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Thermal decomposition of 2,2/-azobis(2-methyl-4-hydroxybutyl)pro- 
pionate in the N , N-dimethylformamide/methyl methacrylate system

S u m m a r y  —  The therm al d ecom position  o f the initiator 2 ,2 '-a zo b is(2 -m e th y l- 
-4 -h yd roxyb u tyl)p rop ion ate  (A IB -B D ) at 333 К  in N ,N -d im eth y lfo rm a m id e  
(D M F ), m eth yl m ethacrylate (M M A ) and various D M F /M M A  m ixtures w as  
stu died  b y  volu m etric m eth od . The valu es o f the stationary rate A IB -B D  of 
d ecom p osition  for various initial concentrations o f the initiator [I]o (w ithin the 
range o f 0 .067— 0.132 m o l • d m "3) w ere determ ined according to differential 
eq. (7). Th ese valu es, according to eq. (8), a llow ed  to determ inate the order (x) 
o f initiator d ecom position  reaction [defined in eqs. (2) and (4)]. The order x 
can be regarded as equal to 1 for the w h o le  system , i.e., from  a pure solven t  
(D M F ) to pure m o n om er (M M A ). The presented m eth od  o f determ ination  of 
the order x  cannot be replaced by the estim ation o f linearity o f eq. (10) w h at is 
frequently u sed  in the publications, since the other kinetic depen den ces are 
also linear for x = 1 and x = 2. The therm al d ecom position  rate constant (kd) of 
A IB -B D  is equal 5 .19  • 10"4 m in "1 and 4 .12  • 10’4 m in ’ 1 in pure D M F  and M M A ,  
respectively. The kd valu es concerning D M F /M M A  m ixtures w ere fo u n d  to be  
dep en d en t on  the m ixture com position. This d epen den ce is represented b y  a 
m on oton ically  decreasing function o f the m o n om er m o le  fraction (хм)- The  
relation kd =  f (хм) has been interpreted on the basis o f a m o d e l o f initiator 
solvation  b y  m o n om er M M A  and solven t D M F  [eqs. (11) and (12)]. The results 
obtain ed  for the D M F /M M A /A I B -B D  system  w ere com p ared  w ith  (pre
v io u sly  stu d ied ) D M F /M M A /A IB N  system .
K e y  w o rd s : m eth yl m ethacrylate radical p olym erization , azo-initiators ther
m al decom p osition , order o f d ecom position  reaction, therm al decom p osition  
rate constant, initiator solvation.

D isso lu tion  o f so lids in solvents (also includin g their 
m ixtures) d ep en d s on  the interaction forces betw een a 
solid  and  a solven t. G enerally, this interaction does not 
h ave the chem ical character and cannot be observed by  
instrum ental m eth o d s (IR, U V , N M R  etc.). Therefore the 
interaction  forces are ev alu a te d  b y  the in term ediate  
m e th o d s, w h ich  determ ine a change o f solu tion  proper
ties in relation to a solven t (vapou r pressure, the H u g -  
gin 's  coefficient, expan sion  o f m acrom olecu le coil, virial 
coefficients etc.) A n  an alogou s consideration can be ap 
plied  for evaluation  o f the influence o f so lven t on the 
properties o f so lid  d isso lv ed  in the solven t, e.g. p o ly m e 
rization initiator. This effect m a y  be visu alized  by a va 
riation o f the course o f the initiator therm al d ecom p osi
tion. In the case w h en  the therm al d ecom position  o f the 
in itia to r  is c h a r a c te r iz e d  b y  th e rate c o n sta n t (kd) 
w hereas a varied  en vironm ent b y  the m o n om er m ole  
fraction (гм ), the d epen den ce kd = ((хм) requires an in

terpretation. A  m o d el o f initiator so lvation  b y  m o n om er  
and solven t w as proposed  for the interpretation o f this 
depen den ce [1]. A ccord in g  to this m o d e l the course of 
the depen den ce kd = f(хм) in the system s 2 ,2 '-a zo iso b u ty -  
ronitrile (A IB N )/a c r y lo n itr ile  (A N ) /N ,N -d im e th y lfo r -  
m a m i d e  (D M F )  [2 ] ,  A I B N /m e t h y l  m e t h a c r y la t e  
( M M A ) /D M F  [3, 4], and  A I B N /A N /M M A /D M F  [5] 
w as explained.

Investigations o f such sy stem s, in w h ich  one o f the 
com p on en ts is varied in a d efin ed  w ay, i.e. that the sy s
tem s com prise series o f the reactions o f the sam e type  
(therm al decom p osition ), perm it the generalization in 
the description o f a so lvation  p h en om en on . A zo -in itia 
tors and m acro-azo-initiators are interesting objects of 
the investigations w ith  regard to this aspect.

The objective o f this w ork  w as experim ental determ i
nation o f the reaction order and the rate constant o f ther
m al d ecom p ositio n  o f 2 ,2 '-a zo b is(2 -m e th y l-4 -h y d ro x y -
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butyD propionate (A IB -B D ). T h e order o f therm al d eco m 
p osition  reaction, even  such a w e ll-k n o w n  initiator as 
A IB N  has not been com p letely  determ ined experim en 
tally. M o st often, the first order o f the decom position  
reaction o f A IB N  [6, 7] and its derivatives [8— 11] has 
been assu m ed .

