v ia t io n  in  t h e  d i s t r ib u t io n  
o f s u b s t i tu e n ts  a m o n g  th e  2 - 0 - ,  3 - 0 - ,  a n d  6 -O -p o s i t io n s  o f  th e  D -g lu c o p y r a n o s y l  re s id u e s  
i n  a  h y d r o c e llu lo s e  f r o m  t h a t  in  a  d is o r d e re d  c e llu lo s e  in  w h ic h  th e  th r e e  ty p e s  o f  h y d r o x y l  
g r o u p s  a r e  e q u a l ly  a c c e s s ib le  is  t h e  b a s is  f o r  e s t im a t in g  th e  s e le c t iv e  a c c e s s ib i l it ie s  o f  th e  
h y d r o x y l  g r o u p s  in  t h e  c r y s t a l l in e  c e llu lo s e .  A  p a r t i c u l a r  h y d r o c e llu lo s e ,  l y i n g  w i t h in  
t h e  r a n g e  o f  le v e l in g - o f f  d e g re e  o f  p o ly m e r iz a t io n ,  w a s  s tu d ie d  in  d e t a i l ;  th is  h y d r o c e l lu 
lo s e , d e s ig n a te d  E H C  ( “ E x e m p la r  H y d r o c e l lu lo s e ” ),  w a s  fo r m e d  f r o m  f ib r o u s  c o t to n  b y  
h y d r o ly s is  f o r  0 .6 7  h r  in  2 .5 N  h y d r o c h lo r ic  a c id  a t  r e f lu x .  E H C  e x h ib i t e d  h ig h e r  s e le c 
t i v e  a c c e s s ib i l i t y  ( la r g e r  d e v ia t io n  f r o m  e q u a l  a c c e s s ib i l i t y )  o f  t h e  h y d r o x y l  g r o u p s  a t  
C - 2 ,  C - 3 ,  a n d  C - 6 , t h a n  s a m p le s  o f  h y d r o c e llu lo s e  fo r m e d  in  s h o r te r  o r  lo n g e r  p e r io d s  o f  
h y d r o ly s is .  T h i s  s e le c t iv e  a c c e s s ib i l i t y  is  d is c u s s e d  in  te r m s  o f  i n t r a -  a n d  in t e r m o le c u la r  
h y d r o g e n  b o n d in g  o n  t h e  s u r fa c e s  o f  c r y s t a l l in e  m ic r o s t r u c t u r a l  u n i ts  in  E H C .

INTRODUCTION

Recently, Haworth et al.1 interpreted the results of multiple methylations 
of cotton cellulose with dimethyl sulfate, dimethyl sulfoxide, and 2N  
sodium hydroxide to be consistent with a rapid reaction on the surfaces of 
crystalline elementary fibrils. This was accompanied by a slower reaction 
which was interpreted to involve penetration into the crystalline regions. 
From studies of reactions of W,iV-diethylaziridinium chloride with cotton in 
solutions of sodium hydroxide ranging from IN  to 6N, Rowland et al.2 
found the hydroxyl groups of cotton cellulose to be selectively available or 
selectively accessible; for every hydroxyl group at C-2 that was accessible 
for reaction in IN  and 2N  sodium hydroxide there were only approximately 
0.75 hydroxyl group at C-6 and 0.30 hydroxyl group at C-3 which were 
accessible. This selective accessibility is interpreted as evidence that 
reactions occur, at least in part, with an ordered arrangement of hydroxyl 
groups on the surfaces of crystalline microstructural units.

The selective accessibilities of hydroxyl groups noted above are repre
sentative of the state of order among the hydroxyl groups in the readily
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accessible regions of the cotton fiber. It appears reasonable to consider 
that the regions of lower accessibility (or of inacessibility) in the cotton 
fiber might be characterized by a higher state of order of the hydroxyl 
groups on the surfaces of the crystalline regions. For this very reason, the 
highly ordered surfaces may be less accessible (or inaccessible) due to 
regular and strong hydrogen bonding between potential surfaces.

To assess the state of order of the hydroxyl groups on the surfaces of 
crystalline regions of low accessibility in the cotton fiber, samples of cotton 
fiber have been converted to hydrocellulose and these have been studied in 
reactions with iV,Ar-diethylaziridinium chloride. A particular sample of 
hydrocellulose, which falls within the range of leveling-off degree of poly
merization3 and which is designated “Exemplar Hydrocellulose” (EHC), 
has been selected for consideration in this report. The significance of the 
selective accessibility of hydroxyl groups in EHC is discussed relative to 
the micrestructure of the cotton fiber.

EXPERIMENTAL

Materials
The cotton cellulose was the same as that employed in a preceding study:2 

i.e., desized, scoured, bleached 80 X SO print cloth.
2-Chloroethyldiethylamine hydrochloride was the nominal reagent for 

the reactions yielding 2-diethylaminoethyl celluloses. The nominal re
agent (17.2 g, 0.1 mole) was placed in a 100-ml volumetric flask and the 
volume was made up to the mark with 10% sodium hydroxide. 2-Chloro- 
ethyldiethylamine, as the free base, rose to the. top of the flask. This layer 
was withdrawn immediately and dissolved in water, whereupon it was con
verted to the actual reagent, W,A-diethylaziridinium chloride.2

Preparation of Hydrocellulose
The procedure was that of Nelson and Tripp.3 Five gram samples of 

fibers (print cloth ground in a Wiley mill to pass a 20-mesh screen) were 
refluxed in 2.5N  hydrochloric acid for a period of 0.67 hr. The samples 
were filtered, washed, and dried as already described.2'3

Reaction of ¿V,.V-I)iethylaziridinium Chloride with Hydrocellulose
Air-dried hydrocellulose (5 g) was suspended in 25 ml of 0 JiM solution of 

iVW-dicthylaziridinium chloride and subsequently filtered to remove 
solution from the hydrocellulose to the point that the filter cake contained 
equal weights of hydrocellulose and solution. The wet cake was suspended 
in 50 ml of sodium hydroxide of specific, selected normality, and reaction 
was allowed to take place for 45 min. The detail has been described 
earlier.2

Reaction of A^A-Diethylaziridinium Chloride with Disordered Celluloses
Samples of cellulose (from print cloth) were disordered by ball-milling 

and by regeneration from solution, and samples of cellulose acetate (from
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yarns) were deacetylated as described earlier;2 these were subjected to re
actions with 0.571/ and 1.071/ N,N-diethylaziridinium chloride in the manner 
described for hydrocellulose.2

Hydrolysis of 2-Diethylaminoethyl Celluloses

The chemically modified cellulose was dissolved in 72% sulfuric acid and 
hydrolyzed during stepwise dilution of the acid. The method is described 
in detail by Rowland et al.4 The mixture of glucose and substituted 
glucoses was isolated as “anhydrous” freeze-dried solids.

Removal of Glucose from the 2-Diethylaminoethyl Glucoses

A 2-g portion of the mixture of glucose and substituted glucoses was 
dissolved and subjected to fermentation as described earlier.5 It is 
desirable that the fermentation be completed in 16-24 hr and be followed 
immediately by filtration (microporous filter, to remove the yeast) and 
by freeze-drying. Prolongation of the above steps or even storage of the 
solid product often resulted in a loss or disappearance of the a-anomer of
6-0-[2-(diethylamino)ethyl]-n-glueopyranose. The occurrence of such a 
case was signalled by the appearance of two new peaks just before and after 
that for the a-anomer of the 3-O-isomer and by the deviation of the a /(3 
ratio of anomers of the 6-O-isomer from 43/57. I t was found, by com
parison of values obtained from reruns, that when this happened, the cor
rect value for the distribution of substitutents could be obtained by basing 
the calculation on the peak areas of the a-anomer of the 2-0-isomer, the 
a-anomer of the 3-O-isomer, the /3-anomer of the 6-O-isomer, and the estab
lished ratios of the anomers5 (i.e., 37/63, 49/51, and 43/57, respectively). 
Generally, the replicabilities of the values for distributions in the 2-0- and
3-0-positions (relative to the 6-O-position) were better than ±4%.

Distribution of Substituents in 0 -(2-Diethylaminoethyl)-D-glucoses

The solid product from above was taken up in 2 ml of dry pyridine and 
allowed to reach equilibrium between the anomeric forms in 4 to 20 hr. A 
portion (y 2) of the pyridine solution was withdrawn and silylated by the 
method of Sweeley et al.6 prior to gas-liquid chromatographic analysis as 
described by Roberts and Rowland.7 It was important that the sample be 
analyzed within 1-2 days. All steps from the. beginning of the fermenta
tion through gas-liquid chromatographic analysis were completed within 
periods indicated above in order to obtain satisfactory results (i.e., to avoid 
disappearance of the 6-O-isomer).

RESULTS

Distribution of 2-(Diethylamino)ethyl Substituents
The reactions of A/TV-diethylaziridinium chloride with samples of cel

lulose were conducted, as in previous studies, in solutions of sodium hydrox
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ide of various normalities ranging from 0.5N  to 6.0AL A desired, low 
degree of substitution results under the conditions employed; as a conse
quence, di- and trisubstitution of D-glucopyranosyl units of the cellulose 
chain are insignificant.

The ratio of 2-0- to 6-0-substitution in samples of hydrocellulose was found 
to be a function of the time involved in the hydrolysis of the fibrous cotton. 
The ratio reached a maximum for the hydrocellulose resulting from a 0.67- 
hr period of hydrolysis; 2.5N  hydrochloric acid was employed at reflux, and 
samples were hydrolyzed for periods of 0.33, 0.67,1, 2, 3, 4, and 5 hr. This 
report is concerned only with the hydrocellulose having the highest ratio 
of 2-0- to 6-O-substitution, i.e., the highest degree of selective accessibility. 
Throughout this report this hydrocellulose is referred to as EHC.

