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ABSTRACT: The polymerization of acrylonitrile (AN) initiated by the system of 
tetramethyltetrazene (TMT) and dimethyl maleate (DM) was carried out in dimethyl 
formamide. The polymerization proceeded through a radical mechanism. The initial 
rate of polymerization, Rp, was expressed by the following equation 

Rp=k[TMT]o.s7[DM]o.64[ANJ2·oo 

A probable initiation mechanism was proposed according to the results of the kinetic 
studies and the data of NMR measurements of the TMT /DM system in the presence 
and absence of AN. 
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In our earlier papers/· 2 it was shown that the 
tetramethyltetrazene (TMT)-acetic anhydride or 
the TMT-benzyl chloride system can initiate 
radical polymerizations of vinyl monomers. As 
an extension of these studies, we investigated 
the catalytic activities of four systems of TMT 
and diesters for the polymerization of acryloni
trile (AN) in dimethylformamide (DMF). The 
diesters employed were dimethyl maleate (DM), 
dimethyl fumarate, dimethyl phthalate, and di
methyl oxalate. The system of TMT and DM 
was found to be the most effective for the initi
ation of AN. It is interesting to note that the 
system of TMT and the corresponding trans 
isomer, dimethyl fumarate, had hardly any effect 
on the polymerization of AN. This paper is 
concerned with a kinetic study of the radical 
polymerization of AN, in particular, with the 
TMT-DM system. A NMR study of the system 
in the presence and absence of AN was made. 

EXPERIMENTAL 

Materials 
The dimethyl maleate, dimethyl fumarate, di

methyl phthalate, dimethyl oxalate, and 1,1-
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dimethylhydrazine were of commercial origin and 
purified by crystallization or distillation. TMT 
was prepared by the oxidation of 1,1-dimethyl
hydrazine with mercuric oxide, as described in. 
earlier papers. 1 ' 2 

Acrylonitrile (AN) and methyl methacrylate 
(MMA), styrene (St) and solvents employed were 
purified in the usual manner and redistilled under 
a stream of nitrogen before use. 

Polymerization Procedure 
The polymerization procedure was the same as. 

those in the previous papers. 1 • 2 

Characterization of the Polymer 
Chemical composition of the resulting polymer 

was determined from the results of its elemental 
analysis. 

Weight-average mol wt of the polyacrylonitrile 
was calculated according to the following equa
tion by lnagaki, et a!. 3 

dljg ( 1 > 
(in DMF at 30°C) 

JVMR Measurements 
NMR spectra were measured at 60 MHz, with 

a Hitachi-Perkin-Elmer R-20 spectrometer. 
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RESULTS 

Polymerizations of Acrylonitrile Initiated by TMT 
and Various Diesters 

Table I shows the results of the polymerizations 
of AN by TMT and various diesters. The di
·esters used were dimethyl maleate, dimethyl 
fumarate, dimethyl phthalate, and dimethyl 
.oxalate. 

Table I. Polymerizations of AN with some systems 
of TMTa and diesters in DMF 

Ester 

Dimethyl 
maleate 

Dimethyl 
fumarate 

Dimethyl 
phthalate 

Dimethyl 
-oxalate 

at 70°C for 5 hrb 

Structure 

H, /COOCHa 
c 
II c 

H/ 'COOCH3 

H, /COOCHs 
c 
II c 

HaCOQC/ 'H 

/'-,/COOCHs 

I II 
V'-COOCH3 

H, 
COOCHa 
I 

HaCOOC 
'H 

Conver- Conver-
sion, sian 
% ratio 

22.8 10 

2.2 

2.1 

4.3 2 

a In the polymerization of AN with TNT alone 
in DMF at 70° for 5 hr, in which [TMT] was 2.1 
x the conversion was 0. 35%. 

b [TMT]= [Diester]=2.1 X 

As can be seen from Table I, a TMT and DM 
system is the most effective of the four types of 
TMT-Diester systems. The resulting polymers 
were confirmed to be homopolymers of AN by 
·elemental analyses and IR spectra. 

Rate of Polymerization of AN with the TMT
DM System 

Homogeneous polymerization of AN was first 
carried out in DMF at 70°C. The results are 
summarized in Table II. The data given in Table 
II are plotted in Figures 1 and 2. 