The determ ination  o f the order w ill enable an u n iv o 
cal determ ination  o f the rate constants o f this reaction in 
pu re D M F , pu re M M A  and in M M A /D M F  m ixtures  
over the entire range o f variations o f хм  =  0— 1, that is, 
the determ in ation  of the d epen den ce kd = ffovi). Sub
sequ en tly  this w o u ld  a llo w  to interpret quantitatively  
the influence o f a m e d iu m  [1] on the d ecom position  reac
tion o f investigated initiator.

EXPERIMENTAL

The synthesis of 2,2'-azobis(2-methyl-4-hydroxy- 
butyDpropionate and other materials

(A IB -B D ) as azo-ester w as prepared b y  the Pinner's 
m e th o d  [12] in the reaction o f b u tan ed io l (BD ) w ith  
A IB N  at the m o le  ratio 10:1 according to the general 
schem e:

solu ble in the m ixtures D M F /M M A  w ith  any co m p osi
tion, and sligh tly  so lu ble  in the m o n o m e r  (M M A ).

M eth y l m ethacrylate (M erck) and N ,N -d im e th y lfo r -  
m a m id e  (Fluka) w ere pu rified  b y  stan dard  m eth od s. 
D ensities o f M M A  (g • cm "3) w ere d ^  = 0 .9434  and d JjJ = 
0.8980; (Xmma  am oun ts 1 .26 • 10"3 K "1. The D M F /M M A  
m ixtu re (хм = 0 .5 ) is ch aracterized  b y  the d en sities  
(g • cm "3): d 20 _n c = 0 .9475 and d®° _ n = = 0 .9095 w hereas°  ^M—и э  3 1 * м - и э  ,20
a *  _n 4 am ounts 1 .12 • 10 К  . The valu es я,, and a ,.лМ“и-:> XM
for other D M F /M M A  m ixtures are g iv en  in Table 2.

4 -h y d r o x y - 2 ,2 ,6 ,6 - t e t r a m e t h y l p i p e r i d i n - l - o x y l  
(H T E M P O ) (Fluka) w a s u sed  w ith ou t a further purifica
tion as the inhibitor o f the M M A  polym erization .

Measurements

The therm al decom p osition  (333K ) o f the azo  b on d  of 
the initiator in solutions w as observed b y  recording of 
the v o lu m e  o f nitrogen ev olv ed  via gaseou s burette [6] 
during the m easu rem ents, and the results w ere elabo
rated according to the p reviou sly  described m eth od  [13]. 
T h e solutions (25 cm  , 293K ) o f azo-initiator in D M F, 
M M A  and the D M F /M M A  m ixtures w ere d iluted  so lu 
tions (concentration A IB -B D  =  0 .067— 0.132 m o l • d m "3).

C N
I

C Ni
C H 3- C - N = N - C - C H 3 +  1 0 H O (C H 2) 4O H

C H 3 C H 3 

A IB N

H C I, H 20  ( -2 — + 5 ° C )  

- N H 4C1

B D

H O f  (C H 2)4-  O -  C O  O C -  O —

C H 3- C -  N = N -  C -  C H 3 

C H 3 C H 3

(C H 2) 4- O H

( 1)

A I B -B D

T h e separation  and purification o f A IB -B D  w a s per
form ed  sim ilarly  to the description in previous w ork  [8].

Telechelity o f A IB -B D  (the num ber o f -O H  grou ps per  
A IB -B D  m olecu le) equal to 2 , w as determ ined b y  the 
en d -g ro u p s m eth o d . The valu e o f p w as determ ined via 
c o m p a r is o n  o f  th e d e te r m in e d  m o le c u la r  w e ig h ts  
M n (V P O ) =  3 5 7  and M J7(G PC ) = 380 w ith  calculated M  
(theoretical) equ al to 346  and the fo llow in g  results w ere  
obtained: p (V P O ) =  1.03 and p(G P C ) =  1.1. These results 
indicate that an excess o f BD (10:1) is sufficient for the 
preparation o f m on om eric  azo-initiator (p = 1) in the re
action (1). A  function  o f the m olecular w eigh t distribu
tion (MWD) determ in ed b y  G P C  m eth od  is u n im od al, 
sym m etric and  narrow  (M w/Mn = 1.24).

The IR analysis did  not reveal the absorption band  
(2246 cm ’ 1) o f the C N  grou p  in the prepared azo-initia- 
tor. D ensities (g • cm "3) o f the liquid initiator am ou n t to 
d/20 =  1 .0267  and d/60 =  0 .9675 (extrapolated), and the 
therm al expan sion  coefficient ai =  1.58 • 10"3 K "1. The azo 
initiator is very  w ell so lu ble  in the solven t (D M F ), w ell

RESULTS AND DISCUSSION

O n e o f the m eth ods u sed  to recognize the m ech an ism  
o f the chem ical reactions is the kinetic m eth od . In rela
tion to the reaction o f therm al d ecom p ositio n  o f the ini
tiator, the kinetic equation  has the form :

- ^ [ I ] , = C [ I ] [  (2)

w here: [I]t —  the initiator concentration at any moment t, x 
—  order of decomposition reaction.

