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ABSTRACT: The kinetics of polymerization of methacrylamide in aqueous solution 

photoinitiated by trans-diazidotetramminecobalt(III)azide was systematically studied at 

35°C and pH;:::;3. Monochromatic radiations of 2=365, 405, and 435 m,u were employed. 

The rate of monomer disappearance was followed bromometrically and the rate of 

complex disappearance spectrophotometrically. The effect of variables such as monomer 

concentration, light-absorption fraction by the complex, light intensity, and wave length 

on the kinetics was studied. The rate of polymerization was found to be proportional 

to the monomer concentration and independent of the light-absorption fraction (k,) 

and light intensity (I). A kinetic scheme consisting of (1) a primary photochemical 

act of excitation of the complex followed by electron transfer producing the azide 

radical, (2) initiation of polymerization by the azide radical, and (3) termination of the 

chain process by the excited complex molecules is proposed and discussed in the light 

of experimental results. 
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Colour and complex formation have always 

been associated with transition metal ions. Most 

of the complexes show two distinct kinds of 

light absorption-the first chiefly in the visible 

having low intensity and the second kind in the 

ultraviolet having a much higher intensit/. Due 

to the ease of preparation and stability of cobalt 

complexes, they have been studied more ex

tensively than other complexes. The intense 

band in the ultraviolet (CT band) is due to an 

electron transfer from the ligand to the metal. 

The CT bands for acidopentamminecobalt(III) 

complexes [Co(NH3) 5X] 2+ extend into the visible 

when the ligand, X, is easily oxidizable. Thus 

when X=r or N 3- irradiation around it=370 

mp causes exclusive redox photolysis2 • The 

ion-pair Fe3+. N 3- was used as the photoinitiator 

(A> 300 mp) for the polymerization of acryloni

trile, methyl methacrylate, and methacrylic acid 

indicating the presence of the azide radical3 • 

Azidopentamminecobalt(III)chloride was used as 

a photoinitiator for vinyl polymerization by 

San tappa, et al. 4- 6 Photopolymerization of acryl

amide using chloro and aquapentamminecobalt 
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(III) complexes was studied by Delzenne. 7 Poly

merization studies involving tetramminecobalt 

(III) complexes, [Co(NH3) 4X 2t as initiators have 

been few. In this paper we present a systematic 

kinetic study of the polymerization of meth

acry lamide photosensitized by diazidotetrammine

cobalt(III)azide at different wave lengths (365, 

405, and 435 mp) at 35±0.01 oc with a view to 

elucidating the nature of the primary process; 

subsequent dark reactions, nature of initiation 

and termination of polymerization and also to 

evaluate the various rate parameters. 

EXPERIMENTAL 

Optical Arrangement 

For isolation of it=365 mp a high pressure 

mercury vapour lamp (125W, Mazda MBW/W 

supplied by B.T.H. Co., giving 99% 365 mp 

radiation) was used and for the isolation of other 

wave lengths (it=405 and 435 mp) a high pressure 

mercury vapour lamp (250W; ME/D, box type, 

B.T.H. Co.) was used with suitable filter com

binations8. The light was rendered parallel by 
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means of a biconvex lens. The reaction cell 

(light path, 4.6 em, diameter, 4.6 em) was a cy

lindrical 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 

Trans-Diazidotetramminecobalt (Ill) azide was 

prepared according to the method of Linhard 

and Weigel9 and was found to be 99% pure, as 

shown by spectrophotometry (log s=4.15 at A= 

337 mp). The cobalt content was determined 

according to Schwarzenbach10 (theoretical, 23.36; 

experimental, 23.32%). 

Reagents 

Methacrylamide11 (Rohm and Haas Co., 

U.S.A.) was purified by recrystallization by dis

solving in a 4: 1 mixture of benzene and ethanol, 

filtering the solution and cooling in ice. The 

solid was washed with cold benzene and dried 

at room temperature for about twelve hours 

under vacuum (mp 109.8°C). Potassium ferri

oxalate, used for actinometry, was prepared12 

from potassium oxalate and ferric chloride and 

purified by recrystallization from water. Per

chloric acid (E. Merck, G.R., ca. 60% HC104 ) 

was used to maintain pH. Solvents like meth

anol, ethanol, acetone, etc., were distilled 

immediately before use and middle cuts were 

used. Nitrogen freed from traces of oxygen by 

Fieser's solution13 was passed through to deaer

ate the reaction system. 