T A B L E  I
D is t r ib u t i o n  o f  S u b s t i tu e n ts  R e s u l t in g  f r o m  R e a c t io n  o f  E H C  w i t h  

i V ,A - D ie t h y ] a z i r id in i u i n  C h lo r id e  in  V a r io u s  N o r m a l i t i e s  o f  S o d iu m  H y d r o x i d e “

0 - ( 2 - D i e t h y l a m i n o ) e t h y l  h y d ro c e llu lo s e s

B a s e  N i t r o g e n
c o n c a , N c o n te n t ,1' 2 - 0 -° 3 - 0 - ° 6 - 0 - d 3 - 0 - d

0 . 5 0 . 1 0 3 .  SO 0 . 4 1 0 . 2 6 0 . 1 1

1 . 0 0 . 1 0 3 . 1 1 0 . 3 2 0 . 3 2 0 . 1 0

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

“ E H C  = h y d r o c e l lu lo s e  f r o m  i0 .6 7  h r  h y d r o ly s is o f  c o t to n  in  2 .5 .V  h y d r o c h lo r ic  a c id
a t  re f lu x .

b I t  h a s  b e e n  s h o w n  t h a t  t h e  d i s t r ib u t io n  o f  s u b s t i tu e n ts  is in d e p e n d e n t  o f  t h e  e x t e n t  
o f  r e a c t io n  ( % N )  o r  th e  r e p e t i t io n  u p  to  f iv e  r e a c t io n  c y c le s . 2 

0 R e l a t iv e  to  1 .0 0  f o r  t h e  6 -O - p o s i t io n .  
d R e l a t iv e  to  1 .0 0  f o r  th e  2 -O -p o s it io n .  
e T h is  e x p e r im e n t a l  m e a s u r e m e n t  w a s  lo w  in  r e l i a b i l i t y .

The distributions of substituents that resulted from reactions of EHC 
with A,A-diethylaziridinium chloride in the various basic media are sum
marized in Table I. The distribution of substituents is shown in two ways : 
first, in the manner which has proven most useful for consideration of rela
tive reactivities of the hydroxyl groups, i.e., 2-0-:3-0-:6-0-, where the 6-O- 
substitution is expressed as unity; and second, in the manner most appro
priate for the subsequent calculation of the relative reactivities of the 
hydroxyl groups in view of the fact that the hydroxyl group at C-2 is most 
available, i.e., 6-0-:3-0-:2-0-, where the 2-0-substitution is the basis for 
comparison and is represented by unity. The significant differences in 
ratios of 2-0- to 6-O-substitution in EHC compared to those in fibrous 
cotton2 (in print cloth) are obvious on comparison of curve C with curve 
B of Figure 1.



C R Y S T A L L IN E  C O TT O N  C E L L U L O SE 1435

N O R M A LIT Y  OF SODIUM HYDROXIDE

F ig .  1 . R a t io  o f  2 - 0 - / 6 - 0 - s u b s t i t u t i o n  r e s u l t in g  f r o m  r e a c t io n s  o f  iV , i V - d ie t h y la z i r i -  
d in iu m  c h lo r id e  w i t h  s a m p le s  o f  c e llu lo s e  in  v a r io u s  n o r m a l i t ie s  o f  s o d iu m  h y d r o x id e :  
( • )  d is o r d e re d  c e llu lo s e ;  ( A )  c o t to n  f ib e r s ;  ( D ) E H C .

Relative Availabilities of Hydroxyl Groups on the Surfaces of EHC

The relative availabilities or relative accessibilities of the hydroxyl 
groups in a sample of crystalline cellulose may be calculated from the 
distribution of substituents at the 6-0-, 3-0-, and 2-0-positions (2-0-sub
stitution as unity and the basis of comparison). Each of the numbers 
representing the distribution of substituents at a specific position is divided 
by the corresponding number which represents the relative reactivity of 
the hydroxyl group at that position. The relative reactivities of the 
hydroxyl groups at the C-6, C-3, and C-2 positions are obtained by conduct
ing reactions of Af,iV-diethy]aziridinium chloride with samples of cellulose 
in which the hydroxyl groups at C-6, C-3, and C-2 are equally available or 
equally accessible for the reaction. The relative reactivities of the hydroxyl 
groups have been shown to be dependent upon the concentration of base;2,8 
this is evident in curve A of Figure 1; thus, it is essential that the relative 
availabilities of the hydroxyl groups be calculated from values of distribu
tion of substituents in a crystalline cellulose and from relative reactivities 
in a disordered cellulose that result from reactions conducted under the 
same conditions, including the same normality of base.

The kinetic and mathematical justifications for calculation of relative 
availabilities of hydroxyl groups in samples of crystalline cellulose in the



1436 R O W L A N D , R O B E R T S , A N D  B O SE

manner indicated above are presented in an earlier paper.2 It was shown 
that the relative accessibility of the hydroxyl group at C-6 compared to 
that at C-2 (i.e., [06H]B/[0 2H]a) is equal to the quotient of the ratio of 6-0- 
to 2-0-substitution in the crystalline cellulosic product (i.e., dP^/dPix) 
and the corresponding ratio representing relative reactivities of hydroxyl 
groups in the disordered cellulosic product (i.e., dP6a/d,P2,i)■ This corre
sponds to eq. (I),2 in which the k are relative rate constants for the hydroxyl 
groups denoted by the subscripts.

[OtjH ]a __ ki dP0 _  d P d P 6X
[0*H]a “  kt dPi ~  dP~MdP^

Substantially greater difficulty has been encountered in the reproducible 
determination of the distributions of substituents resulting from reactions 
of disordered celluloses than from reactions of crystalline celluloses. For 
this reason, the results of reactions of disordered celluloses with N,N- 
diethylaziridinium chloride in 0.5N, IN, and 2N sodium hydroxide, as re
ported earlier,2 have been re-examined. In this case the aziridinium re
agent was employed at 0.5M and at 1.0M. Again, considerable scatter in 
distribution of substituents was encountered; this is attributed to the 
tendency of disordered celluloses to regain some of their original crystal
linity9 during the course of the reaction with iV,Ar-diethylaziridiniuin 
chloride. The actual results were quite similar to those reported earlier;2 
the apparent best average values are summarized in Table II. In terms

T A B L E  I I
R e l a t iv e  R e a c t iv i t i e s  o f  H y d r o x y l  G r o u p s  in  D is o r d e r e d  C e l lu lo s e s “

R e l a t iv e  s u b s t i t u t io n  in  0 - ( 2 - d i e t h y l a m in o ) e t h y l  c e llu lo s e s

c o n c n , N 2 - 0 - b 3 - 0 - b 6 - 0 -° 3 - 0 - c

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

a F r o m  b a l l - m i l l i n g  o r  r e g e n e r a t io n  o f  c o t to n  c e llu lo s e  a n d  f r o m  d e a c e t y la t io n  o f  c e l lu 
lo s e  a c e ta te .

b R e l a t iv e  to  1 .0 0  f o r  t h e  6 -O - p o s i t io n .
0 R e l a t iv e  to  1 .0 0  f o r  t h e  2 - O -p o s it io n .

of the ratio of 2-0- to 6-O-substitution, these values are shown in Figure 1 
as curve A.

The relative accessibilities of the hydroxyl groups in EHC calculated 
from the distributions of substituents in EHC (Table I) and the relative 
reactivities of the hydroxyl groups in disordered celluloses (Table II) are 
listed in Table III. It is evident that the relative accessibility of the 
hydroxyl group at C-6 is substantially lower in EHC than it is in fibrous 
cotton. It is significant that for both EHC and fibrous cotton the selective
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T A B L E  I I I
A c c e s s ib i l i t ie s  o f  H y d r o x y l  G r o u p s  a t  C - 6  a n d  C - 3  R e l a t iv e  

to  th o s e  a t  C - 2  in  E H C  a n d  C o t t o n  F ib e r s

C e llu lo s e

[ 0 6H ] a/ [ 0 2H a] [ 0 3H L / [ 0 2H al

I n  0 .5 N
b a s e

I n  1 .0 N
b a s e

I n  2 . O N
b a s e

I n  0 .5 iV  
b a s e

I n  1 . 0 N
b a s e

I n  2 . O N
b a s e

E H C 0 . 5 5 0 . 5 5 0 . 5 3 0 . 2 8 0 . 2 9 0 . 4 2 a
F ib r o u s 1

c o t to n 0 . 8 2 0 . 7 6 0 . 7 2 0 . 2 7 0 . 3 7 0 . 3 3

1 T h i s  e x p e r im e n t a l  m e a s u r e m e n t  w a s  lo w  in  r e l i a b i l i t y .
b T h e s e  re s u lts  a r e  s l ig h t ly  d i f f e r e n t  f r o m  th o s e  r e p o r t e d  e a r l i e r 2 d u e  to  th e  u se  o f  r e 

v is e d  v a lu e s  f o r  r e la t iv e  r e a c t iv i t ie s  o f  t h e  h y d r o x y l  g r o u p s  a t  C - 2 , C - 3 ,  a n d  C - 6  ( T a b l e  
I I ) .

accessibilities do not change (within experimental error) in basic media over 
the range from 0.51V to 2.01V.

DISCUSSION

Preliminary Explanation of Selective Accessibilities of Hydroxyl Groups
in Crystalline Celluloses

The low accessibility of the hydroxyl group at C-3 relative to that at C-2 
(i.e., 0.29) in EHC is considered to be evidence that the hydroxyl group at 
C-3 is hydrogen-bonded to the ring oxygen of the n-glucopyranosyl unit 
which is next in line in the cellulose chain. This hydrogen bond requires 
a bent conformation of the two glucopyranosyl groups that make up the 
cellobiose units in the cellulose chain. This hydrogen bonding and the bent 
conformation, as shown in Figure 2, have been proposed by Hermans10 and 
by Liang and Marchessault11 from studies of the arrangements of units 
within the body of the crystalline cellulose: i.e., in the crystalline unit cell of 
cellulose (lattice I). It is to be expected, at least to first approximation, 
that the structure that they have attributed to cellulose in the body of the 
crystalline structure may also apply to the units on the surfaces of the 
crystalline regions.