The adjustm ent o f eq. (2) to m easu rem en ts o f the v o 
lu m e of N 2 can be p erform ed through the stoichiom etric  
conversion  factor A:

[I Jo = A -V _ ;  [I ]„ -[I ] , =A-V, a n d  [I], = A (V „ -V , )

thus [7], =  A  —  V. 
dt ' df '

then w e obtain:

(3 )

(4 )

w here: Rd,t —  rate of decomposition at the time t; [I]o (mol ■ 
dm 3) —  initiator concentration at to; dVt/dt —  instantaneous 
rate of increase of the nitrogen volume; V) and V<*, —  respec
tively, the volume of N2 evolved up to time t and the total 
amount of N2 which will be evolved after the termination of 
decomposition (t —> » ) ;  к Â) —  decomposition rate constant 
dependent on the reaction order as far as the numerical value 
and the dimension are concerned.

Equation (4) for the tim es t greater than that occuring  
in the m easurem ents o f induction  tim e U, can be trans-
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form ed to the equ ation  describing the stationary rate of 
d ecom p osition  Rd,s:

R ^ = A ~ v , = k ^ - A x -v :  (5)

E quations (4) an d  (5) can be w ritten in the form s, 
respectively:

R l ,=  4 -  /  V J  =  W  -  V, У ГV - for t <  f  (6)
at

К , =  /  V J  =  C  ■ A '-1 ■ (V .)* -1 for t > t (7)
d£

The rates: instantaneous ( R^ , )  and stationary ) 
are expressed in the units w h ich  are not kinetically corre
lated. A  con clu sion  results from  eq. (7) that for x = 1, the 
d ecom p osition  rate constant w ill not be d epen den t  
on Vw (thereby on  the initial concentration o f the initia

tor [I]o).
T h e expon en t x  (the reaction order) in eq. (5), after 

fin din g the logarithm  becom es the slop e o f a straight 
line:

ln R ,s = In к ^ + х Ы А -V J  (8)

The course o f the in d ivid u al recording o f Vt =  f(f) in 
pure M M A  for three different initial concentrations of 
the initiator [I]o is sh o w n  in Fig. 1. A fter the induction  
tim e (U) w h ich  is d ep en d en t on [I]o, the stationary rate 
(Rd,s) is established. T h e stationary rate im plies that an  
increase o f  the v o lu m e  (Vt) o f N 2 becom es proportional

Ob&gg q ^ l-------------- -------------- --------------
0 100 200 300 400

t, min

Fig. 1. Nitrogen volume (Vt) (1013 hPa, 333K) in relation to 
2,2'-azobis(2-methyl-4-hydroxybutyl)propionate (AIB-BD = 
1) decomposition time (t) in 25 cm3 (293K) of the monomer 
(MM A): 1 —  [lh  = 0.1 mol ■ dm 3, V -  = 71.95 cm3, Vt = 
0.0241 ■ t - 1.1746, d(Vt/Voo)/dt =  3.34 ■ W 4 min \ П = 49 
min, CF = 0.9950; 2 —  [IJo = 0.117 mol ■ dm'3, 7 »  = 82.11 
cm3, Vt =  0.0295 ■ t - 0.6387, d(Vt/Voo)/dt = 3.65 ■ W 4 m in1, 
U =  21 min, CF =  0.9992; 3 —  [1]0 =  0.132 mol ■ dm 3, V=o = 
95.64 cm3, Vt = 0.0345 ■ t - 0.4661, d(Vt/V^)/dt = 3.66 ■ W 4 
m in1, U = 13 min, CF = 0.9994; —  experimental
points used for plotting of equation of the straight line Vt = 
f(t); Д , П , 0  — experimental points not considered for deter
mination of this equation

to the length  o f tim e. The correlation coefficient (CF) of 
the straight lines 1 ,2  and 3 am ou n ts to 0 .9 9 5 0 ,0 .9 9 9 2  and  
0.9994 , respectively.

T w o indep en den t courses o f Vt =  f(f) w ere recorded  
for five initial concentrations o f the initiator in the so l
vents D M F , M M A , and D M F /M M A  m ixture for хм = 0.5  
(Table 1, co lu m n  2). T h e linear d ep en d en ces for Vt = f(f) 
w ere obtained an alogou sly  as in Fig. 1, w h ich  a llo w  to 
determ ine a single straight line b y  the m eth o d  o f arith
m etic averaging. Such averaged equations (Table l ,  co
lu m n  4) enable the calculations o f Rd,s (Table 1, co lu m n  8) 
and su bsequ en tly  a llo w  to p lot the courses o f the de
pen den ce (8) (Fig. 2). A s  can be seen , they are the straight 
lines for all solvents (D M F , D M F /M M A  m ixture, and  
M M A )  w ith  the slop e s o f straight lines close to unit 
(0 .9673, 0 .9495 and  0.9951 respectively). This m ean s that 
the order o f A IB -B D  therm al d ecom p ositio n  can be re
co g n ized  as 0 .9 7 ± 0 .0 2  over the w h o le  sy ste m  D M F /  
M M A .

