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SYNOPSIS 

The kinetics of charge-transfer (CT) polymerization of methyl methacrylate (MMA) 
in the presence of imidazole (Imy) and CCI, was studied in dimethyl sulfoxide (DMSO) 
at 60°C. The rate of polymerization (R,) is sensitive to  the [CCl,] up to a concentration 
of 0.60 mol L-I, but at a higher concentration, it is practically independent of the 
[CCl,]. When [CCI,] > [Imy], R, is proportional to [MMA]'.45'0.'5 and [ Imy]0.53'0.04 and 
the average rate constant for the polymerization of MMA is 3.25 f 0.41 X L mol-' 
s-'. This article also reports the polymerization of MMA initiated by Imy and CCl, and 
accelerated by hexakis(dimethy1 sulfoxide) iron(II1) perchlorate, [Fe(DMSO)6] (c104)3  

(A), at 60°C. The presence of Fe(1my)y in the polymerization system produced well- 
defined induction periods. The rate constant a t  60°C for the interaction of the 
poly(MMA) radical toward Fe(Imy):+ is 7.19 X lo4 L mol-' s-'. A probable reaction 
mechanism for the polymerization system has been postulated to explain the observed 
results. 0 1996 John Wiley & Sons, Inc 

INTRODUCTION 

The charge-transfer (CT) initiation of vinyl mono- 
mers by nitrogen donor compounds in conjunction 
with organic halides is now well The 
detailed mechanism on the catalytic activity of 
transition-metal cornplexe~~-~ in the polymerization 
of vinyl monomers has been recognized for many 
years and recent studies reveal that transition-metal 
complexes play a significant role in vinyl polymer- 
ization initiated by a CT mechanism. The efficiency 
of a complex to initiate the CT polymerization de- 
pends upon the liability of the complex." Lewis acids 
are good electron acceptors, and in the presence of 
Lewis acids like Fe3+ and Cu2+, the electron-donating 
capacity of the donor molecule becomes faster and 
the rate of formation of free radicals becomes rapid.3 
Yamachita et al." reported the formation of an ad- 
duct of methyl methacrylate (MMA) and imidazole 
(Imy) which acts as an anionic initiator for the an- 
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ionic polymerization of MMA. Duration of the 
propagation step was increased by the presence of 
the adduct. Stevenson and Coppinger12 also reported 
that trimethylamine reacts with alkyl halide to pro- 
duce a 1 : 1 CT complex. They assumed that metal 
ions like Fez+ and Cu+ are oxidized by CCI, to pro- 
duce CC13. Koyama and Nishimura13 reported that 
CCl, acts as the best initiator for the polymerization 
of vinyl monomers like MMA. They found that the 
rate of polymerization, Rp, increased rapidly with 
[CCI,] until the limitingvalue for CC, was reached. 
The objective of the present work was to synthesize 
polymers of desired molecular weight distribution 
by systematically selecting the polymerization con- 
ditions and, thus, polymers with a range of molecular 
weight became accessible which would be difficult 
to achieve by other means of initiation. This article 
reports the polymerization of MMA initiated by 
CT complexes formed between Imy and CC1, a t  
60°C in the presence and absence of the complex 
hexakis(dimethy1 sulfoxide) iron(II1) perchlorate, 
[Fe(DMSO),J (CIOJ3, in DMSO medium. The com- 
plex formed between Fe3+ and Imy was well char- 
acterized. 
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Figure 1 
[MMA] = 1.87 mol L-'; [Imy] = 5.40 X 
Reaction time = 5 h. 

Relationship between R, and [CCl,] a t  60°C. 
mol L-'. 

