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Hexavalent Chromium-Thioacetamide Redox 
System Initiated Polymerization of Acrylonitrile 

R. K. SAMAL, P. C. DASH, B. MISHRA, G. V. SURYANARAYANA, 
D. P. DAS, and M. C. NAYAK* 

Laboratory of Polymers and Fibers 
Department of Chemistry 
S.V.M. College, Jagatsinghpur 
Cuttack, Orissa, India 

A B S T R A C T  

Polymerization of acrylonitrile initiated by the Cr6"/thioacetamide 
redox system was studied in nitrogen atmosphere in the tempera- 
ture range 35-45°C. The rate  of polymerization and the rate  of 
Cr6+ ion disappearance were measured. The effect of certain 
water-miscible organic solvents, neutral electrolytes, and com- 
plexing agents on the rate of polymerization was investigated. 
Chromic acid alone did not initiate the polymerization under 
deaerated and undeaerated conditions. Depending on the results 
obtained, a suitable kinetic scheme was proposed and various 
rate parameters were evaluated. 

I N T R O D U C T I O N  

Organic sulfur compounds such as thiourea [ 1- 101, thioacetamide 
[ 11-13], 2-mercaptoethanol [ 141, 2-mercaptoethylamine [ 151, and 
thioglycollic acid [ 161 coupled with suitable catalysts have been 
reported to be useful redox pairs toward vinyl polymerization in 

*To whom all correspondence should be addressed. 
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806 SAMAL ET AL. 

aqueous medium. The generation of complex thio-free radicals by 
the above redox systems have been observed to initiate vinyl polym- 
erization quite smoothly and effectively. In acid medium, thioacet- 
amide tautomerizes to generate a thiol group which appears to make 
i t  an efficient and tempting activator when coupled with a. suitable 
catalyst. 

Studies on aqueous vinyl polymerization initiated b metal ions 
[ 17-20] in their higher valence states (Co3', Ce4', C%+, Mn3', V", 
etc.) have provided valuable information regarding the mlechanistic 
details of individual steps. A literature search reveals I.hat so far 
thioacetamide has not been employed in the form of a redox couple 
with Cr" for a detailed kinetic study of vinyl polymerization. 
Further, in this laboratory there is an ambitious research program 
to investigate the graft copolymerization of vinyl monomers onto silk, 
wool, cellulose, and nylon 6 by the use of the Cr6 '/thioacetamide 
redox system and subsequently subject the grafted samples to physi- 
cal studies such as x-ray, NMR, and TGA, As a part of this research 
program, we report the aqueous polymerization of acryllmitrile 
initiated by the Cr6 +/thioacetamide redox system in the temperature 
range 35-45°C. The polymerization studies were mainly conducted 
at 40°C. From the experimental observations a suitable reaction 
scheme is suggested and the various kinetic parameters are 
evaluated. 

E X P E R I M E N T A L  

Acrylonitrile (American Cyanamid, U.S.A.) was purified follow- 
ing the method of Bamford et al. [ 211. Chromic acid solutions 
were prepared by dissolving chromium trioxide (from BDH, AR) 
in distilled water. Perchloric acid (from E. Merck, GR, 60%) 
was used to maintain the ionic strength. Other reagents, such as 
ferrous ammonium sulfate and o-phenanthroline, were commercial 
products (either BDH (AR) or E. Merck (GR). Thioacetamide (Riedel) 
was used for the experiments, Water distilled over alkaline perman- 
ganate and deionized by passage through a column of Biodeminrolit 
resin (Permutit Co., U.K.) was used to prepare all solutions. Nitro- 
gen used for deaeration of the experimental system was purified by 
passage through several columns of Fieser's solution, a column of 
saturated lead acetate solution, and finally a wash bottle containing 
distilled water. Cr6+ was estimated either by titrimetry (for Cr6' > 
5 X mol/L) or spectrophotometry (for Cr6' < 5 X mol/L). 