■4.21—------------------------ ------------- -------------
3.8 4.0 4.2 4.4 4.6

In V . (Vr  in cm3)

Fig. 2. Determination of the reaction order of AIB-BD decom
position according to eq. (8): 1 —  decomposition in DMF: x = 
0.9673; kd = 4.94 ■ W 4 m in1; 2 —  decomposition in the 
DMF/MMA mixture ( x a n  = 0.5): x = 0.9495; kd = 4.31 ■ 104  
m in1; 3 —  decomposition in M M A: x = 0.9951; kd = 3.84 
■ W 4 m in1

T h e determ ination o f the order (x) o f decom p osition  
reaction a llow s to determ ine u n a m b ig u o u sly  the d ecom 
position rate constant kd(x\ th rou gh  the integration o f eq.
(5), w h ich  leads to the general result for x > 1:

1
x-\ — Г  - 1v . - v j

=  k r - V ’ (9)

as w ell as to a detailed solu tion  for x = 1:

In
У„

v .- v ,
=  k:l • t (10)

The valu es o f kd determ in ed from  eq. (10) are g iven  in 
Table 1 (colu m n  10). T hese valu es, in accordance w ith  
the previous conclusion  [eq. (7)] practically are not d e 
pen den t on  [I]0 for the respective solvents.
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T a b l e  1. Thermal decomposition of the initiator AIB-BD at 333 К in the solvents: DMF, DM F/M M A mixture and M M A

d ( V. 1
No [I]o, mol ■ dm’3 Т/ 3Vo*, cm Vi = f(t), cm3 l a)ti , mm

1(T —  - M  
d t { v j

min’1
Ab) In Ra/’ In V»

Solvent: DMF (х м  = 0)

1.1 0.067 48.12 0.02221-1.7121 77.12 4.6012 0.1972 -3.81 3.87 5.2878
1.2 0.085 60.53 0.0247И.8393 74.46 4.1266 -0.2774 -3.69 4.10 4.6215
1.3 0.097 68.98 0.0306t-3.1117 101.69 4.4503 0.0463 -3.48 4.23 4.9455
1.4 0.114 80.88 0.0372t-2.4745 66.51 4.5062 0.1022 -3.31 4.39 5.1006
1.5 0.123 86.98 0.0380t-2.7785 73.12 4.3356

average: 4.4040
-0.0684 -3.28 4.47 4.7449

average: 4.9401

Solvent: MMA/DMF (х м  =  0.5)

2.1 0.073 52.35 0.0210t-0.4904 23.35 4.0207 0.1680 -3.86 3.96 4.4370
2.2 0.084 60.78 0.0222t-0.5386 24.26 3.6732 -0.1795 -3.80 4.11 4.0345
2.3 0.095 68.32 0.0262t-0.4927 18.80 3.8363 -0.0164 -3.64 4.22 4.3190
2.4 0.099 70.91 0.0266t-1.5704 59.04 3.9169 0.0642 -3.58 4.26 4.4319
2.5 0.123 88.55 0.0338t-0.7258 21.47 3.8165

average: 3.8527
-0.0362 -3.39 4.48 4.3242

average: 4.3093

Solvent: M M A (х м  =  1)

3.1 0.072 51.71 0.0185t-0.4472 24.17 3.5840 0.1489 -3.99 3.95 4.0671
3.2 0.086 61.61 0.02061-0.4433 21.52 i 3.3389 -0.0962 -3.88 4.12 3.7052
3.3 0.100 71.82 0.02351-0.7258 30.88 3.2934 -0.1417 -3.74 4.27 3.6038
3.4 0.117 84.20 0.0284t-0.5644 19.87 3.4000 -0.0351 -3.55 4.43 3.9000
3.5 0.132 95.41 0.0338t-0.6566 19.42 3.5591 0.1240 -3.38 4.56 3.9171

average: 3.4351 average: 3.8386

a) fj= -ai/ao for Vi = ao • t - ai.

b) д -  — j  ” I deviation of measurement (i) from the average taken from all measurements.

c) lnRlls = lnK. —f— I.

d) *<Г” = - l n -  
di К

dtl V_ 
V.

In Fig. 3 w e  u sed eq. (5) w ith assu m ed  x = 1, eq. (10) 
for x  =  1 experim en tally  determ ined in this w ork  and eq. 
(9) for a ssu m ed  x = 3 / 2  and x = 2. These equations utilize  
the valu es o f V t  and  from  equation o f the straight line

Fig. 3. The influence of the reaction orders in the eqs. (5), (9) 
and (10) on the kinetic relation of the decomposition of AIB- 
BD in M M A: О  —  f(V t) = V,/Voo = 3.62 ■ Iff4 - 1 - 0.89

■ -110_4; CF = 1.0000; x  =  1; k lx~v = 3.62 ■ W 4 min 

f(V t) =  I n - = 3.72 - W 4 - t -  0.9314 ■ W 4; CF = 0.9999; 

x =  1; = 3.72 ■ W 4 m in1; □  — f(V t) = 2
V -V .

