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Summary —  The thermal decomposition (333 K) of initiator 2,2'-azobis[2- 
-methyl-co-hydroxyoligo(oxyethylene)propionate] [AIB-OOE(400)] in N,N-di- 
methylformamide (DMF), in acrylonitrile (AN) and in the mixture D M F/AN  
with the composition xan = 0.52 and 0.87 (xan — the mole fraction of acrylo
nitrile) was studied by volumetric method. A priority of the experimental 
determination of the order of decomposition reaction in relation to the initia
tor was established. It has been found, that the differential kinetic equations
(7) and (9) can be used for this purpose. After the determination of the order 
equal to 1 for all solutions, the kinetic constant k j l> was determined from the 
integral equation (15). The differential equations (8) and (10) cannot be used 
for this purpose (к/  *  к,/1). The method used allows to avoid diversities of 
meaning, occurring in the literature, in determination of the reaction order 
and thermal decomposition rate constant for the azo-initiators.
Key words: thermal decomposition, azo-initiators, decomposition rate con
stant, order of azo-initiators decomposition reaction.

Technology of polymer manufacture via the radical 
polymerization requires besides the determination of the 
substrate and product properties, detail recognition of 
the process, which can comprise the basis for its modifi
cation or control. One of the posibilities of process modi
fication is the application of new initiators e.g. azo-initia- 
tors or macro-azo-initiators [1— 3] which varies both the 
process [2, 4] as well as the product properties e.g. 
polyacrylonitrile [5].

In a previous work [4] it was found that the azo-ini
tiator 2, 2'-azobis[2-methyl-co-hydroxyoligo(oxyethy- 
lene)propionate] causes the kinetic anomalies of poly
merization of acrylonitrile in the solvent N,N-dimethyl- 
formamide. The reason of anomalies may be each ele
mentary reaction of the chain polymerization process. 
The aim of this work is to explain the reasons of anoma
lies or the kinetic correctness in the important elemen
tary reaction of decomposition of azo-initiator in a vary
ing environment (solvent-monomer).

EXPERIMENTAL

Materials

A cry lon itrile  (A N ) and N,N-dimethylformamide 
(DMF) were purified by standard method. The densities

at 293 К and 333 К and the coefficient of the thermal 
expansion were given in work [4]. Azo-initiator 2,2'-azo- 
bis[2-methyl-co-hydroxyoligo(oxyethylene)propionate] 
[AIB-OOE(400)1 was prepared by the Pinner's method 
[6, 7], whereas the conditions of synthesis and the initia
tor properties were described in work [8]. The molecular 
weight of the initiator is equal to Mn (vpo) =1100 g/m ol. 
The initiator is soluble in pure solvent (DMF), in pure 
monomer (AN) and the mixtures of D M F/AN  with any 
composition (expressed by the mole fraction xan). For 
the mixture with the composition of xan = 0.52, the den
sities were d4 ° = 0.8864 g-cm"3, and d46<> = 0.8545 g-cm’3,
while ao.52 = 0.94-10"3 K"1, whereas for the composition?() 1 яof xan = 0.87 the densities were d4 = 0.8336 g em ,
d460 = 0.7976 g-cm’3 and a0.87 = 1.13-10’3 K"1.

As the inhibitor of polymerization of acrylonitrile
during the thermal decomposition of initiator was used
4 -h y d ro x y -2 ,2 ,6 ,6 -te tra m e th y lp ip e r id in -l-o x y l
(HTEMPO) without further purification.

Measurements

The thermal decomposition of the initiator [AIB- 
OOE(400)] is stoichiometrically associated with the vol
ume of evolved nitrogen. Measurements of the nitrogen 
volume and the calculations were performed according
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to the method from work [9]. The solutions of the initia
tor in DMF, mixtures of DM F/AN  and in AN were the 
diluted solutions. The initiator concentrations in the so
lutions were determined at 293 К and were then recalcu
lated on the values at temperature 333 K.