The reduced accessibility of the hydroxyl group at C-6 relative to that at 
C-2 (i.e., 0.54) in EHC is attributed to hydrogen bonding of this hydroxyl 
group to the bridge oxygen (Oi) of an adjacent (antiparallel) molecular 
chain. This type of hydrogen bonding within the crystalline unit cell of 
cellulose was first proposed by Frey-Wyssling12 and was later amplified by 
Liang and Marchessault;11 it is illustrated in Figure 3, which is an extension 
of the unit cell of Frey-Wyssling which, in turn, is a slight modification of 
the unit cell proposed by Meyer and Misch.13 In this figure, the unit cell 
is that portion within the parallelogram. A portion of the upper surface 
of an elementary fibril may be visualized from the top-most plane in Figure 
3; this is the 101 plane. The hydrogen atoms on the oxygens at C-6 are 
hydrogen-bonded back into the surface of the elementary fibril to the
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F ig .  2 .  B e n t  c o n fo r m a t io n  o f  t h e  c e llo b io s e  s e g m e n t  o f  t h e  c r y s t a l l in e  c e llu lo s e  c h a in .  
T h e  n u m b e r s  i d e n t i f y  t h e  s e p e if ic  c a r b o n  a n d  o x y g e n  a to m s  i n  t h e  c e llo b io s e  s e g m e n t .  
T h is  is  re p r o d u c e d  f r o m  r e fe r e n c e  1 4  w i t h  t h e  p e r m is s io n  o f  R .  H .  M a r c h e s s a u l t  a n d  
A c a d e m ic  P re s s .

bridge oxygens of adjacent molecular chains. Similar hydrogen bonds 
occur in the lateral surfaces, i.e., the lOl planes as is illustrated on the left 
side of Figure 3. A difference in the 0 6. . .Oi distance was indicated byo o
Frey-Wyssling:12 2.54 A for the distance in the 101 plane and 2.80 A in the 
101 plane. The former distance is that for the stronger hydrogen bond. 
Liang and Marchessault11 stated that the distances were only slightly 
altered when the chain units were bent to incorporate the intramolecular 
0 '3H . . . Os bond as shown in Figure 2.

It is possible, therefore, that in the case of an elementary fibril having 
perfectly formed (and preserved) surfaces, such as those illustrated in the 
left and upper sides of Figure 3, the hydroxyl groups at C-6 in the 101 
planar surface may be dislodged from hydrogen bonds more readily than 
those in the 101 planar surface. This could account for the availability of 
hydroxyl groups at C-6 being approximately 50% of that of hydroxyl 
groups at C-2. However, another explanation appears equally acceptable 
at this time. From examination of models, it is evident that there may be 
a unique directional feature to each surface: i.e., the right side and the lower 
side (developed by an extension of Figure 3) may not be the simple inverted
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F ig .  ■'!. S e c t io n  o f  t h e  u p p e r  l e f t  c o r n e r  o f  a n  e le m e n t a r y  f ib r i l  c o n s t r u c te d  b y  a n  e x 
te n s io n  o f  th e  u n i t  c e ll  o f  M e y e r  a n d  M is e h 13 as m o d if ie d  b y  F r e y - W y s s l in g . 12 T h e  
u n i t  c e ll  is s h o w n  b y  th e  p a r a l le lo g r a m .  T h e  d i r e c t io n  o f  th e  m o le c u la r  c h a in s  (a n d  th e  
b a x is )  is p e r p e n d ic u la r  to  t h e  p la n e  o f  t h e  p r o je c t io n .  T h e  p r o je c t io n  o f  th e  D -g lu c o -  
p y r a n o s y l  re s id u e s  o n  th e  le f t  s id e  l ie  in  th e  1 0 1  p la n e  a n d  th o s e  o n  th e  to p  s u r fa c e  l ie  in  
th e  1 0 1  p la n e .  S h a d e d  c irc le s  d e s ig n a te  c a r b o n  a to m s  a n d  o p e n  c irc le s  d e s ig n a te  o x y g e n  
a to m s ;  th e  l a t t e r  a r e  n u m b e r e d  in  r e p r e s e n t a t iv e  cases. T h e  0 (5 . . , O i  d is ta n c e s  in  th e  
10 1  p la n e s  (s h o w n  b y  d  a n d  s o l id  l in e s )  a r e  a p p r o x im a t e ly  2 .5  A  a n d  th o s e  in  th e  10 T  
p la n e s  (s h o w n  b y  d '  a n d  d o t t e d  l in e s )  a r e  a p p r o x im a t le y  2 .8  A .

analogs of the left and upper sides, respectively. Unless the conformations 
of the hydroxyl groups at C-6 in the right and lower surfaces are different 
from those throughout the rest of the model cross section of the elementary 
fibril, the hydroxyl groups on these surfaces will be extended outwards and 
will be readily available for reaction. These readily available hydroxyl 
groups at C-6 amount to about 60% of the total hydroxyl groups at C-6 on 
the surfaces and to about 60% of the available hydroxyl groups at C-2.

Haworth et al.,1 in discussing the orientation of n-glucopyranosyl 
residues in the surfaces of crystalline elementary fibrils of cotton cellulose 
refer to “»-glucose residues lying mainly in the plane of the surface” on two 
sides of the elementary fibril and “those at right angles to the surface” on 
the other two sides. Our concept of the arrangement of n-glucopyranosyl 
(or cellobiose) segments of the cellulose chain on the surfaces of elementary 
fibrils is quite different, as discussed above and shown in part in Figure 3.
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The concept presented here is consistent with the unit cell of Meyer and 
Miseh13 (or a slight modification thereof12-14), the Hermans conformation 
for the cellobiose units with intramolecular O^H. . .0 5 bonds, and the inter- 
molecular Of,H. . ,0 'i bonds of Frey-Wyssling12 and Liang and Marches- 
sault.11

SUMMARY

Both the exemplar hydrocellulose (EHC) and fibrous cotton show essen
tially constant selective accessibilities (within the range of experimental 
error) in basic media ranging from 0.5N  to 2.(W. Under these non- 
decrystallizing conditions, the hydroxyl groups at C-6 and C-3 in EHC are 
approximately 54% and 29% as available for reactions as the hydroxyl 
group at C-2. Thus, EHC exhibits a substantially higher degree of selec
tive accessibility than fibrous cotton, for which the hydroxyl groups at 
C-6 and C-3 have been found to be 77% and 32% as available as the 
hydroxyl group at C-2. The selective accessibilities of the hydroxyl 
groups of EHC, which is considered to be a highly crystalline cellulose, are 
indicative of the presence of highly ordered surfaces on crystalline ele
mentary fibrils. The type and degree of selective accessibilities of EHC 
are consistent with the Meyer-Misch unit cell and with hydrogen bonding 
on the surfaces of crystalline microstructural units that is similar to the 
intramolecular 0 '3H. . . 0 5 and intermolecular 0 6H. . .0! bonding proposed 
by others to occur within the crystalline regions.

A p p r e c ia t io n  is e x p re s s e d  to  V e r n e  W .  T r i p p  fo r  m a n y  h e lp f u l  d is c u s s io n s  a n d  s u g 
g e s t io n s .
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Electroinitiated Copolymerization Reactions with 
Donor—Acceptor Complexes. III. Copolymerization 
o f Butadiene and Acrylonitrile with ZnCl, as Catalyst

B. LIONEL FUNT and JAROSLAV RYBICKY, Department of Chemistry, 
Simon Fraser University, Vancouver, British Columbia, Canada

Synopsis
T h e  p a s s a g e  o f  a n  e le c t r o ly t ic  c u r r e n t  in i t i a t e d  p o ly m e r iz a t io n  o f  a c r y lo n i t r i l e  w i t h  

b u t a d ie n e  to  f o r m  a n  a l t e r n a t in g  c o p o ly m e r .  T h e  r a t e  o f  p o ly m e r iz a t io n  in c r e a s e d  w i t h  
in c re a s e  in  c u r r e n t ,  b u t  th e  c o p o ly m e r  c o m p o s it io n  w a s  i n v a r ia n t  w i t h  c u r r e n t  a n d  
w i t h  d e g re e  o f  c o n v e r s io n .  A  m e c h a n is m  is p r o p o s e d  b a s e d  o n  d o n o r - a c c e p t o r  c o m 
p le x e s . T h e  f o r m a t io n  o f  th e s e  is f a c i l i t a t e d  b y  th e  a d d i t io n  o f  Z n C l 2 w h ic h  fo r m s  a n  
i n i t i a l  c o m p le x  w i t h  t h e  a c r y lo n i t r i l e .  P o ly m e r iz a t io n  o f  th e  d o n o r - a c c e p t o r  c o m p le x e s  
is i n i t i a t e d  b y  e le c t r o e h e m ic a l ly  g e n e r a te d  t r a n s ie n t  sp e c ie s  w h o s e  r a t e  o f  f o r m a t io n  is  d e 
p e n d e n t  o n  th e  c u r r e n t .

Recent work has shown that, in the presence of suitable salts, pairs of 
polar monomers can be induced to undergo alternating copolymerization.1-0 
The characteristics of these polymerizations are extremely interesting. 
The rates of polymerization are greater than for free radical polymeriza
tions conducted in the absence of salts; the molecular weights are high ;6 the 
copolymer composition remains remarkably constant over a wide range of 
feed ratios.7

Gaylord and his co-workers have conducted intensive studies of these 
systems and have proposed an elegant mechanism, based upon donor- 
acceptor complexes, to account for the observed experimental behavior in 
these polymerizations.3■B-8~w In essence, Gaylord proposed that an initial 
complex is formed between an electron-acceptor monomer, such as acryloni
trile (AN) and a metal halide. The electron-accepting tendency of the 
monomer is thus enhanced, and a donor-acceptor complex will be formed 
with an electron-donating monomer such as butadiene (BD). Spontaneous 
or radical-initiated polymerization of this donor-acceptor complex may then 
occur to form an alternating copolymer.

We were led to investigate the application of electrochemical initiation 
to such systems. With electrochemical techniques, it was considered possi
ble to vary the rate of initiation of the donor-acceptor complexes without 
varying the temperature, and thus without shifting the equilibria which 
must exist. Whereas an increase in temperature enhances the reactivity of 
the donor-acceptor complexes, it could also presumably lead to a decrease

1 111
©  1 9 71  b y  J o h n  W i l e y  &  S o n s , In c .
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iii the concentration of the complexes16 and thus produce a reduced rate of 
overall reaction. With electrochemical initiation, these effects can be in
vestigated separately by varying the rate of attack on the complexes at con
stant temperature.

However, it cannot be presumed that the mechanisms in electrochemical 
polymerization will be identical to those in polymerizations initiated by 
other techniques. Differences in composition, microstructure, and 
mechanism have been observed in investigations of electrochemical 
polymerizations from those obtained in thermal polymer. 17 'lfi We therefore 
undertook to explore the feasibility of initiating donor-acceptor complex 
polymerizations by electrochemical means and to determine the specific 
effects upon rate and on structure which resulted from variation in the im
pressed current.