- - 1

=  3.77 - W 4 - t -  0.9523 ■ 10~4; CF =  0.9998; x =  3 /2 ; kd
J

l(x=3/2)

=  3 .7 7  • W 4 mol'112- dmш - m in1; О  — f(V,) =  — 'V-f—  =3.83 
■Iff4 - t -  0.9372 ■ W 4; CF =  0.9996; x = 2; “ '
k^~2) = 3.83 ■ 10'4 mol'1- dm3- m in1 [f(Vt) was calculated on 
the basis of the straight line Vt =  0.0297 ■ t - 0.7316 presented 
in Fig. 1 (curve 2)]
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T a b l e  2. Thermal decomposition rate constant (kd) of the initiator AIB-BD in relation to monomer mole fraction (хм) in DMF/MMA 
system at 333K

XM [I]o60, mol • dm'3 n 3 u> 104 ■ k,ib), min'1 104 • к,i,е л 0, min'1 Error d), %
DMF/MMA mixtures

120 -3»*M / g • cm 103 ■ a ,  , K '1

0.00 0.067 47.68 5.2878 5.1853 1.94 0.9475 1.03
0.05 0.074 52.68 5.1053 5.0730 0.63 0.9479 1.04
0.11 0.067 47.70 4.6736 4.9523 -5.96 0.9482 1.04
0.16 0.073 51.99 4.9073 4.8618 0.93 0.9483 1.05
0.21 0.072 51.30 4.9782 4.7791 4.00 0.9484 1.06
0.27 0.075 53.46 4.6248 4.6889 -1.39 0.9484 1.07
0.30 0.071 50.62 4.4749 4.6471 -3.85 0.9484 1.08
0.41 0.074 52.80 4.7005 4.5097 4.06 0.9481 1.10
0.52 0.073 52.13 4.4370 4.3933 0.98 0.9475 1.12
0.63 0.076 54.34 4.1558 4.2939 -3.32 0.9468 1.15
0.73 0.074 52.97 4.1731 4.2161 -1.03 0.9460 1.18
0.84 0.073 52.31 4.2504 4.1438 2.51 0.9450 1.21
0.95 0.074 53.11 4.0783 4.0952 -0.41 0.9439 1.25
1.00 0.072 51.69 4.0671 4.1170 -1.23 0.9434 1.26

a) (cm3) = [lb60 ■ 683.5 • (1 + а Хм ■ AT).

” ki= .
l V j

0 Calculated for the solvation type IM-SIS-SIM according to eq. (13); = 1.56, Нм = 3.19, кем = 4.05 ■ 10"4 min'1 and км = 4.12 ■ 10"4 min'1, kss =
5.19 ■ lo o m in '1.

d) Relative error = 102 ■ (k,i - k,i,c«ic)/k,i.

presented in Fig. 1 (curve 2). Based on Fig. 3 it can be  
clearly  seen , that a ll the d ep en d en ces [f(Vt)] are the  
straight lines w ith  h igh  and sim ilar CF valu e, thereby, 
the linearity o f any o f the straight lines cannot be a crite
rion o f selection o f the order x, as it w a s assu m ed  in 
w orks [6, 9 ,1 1 ,1 4 ]  for x = 1.

C learness o f determ ination  x = 1 and k (ff~X) is the base  
for the interpretation o f the d epen den ce kd =  f (хм). The  
results in Table 1 indicate that a decline o f the constant 
A ^ _1) w as fo u n d  starting from  D M F  (хм  =  0) through the 
D M F /M M A  (хм  =  0 .5) to M M A  (хм  =  1).

Table 2 presents the average valu es o f к^ _1) from  se
veral m e asu rem e n ts (a n a lo g o u sly  to Fig. 1) over the 
w h o le  ran ge o f х м  variations obtained for practically  
constant concentration o f the initiator. It results from  Ta
ble 2 that the therm al decom p osition  rate constant (kd) of 
the initiator decreases m on oton ically  w ith the increase 
o f the m o n o m e r concentration (хм ). The ran d om  errors 
are w ith in  the relative error b o u n d a ry  ± 5 % .

The explanation  o f the observed depen den ce of kd on  
a change o f the en vironm en t is plausible on  the basis of 
the solvation  m o d el o f the initiator b y  m o n om er and  
a so lven t [1]. A ccord in g  to this m o d e l the kd is presented  
as expression:

k kM KM-[M] + ks -Ks -(S) + kMM-KMM- [M f  + 
K m -[M ] +  Ks -[S] +  K m m -[M ]2 +  

+ks s Ks s [S]1+kSM-KSM-(SHM]  
+Ks s [S]2+ K s m {S)(M]

or after the d iv isio n  o f num erator b y  denom inator:

KM-( M ] S]
— Л.дл _ T •>> + K

KS5 - [S]2- + kss

, ,  FCSM [S] [M ] 
+кзм B

в  В В

=  TIM ], + kMM [M IM ]r + (12)

+ks -(lS]r+ks s (SlS]r+kSM(SlM]r

w here: В =  Км ■ [M]  +  Ks ■ [S] + Кмм ■ [M]2 + Kss ■ [S]2 + 
Ksm ■ [S] ■ [M]; км, ks, кмм, kss, ksM (m in1) —  thermal 
decomposition rate constants of the respective solvated forms 
IM, IS, MIM, SIS and SIM Ithe concentration of these forms 
in the system amounts [IM] + [IS] + [MIM] + [SIS] + [SIM] 
= [!](), whereas the relative content is [IM]r+ [IS]r+ [MIM]r + 
[SISJr +  [SIM]r = 11; Ks, Km , Kss, Kmm  and Ksm represent 
the stability of the physical interaction of a solvent and a 
monomer with the initiator, which is proportional to the dura
tion time of the respective solvated forms; [M], [S] and [I]o —
initial concentrations of the monomer, solvent and initiator 

-3  , J(mol ■ dm' ), respectively.
The single solvated  form s IM , IS d en ote the physical 

interaction o f short-range, and the d o u b le  form s M IM , 
SIS and SIM  den ote the interaction o f lon g-ran ge. The  
m o d el [1] o f initiator solvation  exclu des the sim u ltan e
ous occurrence o f single and d o u b le  so lvated  form s of 
the sam e type (e.g. IM  and M IM ).