For oxidation experiments a three-necked glass vessel fitted with 
ground glass joints was used. The reaction was stopped by addition 
of excess ferrous ammonium sulfate solution; the unreacted ferrous 
was estimated by cerimetry. For polymerization experiments a 
Pyrex glass tube (100 mL) fitted with Bz4 ground joint head through 
which two glass tubes were fused, was used. The reaction mixture 
containing the reducing agent, the monomer, and the acid was 
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HEXAVALENT CHROMIUM- THIOACETAMTDE 807 

deaerated for 20-30 min. The reaction was carried out for 30 min 
after which it was stopped by addition of excess Fez' solution. The 
precipitated polymer was filtered, washed repeatedly with water, and 
dried to constant weight a t  60°C in a vacuum oven, The rate of polym- 
erization was calculated from the weight of polymer obtained. From 
the filtrate the change in [ Cr6'] was followed by estimating the un- 
reacted [Fez'] b titration against standard Ce4' solution. From the 
changes in [ Cr6'[ the rate of Cr6+ disappearance (-RM) was com- 
puted. 

of the purified polymers were deter- 
mined by viscometry using the appropriate Mark-Houwink relation- 
ship. The viscosities of polymer solutions (0.1%) were determined 
in an Ubbelohde-type suspended level dilution viscometer in DMF 
at  30°C using the relationship [ 221 

The molecular weights 
W 

[q]  = 3.335 x M ~ ~ . ~ ~  

R E S U L T S  AND DISCUSSION 

Acrylonitrile was polymerized in aqueous solutions at 35-45" C in 
perchloric acid and in the presence of the redox system Cr6'-thio- 
acetamide. A typical set  of time-conversion curves at 40°C at  various 
thioacetamide concentrations (0.005-0.02 M) and at constant [ Cr6'] 
(0.01 M) is shown in Fig. 1. Acrylonitrilewas also polymerized 
underTdentica1 conditions in the presence of the amides formamide, 
acetamide, and succinamide. The results are recorded in Table 1, 
which shows that under identical conditions the order of reactivity 
of the amides is thioacetamide > succinamide > acetamide > 
formamide. 

This order of reactivity of the amides can be best understood by 
considering the existence of resonance and hyperconjugation effects 
which contribute toward the reactivity of the molecules. 

1. Comparison of the structure between formamide and acetamide 
shows that, in acid medium, the en01 form responsible for the genera- 
tion of free radical is more prevalent in the case of acetamide than of 
formamide. The greater enol content of acetamide is due to the 
combined contribution of amidic resonance and the +I effect of the 
methyl group, whereas in formamide the enol content is only due to 
amidic resonance. 
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FIG. 1. Variation of % conversion with time: effect of substrate 
concentration. [Cr"] = 0.01 M, [H'] = 1.17 M, [AN] = 0.7539 M, 
p = 1.3 M, temperature = 40°C ( 0 ) [ TA] =3.005 - M, (A ) [TAT= 
0.01 - M , T . )  [TA] = 0.015 - M, ( 0) [TA] = 0.02 - M. 

TABLE 1. Polymerization of Acrylonitrile by Various C~.~+-Amide 
Redox Systems at 40" Ca 

h i d e  and 
thioamide 

Concentration Initial ra te  
(mol/L) ( lo4  x R~ mL- l  s-l) 

1.5 X lo-' M 34.5582 
1.5 X lo - '  M 7.8996 

- Thioacetamide 
Succinamide - 

1.5 X lo- '  M 5.008 

1.5 X lo- '  M 
- Acetamide 

3.06 19 Formamide - 

?Recipe: [ Cr6'] = 0.01 - M, [H'] = 1.17 s, [AN] = 0.754 - M, p = 
1.3 M. 
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Acetamide: 

H 

H 0- 
I I  

H-C=C-NHz 
H OH 

I 1  

I 
H-C-C = N H z  + 

H 
H OH 
I I  

H-C=C-NHz 

Formamide: 

0 0- 
I - H-C=NH~+ 

II 
H-C-NHz 

OH 
I 

H-C=NH~ + 

2. The difference in reactivity between acetamide and succinamide 
is attributed to the greater acidity 'of the methylene hydrogen adjacent 
to the amido groups and partly due to the biamido function. 

amide indicates that the rate of generation of the free radical is much 
faster in the case of thioacetamide due to the available d-orbital of 
the sulfur atom. In acid medium the formation of thiols is easier than 
that of enols, though in both substrates the resonance and +I effect 
contribute toward reactivity. 

3. Comparison of the R value of thioacetamide with that of acet- 
P 

In the initiating system containing thioacetamide, the redox com- 
ponent contains the thiol form of the substrate (existing in tautomeric 
equilibrium with thioacetamide in the aqueous solution) is the reduc- 
tant. The generation of initiating free radical in this system takes 
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8 10 SAMAL ET AL. 

