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The polymerizations of styrene initiated by 2,2’-azobisisobutyronitrile have been carried out in the presence
of various organic hydroperoxides, scuh as 1,1-dimethylethyl (I,), 1,1-dimethylbutyl (I), and 1-methyl-1-phenyl-
ethyl hydroperoxides (I.) at 60°C. The polymerization rate increased with the concentration of I but

became rather retarded with that of I, and I.

This phenomenon can be explained by the difference in

the radical induced decomposition for the hydroperoxides. The hydroperoxide (I.) decomposes with a radical
displacement on the peroxide bond; however, I,, and I,, in addition to this reaction, decompose with
the radical hydrogen abstraction of the hydroperoxyl group. The peroxyl radical formed (ROO-) sub-

sequently gave rise to a primary radical termination.

So far, many investigators have been interested in
the decomposition of hydroperoxides (ROOH) which
are significant substances as initiators for radical
polymerization and intermediates in autoxidation
processes? and biological systems.? However, the
decomposition of hydroperoxides has not yet been
made sufficiently clear. The decomposition mech-
anism of hydroperoxides is much more complicated
than those of the other types of peroxides, i.e., dialkyl
peroxide, diacyl peroxide and peroxyester.? For
instance, the apparent rate constants for the decomposi-
tion reaction are considerably influenced by the
structure and concentration of hydroperoxides, and on
solvents.¥ This phenomenon has been attributed to
the possibility that different types of decompositions
occur simultaneously in the reaction. In addition to
two types of homolytic radical decompositions, i.e.,
uni- (Eq. 1) and bimolecular decompositions (Eq. 2),

ROOH — RO- + -OH (1)
2ROOH — RO- + H,0 + -OOR @)

hydroperoxide decomposes with the following molec-
ularly assisted homolysis (Eq. 3) and epoxidation

(Eq. 4) in the presence of styrene (M). Furthermore,

ROOH + M — (MOH)- + RO- (3)
PASN

ROOH + M — C,H,;CH-CH, + ROH )

two types of radical-induced decompositions (direct
attack on the peroxide bond (Eq. 5) and hydrogen
abstraction of the hydroperoxyl hydrogen atom (Eq.
6)), have also been postulated regarding the poly-

N + ROOH —— NON (polymer) + RO- (5)
N + ROOH — NH (polymer) + ROO- (6)

merization of styrene (N is polystyryl radical.).3:5.®
For these reasons, the behavior of hydroperoxides in
the polymerization process has not been fully
understood.

Quantitative information concerning the decom-
position of hydroperoxides was obtained by several

kinetic studies on the polymerization. Johnson and
Tobolsky? reported apparent chain-transfer constants
of 1,1-dimethylethyl (I,) and 1-methyl-1-phenylethyl
hydroperoxides (L), 0.035 and 0.063, respectively.
They did not recognize any difference of polymeriza-
tion activity with the structure of hydroperoxide. A
retardation of the polymerization rate has been
observed for a high concentration of I.. Walling and
Heaton explained this phenomenon kinetically by
assuming a chain transfer of polystyryl radical with an
L dimer to yield an unreactive species.® In this work,
we studied kinetically polymerization in the presence
of hydroperoxide using 2,2’-azobisisobutyronitrile
(AIBN) as an initiator at 60 °C. The homolytic and
ionic decompositions of Eqgs. 1—4 are minimized
under this experimental condition; the hydroperoxide
may be mainly consumed with radical induced
decompositions of Eqs. 5 and 6, i.e., chain-transfer
reactions.

Results and Discussion

Kinetic Scheme. The bulk polymerization of sty-
rene initiated by AIBN at 60 °C has been achieved in
the presence of three hydroperoxides (I); the kinetic

ROOH=R,R,R.,COOH (I)
Ia: 1,1-dimethylethyl hydroperoxide (R,=R,=R.=CHj,)
Ip: 1,1-dimethylbutyl hydroperoxide (R, =R,=CH,,
R.= ”'CaH7)
L:: l-methyl-1-phenylethyl hydroperoxide (R,=R;,=CH,,
Rc——-CsHs)
data are shown in Table 1. The overall scheme for the
polymerization can be given as follows.
Decomposition of the initiators:

2fika,[AIBN], ™

where R; is (CH3)2C-CN, fi, fraction of primary
radical (R:) escaping from solvent cage, k41, decom-
position constant of AIBN. Chain initiation by the
hydroperoxide is based on the reaction of Eqs. 1—3;
however, only the bimolecular reaction between the

AIBN —— 2R, + nitrogen
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hydroperoxide and styrene (Eq. 3) becomes impor-
tant in bulk polymerization at lower temperatures.
Tobolsky and Matlack found that the rate of chain
initiation (R;) from hydroperoxide could be inter-
preted as bimolecular reactions of several types as
shown in Eq. 8:9

R; = kaz[ROOH][M] + K'4;[ROOH][X] 8

Here, X is a specific solvent, and k42 and k’42 are rate
constants of bimolecular reactions, respectively. In
bulk polymerization of styrene, the second term of the
right-hand side in Eq. 8 can be neglected.