T h is a ssu m p tio n  sim p lifies the eqs. (11) and (12). 
T h u s, the therm al decom p osition  constant kd (Table 2) for 
pure solven t (хм  =  0) can m ean , according to the so lv a 
tion m o d el [1], that this is the constant ks or kss and  
sim ilarly in the pure m o n om er (хм  =  1) it can m ean  the 
constant км or кмм■ The rem aining data in Table 2 and  
k n ow n  initial concentrations o f the m on om er, solven t
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T a b l e  3. Determination of Км, K s ,  Кмм, K ss , K sm and ksM constants from eq. (11) by Levenberg— Marquardt's algorithm [15]

No Initial stability 
constants 0.1 1 10 100 1000

Calculated stability constants and кем

la) Ks -576.34 -7897.40 -45 923.25 680 620.80 -6 822 241.94
KM -29.53 -404.70 -2354.37 34 870.57 -349 532.62
Ksm -30.04 -411.55 -2393.04 35 469.62 -355 531.19
104 ■ ksM 1.63 1.63 1.63 1.63 1.63

2a) Ks 0.32 -0.44 -7.04 283.59 3256.21
Кмм 0.00 2.42 39.05 1.62 18.59
Ksm 0.02 0.91 14.64 15.94 183.07
104 • ksM 1.81 5.30 5.30 1.81 1.81

3a) Kss 0.26 1.14 10.00 -30.29 934.82
Кмм 0.02 0.08 0.71 1157.98 66.47
Ksm 0.53 2.37 20.88 378.23 1952.66
104 • ksM 4.05 4.05 4.05 5.41 4.05

Stability constants (calculated and relative) and ksM

4aa) KM 0.01 0.15 0.64 6.76 306.61
Kss 0.01 0.23 1.00 10.59 479.35
Ksm 0.02 0.47 2.03 21.57 976.66
104 • ksM 4.05 4.05 4.05 4.05 4.05
H ^ K ss/Km 1.56 1.56 1.57 1.57 1.56
Hm = Ksm/Km 3.19 3.19 3.19 3.19 3.19

4bb) Km 0.10 2.15 3.05 113.83 2857.75
Kss 0.16 3.37 4.77 178.25 4472.49
Ksm 0.32 6.87 9.71 363.20 9112.91
104 • ksM 4.05 4.05 4.05 4.05 4.05
H"=KsslKM 1.57 1.57 1.56 1.57 1.57
Hm = Ksm/Km 3.19 3.19 3.19 3.19 3.19

4cc) Km 11.84 117.97 925.91 12 631.08 102 641.37
Kss 18.55 184.54 1450.10 19 789.55 160 514.71
Ksm 37.80 376.00 2954.70 40 323.56 327 045.06
104 • ksM 4.05 4.05 4.05 4.05 4.05
h "=KssIKm 1.57 1.56 1.57 1.57 1.56
Hm = Ksm/Km 3.19 3.19 3.19 3.19 3.19

a> Initial ksM = 5 • 1СГ1 min’1. 
b> Initial ksM = 4 • lO 1̂ min’1. 
c> Initial ksM = 3 • 10̂ * min’1.

and initiator a llo w  to calculate the stability constants of 
the type К and  the therm al decom p osition  rate constant 
of m ixed  so lvated  form  ksM from  eq. (11).

A s  a result, the four cases are possible:
—  T h e constants kd (хм  =  1) = км = 4 .12  • 10"4 m in "1 

and кмм = 0 (the M I M  form  does not occur) and kd (хм = 
0) =  ks =  5 .19  • 10"4 m in ’1 and kss =  0 (the SIS form  does  
n ot occur); this case sim p lifies the eqs. (11) and  (12) 
bringing the system  to the solvation  type IM -IS -S IM  (Ta
ble 3 , N o  1).

—  The constant kd (хм  =  1) = кмм = 4 .12 • 10"4 m in "1 
and then км =  0 and kd (хм = 0) = ks =  5 .19  ■ 10"4 m in ’1 and  
then kss =  0 ; this case im plies the solvation  type M IM -IS -  
SIM  (Table 3 , N o  2).

—  T h e constant kd (хм  =  1) = кмм = 4 .12  • 10"4 m in ’ 1, 
км = 0 and the constant kd (хм  =  0) =  kss = 5 .19  • 10"4 m in "1 
and ks = 0 ; this is the solvation  type M IM -SIS-SIM  (Table 
3, N o  3).

—  The constant kd (хм = 1) =  км = 4 .12  • 10’4 m in "1, 
кмм = 0 and  the constant kd (хм =  0) =  kss =  5 .19  • 10’4 
m in "1 and ks =  0; this is the solvation  type IM-SIS-SIM  
(Table 3 , N o  4).