FIG. 2. Variation of Rn with monomer a t  different temperatures. 
I- 

[ Cr6+] = 1 X lo-' M, [ H'] = 1.17 - M, 
( 0 )  35"c,  ( A )  40°F. 

= 1.3 - M, [ TA] = 1.5 X lo-'  - M. 

place by the abstraction of the reactive hydrogen atom attached to  the 
sulfur atom of the thiol group through oxidation by the C r 6 +  ion. 

The initiation of polymerization takes place by the interaction of 
the initiating free radical with the vinyl monomer, leadi-ng to the 
formation of more stable simple macroradical R-CHz-C!H. 

CN 
I 

The unpaired electron participates in resonance with the -CN group. 
The steric factor favors this reaction. The propagation follows the 
successive addition of macroradicals with other vinyl monomeric 
units continuously until dead polymers are formed by termination. 

Chromic acid alone was not effective as an initiator of vinyl 
polymerization. However, the redox system Cr6+-reducing agent was 
found to initiate polymerization of AN. 

R a t e  of P o l y m e r i z a t i o n  ( R  ) 
P 

The rate of polymerization, R increased with an increase in the 
monomer concentration (0.3016- 1.055 M). Plots of log 13 versus log 
[AN] were linear with a slope varying from 1.2 to 1.5 (:Fig. 3), and a 
decrease in ra te  with an increase in [ Cr"] indicated the termination 
to be of the linear type. The terminating species might be either Cr6+ 

P' 
P - 
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FIG. 3. Variation of R with monomer a t  different temperatures. 

[ Cr6'] = 1 X lo-'  M, [ H'f = 1.17 M, p = 1.3 M, [ TA] = 1.5 X lo-'  M: 
( ) 35'C, ( A ) 40°C. Variation OTR with [ at different [ Cr6+].- 

M: 
P 6 t  Cr 1 = 1 X l o F 2  - M, [H'] = 1.17 - M, /A = 1.3 - M, [TA] = 1.5 X t .) 45°C. 

or Cr4+, but the latter, on the basis  of interaction of two unstable 
species of low concentration (Cr4' + M) seemed unlikely. Plots of 
[AN] '/RP versus  [AN] were found to be linear (Fig. 2). 

sents thioacetamide). But a t  concentration beyond 0.015 M, there is 
a decreasing trend. This is probably caused either due tochain 
transfer o r  by the accompanying changes in polarity of the system. 
Similar observations have been reported by Morgan [ 231, Josefowitz 
and Mark [ 241, Kolthoft and Harr is  [ 251, and Whitby et al. [ 261 for 
other systems. The dependence of Rp on the first power of [ TA] 
(Fig. 4) may be understood in te rms  of linear termination by Cr6'. 
A similar observation has also been advanced by Palit and Konar 
[ 271 for permanganate-oxalic acid and by Katai e t  al. [ 281 for the 
Ce4+-initiated polymerization. Additional evidence for linear termi- 
nation is that R var ies  inversely with [ Cr6' 1, the plots of 1/R 
versus  [ Cr6'] being linear (Fig. 5). 

The rate of polymerization increased with [ TA] (where TA repre-  

P P 
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8 12 SAMAL ET AL. 

FIG. 4. Variation of R with substrate a t  different temperatures. 
[Cr6+]  = 1 X lo-' M, [ H * f =  1.17 M, p = 1 . 3 M  [ A N ]  = 0.7539 M: 
( 0 ) 35'C, ( A )  4 O o C  Variation om, with d i c  strength ( p r  

r 
[Cr6+]  = 1 X lo-' M, [H'] = 1.17 M, [TA] = 1.5 X lo-'  M, [AN] 
= 0.7539 M: 

- - 
( m )  4 F C .  - 

R increased with an increase in [ HC104 1. R values were highest 
P P 

in an HC104 medium and decreased in the order HC104 > HN03 > 
HzS04. The acid anions complex with monochromate ion, reducing 
the latter's oxidizing power. 

An increase in the ionic strength of the medium at  constant [ H'] 
increased the R in keeping with the observations with other metal 
ions [ 291. A linear plot was obtained from R versus p (Fig. 4). 