Chain initiation:

Table 1. Polymerization of Styrene at 60 °GC

[ROOH] [AIBN] [M] 105R, _
mol I-1 mol 1-1 moll-! moll-1s1
None 0 0.0239 8.31 9.48 588
0 0.01194 8.33 7.35 787
0 0.00478 8.34 4.02 1332
0 0.00239 8.34 2.70 2011
I. 0.240 0.0239 8.10 7.58 274
0.192 0.0239 8.14 7.04 309
0.192 0.0239 8.14 7.07 315
0.0973 0.0239 8.22 7.90 412
0.0502 0.0239 8.26 8.85 502
0.0235 0.0239 8.29 8.86 593
0.240 0.00478 8.13 4.38 361
0.191 0.00478 8.17 4.36 430
0.0957 0.00478 8.25 3.96 681
0.0497 0.00478 8.29 4.00 942
0.0249 0.00478 8.32 4.31 1130
0.193 0 8.18 2.92 595
I 0.193 0.0239 8.09 7.04 281
0.1446 0.0239 8.14 8.08 327
0.0965 0.0239 8.20 8.04 401
0.0484 0.0239 8.25 8.58 471
0.0239 0.0239 8.28 9.07 548
0.239 0.00481 8.07 4.38 318
0.191 0.00481 8.12 4.28 385
0.1431 0.00481 8.17 4.36 446
0.0960 0.00481 8.23 4.38 606
0.0475 0.00481 8.28 4.71 831
0.0241 0.00481 8.31 4.22 1081
0.191 0 8.13 3.16 455
0.0960 0 8.24 2.27 916
0.0480 0 8.29 1.69 1592
I 0.192 0.0239 8.03 10.00 222
0.0962 0.0239 8.17 9.89 327
0.0490 0.0239 8.24 9.33 424
0.0243 0.0239 8.27 9.33 506
0.192 0.00478 8.06 6.60 250
0.0956 0.00478 8.20 5.51 433
0.0499 0.00478 8.26 4.45 652
0.192 0 8.06 5.74 260
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R+ M — N,  kpn[R,][M] 9)
R+ M — Ny kpre[R,][M] (10)
Ry + M — R, kpes[R5][M] (11)
Ri+ M — N;  kp[R,][M] (12)
Ry + M — Ny kpr[Rs][M] (13)

where k,; is rate constant for the addition of primary
radical, R; (R;=RO., R3=ROO., R4=(MOH)-, and
Rs=ROOCH:CHCsHs) to styrene and N; is the
polystyryl radical of j monomeric units. Walling and
Heaton suggested that 60% of the I1-phenyl-2-t-
alkylperoxyl ethyl radical (Rs) arising from Eq. 11
should yield styrene oxide in pure styrene at 70 °C.9
The y-scission of Rs in Eq. 15 competes with the
addition to styrene (Eq. 13):

ACN
R; — RO- + CH,-CHCH;  k,[R;] (15)

Here, k, is rate constant of the p-scission. The 2-
cyano-2-propyl? and alkoxyl radicals!® of R; and R2
are very reactive against styrene, and R4 and Rs have
the similar reactivity as polystyryl radical. The
peroxyl radical of R3 is most stable compared with the
other radicals.

Propagation:

N, + M — Noyy  kp[N][M], (16)

where k, is propagation rate constant.
Chain transfer:

N, + M — N, + polymer  k,n[N][M], (17)

where kum is rate constant of transfer to styrene.
Equations 5 and 6 are chain transfer to the
hydroperoxide and the rates may be written respec-
tively as:
Rate of attack on the peroxide bond =k,,p[N][ROOH]
(18)
Rate of hydrogen abstraction =k,,z[N][ROOH], (19)

where kup and k.u are the rate constants, respectively.
Termination:

k[N] (20)
Ruprs[N][Ry] 21)

where k, is the rate constant of termination between
polymer radicals, and ki3 is the rate constant of a
primary radical termination between polymer and
peroxyl redicals. Here, only the most stable peroxyl
radical is considered to participates in a primary
radical termination under these polymerization condi-
tions.1?
The polymerization rate is written:

Ry = kp[N][M] + kpry[Ry][M] + kprs[R][M]
+ kprs[Rg][M] + kprs[R4][M]
+ kprs[Rs][M] = kp[N][M] (22)

N, + N; —— polymer
N, + R; —— polymer
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The average chain length, 7, is written:
kp[N][M]