T h e calculations o f sim plified  eq. (11) for data g iven  
in Table 2 w ere perform ed b y  the nonlinear least-squares  
m eth od  according to the L evenberg— M arqu ard t's a lg o 
rithm  [15]. This algorithm  requires the assu m p tion  of 
initial (starting) valu es for calculated param eters. The  
starting valu es o f stability param eters (K) w ere im parted  
from  the range 0 .1— 1000, w hereas the starting valu e of 
the d ecom position  constant ksM w a s a ssu m ed  as 5 • 10’4 
m in "1. T h e calculation  result is reco g n ized  as correct 
w h e n  the valu es o f d eterm in ed  param eters are inde
p en den t on the starting valu es. The com p ilation  o f calcu
lation results is presented in Table 3.

A s  it results from  Table 3 (N o  1— 4), a criterion of 
constancy o f the stability param eters (type K) does not
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fulfil either o f cases. O n  the other h an d , the ratios Kss/Km  
-  H.H and  Ksm/Km  -  Нм  for the solvation  type IM -SIS- 
SIM  (Table 3 , N o  4) are in dep endent on  the assum ed  
starting valu es since they h ave been u n ivocally  estab
lished. A ls o , a change o f ksM -  5 • 10"4 m in "1 to other 
arbitrary accepted valu es does not change both the v a 
lues H^, Нм  and  a va lu e  o f the constant ksM =  4 .05 • 10’4 
m in ’ 1 (Table 3 , N o  4a , 4b , 4c).

Thereby, Ksm = 3 .19  >  Kss =  1 .56 >  for Km  = 1.0 and  
ksM = 4 .05  • 10"4 m in "1.

In such w ay, the eq. (11) takes the form :

k kM ■ KM ■ [M ] +  kss ■ Kss ■ [SI2 +  k5M ■ [S] ■ [M ] _  

X m [M ] +  K s s [S]2 + K s m [S ] [M ]  

kM ■ [M ] +  kss ■ H "  ■ [S]2 +  kSM ■ H M ■ [S] ■ [M ] _

[M] + H "  [S]2 + H M [S] [M]
= kM ■ [IM )r +  kss ■ [SIS]r +  km ■ [SIM ], (13)

w h ich  contains the experim entally  determ ined values of 
kd (хм), км and  kss, and  calculated H^, Нм  and ksM (Table 
3, N o  4a , 4b , 4c). T h e determ ination  o f the relative con 
tents o f the solvated  form s as a function o f the m o n o -  
m e r /s o lv e n t  com p osition  is possib le from  the fo llow in g  
equations:

[IM], = 

[SIS], = 

[SIM], =

[M]
[M ] + H " [S]2+H M [S][M]

H^-tS]2
[M] + H " [S]2+H M [S][M]

Hm [S][M]
[M] + H/ / -[S]2+H m [S]-[M]

(14)

(15)

(16)

The n um erical valu es H^, Нм  and ksM can be also  
con firm ed b y  the linearization o f eq. (13):

u „  HM -(kSM - k dH S H M ]H k M -fc„)-[M] 
(fc„-fcssHS]2

(17)

T h e  d e p e n d e n c e s  o f  H^ o n  the c o n se cu tiv e ly  as
su m e d  v alu es o f Нм  for variou s com p osition s o f the 
m o n o m e r /s o lv e n t  m ixture and different valu es o f ksM 
form  the pen cil o f  the straight lines. T h e intersection  
points o f these straight lines determ ine a valu e pair H ^  
and Н м  at a g iven  ksM■ Figure 4. illustrates this m eth od . 
The results obtained according to the algorithm  [15] (Ta
ble 3 , N o  4) and  b y  the m e th o d  o f the pencil o f the 
straight line (Fig. 4) are in a com p lete agreem ent for the 
IM -S IS -S IM  solvation.

A n  e sta b lish e d  ty p e  o f th e in itiator so lv a tio n  in  
M M A /D M F  system  correlates w ith  the experim ental ob 
servation o f initiator (A IB -B D ) solubility, w h ich  is very  
g o o d  in D M F , g o o d  in the D M F /M M A  and poor (in com 
plete) in M M A .

The relative contents o f so lvated form s [IM ]r, [SIS]r 
and [SIM ]r according to eqs. (14)— (16) as a function of 
хм  are sh o w ed  in Fig. 5. The courses o f these functions  
[IM ]r =  f (хм), [SIS]r =  f (хм) and [SIM ]r =  ((хм) determ ine  
a character o f variability o f the fo llow in g  products: км 
■ [IM ]r =  fО ш ), kss ■ [SIS]r =  f (хм) and ksM • [SIM ]r = ((хм),

Fig. 4. Determination of constants H ^  and Нм from eq. (17) 
for ksM = 4.05 ■ 10"4 min"1; solvation type IM-SIS-SIM

w hich are the com p on en ts o f eq. (13) (км = 4 .12  • 10’4 
m in ’ 1, kss = 5 .19  • 10’4 m in '1 and ksM = 4 .05  • 10"4 m in ’ 1). 
These com p on en ts represent the variable fractions o f the 
respective solvated form s in the g lobal dep en d en ce kd = 
f (хм) (eq. 13).
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Fig. 5. Dependence of the relative content of solvated forms 
[IMJr, [SIS]r and [SIM]r on the monomer mole fraction (хм) 
according to eqs. (14)— (16) for HH =  1.56, Нм = 3.19, ksM = 
4.05 ■ W 4 min4 , км = 4.12 ■ W 4 m in1 and kss =  5.19 ■ W 4 
m in1