Estimations 

The purity and concentrations of the monomer 

were estimated by bromometry14. A typical 

experiment may be described as follows. The 

reaction mixture containing the diazido complex 

( 10- 5 mjl); monomer ( mjl); acid 

(HC104 , and neutral salt mjl, 

NaC104) was taken in the reaction cell and 

deaerated for about 45 min in the dark. The 

reaction cell was then mounted in a thermostat 

at 35 ±0.01 oc (maintained by a toluene regulator 

and hot-wire vacuum switch relay, Gallenkamp) 

in the path of the monochromatic light and 

irradiated for about 5 min depending on ihe 

concentration of the monomer. The rate of 

monomer disappearance was followed by deter

mining the concentration of monomer (bromo-
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metrically) in the reaction solution before and 

after irradiation. The rate of disappearance of 

the complex was followed by the change in 

absorbancy of the reaction solution (measured 

in a UV spectrophotometer, Hilger & Watts, 

Uvispek, H 700) after irradiation and reference 

to a Beer's law calibration curve for the com

plex at .:!=340 mp. The intensity of light given 

by the mercury vapour lamp was determined 

by potassium ferrioxalate actinometry. 12 

KINETIC SCHEME 

The following kinetic scheme appears to explain 

most of the experimental results. 

( i ) Light absorption and excitation of the 

complex 

k, is the light-absorption fraction by the complex 

and I is the light intensity. 

( ii) Dark-back reaction 

Deactivation of the excited complex in the dark 

leading to the complex molecule in the ground 

state, the excess energy, Ll, being dissipated in 

the surrounding medium. 

(iii) Redox-decomposition of the excited 

complex 

[Co(NH3MN3)2 *t 
k 

Co(II)+4NH3 +N3- +N3· 

(iv) Initiation of polymerization 

(v) Propagation of polymerization 

M 2 • 

(vi) Termination by the excited complex 
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RESULTS AND DISCUSSION 

That the polymerization was free radical and 

photochemical in nature under deaerated condi

tions was shown by the existence of long induc

tion periods ( 30 min) in the presence of oxygen 

and no evidence of polymerization in the dark. 

The steady state maximum rate was observed to 

be dependent on the wave length of light. The 

steady-state maximum rate ( 12% conversion 

of monomer; 40% conversion of the complex) 

was attained in about 5 min at i1=365 and 435 

m,u and in lO min at i1=405 m,u. The solution 

was maintained acidic in order to avoid 

precipitation of cobaltic hydroxide. All the 

experiments were conducted under deaerated 

conditions and at constant ionic strength (p= 

0.1 ). The effects of light-absorption fraction, 

light intensity, monomer concentration, wave 

length of light, etc., on the measurables, rates 

of monomer and complex disappearance were 

studied in detail. 

Rate of Monomer Disappearance ( -d[M]jdt) 

Making the usual assumptions for stationary

state kinetics for micro and macro radicals and 

non-variation of propagation and termination 

constants with chain length and on the basis of 

initiation by azide radicals and termination by 

the excited complex, 

-d[MJ _ kpkr[M] 

dt kt 
( I ) 

The rate of monomer disappearance was found 

to be dependent on the monomer concentration 

(Figure 1) and independent of the light-absorp

tion fraction and light intensity. These data 
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Figure 1. Plot of -d[M]/dt vs.[MJ. 
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support the postulation of termination by the 

excited complex. If termination were by mutual 

combination the rate of monomer disappearance 

would have been dependent on [MJ 312 , k/1 2 and 

/ 112 • If termination were by azide radicals the 

rate would have depended on [M]2 and been 

independent of k, and I. If the unexcited 

complex molecules had terminated the chains, 

the rate would have depended on [M]2 , k, and 

I. That the metal ions or their complexes can 

act as chain terminators by oxidising or reduc

ing the polymeric radical is well known. 15 Ter

mination of acrylamide polymerization by chloro

pentamminecobalt(III) was proposed by Del

zenne.7 Natarajan and Santappa4 proposed ter

mination by mutual combination in the poly

merization of methacrylamide photoinitiated by 

azidopentamminecobalt(III)chloride. They ex

plained the dependence of -d[M]jdt on k, 0 . 25 

and / 0 ' 30 as being due to a mixed type of ter

mination, i.e., by azide radical plus mutual on 

the analogy of observations by Tappet, et a/., 21 

and San tappa, et al. 22 For the polymerization 

of acrylamide and acrylic acid initiated by di

azidotetramminecobalt(III)azide -d[M]jdt was 

found to be proportional to [Mt, k, and /. 23 

These dependencies were explained on the basis 

of termination by the unexcited complex mole

cules. In contradistinction to the foregoing 

observations by others, our experimental results 

point to an interesting type of termination by 

the photoexcited complex. That mutual ter

mination is unlikely in the case of methacryl

amide polymerization may be inferred from the 

observations of Dainton16 that the propagation 

velocity of methacrylamide was much less than 

that for acrylamide, due to the steric strain 

conferred on the former by the substitution of 

a methyl group adjacent to the double bond. 