EXPERIMENTAL 

The purification of methyl methacrylate (MMA) , 
CCl,, DMSO, and tetrahydrofuran (THF) were es- 
sentially the same as described in the preceding ar- 
ticles?~~ Imidazole (Merck) was used without further 
purification. The complex [ Fe( DMSO)6] ( C104)3 
( A )  was prepared as b e f ~ r e . ~  The rate of polymer- 
ization (R,) was determined gravimetrically and di- 
latometrically as b e f ~ r e . ~  

Gel permeation chromatography ( GPC ) was per- 
formed using a Waters Model 510 solvent delivery 
system at a flow rate of 1.0 mL/min through a set 
of four Ultrastyragel columns (Waters) of exclusion 
sizes lo6, lo5, lo4, and 500 A. The analysis was 
performed at  room temperature using purified high- 
performance liquid chromatography ( HPLC ) -grade 
THF as the eluent. A differential refractometer 
Model R401 from Waters was used as the detector. 
The sample concentration was 0.2% wfv, and the 
volume of the polymer injected was 50 pL. The GPC 
curves were analyzed with the calibration curve ob- 
tained by nine narrow-MWD polystyrene samples 
(Waters). 

Differential scanning calorimetry (DSC) was 
performed on a Perkin-Elmer PC series DSC 7 with 
2-5 mg of polymer samples weighed in aluminum 
pans. Heating scans for the analysis of the glass 
transition temperature ( T,) of polymers were carried 
out at a heating rate of 10°C /min. All experiments 
were carried in an nitrogen atmosphere and the 
measurement was started as soon as the heat flow 
in the DSC cell was stabilized. The characterization 
of the iron (111) complex in DMSO was done on a 
JASCO model 7800 (CRT) spectrophotometer. 

T------ -4.7 

log CMMAI 
10 

Figure 2 Relationship between log R, and log[MMA] 
at 60°C. [Imy] = 1.20 X lo-' mol L-'; [CCl,] = 0.83 mol 
L-'; reaction time = 5 h. 

RESULTS AND DISCUSSION 

Rate Measurement with lmidazole and CCI, 

MMA was polymerized by Imy which contains a do- 
nor nitrogen atom in the presence of CCl, a t  60°C 
in DMSO. No polymerization was observed even af- 
ter 6 h in the absence of either Imy or CCl,. 

It was found that Rp increases rapidly with in- 
crease of [CCl,] up to 1.30 mol L-', but beyond 
that, Rp became independent of [ CCl,] (Fig. 1). In 
the present study, therefore, CCI, was always used 
in excess to eliminate the effect of [ CCI,] on Rp. 

Experimentally, Rp was found to vary as 
(Fig. 2 ) and [ Imy ] 0.53*0.04 (Fig. 3) 

and the average rate constant, k ,  was found to be 
3.25 f 0.41 X L mol-' s-' (when [Imy] 

[ MMA] 1.45*0.15 

I 

-1.8 -1.6 -1.4 -1.2 -1  -0.8 
l o g t o b ~ 1  

Figure 3 Relationship between log R, and log[Imy] at 
60°C. [MMA] = 1.87 mol L-*; [CClJ = 0.83 mol L-'; re- 
action time = 5 h. 
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> [ CCl,] ) . This agreed well with the rate constants 
at 60°C for the polymerization of MMA with other 
nitrogenous donor corn pound^.^,^ 

The effect of variation of [ Imy 1 ,  [ MMA] , and 
[ CCl,] on the molecular weight of poly( MMA) ob- 
tained with the Imy-CC1, CT initiator system is 
shown in Table I. It is found that the molecular 
weight increases with the increase of [MMA] but 
decreases with the increase of [ Imy] . This might be 
due to the deactivation of monomers as a result of 
an increase in [ Imy 1.  Termination, which is slower 
relative to propagation, causes the deactivation of 
some growing chains at the same time as others 
continue to propagate. Therefore, the molecular 
weight distribution becomes broadened in a complex 
way which depends on whether termination occurs 
at a constant rate or a t  a rate which varies with 
conver~ion.'~ 

The kinetic parameter k p / k : / z  at  60°C was eval- 
uated by using the well-known Mayo expression in 
the following form: 