The lines A and B show that the initial rate 
of polymerization is proportional to 0.57 power 
of [TMT] and to 0.64 power of [DM], respectively. 
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Table II. Reaction rate (Rp) and weight-average 
degree of polymerization (Pw) of the polymer 

resulting from the polymerization of AN 

[AN], 
mol// 

4.56 
4.56 
4.56 
4.56 
4.56 
4.56 
4.56 
4.56 
4.56 
1.52 
2.28 
3.04 
3.80 

u 1.0 

.§ 
<D 

]' 

in DMF at 70°C with the 
TMT/DM system 

[TMT] [DM] RpX 105, 
X 102, X 102, molj/sec Pw 
mol!l mol// 

0.53 2.10 0.50 1620 
1.05 2.10 1.80 1510 
4.20 2.10 2.93 1120 
8.40 2.10 3.00 980 
2.10 0.53 1.04 2320 
2.10 1.05 1.64 1920 
2.10 2.10 2.02 1280 
2.10 4.20 1.93 1220 
2.10 8.40 1.64 850 
2.10 2.10 0.46 
2.10 2.10 0.98 
2.10 2.10 1.43 
2.10 2.10 2.25 

0.5 1.0 1.5 2.0 
log[I)+3 

Figure 1. Rate of polymerization (Rp) vs. con
centration of the initiator system in the polymer
ization of AN with the TMT-DM system (I) in 
DMF at 70°C: line A, [AN]=4.56molj/, [DM] 
=2.1 x molj/, [I] =[TMT] was varied; line B, 
[AN]=4.56 mol//, [TMT]=2.1 x 10-s mol//, [I]= 
[DM] was varied. 

It appears from Figure 2 that the initial rate of 
polymerization is proportional to 2.00 power of 
[AN]. Thus, the following rate equation is 
obtained. 

RP=k[TMT]o.57[DM]o.s4[AN]z.oo ( 2) 

Estimation of Overall Activation Energy 
The homogeneous polymerization of AN initi

ated by the TMT-DM system was carried out 
in DMF, changing the temperature in the range 
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Figure 2. Rate of polymerization (Rp) vs. AN
concentration; [TMT]=[DM]=2.1 x 10-a mol/! in 
the polymerization of AN with TMT-DM system 
in DMF at 70°C. 

60 to sooc, where both [TMT] and [DM] were 
kept constant at 2.10 x 10-3moljl. By an Arrhen
ius plot of RP vs. ljT (Figure 3), the overall 
activation energy was estimated as 11.9 kcaljmol. 
This value is lower than that obtained by using 
the TMT alone, and is near the value obtained 
by using the TMT-benzyl chloride system, as 
compared in Table III. 

:::: 
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1.0 

<0 0.5 
+ 
a. a:: 
Cl 

2 
0.1 

2.80 2.85 2.90 2.95 3.00 
103/T 

Figure 3. Arrhenius plot of log Rp vs. 1/T. 

Table III. The overall activation energies of the 
polymerization of AN with TMT alone 
TMT-AA, and TMT-DM systemsa 

Initiator TMT1 TMT TMT TMT 
-AA1 -BC2 -DM 

Activation 
energy 25-4 12.6 11.4 11.9 

kcal/mol 

a AA and BC represent acetic anhydride and benzyl 
chloride, respectively. 
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Confirmation of Radical Mechanism of Polymeri
zation with the TMT -DM System 

Hydroquinone inhibited the polymerization of 
AN initiated by the TMT-DM system. Fur
thermore, the copolymerization of MMA with 
styrene (St) was carried out in bulk at 40°C. 
Figure 4 shows the composition curve of the 
copolymers obtained, which is characteristic of 
a radical copolymerization. 

:0 
E 
g_ 
8 
E 
«: 
:::;: 
:::;: 0.5 
0 
c: 
.2 

0 0.5 1.0 
Mole tract ion of MMA in feed 

Figure 4. Composition curve for the bulk copoly
merization of MMA with styrene at 40°C; [TMTJ 
=[DMJ=2.1 x 10-2 mol/!. 

It may therefore be concluded that polymeriza
tion with the initiating system of TMT and DM 
proceeds by a radical mechanism. 