The increase in R may be attributed either due to the salt effect in 
the propagation step or to an increase in the rate of oxidation with p. 

P' 
P 

P 

E f f e c t  of O r g a n i c  S o l v e n t s  

The addition of 5% (v/v) methanol, acetone, acetic acid, DMF, and 
dioxane tends to depress the initial rate as well as the Limiting 
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L 
0 2 4 6 

102 lCr6+1ml-' 

FIG. 5. Variation of Rn with oxidant at different temperatures. 
r 

[H'I = 1.17 M, /J = 1.3 - M, [TA] = 1.5 X lo-' - M, [AN] = 0.7539 - M. 
( 0  ) 40°C, (T)  45°C. 

conversion (Fig, 6). Similar observations have been made by other 
workers [ 30, 311. This behavior is due to the following reasons: 1) 
the decrease of the a rea  of shielding of a strong hydration layer in 
aqueous medium results in the termination of the growing chain. 
2)  The increase of the regulated rate of production of primary radi- 
cals, which renders the termination rate relatively fast compared to 
the rowing rate; this is in accordance with the view of Kern et al. 
[32f 3) Th e interchain hydrogen bonding, interlocking the polymer 
chain, is not rigid and therefore the tendency of mutual termination 
of polymer chain increases. 

R a t e  of C r 6 '  D i s a p p e a r a n c e  ( - R M )  

The rate of Cr6' disappearance, -RM, was found to be dependent 
on the first power of [Cr"]. The pseudo-first-order rate constant, 
kobs, remained almost constant for a wide range of [ Cr6' 1. -RM 
was found to be independent of [AN], showing that Cr6' was not 
directly involved in initiation. 
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30 

20 - 

10 - 

- 
0 20 40 60 80 100 

Time in min. 

L P , 

FIG, 6. Variation of % conversion with time: effect of  5% water 
miscible organic solvents. LCr"] = 1 X lo-' M, [H'] = 1.17 M, 
p = 1.3 M, [TA] = 1.5 X 10- M, [AN]  = 0.753VM, t empera tus  
= 40°C. ( o ) Control, ( A  ) [ C S O H ]  = 5% (v/v), 6 ) [ acsetone] = 5% 
(v/v), ( 0 ) [acetic acid] = 5% (v/v), ( A  ) [ dioxanel = 5% (v/v). 

E f f e c t  of A d d e d  E l e c t r o l y t e s  

The addition of certain neutral electrolytes such as CuS04, Na~S04,  
KC1, and ZnS04 to the reaction mixture reduces both the initial ra te  
of polymerization and the maximum conversion. This might be due 
to the following two reasons: 1) the ionic dissociation of the added 
electrolyte which interferes with the usual polymerization reaction, 
resulting in the premature termination of the growing polymer chain; 
and 2)  the great reduction of activity of chromium ion due to ion-pair 
coupling with the added electrolytes. 

E f f e c t  of C o m p l e x i n g  A g e n t s  

On addition of 0.02 M complexing agents like NaF, siccinic acid, 
pyridine, and piper idini  the initial ra te  as well as the maximum con- 
version were depressed considerably. With aniline as t.he complexing 
agent, the reaction was completely inhibited. The most probable 
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HEXAVALENT CHROMIUM-THIOACETAMIDE 8 15 

explanations for this type of behavior are that the pH of the medium 
changes due to the consumption of the H' ion by the amines and that 
activity of Cr6 + ion is greatly reduced due to complex formation with 
amines behaving as ligands. 

R e a c t i o n  M e c h a n i s m  a n d  R a t e  L a w  

Heterogeneity is a characteristic feature of aqueous polymeriza- 
tion of acrylonitrile initiated by Cr6+ ion in the presence of thio- 
acetamide as the activator. The reaction mixture, though homogene- 
ous before initiation of polymerization, becomes heterogeneous as 
soon as the polymerization s ta r t s  due to the insolubility of polyacrylo- 
nitrile (PAN) in the aqueous phase. 

From the proportionalities obtained between the measurable param- 
eters  and variables, a suitable reaction scheme is proposed. Of the 
various possible schemes examined, that involving initiation by Cr6' 
o r  R' and termination by Cr6' satisfied the experimental results, 
the active oxidizing agent being the acid chromate.ion HCr04-. The 
initiating free radical is produced by the oxidation of thioacetamide 
by Cr6+ ion: 

1. 