R [N12 -+ kerm[N][M] +kerp[N1IM] + kuprs[N1[R4]
+keru[N][M]

n=

(23)

Material balances under steady state condition give:

d[dl:l] = 2f1ka;[AIBN] — kpry[R,][M] = 0 24)
dEth{a] = kgs[ROOH][M] + k,[R5] + kp[N]J[ROOH]
— kpra[Ro][M] = 0 (25)
dEal}ﬂ = kn[N][ROOH] — kipes[R,][N]
- kDra[RS][M] =0 (26)
d[dp;‘] = kga[ROOH][M] — kpry[R,][M] = 0 @7
dliil:S] = kprs[Ra][M] - kr[Rs] — kprs[Rs][M] =0 (28)
d[N
(5‘ 1 - kpra[Ry1[IM] + kpra[Re][M] + kpr [R,J[M]

+ kors[R][M] — k:n[N][ROOH]
— kuep[NJ[ROOH] — kuprs[N][R;] — R,[N]?
(29)

Polymerization Initiated by AIBN. Data on a
polymerization initiated by AIBN in the absence of
hydroperoxide are analyzed by the conventional
relationship between 7 and R,.?

ktrl‘ + .EQRP

ky ko [(M]? (30)

1
-

Now, we obtained kum/k;=6X10-5 and ki/ky?=1130
mol s 1-1; the former is the same value as that of
Johnson and Tobolsky, the later is between 840 and
1350 mol s 1! in Ref. 12. The value of fika1 for AIBN
was found to be 3.1X10%s-! from the wusual
polymerization rate equation.”

Polymerization Initiated by Hydroperoxide. The
relationship among R, [M], and [ROOH] involving
primary radical termination in the polymerization
initiatedy a hydroperoxide is given by the following
equation:
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E.R,?

— op,. — Akiprskien/kothoes) (Ry/[M]?)*
kJ[MP[ROOH] =~ %

T+ (Fupral kokpes) (Rp/ MT)
(31)

The second term of the right-hand side in Eq. 31
shows the retardation of the rate based on a primary
radical termination of the peroxyl radical. The value
of the left-hand side in the equation approaches 2kq2
when (R,/[M]?)? is sufficiently close to zero. Figure 1
shows plots of In (k:R;%/ k[ MIF{ROOH)]) vs. (R,/[M]2)?
using the data from this work, the referencess-1® and
the ka2 values obtained from the intercept of the plot
(Table 2). The values of k42 for I, were found to be
6.1X10-%s-1 at 60°C and 8.4X10-9s-1 at 70°C,
respectively.

The apparent chain transfer constant, k«c/kp, can be
obtained from the conventional relationship between
7, Ry, [M], and [ROOH]:®

ktrC

keo _ _[M] (1__/:,,,.
k, [ROOH]\ 7 &,

(32)

k.R, )
X

The values of kiyc/kp, were found to be 0.048 for L,
0.065 for I and 0.117 for I, respectively, from the data

in Table 1. The value for I, is between 0.035 at 60
°C" and 0.064 at 70°C.9

~ . —0— O —
oot
o 8
4
23 gi
U <?‘;%A;\A\
& @
-19 F
2:0 4:0 6..0 8.0

(Rp[M]-2)2/1018 12 mol—2 s—2
Fig. 1. Determination for chain initiation rate con-
stants of some hydroperoxides: O, I, at 60°C; O, I,
at 70°C; A, I, at 60 °C; [J, I at 60 °C; Closed circles,
this work; Open circles, the data of references.5:12

Table 2. Various Rate Constants in the Polymerization of Styrene Initiated by
AIBN in the Presence of Some Hydroperoxides at 60 °C

108 kprakuﬂ
104 hay 10%s;  hum ( kure-2hers kur Kapes
ROOH s-1 s-1 ky kp ) ky 1s mol-1
From Eq. 34. From Eq. 36.
I. 2.3 6.1 0.025 0.09 0.040 1.2 1.7
Ip 2.3 6.4 0.028 0.11 0.054 1.4 1.8
I 2.3 22 0 0.117 0.117 — —_—




3964

Polymerization Initiated by AIBN in the Presence of
Hydroperoxide. The relationship among R, [M],
[AIBN], and [ROOH] in the polymerization initiated
by AIBN in the presence of ROOH is

koRy? =
VAN 2f1kay
k.ru[N]
+ 2 (kdz[M] - 1 + kpra[M]/ktpl's[N] )
[ROOH]
X AIBN] >

When the value of ki,3[N][Rs] is larger than that of
kps[R3][M], because 1/(1+kpa[ M)/ kips[ N])=(1—kps[ M)/
kyp3[N]), Eq. 33 becomes:

T
i 10.0
]
A Sl
— 5.0 A
2 PR
o |8
2|2
e | 0
=z,
“ﬂ.
2
10 20 30 40 50 60

[ROOH]J[AIBN]!