A  com p arison  o f the experim entally  determ in ed d e 
pen den ces o f kd = ((хм) (Fig. 6, experim ental points) w ith  
the depen den ces calculated according to the solvation  
m o d e l (IM -S IS -S IM ) (Fig. 6 , fu ll lin es) d em on strates  
a co m p le te  a greem en t o f b oth  in v estig a ted  sy ste m s: 
D M F /M M A /A I B -B D /6 0 ° C  (Fig. 6a) and the p reviou sly  
described system  [3, 4] D M F /M M A /A I B N /6 0 ° C  (Fig. 
6b).

This com p arison  reveals that a replacem ent o f the 
A IB N  b y  A IB -B D  as initiator changes a character o f the 
depen den ce o f the therm al d ecom p ositio n  rate constant 
(kd) on  the com p osition  o f the D M F /M M A  m ixture. In 
the D M F /M M A /A I B N  sy ste m  the re lation sh ip  kd = 
f(хм) is characterized b y  a distinct m in im u m  for хм  =
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Fig. 6. Solvation model of the IM-SIS-SIM type. The depend
ences of the global rate constant (kd) calculated from eq. (13) 
(full lines) and the partial decomposition rate constants of the 
solvated forms according to eqs. (14)— (16) (dashed lines) on 
the composition of the monomer —  solvent mixture (хм) (•  
—  experimental points): a —  DMF/MMA/AIB-BD/60°C:
= 1.56, Нм = 3.19, ksM = 4.05 ■ W 4 m in1, км = 4.12 ■ 104  
m in1, and kss = 5.19 ■ 104 m i n 1; b —  DMF/MMA/ 
AIBN/60°C: H11 = 0.02, HM = 0.31, kSM = 4.2 ■ W 4 m in1, kM 
= 7.2 ■ 10 4 m in1 and kss = 6.45 ■ 104 min 1 [3, 4]

0.15— 0.25 , w h ereas for the D M F /M M A /A IB -B D  system  
this relationship declines m on oton ically  from  the value  
kd (хм = 0) =  kss = 5 .19  • l o o m i n '1 to the valu e kd (хм = 1) 
=  км =  4 .12 • 1 0 '4 m in ’ 1. The sam e type o f solvation  oc
curs in both  sy stem s, that is the SIM  solvation  form s  
exist besides IM  and SIS. For the D M F /A IB -B D /6 0 °C  
system  in spite o f the presence o f the SIM  fo rm , the 
dep en d en ce kd = f (хм) (Fig. 6a) d oes not sh o w  the m i
n im u m  u su ally  occuring in such cases [3, 4] (Fig. 6b). 
T h e  s o lv a t io n  fo r m s  o f  th e  A I B N  in itia to r  in  th e  
D M F /M M A  m ixture h ave higher valu es of the therm al 
d ecom p ositio n  rate constants (kss = 6 .45 ■ 10"4 m in ’ 1, км =
7.2 • 10 ’4 m in '1 and ksM = 4 .2  • 10’4 m in ’ 1) in com parison  
w ith  the form s o f the initiator A IB -B D , for w h ich  kss = 
5 .19  • 10’4 m in "1, км =  4 .12  • 10"4 m in '1 and ksM =  4 .05  
• l o o m i n '1.

A  change o f the initiator also causes the differences in 
the stability constants (relative). H en ce, in the D M F /  
М М А / A IB N  system  = Kss/Км =  0 .02 , Нм = Ksm/Km 
= 0 .31 , w hereas in the D M F /M M A /A I B -B D  system  = 
Kss/Km  =  1 .56 and Нм = Ksm/Km  = 3 .19 . These results 
reveal that the solvation  form  (SIS) o f the A IB -B D  initia
tor w ith  D M F  is about o f tw o orders o f m agn itu d e m ore

stable, w hereas the solvation  form  (SIM ) w ith  the m ixed  
so lven t is o f one order o f m agn itu d e m ore stable than the 
analogous form s form ed  w ith  A IB N .

CONCLUSION

T h e reaction o f therm al d ecom p ositio n  o f the A IB -B D  
initiator in various solvents (D M F , M M A , and  D M F /  
M M A  m ixtures) proceeds according to the kinetics o f the 
first order (Fig. 2) w h a t can m e a n  that a h o m o ly tic , 
p seu d o -m o n o m o lecu la r  d ecom p ositio n  o f the azo  bon d  
takes place, sim ilarly  as in A IB N  [16].

The establishm ent o f the d ecom p osition  order a llow s  
to determ inate u n am b ig u ou sly  b y  the constant kd for all 
com positions o f the D M F /M M A  m ixtures (Table 2).

The linearity o f eqs. (9) and (10) takes place for any  
order w ithin the range 1 <  x < 2 (Fig. 3). The effect o f a 
change o f the initiator in the m o n o m e r /so lv e n t/in itia to r  
system  prom otes the investigations concerning the influ 
ence o f the en vironm ent on the therm al d ecom position  
o f other initiators.
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