Our preliminary studies of styrene-m ethyl methacrylate and of styrene- 
acrvlonitrile have been reported. 19’20

EXPERIMENTAL

Materials

AN was dried over CaH2 and vacuum distilled. BD, 99.6%, instrument 
grade was used without further purification. ZnClj reagent grade was 
dried for 50 hr in a vacuum oven at 150°C and then stored under argon.

Polymerization

The apparatus shown in Figure 1 provided a constant pressure of buta
diene regulated through solenoid C. The total system pressure was read on 
manometer B and the consumption of butadiene was monitored on ma
nometer A. The reaction cell D contained two identical P t electrodes, each
2.5 X 2.5 cm, separated by 1.0 cm. Polymerizations were performed at 
constant current.

The products were isolated at the conclusion of the polymerization by 
dilution with THE and precipitation in a large excess of acidified methanol.

TABLE I
Copolymer Formation in the Presence of ZnCD

Feed
Current,

mA
Time,

min
Polymer

formationPrN, g1’ AN, g BD, g

20 1 .'■> 0 60 None
20 — 25 60 Homopolymer

20 1 25 60
(AN)

None
20 1 .3 25 60 Alternating

copolymer

* Conditions: S.40 g ZuCh, 45°C. 
b PrN = propiouitrile.
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The electrochemical control of the polymerization is evident from Table 
I. Solution of AN-131) ZnCl2 did not yield polymer unless current flowed. 
If BD was not introduced as a reactant, AN could be polymerized electro- 
chemically to a homopolymer. On the other hand, the substitution of 
propionitrile (PrN) for (AN) did not produce polybutadiene. This in-

to pump

D
Fig. 1. Apparatus.

Fig. 2. Infrared spectra: (I) copolymer; (//)  polyacrylonitrile formed under same condi
tions.
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dicates the absence of homopolymerization of BD in the AN-BD-ZnCl?  
system.

The observations were based on the appearance of the solution, the 
ability to isolate polymers, and the properties of the material isolated.

This circumstantial evidence is supported by direct analysis of the resul
tant products formed in the electrochemical polymerization. The infrared 
spectra are shown in Figure 2 for polyacrylonitrile and for the copolymer 
obtained in this work. The line at 966 cm -1  indicates a double bond with
1,4- t r a n s  microstructure of BD units.

The N M R  spectrum shown in Figure 3 also confirms the presence of co
polymer. Further, the peak at 7.7 r shows a B D -A  unit sequence whereas 
the corresponding peak at 7.9 t corresponding to BI) HI) is not present.21 
Elemental analysis indicates a molar composition corresponding to a 1:1 
B D /A N  mole ratio. This composition is essentially invariant with degree 
of conversion (Table II) and with rate of initiation (Table III).

The reaction profiles in the electroinitiated polymerizations are shown in 
Figure 4. Rates of polymerization increase with current, but are constant 
with time for the initial period of reaction. All the data at various currents 
and times are shown in Figure 5, which indicates that the total number of 
Faradays determines the polymer yield.

The ZnClj/AN ratio is a determinant factor in the polymerization, as 
shown in Figure 6 . For the same time of polymerization, the yields of 
polymer are determined by the ZnCI> available for complex formation. 
However, the copolymer composition remains relatively constant with

TABLE II
Effect of Degree of Conversion on Composition“

Yield, g
Composition, 
mole-% AN

M,
dl/g

0.073 48.8 —
0.135 50.6 4.14
0.203 — 4.48
0.221 50.1 5.30
0.290 — 5.74

* Conditions: 8.4 g ZnCh, 20 g AN, 1.3 g BD, 45°C, 25 mA.

TABLE III
Copolymer Composition as a Function of Bate of Initiation“

Composition,
Current, mA mole-% AN

8 49.1
25 50.6
35 49.0
45 50.4

“ Conditions: 8.4 g ZnCh, 20 g AN, 1.3 g BD, 45°C; polymer yield, 0.13 g in all 
samples.
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Fig. 6. Polymer formation at. various mole ratios of ZnCL/AN.

employed (Water’s #61970, peak molecular weight 1,987,000) and the 
calculation of molecular weight is quite sensitive to calibration in this 
region.

TABLE IV
Copolymer Composition as a Function of ZnCL/AN Ratio“

ZnCU/AN, 
mole /  mole Bl) in feed, g

Copolymer 
composition, 
mole-% AN

0.05 1.33 47.2
0.08 1.28 47.8
0.14 1.19 48.3
0.19 1 .23 51.3
0.34 0.69 50.9

“ Conditions: 20 g AN, 0.15 g Zn(OAc)j; 25 mA at 45°C, 1 hr.

DISCUSSION

A mechanism for donor-acceptor polymerization has been brilliantly 
enunciated by Gaylord and Takahashi. 1 Our results are interpreted on 
this basis.

The complexation of a polar monomer such as AN with ZnCl2 increases 
its electrophilic character and facilitates complex formation with an elec
tron-donating monomer such as BD. The electrophilicity of the metal 
halide determines whether a free-radical initiator is required to initiate 
polymerization or whether this will occur spontaneously for a given pair of 
monomers. Furukawa investigated a number of effective catalysts for the 
spontaneous polymerization of A X -B D .4 '22
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A delicate balance exists in such systems determined by the equilibria. 
An increase in temperature decreases the concentration of complexes but 
increases their reactivity. With some metallic salt catalysts, increase in 
temperature will increase the rate of formation of alternating copolymer. 
With others the rate is decreased.

The conditions selected for this work are similar to those employed by 
Gaylord8 and presumably require activation by a free-radical initiator for 
the onset of polymerization. That this is the case is confirmed by the 
nonelectrolytic blank experiments and by the dependence of rate of co
polymer formation or current.

The A N -B D  complex may be viewed as a distinct chemical entity whose 
homopolymerization produces an alternating copolymer. The N M R  data 
confirm B D -A N  diad sequences from the 7.7 r peak assigned to methylene 
groups. The absence of a peak at 7.9 r shows that B D -B D  sequences are 
not found and that the homopolymer is not formed in significant amounts. 14 
This conclusion is reinforced by the elemental analyses which also supports 
an equimolar copolymer composition.

The copolymer composition was unaffected by variations of the current 
passing through the solution, but was sensitive to variation of the ZnCl2 
mole ratios. On the mechanistic model proposed, the variation of current 
would change the rate of attack on the donor-acceptor complexes. How
ever, the epolymer, though formed more quickly, would still be unaffected 
in composition. A lowering of the ZnCl2 concentration should decrease the 
concentration of the donor-acceptor complexes, reduce the rate of poly
merization of the complex, and increase the rate of homopolymerization of 
the individual monomers in the system. The change in copolymer com
position is probably due to this effect. The invariability of composition 
with variation in temperature shows that the complexes are relatively 
stable over the range investigated. However, the control of the rate of 
polymerization by the current flowing through the solution demonstrates 
that electrochemical control can be employed by varying the rate of 
reaction, even when a greater degree of thermal dependence is met.

The authors thank the National Research Council of Canada for financial support.
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Cationic Polym erization o f Isobutene Initiated by 
Stannic Chloride and Phenols: Polymer

Endgroup Studies*

It. F. BAUERf and K. E. RUSSELL, Department of Chemistry, Queen’s 
University Kingston, Ontario, Canada

Synopsis

Low molecular weight polymers of isobutene produced with stannic chloride as catalyst 
and phenols as cocatalysts have been subjected to ultraviolet and NMR analysis. A 
high proportion of the endgroups are derived from the phenol cocatalyst when the con
centration of free phenol in the reaction mixture at — 7S.5°C is fairly large. At low con
centrations of free phenol, termination to give vinylidene endgroups becomes more sig
nificant. The results lend support to the suggestion that an important mode of termina
tion in this polymerization system involves the reaction between a growing carbonium 
ion and the phenol cocatalyst.

INTRODUCTION

It has been recognized for some time that endgroup analysis can be an 
important aid in formulating detailed mechanisms of cationic polymeriza
tion. Plesch1 has shown that a large fraction of polystyrene molecules, 
prepared with titanium tetrachloride as catalyst, trichloracetic acid as 
cocatalyst, and toluene as solvent, contain tolyl endgroups. Overberger 
and co-workers showed by chemical and infrared analysis that a wide 
variety of aromatic compounds function as transfer agents in the stannic 
chloride-catalyzed polymerization of styrene at 0°C .2-4 Transfer con
stants range from 0.002 for 1,4-di-feri-butylbenzene to 1.6 for anisole, and 
Overberger compared the attack of the growing polymer carbonium ion to 
that of the cation in Friedel-Crafts alkylation of aromatic compounds. 
Endgroups have also been identified5 in the room temperature polymeriza
tion of isobutene; the presence of ¿erFbutyl and — C(CH 3)=C H ? groups in 
the low polymer shows that proton transfer must be involved in both the 
initiation and chain-breaking steps in the polymerization catalyzed by 
boron trifluoride and water. Further information on these and other end- 
group studies is contained in major reviews of cationic polymerization.6-10

* Presented at the Fifteenth Canadian High Polymer Forum, Kingston, Ontario, 
1969.

f Present Address: Dunlop Research Centre, Sheridan Park, Ontario, Canada.
1451

©  1971 by John Wiley & Sons, Inc.





PO LY M ER END GRO UP STUDIES 1453

liquid nitrogen. Stannic chloride and ethyl chloride were added, and the 
mixture was warmed until mixing occurred. The mixture was refrozen, 
isobutene was added, and the tube sealed. The polymerization mixture 
was warmed and shaken and the tube immersed in a Dry Ice-acetone mix
ture. After about 20% of the monomer had reacted, the polymerization 
was stopped by the addition of ethanol. The precipitated polymer was 
washed with cold ethanol, dried in a vacuum oven, and stored in the 
dark.

The number-average molecular weights of the polymer samples were ob
tained by means of gel-permeation chromatography.15 The samples sub
jected to endgroup analysis all had a fairly narrow molecular weight 
distribution. In some cases the number-average molecular weights were 
checked by osmometry by means of a Hewlett-Packard Model 501 mem
brane osmometer.

Ultraviolet measurements were made with a Unicam SP800 spectro
photometer on 1% (w/v) solutions of polyisobutene in chloroform and 
with a 1 cm path length. Spectra of the parent phenols were taken at con
centrations of 1.6-8 X 10~4 M in chloroform.