Solvent Effect 
The polymerization of MMA was carried out 

in various solvents, since the use of AN is un
suitable for the effect of solvents on the rate of 
polymerization to be observed. Figure 5 shows 

10 2 

B 3 

c: 4 
0 6 "f?! 
"' 5 > c 4 
0 
u 

2 

0 2 4 
Time(hr) 

Figure 5. Solvent effect on the rate of polymeri
zation of MMA with the TMT -DM system at 
50°C; [MMA]=2.8lmol//, [TMTJ=[DM]=2.1x 
10-2 mol//; 1, benzonitrile; 2, DMF; 3, cyclohex
anone; 4, anisole; 5, benzene. 

Polymer J., Vol. 2, No. 1, 1971 



Vinyl Polymerization. CCLVIII. 

the effect of the solvent on the rate of polymeri
zation, which decreases with the following order 
of solvents 
(1) benzonitrile > (2) DMF > (3) cyclohexanone > 
(4) anisole>(5) benzene 

The order is the same in the polymerization 

of MMA with the TMT -benzyl chloride system, 2 ,,,\LM\uilll 
the rate of polymerization being greater in a 
polar solvent. 

Attempted Detection of ESR Signal in the TMT
DM and TMT -Benzyl Bromide2 Systems 

No ESR signal was obtained in the reaction 
between TMT and DM in DMF or benzene at 
25 or 50°C. An attempt to detect the ESR 
signal in the reaction between TMT and DM in 
the presence of AN in DMF at 50°C was also 
unsuccessful. 

On the other hand, as seen in Figure 6, the 
treatment of TMT with benzyl bromide in ben
zene at 25°C immediately yielded a highly re
solved ESR spectrum characteristic of the tetra
methylhydrazine radical cation (TMH+. ). 4- 6 

20g. 
1-----t 

Figure 6. FSR spectrum of tetramethyl hydrazine 
radical cation derived from TMT and benzyl 
bromide. 

According to Romans, et al., who had studied 
the reaction of TMT with phthalic anhydride, 5 

the radical cation may be formed from the 
following scheme 

CH2Ph 

I + 
Me2N-N=N-NMe2 +PhCH2Br---+Me2N -N=N-NMe2 

CH2Ph 

I+ ---+Me2N ·Br- +N2 + -NMe2 

2 · NMe2 ---+ Me2N-NMe2 

CH2Ph 

Br-

I +· 
Me2N-NMe2 + Me2N+ · ---+ Me2N-NMe2 + PhCH2NMe2 

NMR Measurements of the TMT -DM System 
In order to obtain information on the radical 

species in the polymerization initiated with the 
TMT-DM system, NMR spectra of the nearly 
equimolar reaction mixture of TMT and DM in 
the presence and absence of AN were taken in 
deuterochloroform at room temperature. For 
comparison, the NMR data of TMT, DM, di
methyl fumarate, and AN are tabulated in Table 
IV. 

Figure 7 shows the NMR spectral changes in 
the reaction between TMT and DM. 

The NMR spectrum of the initial reaction 
mixture of TMT and DM is shown in Figure 7 
Ila. The methyl peak of TMT shifted consider
ably upfied by 2.85 ppm. In explanation of 
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(TMH+·) 

Table IV. NMR data of TMT, DM, dimethyl 
fumarate, and AN (in CDCla) 

Compound Peak range 
o, ppm Assignment 

TMT 5.60-5.70 Methyl protons 
DM 3.80-3.90 Carbomethoxy protons 

6.35-6.45 Olefinic protons 
Dimethyl 3.75-3.85 Carbomethoxy protons 
fumarate 6.85-6.95 Olefinic protons 
H(l) H(2) 6.05-6.15 H(l) 
' / 5.40-5.80 H(2) C=C 
/ ' 5.80-6.00 H(3) 

H(3) CN 
(AN) 

this shift, it is possible that tetramethylhydra
zine7'8 may have been formed by the decomposi-
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Figure 7. NMR spectral changes in the course of 
the reaction between TMT and DM; TMT, 1.25 
m mol; DM, 1.19 m mol; CDCla, 4 ml; 
spectra of TMT (Ia) and ------, DM (lb). 
Spectrum (IIa) was taken one min after mixing 
TMT and DM. 
Spectrum (lib) was taken 40 hr after mixing TMT 
and DM. 

tion of TMT by DM. This point is now under 
investigation. The peaks due to olefinic protons 
and methoxycarbonyl protons of DM shifted 
upfield by 0.07 ppm and 0.08 ppm, respectively. 
On standing for 40 hr, a new small peak appear
ed at 6.9 ppm, as shown in Figure 7 Ilb. This 
was due to a small amount of dimethyl fumarate 
formed by the reaction of TMT with DM. The 
presence of dimethyl fumarate was confirmed by 
the isolation of dimethyl fumarate from the 
reaction of TMT and DM for one week in high 
yields. 