1/m = ( k t / k : )  X (RP/[MMAl2) + l / rPo (1) 

where T P  is the number-average degree of poly- 
merization and T P ,  is the value of T P  in the ab- 
sence of transfer. Considering the amount of chain 
transfer to the monomer to be negligible, the plot 
of 1 / rP  vs. Rp/ [ MMA] at constant [ Irny] and 
[ CCl,] should be linear. The plot is shown in Figure 
4. From the figure, the value of kp/ki 'z  for the po- 
lymerization of MMA was found to be 0.08. This 
value is quite in conformity with the literature 
value, l5 which suggests that the initiation must be 
by the free radical produced from the decomposition 

3 

R p /  [MMA]' x lo7 

Figure 4 Plot of l/m as a function of R,,/[MMA]'. 
[Imy] = 1.20 X lo-* mol L-'; [CCl,] = 0.83 mol L-'; [MMA] 
variable. 

of CT complexes. It was also found that the molec- 
ular weight of poly (MMA) obtained is independent 
of [ CCl,] up to 0.83 mol L-', and above this con- 
centration, it increases with [ CCl,] . It is also quite 
interesting to note that the molecular weights of 
poly ( MMA) obtained with Imy are much higher 
than those obtained with other nitrogenous donor 
compounds. 

The glass transition temperatures ( T,'s) of 
poly( MMA) as determined by DSC are also pre- 
sented in Table I. The Tg's seem to increase in a 
relatively linear manner with the increase of molec- 
ular weights. Figure 5 shows a typical DSC ther- 
mogram of poly (MMA) prepared by the Imy-CCI, 
CT system. Although many reports 16~17 confirmed 
the original Fox-Flory relation" on linear chain 

Table I 
Temperature (T,) on MMA, Imy, and CC14 Concentrations" 

Dependence of Molecular Weights (M,, and Mw), Polydispersity Index, and Glass Transition 

[MMAI [Irny] x lo2 [CCl,l R, x lo7 Polydispersity Tg 
(mol L-') (mol L-') (mol L-') (mol L-' s-') M" Mu Index ("C) 

0.94 
1.87 
2.81 
3.74 
1.87 
1.87 
1.87 
1.87 
1.87 
1.87 
1.87 

1.20 
1.20 
1.20 
1.20 
1.80 
5.40 
9.00 

10.80 
5.40 
5.40 
5.40 

0.83 
0.83 
0.83 
0.83 
0.83 
0.83 
0.83 
0.83 
0.62 
1.04 
2.07 

2.88 
7.14 

15.67 
19.85 
8.95 

16.68 
20.90 
22.20 
16.36 
23.00 
24.63 

214,800 
444,100 
695,400 

1,542,600 
516,800 
267,300 
204,800 
165,500 
287,200 
419,700 
477,200 

1,176,400 
1,567,100 
2,575,900 
3,659,500 
1,122,300 
2,316,400 
1,129,700 

550,600 
1,285,727 
2,636,000 
1,428,000 

5.47 
3.52 
3.70 
2.37 
2.17 
8.66 
5.51 
3.32 
4.47 
6.28 
3.40 

115.2 
118.8 
123.7 
127.1 

119.1 
- 

- 
119.5 
118.2 

a Solvent = DMSO; temperature = 60°C; time = 5 h. 
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length dependence of Tg, deviations from linearity 
have also been reported by several i n v e s t i g a t ~ r s . ' ~ ~ ~ ~  

The polymerization was also found to be inhibited 
by l,l-diphenyl-2-picrylhydrazyl, indicating the 
free-radical mechanism of the reaction. Incorpora- 
tion of the CC13 end group in the polymer chain and 
the existence of the C1 end group was confirmed by 
the dye-partition test.'l 