NMR spectra were obtained by Mr. D. Wooden, Polymer Corporation 
Ltd., Sarnia, Ontario. They were time-averaged by means of a Varian 
CAT. All 5 values are relative to the internal standard TMS; the solvent 
was carbon tetrachloride.

RESULTS

Ultraviolet Analysis of Polymers

Chloroform solutions of high molecular weight polyisobutene prepared 
using stannic chloride as catalyst and water as cocatalyst show no significant 
absorbance at wavelengths greater than 250 mg. When phenol and alkvl- 
phenols are used as cocatalysts, the resulting polymers show characteristic 
absorptions in the 270-300 mg region. The ultraviolet spectra of two 
polymer samples in chloroform solution prepared with the use of 2-sec- 
butylphenol as cocatalyst are shown in Figure 1. The 2-sec-butylphenol at 
low concentration (ca. 5 X 10~4M) possesses a similar absorption spectrum, 
except that the absorption maxima are better resolved and occur at slightly 
lower wavelengths than in the polymer samples. The results show that the 
polymer samples contain fragments derived from the phenol; it is probable 
that these fragments are substituted phenol endgroups. The extinction co
efficient of each substituted phenol is not known, and the rough assumption 
is made that it is the same at the absorption maximum as that of the parent 
phenol. The proportions of endgroups in polymers obtained with the use 
of phenol, 2-sec-butylphenol, and 2,6-disopropylphenol are given in Table I. 
The estimates are probably not accurate to better than ±20% because of 
uncertainties in the molar extinction coefficients and the number average 
molecular weights. Some values are greater than 100%, and it may well 
be that all the experimental results are 10-20% too high. Separate gel-
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Fig. 1. Ultraviolet spectra of polyisobutene samples prepared wild stannic chloride as 
catalyst and 2-scc-butylphenol as cocatalyst. Pathlength I cm.

permeation chromatography studies show that there is no measurable 
amount of free phenol in the polymer samples, so that the observed ultra
violet absorption must arise from phenol which is chemically bound to the 
polymer.

TABLE I
Endgroups in Polyisobutenes by Ultraviolet Analysis

P h e n o l

P h e n o l -
c o n c e n 
t r a t i o n ,

M

S t a n n i c
c h l o r id e

c o n c e n t r a t i o n ,
M

. M o n o m e r  
c o n c e n 
t r a i  io n ,  

M M n

c/  P o l y m e i  
m o l e c u l e s  

w i t h  
p h e n o l  

e n d g r o u p s

2- s e c - b u t v l 0 .0 7 .1 0 . 1 8 5 3 . 2 1 1 , 3 0 0 4 8
p h e n o l 0 . 1 7 8 0 . 0 3 7 3 . 2 7 , 9 0 0 8 7

0 . 1 7 8 0 . 0 9 2 3 . 2 8,100 9 7
0 . 17 8 0 . 1 8 5 3 . 2 1 0 , 5 0 0 102

“ 0 . 3 6 2 0 . 1 8 5 3 . 2 6 , 7 0 0 t o o
0 . 0 7 1 0 . 1 8 5 1.6 8 , 9 0 0 58
0 . 0 7 1 0 . 1 8 5 2 . 2 4 1 1 , 3 0 0 4 9
0 . 0 7 1 0 . 1 8 5 4 . 8 0 11,200 4 0

P h e n o l 0 . 0 6 2 0 . 1 8 5 ;> 2 8,200 2 5
2 , 6 : I ) i - i s o p r o j ) \ l -

p h e u o l
0 . 0 6 3 0 . 1 8 5 3 . 2 0 1 5 , 1 0 0 9 2

u 0 . 1 8 7 0 . 1 8 5 3 . 2 0 7 , 4 0 0 9 0
“ 0 . 1 8 5 0 . 3 1 2 3 . 2 7 ,  100 110

0 . 1 5 6 0 . 0 9 2 3  2 0 , 6 0 0 100
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Ultraviolet evidence for the presence of phenol endgroups was also ob
tained when 2,3,4,6-tetramethylphenol and 2,6-dimethylphenol were used 
as cocatalysts. However, the polyisobutenes produced under the condi
tions of our experiments possessed number average molecular weights of 
the order of 100,000 and quantitative analysis was not practical. The 
high molecular weights arise largely because of low rate constants for 
reactions (1) and (2).

NMR Analysis of Polymers
The NMR spectra of two polymer samples produced with phenol and 2- 

sec-butvlphenol as cocatalysts were time-averaged 240 and 500 times, re
spectively, in order to obtain detailed endgroup information. The first 
sample (phenol, 0.0714/; stannic chloride, 0.1854/; Mn, 8200) gave an 
NMR spectrum having a weak absorption at 8 = 7.1 ppm due to aromatic 
protons and stronger absorptions at 5 = 4.55 and 4.75 ppm due to
^ C = C H 2 protons. This latter assignment is supported by the occurrence
of resonances at 8 = 4.60 and 4.80 ppm in the model compound 2,2,4-tri- 
methylpentene-1. Quantitative analysis by using the absorption at 6 = 
3.75 ppm due to added 1,2-dichloroethane shows that the percentages of 
polymer molecules with phenol and vinylidene endgroups are approxi
mately 7% and 60%, respectively. A similar analysis of the polymer 
produced with 2-sec-butylphenol as cocatalyst (2-sec-butylphenol, 0.362M; 
stannic chloride, 0.1854/; Mn, 6700) gave strong absorptions in the range 
8 = 6.45-7.05 ppm and only a weak absorption at 8 = 4.6 ppm (Fig. 2). 
The percentage of polymer molecules having phenol endgroups is estimated 
to be 89% on the assumption that the 2-sec-butylphenol undergoes Friedel

Fig. 2. NMR spectrum of polyisobutene prepared with stannic chloride as catalyst and 
2-sec-butylphenol as cocatalyst.
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Crafts alkylation on the ring. Approximately 12% of the polymer mole
cules have /C =C H 2 endgroups.

The assignment of other resonances in the NMR spectra is less certain. 
The polymer from the 2-see-butylphenol-cocatalyzed reaction gives small 
peaks at 8 = 1.00 ppm and 5 = 5.10 ppm and a stronger absorption at 5 =
4.18 ppm. The first peak may arise from tert-butyl groups at the head of 
the polymer and the second from —CH=C(CH 3 ) 2  endgroups. The ab
sorption at 5 = 4.18 ppm has one third of the area of the aromatic complex 
at 8 = 6.45-7.05 ppm, and it disappears on treatment with heavy water. 
It may be due to the OH group of the phenol endgroup; it should be noted 
however that NMR studies15 suggest that the value of <5 for the OH proton 
of such a disubstituted phenol should be closer to 4.4 ppm. Small peaks 
in the NMR spectra of the polymer from the phenol-cocatalyzed reaction 
at 5 = 1.00 ppm and 5 = 5.0 ppm are also tentatively assigned to ¿erf-butyl 
and —CH=C(CH3)2 endgroups in the polymer.

DISCUSSION 

Phenol Endgroups

Ultraviolet and NMR analysis demonstrate that polyisobutenes pre
pared by the stannic chloride-catalyzed polymerization of isobutene at 
— 78.5°C contain fragments derived from the phenols which act as co
catalysts. It is highly probable that substituted phenols are present as 
endgroups in the polymer molecules and that they arise from the chain
breaking steps in the polymerization. In earlier studies15 it was shown that 
high concentrations of free phenol may be present in reaction solutions in 
addition to the 1:1 stannic chloride-phenol initiating complexes. It is 
frequently observed that addition of more cocatalyst actually retards the 
polymerization, and this is ascribed to the incidence of reaction (2) in 
which a growing polymer cation attacks a free (probably monomeric) 
phenol molecule. In keeping with this, it is found that a high proportion 
of polymer molecules contain phenolic endgroups when the concentration 
of free phenol is relatively large. For the system, stannic chloride, 0.18521/, 
total 2-sec-butylphenol 0.36221/, isobutene 3.221/, the free phenol concentra
tion is 0.18921/ and the fraction of phenol endgroups is estimated to be 89- 
100%. On the other hand, for a low concentration of free unsubstituted 
phenol (0.00821/), the proportion of phenolic endgroups is small (7-25%). 
A termination reaction of the type (3)

(II: CIL

* ~ C + - S n C l . , O A i -  —  ™ C —  [ O A r ]  +  S n C L  ( 3 )

CIL, ¿IT,

is not excluded, but the correlation between rate of reaction and concentra
tion of free phenol is an indication that this is not a major mode of termina
tion under our reaction conditions.
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Vinylidene Endgroups
The other main endgroup in the polyisobutene sample* subjected to 

NMR analysis is the vinylidene group ^C =C H 2. The proportion of
vinylidene endgroups is high in the polymer prepared with a free phenol 
concentration of 0.00S7I/. Kinetic studies15 indicate that transfer to 
monomer proceeds at a very low rate at —78.5°C, and it therefore seems 
probable that the vinylidene endgroups are produced by termination 
reaction (1) in which a proton from the growing carbonium ion returns 
spontaneously to the gegenion. The alternative mode of termination to 
give a — CH=C(CH3)2 endgroup appears to be less favored.

tert-Butyl Endgroups
The weak resonance at 8 = 1.00 ppm probably arises from terf-butyl 

head groups formed during the proton transfer initiation process. Its area 
is difficult to estimate because of overlap with the very strong resonance at 
8 = 1.05 ppm, but it is approximately correct for 9 terf-butyl protons per 
polymer molecule. The assignment is supported by the observation of a 
similar chemical shift for terf-butyl protons in model compounds such as
2,2,4-trimethylpentene-l.

General Comments on Mechanism
The present work provides strong evidence for termination reaction (2) 

in which a cocatalyst molecule becomes part of the terminated polymer 
molecule. It is likely that, as in the stannic chloride-catalyzed polymeriza
tion of styrene,2-4 the growing polymer attacks the nucleus of the phenol 
thus giving rise to a substituted phenol. The NMR result for polymer 
shaken with heavy water appears to support this conclusion, but further 
results are required for the isobutene polymerization in order to substantiate 
this mechanism.