The probability of an excited compl,ex interact

ing with polymethacrylamide radicals would 

therefore be higher than that of the interaction 

of two sterically unfavourable polymethacryl

amide radicals for mutual termination. 

Rate of Complex Disappearance ( -d[C]jdt) 

The expression for the rate of complex dis

appearance on the basis of initiation by azide 

radical and termination by the excited complex 

would be 
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- d[C] =kJ{l __ 1_} 
dt 2kr +1 

kd 

( 2) 

The net quantum yield for complex disappear

ance, rftc, would be equal to {1-l/(2kr/kd+l)}. 

The rate of complex disappearance was propor

tional to k, or [C] (Figure 2) and I (Figure 3) 
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Figure 2. Plot of -d[C]/dt vs. k,. 
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Figure 3. Plot of -d[C]/dt vs. I. 

and independent of monomer concentration. 

The primary photochemical act that is postulated 

by us is excitation of the complex. The excited 

complex can in the dark undergo redox decom

position giving azide radicals or undergo de

excitation or terminate the chain process. 

Natarajan and Santappa4 during the study of the 

polymerization of methacrylamide photoinitiated 

by azidopentamminecobalt(III)chloride suggested 

the following primary step 
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k,I 

-----? [Con(NH3) 5N 3 • ]
2+ +LI 

The postulation of the existence of an excited 

state having a choice of a variety of reaction 

paths is more realistic in the light of recent 

knowledge of photochemistry. Valentine, Jr.,17 

observed that electronically excited states of 

moderately long life time-able to undergo in

ternal conversion before reactive deactivation

are intermediates in photochemical reactions of 

most cobalt(III) and other d 6 coordination com

plexes. He ascribed the inefficiencies observed 

in photoaquation and photoreduction of these 

systems to competing reactions of their electro

nically excited states and not to the recombina

tion of radicals formed by primary homolytic 

cobalt-ligand bond fission as proposed by Adam

son18 and Wehry' 9 • Another distinct difference 

in the kinetic scheme between the polymerization 

of acrylamide and methacrylamide is that radical 

scavenging by the complex molecule takes place 

in the former 

lc2 

Co(II)+4NH3 +N3- +3N2 

That such a step was found unnecessary for the 

latter indicates that polymethacrylamide radicals 

preferentially combine with the excited complex 

and that the azide radicals exclusively react with 

methacrylamide molecules initiating polymeriza

tion. 

Quantum Yields, if'c 
The primary photochemical act is the excita

tion of the complex molecule followed by the 

homolytic fission of the cobalt-azide bond to 

produce the azide radical. The formation of the 

azide radical was shown by the evolution of 

nitrogen in the absence of any monomer. 

N3 ---> (3/2)N2 

The operation of the Franck-Rabinowitch20 cage 

effect in preventing the separation of the frag

ments with decreasing energy of radiation is 

demonstrated by the decreasing quantum yields 

with increasing wave length of radiation (Table 1). 

With increasing wave length the dark-back re

action of de-excitation (kd) becomes more im

portant than the redox decomposition (kr)· 
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Table I. Quantum yields at different 

wave lengths 

Wave length kp·kr kr 
r/Jc 2, mp kt kd 

365 4.5xl0-4 0.182 0.27 

405 7 .4x 10-5 0.135 0.21 

435 1.6x 10-4 0.123 0.20 

Natarajan and Santappa4 reported \)!0 =0.18 (at 

.il=365 mp) for azidopentamminecobalt(III)chlo

ride. 

Rate Constants 

The rate constants kP ·k,fkt were calculated 

from slopes of -d[M]/dt vs. [M]. k,/kd values 

were calculated from plots of -d[C]fdt vs.k, 

(Figure 2) and -d[C]/dt vs. I (Figure 3). The 

kp·k,fkt values are low in keeping with the 

proposition of Dainton16 , et al., that the pro

pagation velocity of methacrylamide is very low. 

At low intensities of light used at .i1=405 mp, 

the value of kp · k,/ kt is still lower than those 

at other wave lengths, showing that kt increases 

with decreasing intensity of light. Dainton and 

Sisley16 reported for methacrylamide polymeriza

tion, kpfkt=4.85 X 10-5• 
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