The mechanism for initiation of vinyl monomers 
by the CT complex formed by the interaction of Imy 
and CC14 as well as Imy and vinyl monomers is not 
certain. According to Matsuda et a1.,2 the CT com- 
plex ( 1 : 1 associated complex), I ,  formed between 
a nitrogen donor compound and monomer ( M )  , in- 
teracts with CCl, to produce primary free-radical 
and ionic species. In the present study involving Imy 
as the nitrogen donor compound, the following 
mechanism may be proposed for the polymerization 
of MMA3t7 : 

Initiation: 

Imy + C H ~ = C  - C H ~  11 I (complex) 

C OOCH3 
( 2 )  

k-i I 

where M is MMA, I is the 1 : 1 associated CT com- 
plex formed between Imy and MMA, R' is the pri- 
mary free radical formed, and all the k's are the re- 
spective rate constants. 

According to Vofsi et al? and Lautenberger et 
a1.,22 initiation is due to the CT complex formed 
between a nitrogen donor compound and CCl,, 
which interacts with M and produces a primary free 
radical. Similarly, for the present system, the mech- 
anism may be postulated as 

(4) 
k3 

Imy + CCl, 5 11 (complex) 
k-3 

I1 + CH2=C -CHJ 4 C13C-CHp- C-CH3 + C1'+ Imy 

( 5 )  
I 

COOCH3 
I 

COOCH3 

( R') 

where I1 is the CT complex formed between Imy 
and CCl,. Presumably, both mechanisms are pos- 
~ i b l e . ~ , ~ - ~  

Spectroscopic identification of the CT complex 
formed between aliphatic amine (donor) and CCI, 
(acceptor) was reported by Lautenberger et a1.22 
Therefore, it may be adequate to assume a similar 
type of complex for Imy-CC1, mixture. The spec- 
trum of a typical reaction mixture containing Imy 
and MMA in DMSO at 30°C showed a different 
absorption maximum at 300 nm in the UV region. 
The individual absorption maxima of MMA and Imy 
disappeared and the new band may be attributed to 
the CT interaction between Imy and MMA to pro- 
duce free radicals responsible for the initiation of 
polymerization. 

Investigations on the polymerization of MMA 
with certain nitrogen donor compounds esta- 
b l i ~ h e d ~ , ~ - ~  that when [CCl,]/[Imy] I 1 then 
mechanism ( 4) predominates, and by applying 
steady-state assumption, the rate expression may 
be represented as 

Rp = kpk~~2(2k,)-'~2[M]1~0[Imy]0~5[CC14]0~5 

(assuming k , [ M ]  % k3) 

= K[M]'-0[Imy]0~5[CC1,]0~5 ( 6 )  

Again, when [ CCl,] / [ Irny] > 1, mechanism ( 2 )  
predominates and Rp becomes independent of CC,. 
Under this condition, the rate equation may be ex- 
pressed as 

Rp = kpK~/2(2K,)-1/2[M]'~5[Imy]0~5 

(when kz[CC14] % k-') 

= k [  MI Imy] ( 7 )  

Equation ( 7 )  shows that Rp is proportional to the 
square root of [ Imy] and to the 1.5th power of [MI. 
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The above initiation mechanism suggests that the 
polymeric radical should contain the end -CC13 
group. The polymers obtained by the Imy-CC1, do- 
nor-acceptor system are found to contain the halo- 
gen ( C1) end group by the dye-partition test 21 which 
supports the proposed mechanism for polymeriza- 
tion. The incorporation of CC13 end groups from 
chain transfer with CCl, is neglected, since the 
transfer constant of the poly( MMA) radical15 with 
CCl, is 2.4 X Bamford et al.23 studied the po- 
lymerization of MMA with the metal carbonyl-CC1, 
CT system. It was suggested that the initiating rad- 
icals were CC13 and it incorporated the CC13 end 
group in the polymer chain. 