The number of vinylidene endgroups relative to phenol endgroups can in 
principle be predicted from the relative rate constants for reactions (1) and 
(2) and the free phenol concentration. There is fair agreement between 
predicted and experimental results under the conditions reported in Table I. 
The termination mechanisms in their present form are, however, too over
simplified to take account of all the available experimental evidence. The 
estimated rate “constant” for reaction (1) appears to decrease significantly 
when extremely low phenol concentrations (ca. 0.00171/) are used. Part of 
the answer may lie in the complete neglect of solvation effects by phenol, 
monomer etc. in our simple theory.

A referee has suggested that 2-sec-butylphenol might undergo hydride 
transfer by reaction (4):
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The cation produced could then reinitiate polymerization. Our results do 
not eliminate this suggestion, but such a mechanism cannot apply in the 
system involving, phenol as cocatalyst and it is not therefore of general 
application. It is hoped to shed further light on the mechanism by end- 
group and rate studies with a wide range of substituted phenols as co
catalysts.

The authors are grateful to the Polymer Corporation Ltd., and the National Research 
Council of Canada for financial support of this work. They thank Mr. D. Wooden, 
Polymer Corporation for taking the NMR spectra of polyisobutene and Dr. G. Wilson 
and Mr. Wooden for helpful discussion.
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NOTES

R a d ia t i o n a l  C r a f t i n g  o f  V in y l  F lu o r id e  to  S o m e  
N a t u r a l  a n d  S y n t h e t i c  P o ly m e r s

Due to the valuable physico-chemical properties and operations of polyvinyl fluoride 
(PVF), its grafting to natural and synthetic polymers with the aim of modifying these 
polymers has gained considerable interest. There is, however, very little data on this 
topic in the literature.

The current work is aimed at investigating the radiation-induced graft copolymeriza
tion of vinyl fluoride (VF) to cotton cellulose, cellulose hydrate, cellulose acetate, and 
also to polyvinyl chloride (PVC), polysterene (PS), polytetrafluoroethyline (PTFE) 
and polymethylemethacrylate (PMMA) in both the presence and absence of various 
solvents.

The original cellulose was purified by Cores and Grey’s method, and the synthetic 
polymers by extraction with methanol.

Particular attention was also paid to the purification of VF. On the basis of gas- 
liquid chromatographic data, the impurity content was not more than 1 X 10~4 weights 
%. Grafting was y-ray initiated in a Co60 source. Doses varied in an interval of 
9-150 R/sec.

With the aim of establishing some general rules governing the radiation grafting of 
VF to the above mentioned polymers, dependence of the degree of grafting on the (poly
mer: monomer) ratio, the dosage and the integral value of the dosage and also on the 
nature of the polymer and solvent used were studied.

From the results of research done on the grafting of VF in the liquid phase to cellulose 
at various polymer—monomer ratios, in the absence of such substances which promote 
cellulose swelling (Fig. 1), it can be seen that, although the degree of conversion and the 
original weight gained increased with increase in integral dosage, the PVF content in 
the grafted copolymer is insignificant and constitutes only 2-5%. It is important to 
note that increase in the (polymer:monomer) ratio from 0.65:1 to 1:3 leads only to a 
negligible increase of PVF content in the polymer. It can be concluded from this that 
the graft copolymer of cellulose and VF, just as in the case of grafting with other vinyl 
monomers, is formed to an insignificant degree in the absence of liquids promoting the 
swelling of cellulose.1-2 Similar phenomena are observed in the case of radiationally 
grafted VF to cellulose hydrate.

In order to obtain graft copolymers with large contents of PVF, grafting was carried 
out in the presence of dimethyl formamide, ethyl alcohol, and water, substances wTiioh 
evoke swelling in cellulose. VF dissolves well in dimethyl formamide and ethyl alcohol 
but badly in water. In the latter, however, cellulose swells well. Data given in Fig. 1 
show that the presence of dimethyl formamide (10% in weight of cellulose) causes an in
crease in the degree of swelling. At a radiation dosage of 3 Mrad in the presence of di
methyl formamide, for example, PVF content in the graft copolymer is 26.6%, while in 
its absence this value is reduced to 4.1%. This is attributed to the good swelling capa
city of cellulose in dimethyl formamide, a factor which facilitates the diffusion of the 
molecules of VF into cellulose.

In order to obtain homogeneous copotymers, from the point of view of their chemical 
content, grafting was done under homogeneous conditions in the presence of solvents 
which are common for both polymer and VF.

In all systems studied at the given dosage, the increase in the integral dosage has led to 
the amount of graft copolymer produced (Fig. 2). This quantity of graft copolymer

1159

©  1971 by John Wiley & Hons, Inc.



1160 NOTES

Fig. 1. Dependence of monomer conversion and of PVF weight gain on radiation time 
during graft copolymerization of VF with cellulose in the absence of solvent and at the 
polymer-monomer ratio 0.65: 1 (1), 1:3 (£), and in the presence of DMFA (.3). (4)
Monomer conversion. Dose rate: 7()r/sec.

IrradictUon time (lie)

Fig. 2. Dependence of PVF weight gain on radiation time during graft copolymeriza
tion of VF with PVC in the presence of dichloroethane (1) It) I! sec, (g) 20 Ii/see, (.3) 
50 ll/sec, (4) 100 I! /sec, and (5) 150 11 /sec.

produced is greatly influenced by the dosage value. At a constant integral dose, increase 
in the dosage leads mainly to a decrease in the amount of graft copolymer produced. 
This is explained by an increase in the rate of rapture of growing chains, since the con
centration of free radicals is proportional to the dosage value.

The logarithmic dependence of the rate of grafting of VF to the above mentioned syn
thetic polymers on the dosage value is expressed by a straight, line. The rate of graft
ing is proportional to the dosage to the 0.40-0.80 degree, dependent on the nature of 
the polymer and the solvent.

Calculated values of the radiational chemical output of systems studied amounted 
from 500 to 13600 molecules/ev., an indication that the process of graft copolymerization 
in these systems is of a chain nature.

Results of investigations into the influence of the nature of solvents on the process of 
VF to PVC grafting show that the highest reaction rate is observed when grafting is 
carried out in the presence of dichloroethane. For example, at a dosage of 10 R/sec 
and a radiation duration of 18 hours, in the presence of dichloroethane, PVF weight gain
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Duration oj heating (hr)

Fig. 3. Kinetics of weight loss of graft copolymers of PVC with PVF at 220°C in 
vacuo. (1) Original PVC; (2,3) graft copolymers containing 31.4 and 37.0% of PVF, 
respectively.

is 30.2%, while in the presence of dioxane this constitutes only 7.3%. Such an influence 
of the nature of solvents on the process of grafting is evidently due to the radiation 
stability of these solvents, a factor which determines the number of free radicals that are 
formed as a result of irradiation.

Study of the kinetics of graft copolymerization of VF to PVC, PS, and PMMA under 
similar conditions shows that the highest rate of grafting is observed in the PVC-VF 
system. At a dosage of 50 R/sec and a 10-hour irradiation duration, the rates of graft 
copolymerization of VF to PVC, PMMA, and PS are 5.56, 2.40, and 0.46%/hour, re
spectively. The relatively low VF-PS grafting rate, compared with the corresponding 
values for the other polymers, is effected by the high radiation stability of PS, hindering 
the formation of large numbers of macroradicals which initiate graft copolymerization.

PVC and PS copolymers do not dissolve in solvents in which the original polymers were 
soluble at room temperature, but they do swell in them well. PMMA graft copolymers 
containing up to 10% of PVF dissolve in acetone which is a characteristic solvent of the 
original PMMA. A study of the solubility of graft copolymers of viscose rayon with 
VF in concentrated sulphuric acid shows that the solubility of the copolymers decreases 
with increase in PVF content, and that starting from an 8.8% content value of PVF the 
copolymers lose their solubility in sulphuric acid completely. This is explained by the 
screening effect of PVF side groups. PVF, as we already know, is insoluble in sulphuric 
acid.

Investigation into kinetics of swelling of the graft copolymers of PVC and PS in 
cyclohexanone and toluene respectively, show that the degree of swelling of the graft 
copolymers is less than that of the original PVC and PS samples though more than the 
degree of swelling of PVF.

Grafting of VF to the polymers studied resulted in increasing the thermal stability 
of these polymers, evidence of which is given by experimental data on the thermal de
gradation of PVC graft copolymers carried out in an interval of 180-260°C in vacuum 
(Fig. 3). A comparative study of the thermal degradation of the original PVC and 
its graft copolymers at different temperatures indicates a considerable rise in the thermal 
stability of grafted copolymers obtained in comparison with the original PVC samples. 
This is caused by the presence in the grafted copolymer of PVF chains which are ther
mally more stable than PVC. At a temperature of 220°C, for example, the maximum 
weight lost in the graft copolymer containing 37.0% PVF was 14.0%, while PVC lost 
26.0% of its original weight at the same temperature. Similar results were obtained 
for PS-VF systems.

Work done on the thermomechanical properties of PVC graft copolymers proved 
that the temperature of glass formation of the copolymers obtained is lower than that 
of the original PVC. The higher the content, of PVF in the graft copolymer the lower 
the temperature of glass formation. The temperature of glass formation was lowered 
from 88° to 75°C while increasing the grafted PVF content from 0.0% to 34.2%. This 
lowering of the glass formation temperature is explained in the first place by the forma
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tion of branched structures in the polymer, and secondly by the plastifying action of the 
grafted PVF chains.

The grafting of PVF to cellulose and its derivatives greatly increases its rot resistance. 
An example of this is that viscose rayon loses its strength completely after HO days in wet 
soil. Graft copolymers with PVF weight gains of 8.8% and 19% retain their strength 
after spending the same length of time in wet soil.

Conclusions

1. The graft copolymerization of VF with cellulose and its derivatives, and also 
with PVC, PS, PTFE, and P.M.MA at various radiation dosages and integral doses was 
studied.