RESULTS AND DISCUSSION

Measurement series (for 3— 4 different initial concen
trations of the initiator [I]o) were performed for each so
lution, by repeating (from 2 to 4 times) the respective 
measurements of the volume (Vt) as a function of time. 
The compilation of the results was given in Table 1. The 
obtained relationships Vt = f(£) and the calculated values 
of (column 3 in Table 1) permitted to define the rela
tive degree of initiator decomposition a(t) (column 4 in 
Table 1) and its time derivative:

a(0 = ^  =
[Ilo

= 1 -Щг; [I]0-t:<x(() = —тгШ,
[Il„ 'df df (1)

as well as the relative degree of unreacted initiator and 
its time derivative:

1 _  a(t) = = Ш*. thus [I], -  [I]0 ■ [1 -  a(f)];

:  0 d (2>
— II], =[I]0— [l-oc(f)]£df df

where [I]t —  the concentration of the initiator (in mol- dm~3) 
at the moment t at 333 K.

The function a(f) is shown in Fig. la for four inde
pendent measurements at the constant concentration of 
the initiator [I]o = 0.0714 m oldm ’3 in DMF. A character 
of these dependences is the same. The linear courses 
with the constant slopes were achieved after a certain 
time of induction (t;). These stationary states commence 
at about 5% decomposition of the initiator, which per
mits to recognize that the initial concentration [I]o was 
not changed during this time. All the results from Fig. la 
can be described in the stationary part by equation of 
single straight line (presented in Fig. 1), which the slope

T a b l e  1. Thermal decomposition (333 K) of 2,2'-azobis[2-methyl-co-hydroxy-oligo(oxyethylene) propionate] in the mixtures solvent — 
monomer (with the compositions expressed by the mole fractions xan)

No Шо60 з 
m oldm ’3 V » n), cm3

1 
£

i 
^ ,„4 do. . -110 — , min 

d t
Ab> 104 £ ‘" 7 ^  d/ 1-a

min’1
д/Ь) io5 mo ^

3 -1 moldm  min
105 Ш о | > ^  

moldm  min’

1 2 3 4 5 6 7 8 9 10

Solvent: DMF (xan = 0)

1.1 0.0354 25.0160 5.68 10'4 t -  0.0920 5.68 -0.08 6.69 -0.04 2.01 2.37
1.2 0.0714 50.4426 5.5510’4 t - 0.0609 5.55 -0.21 6.67 -0.06 3.96 4.76
1.3 0.1057 74.7463 5.69 10"* t - 0.0568 5.69 -0.07 6.80 0.07 6.01 7.19
1.4 0.1407 99.4394 6.11-10"* t - 0.0649 6.11 0.35 6.76 0.03 8.60 9.51

average: 5.76 6.73

Solvent: DMF/AN (xan = 0.52)

2.1 0.0527 37.5328 5.28-104 t - 0.0424 5.28 -0.13 6.42 -0.19 2.78 3.38
2.2 0.0626 44.5793 5.2510"4 t - 0.0143 5.25 -0.16 6.53 -0.07 3.29 4.09
2.3 0.0710 50.4966 б.бОЮ-4 1 - 0.0087 5.60 0.19 6.79 0.19 3.98 4.82
2.4 0.0873 62.1514 5.5210’4 t - 0.0367 5.52 0.11 6.68 0.08 4.82 5.83

average: 5.41 6.61

Solvent: DMF/AN (xan = 0.87)

3.1 0.0352 25.2781 6.38104 t -  0.0012 6.38 0.17 7.81 0.13 2.25 2.75
3.2 0.0713 50.9053 5.91 104 t - 0.0222 5.91 -0.30 7.44 -0.24 4.21 5.30
3.3 0.1059 75.2680 6.35104 t - 0.0074 6.35 0.14 7.79 0.П 6.72 8.25

average: 6.21 7.68

Solvent: acrylonitrile (xan = 1)