Characterization of the Complex Ion, Fe( Imy);+ 

The formation of Fe( Imy)i+ in DMSO with a 1 : 3 
molar ratio of [A] : [ Irny] was spectroscopically es- 
tablished. The UV and visible spectral curves of dif- 
ferent solutions with a varied amount of A and Imy 
showed two distinct peaks at  335 and 738 nm, 
whereas the complex A alone showed only one peak 
at 335 nm in DMSO. Presumably, the peak at 335 
nm exhibited by Fe(DMS0)F might be due to the 
CT transition 24 from coordinated solvent ligands to 
d -orbitals of Fe( 111). The peak at 738 nm exhibited 
by Fe( Imy)i+ may be assigned to the d-d transition 
and the maximum absorbency occurred at  the [A] 
: [Imy] molar ratio of 1 : 3. So, the peak must 
be due to the Fe(Imy)i+. Whether the complex 
formed was an inner- or outer-sphere or a simple 
salt remains obscure; however, for the sake of sim- 
plicity, it was assumed to be the inner complex 
Fe(Imy)$+. Assuming this to be true, the molar ex- 
tinction coefficient of Fe(1my)y at 738 nm was 
found to be 9.71 X lo2 L mol-I cm-'. The equilib- 
rium constant for the formation of Fe( Imy)i+ by 
the limiting logarithmic method at 738 nm was found 
to be 8.75 X lo2 L3 m ~ l - ~ .  

Effect of Addition on Iron( 111) on the 
Charge-transfer-initiated Polymerization 
of MMA with lmidazole 

It was found that the rate of polymerization of MMA 
by the Imy-CC14 donor-acceptor system is very slow 
to be followed dilatometrically. Therefore, it is as- 
sumed that the' CT complexes are weak, but in the 
presence of Fe3+, the polymerization was vastly ac- 
celerated. The rapid electron transfer from the 
poly(MMA) radical to Fe3+ is likely since the oxi- 
dation potential for the Fe3+ + e + Fe2+ system is 
as high as 0.77 V.25 

The rates of polymerization of MMA were fol- 
lowed dilatometrically a t  60°C by adding different 
amounts of Imy to a constant composition of 
MMA, CCl,, and complex A in DMSO. A few of 
the rate curves obtained from dilatometric exper- 
iments are shown in Figure 6. I t  was found that 
induction periods were reduced when the molar 
ratio of [A] : [ Irny] was less than 1 : 3. This in- 
dicates that Fe( Imy ) ;+ is partially formed before 
the molar ratio becomes 1 : 3; when this occurs, 
all the Fe3+ ions present in the system are con- 
verted into Fe(Imy)i+. It was also found that in- 
duction periods were less when [ A] : [ Imy ] exceeds 
1 : 3. This may be due to the CT initiation of excess 
Imy present in the system. However, the rate 
curves after the induction period, i.e., after com- 
plete oxidation of poly ( MMA) radical become 
parallel to the polymerization rate curve without 
the ideal retarder. 

The following scheme may explain the mecha- 
nism of the reaction: 

Initiation: 
k5 

k-5 
Fe3+ + 3 Imy C III(Fe(Imy)i+) (8) 

k 
k-6 

111 + CH, = C - COOCH, = IV 
I 

IV + cci ,  5 C~,C-CH~-C-CH~ + ci- + (IV)+ 
I 
COOCHB (10) 

(m 
Termination: 

ation and also an additional step [eq. ( l l ) ] :  
Termination includes mutual by disproportion- 

-CHZ-C-CH3 + Fe(Imy);+ 2 
I 
COOCH, 

-CH=C-CH, + Fe(1my)P 
I (11) 
COOCH, + H+ + Imy' 

In this scheme, (111) represents the complex 
Fe(Imy)z+ formed between A and Imy at  a molar 
ratio of [A] : [Imy] = 1 : 3. It is suggested that for 
the polymerization of MMA (M) in the presence of 
Fe(Imy)i' (111) and CCl,, complex I11 reacts with M 
to form an associated CT complex IV. The formation 
of an associated CT complex IV consisting of com- 
plex 111 and MMA was established spectroscopically. 
Fe(Imy)i+ shows an absorption maximum at 738 nm, 



996 GOSWAMI, BARUAH, AND DASS 

TIME, MIN . 