2. It was shown that the grafting of PVF to the above-mentioned polymers decreases 
their solubilities in their respective solvents and increases their thermal stability and their 
resistance.
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S le r e o s p e c i f ic  P o ly m e r i z a t io n  o f  M e lh a c r y lo n i t r i l e .
V I I .  A t t e m p t s  o f  M o le c u la r  W e ig h t  C o n tr o l

Molecular weight control in the polymerization by organometallir catalysts has been 
a problem of great interest to both scientific and industrial viewpoint®. Stereospecific 
polymerization of met hacrylonit rile has been developed in this laboratory;1-11 a useful 
method for controlling the molecular weight, however, has not been established so far. 
Some attempts to regulate molecular weight were made based on the fact that either the 
magnesium-carbon or magnesium-nitrogen bond in the organometallio compounds is 
capable of initiating stereospecific polymerization.2,7 The present note deals with these 
attempts, which were not successful. Unlike Ziegler-Natta catalyst, the organometallic 
catalysts effective for the stereospecific polymerization of methacrylonitrile seem to have 
an advantage for regulation of molecular weight control, since both metal-carbon and 
metal-nitrogen bond in the catalysts are able to effect the polymerization. For example, 
the organomagnesium compounds containing magnesium-nitrogen bond such as bis- 
(pentamethylene imino)magnesium, ethyKpentamethylene imino)magnesium, bisfdi- 
et.hylamino)magnesium, ethyl(diethylamino)magnesium, and bisfdivinylene imino)- 
magnesium have catalytic activities comparable or higher than that of diethylmag- 
nesium.5

Diethylmagnesium can easily react with amines at room temperature to form mag
nesium amides with evolution of ethane:7'12

EtMgEt +  HNR-2 ->- Et.MgNRî +  EtH (1)

EtMgNR) +  HNR, — R2NMgNR2 +  EtH (2)

Regardless of whether a mono amide or d¡substituted amide is used, the resulting 
magnesium amides have high catalytic activity in the stereospecific polymerization of 
methacrylonitrile.

The fact suggests that this reaction may be used for the regulation of molecular 
weight, since in the stereospecific polymerization of methacrylonitrile, the propagating 
chain end should be a magnesium-carbon linkage which is certainly polarized in the di
rection of the carbanion whether the polymerization is catalyzed with diethylmagnesium 
or magnesium amide derivatives, if the coordinated anionic mechanism is accepted.1,6,7'13

On the basis of the above consideration, some experiments were undertaken, the poly
merization of methacrylonitrile in the presence of secondary or primary amine being 
expected to yield polymers of lower molecular weight with a chain-breaking reaction at 
the magnesium-carbon linkage; the newly formed magnesium-nitrogen bond would 
again be able to initiate the polymerization in the same fashion as R.MgNR-. or lUNMg- 
NR2 catalyst as indicated in eqs. (3)-(.r>).

c h 3 c h 3
® s  ¡ ® ® !

Mg C1I,... Cb- +  UNIR — Mg—NIH +  (TR—G— (3)

5N CN

CIU CIU
© e 1 © e

M g -N R , +  CTU-C Mg—CI I,—C—NR, 1j
CN

1
CN

c h 3 /  CH:,X c h 3/ CH:
1 / © 0  1 1 1
0  NR, +  cl (TU O 1 — Mg—C H r-C — — CIU - c -[
CN  ̂ CN J CN V

1
CN

(4)

©  1971 by John Wiley & Sons, Inc.
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Experimental

All the procedures, including purification of materials, preparation of initiator, and 
polymerization, were carried out in a nitrogen atmosphere. The preparation of catalyst 
and the purification of solvent and monomer are described elsewhere.6,7 Amines were 
dried over calcium hydride and fractionally distilled prior to use. Dimethyl sulfoxide 
was purified by distillation. Diethylmagnesium and bisfpentamethylene imino)mag- 
nesium were prepared by the same procedure described in other papers.1,6,7

The polymerization equipment was the same described in another paper.6,7 First, the 
diethylmagnesium was placed in a polymerization reactor. For the preparation of bis- 
(pentamethylene imino)magnesium, 2 mole-equivalents of piperidine were introduced 
to the suspension of diethyl magnesium in 20 ml of toluene and the mixture was allowed 
to react at its boiling temperature for a few minutes. Then a sufficient amount of toluene 
was added to this to make its total volume 180 ml. The polymerization was started by 
an introduction of methacrylonitrile mixed with a given amount of chain regulator such 
as amines or dimethyl sulfoxide. After being polymerized for 4 hr at 70°C, the polymer 
was precipitated by pouring the reaction mixture into an excess of acidic methanol, 
filtered, washed, dried, and weighed.

The solubility index was measured as the percentage of the acetone-insoluble fraction 
of total yield. The method is described in previous papers.6,7 Intrinsic viscosities were 
determined in dichloroaeetic acid at 30°C in an Ubbelohde viscometer having a flow 
time for pure solvent of approximately 140 sec. The molecular weights were determined 
by Job’s relationship:7

M = 2.27 X 10-hW»-75.

Results and Discussion
Table I shows the results of polymerization of methacrylonitrile with piperidine as a 

chain regulator. The catalyst, used was bis(pentamethylene imino)magnesium. Con
trary to our expectation, the solubility index and the molecular weight of the resulting 
polymer were independent of the amount of piperidine used, while the conversion de-

TABLE I /— v
Results of Polymerization of Methacrylonitrile by Mg (N ))2 

with Piperidine as Chain Regulator" '— '

Catalyst

Tolu
ene,
ml

Piperi
dine,

ml

Piperi
dine/

catalyst
mole
ratio

Conver
sion,

07Zo

Solu
bility
index,

v;if
In],

dl/g1,

Mol.
wt/>

X IO“5

M g ( l / ~ \ ) s ISO 0 0 7S.7 66.2 3.23 3.23

M g (N ^ > ) , ISO 0.S 2 76.8 70.2 3.1S 3.13

M g(N ^y>)2 ISO 1.0 4 76.3 66.1 3.13 3.10

ISO 4.0 10 73.7 6.7.1 3.27 3.2S

M g ( N ~ V ISO s.o 20 69. 1 63.4 2.93 2. S3

* Catalyst: bisfpentamethylene imino)magnesium, 0.004 mole; monomer, nielli-
acrylonitrile, 20 ml; polymerization temperature, 70°C; polymerization time, 4 hr. 

11 Measured for the acetone-insoluble fractions.
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TABLE II
Results of Polymerization of Methaerylonitrile hv MgEt, 

with Piperdine as Chain Regulator*

Catalyst
Toluene,

ml

Piperi
dine,

ml

Piper
dine/

catalyst,
mole
ratio

Conver
sion,

0 7
7 0

Solu
bility
index,

%
M,

dl/gb

Mol.
wt.

X 10-5

MgEt, ISO 0 0 51.0 6S. 8 2.02 1.74
MgEt, ISO 0.2 0.5 52.0 70.2 2.34 2.10
MgEt, ISO 0.4 1.0 54.1 71.7 2.18 1.92
MgEt, ISO O.S 2.0 50. S 68.2 2.08 1.80
MgEt, ISO 1.6 4.0 47.3 69. S 2.12 1.85
MgEt, ISO 4.0 10.0 4S.1 67.8 2.12 1.85
MgEt-2 ISO S.O 20.0 53.0 64.7 2.37 2.15
MgEt2 ISO 20.0 50.0 48.5 45.4 2.60 2.42

“ Catalyst, diethylmagnesium, 0.004 mole; monomer, 20 ml; polymerization tem
perature, 70°C; polymerization time, 4 hr.

b Measured for the acetone-insoluble fractions.

creased very slightly with an increase of piperidine used. Table II shows the results of 
another experiment in which diethylmagnesium was used as catalyst. The results were 
quite similar to those obtained wilh bisfpentamethylene imino)magnesium. No tend
ency of decreasing molecular weight with increasing piperidine concentration was ob
served, which was quite contrary to our expectation.

Table III shows the results of polymerizations with diethylmagnesium with the use 
as chain regulators of primary amines, which are more reactive than secondary amines. 
Again, no tendency of decreasing molecular weight with an increase of primary amine 
concentration was observed. The conversion and the solubility index of the polymer 
decreased also with an increase of the primary amines used except in the case of tert- 
butylamine, which showed a different behavior, i.e ., that the solubility index increased 
as the concentration of feri-butylamine increased.

Mulvaney et. al.16 and more recently, Trossarelli et. al.14 reported the anionic poly
merization of acrylonitrile and other monomers by dimsylsodium, dimsylpotassium, 
or dimsyllithium in dimethyl sulfoxide. The extreme low molecular weight of the poly
mers formed in dimethyl sulfoxide was explained in terms of chain transfer to dimethyl 
sulfoxide:14-16

+  CHsSOCHj -*  - M H  +  CH3SOCH2:® (6)
If dimethyl sulfoxide is able to act as an effective chain transfer agent in the anionic poly
merization, this may be utilized as a useful chain regulator.

CH,le
Mg

/  \ e  I
^ C H — C----  +  CH.iSOCH,

Mg cm

CH,I©
Mg

/  \ ©  I
Y'il so c h , +  ch3— c -

Mg CN

a:

CH,I®
Mg

/  \ ©  I^XTTSOCH;, +  n(CH,=C ) 

Mg CN

CH,I©
Mg

/  \ e  I
^  Y i n - c — ch,soch;1

Mg c N

(S)
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Results
TABLE 111

of Polymerization of Methacryloni 
Various Primary Amines as Chain

trile by Mgl 
Regulator“

its with

Amine

Type
Volume,

ml

Amine/
catalyst

mole
ratio

Conver
sion,

C//(?

Solu
bility
index,

%
lv\,

dl/gh

Mol.
wt.