2. 

3. 

4. 

GH 
1 

S 
II H+ G* CHA-NHz CHA-NHz 

SH 

CHx-C=NHz 
I f  

(S ) 

Reaction of acid chromate ion with the reducing agent (S): 

HCr04- + S + H' 
ki - Cr4+ + products 

Reaction of tetravalent chromium with S: 

kz 
s + cr4' - R* + Cr3+ + H+ 

Reaction of primary radical R' with Cr4' 
k.3 

R' + Cr4' - Cr5 ' + product 
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8 16 SAMAL ET AL. 

5. Reduction of Cr5' to Cr3* by reacting with S: 

s + cr5+ - products + cr3+ 

6. Initiation of polymerization by the reaction of a primary radical 
with the monomer M: 

R' + M M' ki 

7. Initiation of polymerization by reaction of Cr4' with the mono- 
mer: 

cr4+ + M - M' +Cr3' + H i  ki - 
8. Propagation: 

k - Mz' M' + M  P 

9. Termination of polymerization: 

Mn' + Cr6' ktz - M~ + cr5+ + H+ 

Under condition of Step 6 for the initiation and making the usual 
steady-state assumptions for free radicals and unstable intermediates, 
we have 

k k k.[ AN] [ TA] [ H'] 

ktz{kg[ Cr"] + ki[ AN]} 
R =  P I 1  

which rearranges to 
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TABLE 2. Values of the Rate Parameters in the Polymerization of 
Acrylonitrile [AN] Initiated by the Redox System Cr6+-Thioacetamide 

Temperature 
("C) 

lo3 X kia 
(m-I s-l) C 

k3/ki 

35 

40 

17.9 1.0063 0.8785 

28.6 1.962 1.0046 

"From oxidation. 
bFrom plots of [AN]  '/R versus [AN]. 
'From [AN] '/R versus [AN] and 1/R versus [ Cr6+]. 

P 
P P 

Then 

-RM = 2kl[ Cr6+] [ TA] [ H'] 

and the chain length n is given by 

n = k [AN]/ktz[Cr6'] 
P (3) 

The fact that Cr6+ alone is unable to initiate the polymerization of 
AN by the system Cr6+ + TA in acid medium and the reduction of Cr", 
suggested that the possible radical production steps might be Cr6+ + 
TA, or Cr5+ + TA, or Cr4' + TA. On the basis of the reasonable 
assumption that Cr6+ is a two-electron oxidant, Step 2 of the kinetic 
scheme is predominant. The reaction Cr6+ + TA (Step 3 in the kinetic 
scheme) rather than Cr5+ + TA (Step 5 in the scheme) appears as a 
plausible radical production step, Another possibility for the radical 
production might be the reaction between Cr4+ and the roduction in 
Step 2 of the kinetic scheme. Mosher and Driscoll [ 33 P have pre- 
dicted that the polymerization of AN in the Cr6+ oxidation of phenyl- 
tert-butyl alcohol would be due to the production of radicals from the 
reaction between Cr4+ and the product. But under the present experi- 
mental conditions with large [ TA], it is likely that the reaction Cr4+ 
+ TA takes precedence, and hence the reaction Cr4' + product might 
be discounted. Another possible radical production reaction is Cr4+ 
+ M (Step 7 in the kinetic scheme). If Step 7 in preference to Step 6 
were to take place, Eqs. (1)-(3) would be identical except for the re- 
placement of ki by ki' in Eqs. (1) and (3). In the presence of an 
organic substrate, the reaction between Cr4+ and TA would take place 
in preference to that between Cr4+ and monomer, and hence Step 7 
could be neglected. The species responsible for the radical produc- 
tion might be Cr4+ and not Cr5+. The work of Rocek et al. [ 341 also 
showed that Cr4+ and not Cr5+ oxidized cyclobutanol. 
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E v a l u a t i o n  of R a t e  C o n s t a n t s  

The values of k. in the presence of the monomer and in its absence 
1 

were obtained from plots of kobs versus [ TA] (where kobaj is the 

pseudo-first-order ra te  constant). The composite rate constants 
kt,/k and k3/ki were obtained from slopes and intercepts of the plots 

P 
of [AN] ‘/R versus [AN] (Table 2). 

P 
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