4.1 0.0367 26.3103 6.09 10"* t -  0.0052 6.09 0.04 7.15 -0.29 2.24 2.62
4.2 0.0521 37.4620 6.0410"4 t - 0.0059 6.04 -0.01 7.60 0.16 3.15 3.96
4.3 0.0702 50.0602 6.19 10"* t -  0.0017 6.19 0.14 7.65 0.21 4.35 5.37
4.4 0.0861 61.9199 5.9010’4 1 - 0.0016 5.90 -0.15 7.36 -0.08 5.08 6.34

average: 6.06 7.44

n) Calculated from the law of ideal gas for the standard conditions (1013 hPa, 333 K) and R = 82.06 cnP-atm-moF'-K’1.

А'=(,пт Ь Н ,пт ^ 1 — Deviations of the i-th measurement from the average of all measurements (i = 1, 2, 3, 4).
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Fig. 1. Thermal decomposition (333 К) of the initiator 2,2''- 
-azobis[2-methyT(0-hydroxyoligo(oxyethylene) propionate] in 
N,N-dimethylformamide: (a) dependence of a(t) according to 
definition (1) as a function of time, full points —  experimental 
points considered in equation (3), hollow points — points did 
not considered in equation (3); (b) dependence In H/[l -  a(t)]} 
as a function of time according to eq (4),fidl points —  experi
mental points considered in equation (5), hollow points — 
points did not considered in equation (5)

of a straight line equal to яо = 5.55 • 10"4 min"1 determines 
the stationary rate of initiator decomposition (induction 
time 6-110 min). This equation has the form:

oc(f) = яи-f+ я, thus —  a(t) = a0 (min-1) (3)

A variable parameter a(t) can be replaced by the ap
proximation In [1/1 - a(f)] [10]:

a(f) = ln[l + a(f)] = In— -—  for 0 < a (t)< l (4)
l -a ( f )

For the same experimental data (Fig. 1 a) using the 
approximation (4) the equation was derived:

ln- 1 , , , d .■ = b„ ■ t + b, — In - 1
l -a ( f ) d t l -a ( f )

= b„ (min 1) (5)

The course of the relationship (5) is shown in Fig lb. 
As can be seen, these are also the linear dependences. 
The slope of a straight line (5) amounts bo = 6.67-10"4 
min"1, and the induction time is t; = 132 min. Both rela

tionships (3) and (5) (Figs, la and lb) determine the dif
ferent rates of the decomposition of azo-initiator (яо ^ bo), 
which is comprehensible, because the transformation (4) 
is the approximation but not an identity. The obtained 
information concerning the rate (яо, bo) of the initiator 
decomposition enables a classical kinetic interpretation 
of the process, since the classical equation combines the 
rate (d[I]f/df) with the instantaneous concentration of 
the initiator [I]c

(6)dt
Therefore, taking into consideration (1) and (2) in 

equation (6) results in the transformation of this equa
tion to the form, which utilizes the data already obtained
(3):

[I]0 -^-a(f) = /c',<v)[l -  a(f)]'[I]o 
at

(7)

or

[I]0 -a0 = fc«I,[ l - a ( f ) n i ] S (8)

Analogously, the equation (6) by means of equations 
(2) and (5) can be transformed into the form:

[I]»71ln^ 7 R  = k ' n - a m i l  (9)dt l -a ( f )
or

[I]0 -bQ = fc"U)[ l -a ( f )F [ I ] o  no)

In the equations (6)—-(10) the order of the reaction in 
relation to the initiator is denoted as x, fc/1' 1, k J lM — the 
reaction rate constants dependent on the order x, as far 
as the numerical values and the dimension are con
cerned. The differential equations (7) and (9) or their 
transformations (8) and (10) become the base of experi
mentally determined exponent x, after accomplishing 
the measurement series Vt = f(t) for varying [I]o, because 
finding the logarithm transforms them to the linear de
pendences with the slope of a straight line x:

In R'd =ln([I]n-fl0) = ln|[I]l)̂ -a(t)| = lnlc'<v’ +xln[I]„ (11)

Ink” = ln([I]0 - b0) = In [I]0 — In— -—  
df l-a (f)

= lnk,'/(0 + xln[I]()
(12)

Data in Table 1 are sufficient for the determination 
of the order x. The course of equation (11) is shown in 
Fig. 2a, in which are presented the cumulative results 
for various mixtures of DM F/AN . The order x of the 
decomposition reaction amounts 1.0017. Analogously, 
Fig. 2b presents the relationship (12) for which x =
0.9857. Combined Figures 2a and 2b for the mixtures 
entitled to the conclusion that the order of the thermal 
decomposition [AIB-OOE(400)] for the whole system 
DM F/AN (xan = 0— 1) can be recognized as constant 
and equal to 1.00±0.02.

The determination of the reaction orders allows de
termining the rate constants of decom position /с,/л1
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Fig. 2. Determination of the order of thermal decomposition 
reaction (333 K) o f 2,2'-azobis]2-methyl-(S)-hydroxy-oli- 
go(oxyethylene) propionate] in the mixtures of solvent-mono
mer (with the compositions expressed by the mole fraction

■ x a n  = 0.87 and A
1.0; (a) from the dependence R,',=[I]0

x a n ) ■ —  x a n  = 0 ,9  —  x a n  = 0.52, A 
—  x a n

according to equation (11), (b) from  the dependence 
R'j =[/]|| | lr>0 /0 ~ a6))]| accord{ng equation (12)

,df

through the integration of the differential equations 
(6)— (9), which leads to the common result:

, J L | _
0 df [x -1

1
l -a ( f )

x-1
=  fc,f[H S f o r x > l  (13)

and In— -—  = fc(/ )[I]„-f forx = l (14)
l-ot(f)

The numerical values of kd(I> from equation (14) for 
the investigated systems were summarized in Table 1 
(column 7). These results indicate for the dependence of 
kd on the mixed solvent composition (xan). The interpre
tation of the relationship kd = ((xan) according to the 
solvatation model [11] and a comparison of the results 
with those for the AIBN initiator [12] will be the subject 
of other publication.

The equation (14), based on a definition (1), is trans
formed to the form most frequently used in the literature 
for the decompositions of AIBN and its derivatives:

In ̂ Z V  = kT-t = f(t) (15)

Sometimes [13] the equation (2) was used for the cal
culation of k j l) for azo-initiators, however with the as
sumed x = 1. In the pioneer works [14, 15] the equation

(15) was also used for the determination of the rate con
stant of decomposition with the assumed exponent x = 1. 
In the subsequent publications [16] the rectilinearity of 
the relationship (15) was assumed as the experimental 
evidence of the order x = 1. In such a way Walz et al. [7] 
have determined = 4.22-10’4 min"1 for the decompo
sition of [АШ-ООЕ(ЗОО)] in o-xylene at temperature of 
333 K.

CO NCLU SIO N S

An unambiguous determination of x and kd(i) first 
requires the experimental determination of the order x 
followed by the determination of the decomposition rate 
constant kd(x> from the kinetically justified equation (13). 
The assumed exponents x in equation (13) cannot be 
verified by rectilinearity of this relationship.

The reaction of thermal decomposition of the azo-in
itiator [AIB-OOE(400)] is the first order reaction in the 
studied systems DM F/AN , which comprises the kinetic 
correctness and support the unimolecular (homolytic) 
mechanism of the decomposition of azo-bond [17]. In 
connection with this the initiator concentration de
creases according to the dependence:

[I ]f =  [I ]0 ' (16)

Technologically, the relationship (16) means that a 
variation of initiator concentration would result in pro
portional variations of the decomposition rate of initia
tor.
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