X 10“5

None 0 0 49. 1 73.9 2.16 1.90
n-Propylamine 0.16 0.5 40.0 72.3 1 .93 1.64
n-Propylamine o .:« 1 .0 37.5 66.3 2.02 1.73
n-Propylamine 0.66 2.0 33. 1 62.7 2.05 1.78
n-Propylamine 3.28 10.0 30.4 29.8 2.45 2.22
Isopropylamine 0.16 0.5 44.5 75.4 2.40 2.18
Isopropylamine 0.33 1 .0 43.6 74.8 2.44 2.23
Isopropylamine 0.66 2.0 39.9 71.3 2.47 2.26
Isopropylamine 3.28 10.0 33. 1 56.8 2.87 2.75
n-Butylamine 0.196 0.5 39.2 69.0 2.05 1.75
n-Butylamine 0.39 1.0 36.8 64.3 2.17 1.90
n-Butylamine 0.78 2.0 32.8 52.5 2.16 1.90
n-Butylamine 3.9 10.0 28.2 20.8 2.09 1.82
Isobutylamine 0.2! 0.5 36. N 75.3 2.43 2.21
Isobutylamine 0.42 1.0 35.8 73.3 2.62 2.45
Isobutylamine 0.84 2.0 34.9 68.3 2.97 2.80
Isobutylamine 4.2 10.0 28.6 42.6 3.30 3.33
ieri-Butylamine 0.21 0.5 43. 3 75.0 2.34 2.09
ierf-Butylamine 0.42 1 .0 47.0 74.6 2.30 2.06
iert-Butylamine 0.84 2.0 45.2 77.1 2.34 2.09
ieri-Butylamine 4.18 10.0 44.4 82.3 2.65 2.48
Cyclohexylamine 0.46 1.0 35.0 73.2 2.56 2.37
Cyelohexylamine 0.92 2.0 41 .9 73.1 2.86 2.75
Cyclohexylamine 4.6 10.0 36.3 60.5 3.44 3.50
Benzylamine 0.22 0.5 39.4 67.3 1 .90 1.60
Benzylamine 0.44 1.0 40.2 65.8 2,11 1 .85
Benzylamine 0.88 2.0 32.5 56.6 2.28 2.04
Benzylamine 4.40 10.0 22.9 38.8 2.79 2.66

* Polymerization conditions: catalyst, MgEt2, 0.004 mole; toluene, 180 ml; mono
mer, 20 ml; polymerization temperature, 70°C; polymerization time, 4 hr. 

b Measured for the acetone-insoluble fractions.

Table IV shows the results of polymerization of methacrylonitrile by bis(pentamethvlene 
imino)magnesium in the mixed solvent comprising toluene and dimethyl sulfoxide at 
various ratios. Since diethylmagnesium reacts violently with dimethyl sulfoxide and 
loses its catalytic activity, it cannot be used for this experiment. Advantageously, mag
nesium amides with no Mg—C bond such as bisfpentamethylene imino)magnesium 
hardly react with dimethyl sulfoxide; therefore, they can be used as catalysts in the 
presence of dimethyl sulfoxide. The results in Table IV indicate that the molecular 
weight of the polymer obtained in the presence of dimethyl sulfoxide certainly decreased 
compared with that obtained in toluene. However, it should be noted that the solubility 
index markedly decreased as the concentration of dimethyl sulfoxide increased. This 
suggests that dimethyl sulfoxide dest roys the coordinating type catalyst, and the catalyst 
changed to a different type which may act as rather conventional anionic catalyst.

The above results clearly indicate that the consideration of molecular weight control 
by the action of amines or dimethyl sulfoxide as a chain regulator is erroneous. This is
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TABLE IV
Results of Polymerization of Methacrylonitrile in the Presence of Dimethyl Sulfoxide“

Solvent, ml
Conversion,

0/Zc

Solubility
index,

€/Zo
[’ll,

dl/g'1 Mol. wt.Toluene DM,SO

90 90 49.4 25.2 0.56 3.2 X 104
135 45 51,3 19.7 1.68 1.3 X 10"
150 30 78.7 14.7 1 .92 1.6 X 10"
170 10 86.2 14.7 1.71 1.4 X 10"
ISO 0 75.0 67.5 3.72 3.9 X 10s

a Catalyst: bistpentamethylene imino(magnesium, 0.004 mole; monomer, meth-
acrylonitrile, 20 ml; polymerization temperature, 70°C; polymerization time, 4 hr. 

b Measured for the acetone-insoluble fractions.

quite unanticipated and results from the fact that diethylmagnesium reacts with amines 
very violently at room temperature with evolution of ethane12 to form magnesium 
amides, the substitution reaction being stoichiometric.

In view of the fact that most of the effective catalysts in the stereospecific polymeriza
tion of methacrylonitrile are composed of organobimetallic compounds like ate-complex 
or polymeric organometallic compounds as reported in other papers,12-18 the propagating 
chain end would probably be connected with two catalytic metals through two electron- 
deficient bonds in the same situation of diethylmagnesium.17

The extremely low reactivity to amines during the polymerization indicates that the 
situation of the catalyst must be essentially changed after the polymerization takes 
place. It is very difficult to explain the results that the monomer can react to poly
merize and that amines or dimethyl sulfoxide are no longer able to react, after polymeri
zation occurs. It is speculated that the coordination of the nitrile in the ultimate unit 
of the growing chain to one of the metals in the catalyst must be related to this effect. 
The coordination seems reasonable, since i1 is geometrically possible to form a stable 
five-membered ring. The coordination would probably influence the bond energy of the 
electron-deficient bonds between the terminal methylene and two metals in the catalyst 
so that amines may be unable to react in substitution reaction. However, incoming 
monomers are able to release the coordination of nitrile of the growing chain by competi
tive coordination through the nitrile and the double bond; accordingly, they may be 
possible to polymerize.

This behavior may be closely related to the actual mechanism of the polymerization. 
The increased molecular weight with increasing amine concentration may be a result of 
the solvating effect of amines present in the reaction medium.

The authors wish gratefully to acknowledge the encouragement of Dr. T. Isoshima 
throughout the work and the diligent assistance of Mr. N. Kurashige in the performance 
of the technical work.
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TEXTBOOK OF POLYMER SCIENCE
Second Edition

By FRED W. BILLMEYER, JR., R e n s s e la e r  P o ly te c h n ic  I n s t i tu te
In the last 50 years, the field of polymer science ha« developed into 

a discipline essential to most aspects of our modern technology. Be
cause this development has been so rapid, it has been difficult for edu
cational systems and texts to keep pace. T e x tb o o k  o f  P o ly m e r  S c ie n c e  
was originally published in 1962 to help fill this gap, and this new 
Second Edition continues to supply up-to-date information on the field.

To up-date the original treatment of the theory and practice of all 
major phases of polymer science, engineering, and technology, the 
author has made extensive revisions and additions throughout the 
entire work.
Part I:
An introduction to concepts and characteristics of macromolecules, Part 
I now includes material on solubility parameters, free-volume theories 
of polymer solution thermodynamics, gel-permeation chromatography, 
vapor-phase osometry, and scanning electron microscopy.
Part II:
The advances gained from new data on the crystalline nature of poly
mers are now treated in a thorough discussion of the structure and 
properties of bulk polymers.
Part III:
The format and content of Part III, concerned with polymerization 
kinetics, have been revised to include recent advances and new refer
ences, as well as further data and explanations of recently discovered 
processes.
Part IV:
The material on commercially important polymers has been rearranged, 
and now includes information on aromatic heterochain, heterocyclic, 
ladder, and inorganic polymers.
Part V:
The comprehensive discussion of polymer processing in Part V now 
includes many new references for plastics, fiber, and elastomer tech
nology. 1971 In Press

m i t e n
W I L E Y - I N T E R S C I E N C E
a division of JOHN WILEY & SONS, Inc.
605 Third Avenue, New York, New York 10016 
In Canada: 22 Worcester Road, Rexdale, Ontario


	THE JOURNAL OF POLYMER SCIENCE PART A-1 POLYMER CHEMISTRY 1971 VOLUME 9 NO.5
	CONTENTS
	Polymerizalion of Acrylonitrile with VCI4-AI(C2H5)3 Catalyst System in Presence of Acetonitrile
	Anionic Copolymerizations of Acrylonitrile with B-Propiolactone
	Anionic Copolymerization of p-Anisaldehyde with Dimethylketene
	Methyl Methacrylate in Sulfur Dioxide: Solvated Radical Polymerization
	Polyesters Containing Bieyclo[2.2.2]oclane and Bicyclo[3.2.2]nouane Rings
	Polyesters from 12-Hydroxymethyltetrahydroabietic Acid and 12-Hydroxymethyltetrahydroabietanol
	Chain Scission of Butyl Rubber by Nitrogen Dioxide.II. Photo-Oxidation as Function of Nitrogen Dioxide, Oxygen Pressure, and Temperature
	Degradation of Polymers and Morphology: Photo-Oxidative Degradation of Isotactic Polystyrene in Presence of Sulfur Dioxide as Function of Polymer Crystallinity
	Nuclear Magnetic Resonance Studies of Isoprenyllithium Derived from 1,1-Diphenyl-n- bulyllitliium-3,4-d5 and Isoprene
	Photocoiidensation Polymers: Polybenzopinacols. II. Photolylie Coupling of Aromatic Diketones
	Poly (ethylene Sulfide). 
	II. Thermal Degradation and Stabilization
	III. Oxidative Degradation

	Dissociation-Association Sorption on Ion Exchangers. I. Experimental Study of Dependence of Equilibrium Function of Acidity in Ion Exchanger on Activity of Hydrogen Ions in Aqueous Phase
	Organometal-Initiated Polymerization of Vinyl Ketones. III. Polymerization of Methyl Isopropenyl Ketone Initiated by the Triethylaluminum—Methyl Isopropenyl Ketone Complex
	Soluble Imide—Quinoxaline Copolymers
	Polymerization of Acrylamide and Acrylic Acid Photoinitiated by Diazidotetramminecobalt(III) Azide
	Polymerization of Aminoalkyl Methacrylates in a Thin Layer in the Presence of Atmospheric Oxygen
	Eleclroinitiated Polymerization of Vinylic Monomers in Polar Systems. I. Contribution of the Electrolysis of Methanol to Free-Radical Polymerization
	Pyrolysis-Gas Chromatographic Analysis of Poly (vinyl Chloride). II. In Situ Absorption of HCI during Pyrolysis and Combustion of PVC
	Polymerizations with Hydrido and Alkyl Transition Metal Complexes in Aqueous Media
	ESR Study of Free Radicals Produced in Polyethylene Irradiated by Ultraviolet Light
	Grail and Modified Polymers from Rubber Network. I. Method of Obtaining Graft and Modified Polymers from Sulfur Vulcanizates with Dehydrogenated Raney Nickel and Raney Cobalt
	Availability and State of Order of Hydroxyl Groups on the Surfaces of Microstructural Units of Crystalline Colton Cellulose
	Electroinitiated Copolymerization Reactions with Donor—Acceptor Complexes. III. Copolymerization of Butadiene and Acrylonitrile with ZnCl2 as Catalyst
	Cationic Polymerization of Isobutene Initiated by Stannic Chloride and Phenols: Polymer Endgroup Studies
	NOTES
	Radiational Crafting of Vinyl Fluoride to Some Natural and Synthetic Polymers
	Slereospecific Polymerization of Melhacrylonitrile.VII. Attempts of Molecular Weight Control