Figure 6 Polymerization of MMA in DMSO initiated 
by a charge-transfer complex formed by the interaction 
of Imy and MMA in the presence of CCl, with complex 
A at 60°C. [MMA] = 1.87 mol L-'; [CCl,] = 0.83 mol L-'; 
[A] = 1.20 X rnol L-'; [DMSO] = 9.87 rnol L-'. Molar 
ratio of [A] : [Imy] corresponding to curves (a) = 1 : 
05, (b) = 1 : 1, (c) = 1 : 2, (d) = 1 : 3, (e) = 1 : 4, and (f) 
= 1:6. 

while MMA has no absorption maximum in the 
visible region. The absorption maximum shifts to 
720 nm on addition of MMA to the complex 
Fe(1my)F. The spectrum indicates the complex for- 
mation between Fe(Imy):+ and MMA. The asso- 
ciated CT complex IV then reacts with CCl, to yield 
both a primary free-radical ( K )  and ionic species 
(Cl- and IV+). k, is the termination rate constant 
for the interaction of the polymer radical with the 
ideal retarder Fe( Imy)g+. 

Assuming the steady-state approximation during 
the initial stages of polymerization of vinyl mono- 
mers retarded by an ideal retarder, 2, Bamford et 
al.26,27 derived the following expression: 

= k,[K], t  + A* (12) 

where 4t is the ratio of the rate at any time t, Rp, in 
the presence of the retarder to the final maximum 
rate, R,,, when the inhibitor has disappeared, i.e., $t 

= Rp/Rp,; k, is the rate constant for the interaction 
of polymer radical with the ideal retarder and A* is 
the integration constant. 

A detailed analysis of the rate curve measured 
with a 1 : 3 molar ratio of [A] : [Imy] was made by 
the method of Bamford et al.26,27 and the plot of 4t 

vs. kz [R] , t  + A* is shown in Figure 7. Reasonable 
agreement was found between the experimental and 
theoretical plot when k , [ K ] ,  was 7.8 X lo-, s-l and 
A* = -10.2, respectively, for Bamford's method, 
where k, is the rate constant for the interaction of 
polymer radical with Fe(Imy);+ [eq. ( l l ) ] .  The theo- 
retical curve was obtained by plotting Gt vs. -( l /&) 
+ In[(l + &)/(l - & ) I ,  and the experimental one, 
by plotting & vs. kz[R], t  + A*. 

The rate curve with a 1 : 3 molar ratio of [A] : 
[Irny] was also analyzed by Bengough's methods I 
and 11. Details of these methods are given else- 
where.27*28 

Experimental values of the concentration of 
monomers [MI and the maximum rate of polymer- 
ization, Rps, were 1.87 rnol L-l and 1.54 X mol 
L-' s-l, respectively. Assuming kp to be 734 L mol-' 
spl at 60°C,29 the values of k, calculated by Bamford's 
and Bengough's I and I1 methods were 6.97 X lo4, 
7.40 X lo4, and 7.21 X lo4 L mol-' s-', respectively. 
Hence, the average value of k, was 7.19 X lo4 L mol-' 
s-l a t  60°C. This agrees well with the rate constants 
at 60°C for the interaction of the poly(MMA) radical 
with different Fe3+ ions.3 

The effect of variation of [MMA] and [CC14] with 
a 1 : 3 molar ratio of [A] : [Imy] on the molecular 
weights of poly(MMA) is shown in Table 11. It was 
found that the molecular weight increases with in- 
creasing [MMA] and also increases with [CCI,] up 
to 1.55 mol L-', and above this concentration of 
CCl,, it is independent of [CC,]. The higher poly- 
dispersity index may be due to the termination in a 
complex way, which depends on the whether ter- 
mination occurs a t  a constant rate or at a rate which 