Addition of AN to the TMT-DM system did 
not essentially cause the spectral change of the 
peaks at 2.8 ppm and 3.8 ppm, though the 
spectral change of the peak at 6.25 ppm was not 
clear because of the overlapping with olefinic 
peaks of AN. 

DISCUSSION 

From the results given above, it was concluded 
that the polymerization of AN initiateq by the 
TMT-DM system proceeded through a free 
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radical mechanism. The rate of the polymeriza
tion was proportional to o.57 power of [TMT], 
0.64 power of [DM], and 2.00 power of [AN]. 

Considering the rate equation resulting, the 
following elementary reactions may be written, 
according to Thomas, et a/. 9 •10 

K 
TMT+DM---->Complex (c) ( 3 ) 

Initiation 
kl 

C+M--2R· ( 4) 

Propagation 
k2 

R·+M--R· ( 5) 

Transfer to solvent 
ka 

R·+S--RH+S· ( 6) 

Addition to solvent radical 
k4 

S·+M--R· ( 7) 

{ 
kij 

( 8) S·+R·--SR 

Termination ks 
S·+S·--SS ( 9) 

k7 
(10) R·+R·--RR 

where M, R·, and S represent monomer, radical, 
and solvent, respectively. In eq 4, we consid
ered that the radical formation is performed by 
the reaction of an AN monomer with a complex 
formed from TMT and DM. When a steady 
state is reached, dR. jdt=O and dS. jdt=O. 

k1(C)(M)+k4(S · )(M) 

=k3(R· )(S)+k5(S· )(R· )+k7(R· )2 (11) 

k3(R · )(S)=kiS · )(M)+k5(S · )(R· )+k6(S · )2 (12) 

In order to obtain a useful solution for R., 
according to Thomas, et al., 9 k5(S · )(R ·) and 
k 6(S · )2 in eq 12 were ignored, because (M) is 
very much larger than (S-.) and (R· ). Thus the 
following equation is obtained 

Rp=(klK)o.5k2[TMT]o.s[DM]o.s[M]l.s 

[ k kak5[S] J-o.s 
X 7 + k 4[M] (13) 

Eq 13 predicts the square root dependence on 
the initiator and a monomer exponent between 
1.5 and 2.0, depending on the solvent concentra
tion and the values of the rate constants. Eq 
13 closely agrees with the experimental rate 
equation. 

The rate of polymerization was proportional 
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to the same order of [TMT] and [DM]. The 
rate of polymerization of MMA initiated by the 
TMT-DM system increased with the polarity 
·of the solvent, though, in the case of AN, the 
effect of the polarity of the solvent is obscure. 
Furthermore, from NMR measurements, the 
methyl peak of TMT shifted considerably upfield 
with the addition of DM to TMT. On the other 
hand, the olefinic protons of DM also shifted 
upfield by addition of TMT to DM. This 
suggests, initially, the nucleophlic attack of the 
neutral dimethylamino nitrogen of TMT upon 
the ester carbonyl carbon, 11 ' 12 as shown below. 
As a consequence of the partial bond formation 
between the dimethylamino nitrogen of TMT and 

CHa CH3 o-a 
"'-H/ I! 

N------------c 
).(- '•,_ / "' 

N H-C OCHa 
TMT+DM +===. II I! + 

N H-C OCHa "' _/ "' / N C 
/ "'- II 

CHa CHa 0 

As shown in the above scheme, when both 
TMT and DM molecules are in the form of cis
type15'16 the reaction proceeds. The interaction 
of the nitrogen atoms of dimethylamino groups 
in TMT and the ethylenic carbon atoms of DM 
may form a six-membered ring and enhance to 
make a molecular complex. Such an interaction 
would be little expected to occur in combinations 
of TMT with the other diesters. The initiating 
species of the polymerization may be the di
methylamino radical derived from homolytic 

+a 
:Scission of the weakest )N-N = bond. 
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