-2 2 
0 " " ' I '  

-10 -6 

kz [R],  t + A *  

Figure 7 Reduced rate dt as a function o f t  expressed 
as k,[R],t + A*: (m) experimental points; (-) calculated 
curve; temperature = 60°C. Molar ratio of [A] : [Imy] = 
1 : 3; [MMA] = 1.87 mol L-'; [CCI4] = 0.83 mol L-'; 
[DMSO] = 9.87 mol L-'; [A] = 1.20 X lo-' mol L-'. 
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Table I1 
Temperature (T,) on MMA and CCl., Concentrations with [A] : [Imy] Molar Ratios of 1 : 3" 

Dependence of Molecular Weights (@,, and Mw), Polydispersity Index, and Glass Transition 

Rp X lo6 
[MMAI [Imy] x 10' [CC141 (mol L-l Polydispersity TF. 

(mol L-') (mol L-') (mol L-') S-1) M" Mu Index ("C) 

0.94 3.60 0.83 3.93 20,144 68,140 3.38 125.2 
2.81 3.60 0.83 9.96 34,537 186,239 5.39 129.7 
1.87 3.60 0.83 4.01 28,654 175,346 6.11 
1.87 3.60 1.55 4.70 33,004 196,068 5.94 127.5 
1.87 3.60 2.33 4.88 34,521 181,235 5.25 

- 

- 

* [A] = 1.20 X lo-* mol L-'; solvent = DMSO; temperature = 60°C. 

varies with con~ersion.'~ The molecular weights of 
poly(MMA) in the presence of complex A were lower 
than those obtained without complex A. This is ex- 
pected since the increase in [A] increases the grow- 
ing chain population, which, in turn, enhances the 
polymerization rate and simultaneously lowers the 
molecular weight of the polymer f ~ r m e d . ~  The Tg of 
poly(MMA) prepared with different molar ratios of 
[A] : [Imy] are also shown in Table 11. It was found 
that the Tg increases in a linear way with increasing 
molecular weights, which indicates that the Tg of a 
given polymer is a function of its chain length. 

In imidazole, the electrophilic reagent would at- 
tack the unshared electron pair on N-3, but it cannot 
attack on the pyrrole nitrogen, since it is a part of 
the aromatic sextet. An electrophilic attack on the 
imidazole at a ring nitrogen can involve the neutral 
species, the conjugated base, or conjugated acid. 
When either nitrogen of the neutral molecule could 
be attacked by the electrophilic reaction is normally 
confirmed to the multiple bonded nitrogen which 
has an unshared electron pairs orthogonal to the 
ring.30 When imidazole has free -NH groups, in- 
termolecular hydrogen bonding gives rise to linear 
associates of molecules in the crystals in nonprotic 
solvents. Reaction with the NH nitrogen would re- 
quire the use of two electrons from the system to 
form a bond, disrupting the aromaticity. The NH 
proton in imidazole is really acidic. Thus, imidazole 
is able to form salt (or coordinated complexes) with 
a number of metals. The coordination between the 
pyridine type nitrogen and transition-metal ions are 
reported in the l i t e r a t ~ r e . ~ ~  

The electron transfer for the macroradical to the 
central metal ion depends on the redox potential of 
various complex ions. If the redox potential is fa- 
vorable, the electron transfer becomes very rapid. 
The rapid reaction in the presence of Fe3+ is due to 
the back donation of electrons from the filled mo- 
lecular orbital of the metal to the ligand i m i d a ~ o l e . ~ ~  

The net electron transfer from metal to ligand (im- 
idazole) may proceed to such a point that an electron 
is transferred from the metal to the activated center, 
giving a free radical as proposed in eq. (11). 

The authors wish to thank Anil C. Ghosh, Director, RRL- 
Jorhat for permission to publish the results. 
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