Fig. 2. Application of Eq. 34 to the data in the
polymerization of styrene initiated by AIBN in the
presence of I, at 60°C: A, [AIBN]=0.0048; O,
[AIBN]=0.0239 mol 1-}; ——, Curves calculated by
Lagrange’s interpolation method, using the values

of Table 2.
T,

‘:’5 10.0

N

10 20 30 40 50
[ROOH][AIBN]!

Fig. 3. Application of Eq. 34 to the data in the
polymerization of styrene initiated by AIBN in the
presence of I, at 60°C: A, [AIBN]=0.0048; O,
[AIBN]=0.0239 mol 1I-; —, Curves calculated by
Lagrange’s interpolation method, using the values
of Table 2.

kiR2
kMP[AIBN]
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kRt _
kR [M]2[AIBN] 2fikar
_ kunRv kprakcrﬂ[M]
+2 (kM) Ml T Ko )
[ROOH]
X AN .

The second term of the right-hand side in Eq. 34
shows chain initiation by hydroperoxide which
depends on the polymerization rate (R,). Figures 2—4
show plots of the values of the left-hand side in Eq. 34
against [ROOH)/[AIBN] at two concentrations of
AIBN. The plots give a linear line for I, but two
linear-like curves for I, and I, respectively. The
former increases linearly with [ROOH]/[AIBN].
However, the later remarkably decreases with [ROOH]/
[AIBN] at a higher concentration of AIBN (higher
polymerization rate) and distinctly shows a retarda-
tion owing to the hydroperoxide. The value of fika
was obtained from the intercept of the curves (shown
in Table 2). Furthermore, the values of kun/k, and
kpskun/ kipes for L and I, were estimated from Eq. 34 by
a least-squares method using values of fika1 and ka2
(also shown in Table 2). Using these values, the solid
curves in Figs. 2 and 3 could be simulated using
Lagrange’s interpolation method. The value of k42 for
I. obtained from the slope of the staight line in Fig. 4
was found to be 1.6X10-8s-1,

The relationship among 7, Rp, [M], and [ROOH] is

1 _ L n [km' ( 2kipr3[N] + kpes[M] Viru ][ROOH]
n ky ky kiprs[NT +hpes[M] /) &y M]
kRp
+ ——_-kpz[M:Ig (35)

The second term of the right-hand side in Eq. 35
exhibits a dependence on the chain length for chain
transfers to hydroperoxide and the primary radical
termination of the peroxyl radical. This term changes

T
i 15.0
=)
T
Z .ol
o E
K
e | &
E 5.0 p
<~
1‘0 2.o 30 40 50
[ROOH][AIBN]?

Fig. 4 A plot of ERy2/kMP[AIBN] vs. [ROOH)/
[AIBN] for the polymerization of styrene initiated
by AIBN in the presence of I, at 60°C: A, [AIBN]=
0.0048: O, [AIBN]=0.0239 mol I-1.
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largely with the relationship between k[ N][R3] and
kps[M][R3]. When the value of ki3[N][Rs] is larger
than that of kn3[M][Rs], because (2keps[N]+kps[M])/
(k[ NTHkps M1)==(2—kpa[ M)/ kips[ N]), Eq. 35 becomes:

1 hux + (kch+2kun_ korskien[M]? \[ROOH]
n ky ky kipesRy ) [M]
kR,

" M (36)
When k[ N)[Ra]<kps[R3][M], the value of (2kips-
[NJHkps[M])/ (ks N+ kps[M]) changes slightly with
the value of ky3s[M)/kyps[N]: For example, it is 1.5
when kpa[M]=k:x3[ N}, and 1.0 when ks M]1Z=>>k s N].
The values of (1/i—kum/ky—ERp/ kA MIE)[M]/[ROOH]
rearranged from Eq. 36 are plotted against 1/R;, for I,
and I, in Figs. 5. and 6, respectively. The figures show
that the value of (1/7—kum/ky—kRy/ kIM2)[M])/
[ROOH] decreases with increasing 1/R;, and apro-
aches to a nearly constant value near the value of
3.0X1041s mol-! where kius[N]=kps[M]. The values

[M]
[ROOH]

kR,

klrM

—|IR 1.0 2.0 3.0 4.0 5.0
R,~1/1041s mol—!

Fig. 5. Application of Eq. 36 to the data in the
polymerization of styrene initiated by AIBN in the
presence of I, at 60 °C: 0, [AIBN]=0; l, [AIBN]=0
(the data of Baysal and Tobolsky!®); A, [AIBN]=
0.0048; O, [AIBN]=0.0239 mol 1-1,

—
55
15 b
E S 015
4
/-\‘_‘
o & 0.0
-
| N o
2
0.05 b 0 o—
| See.
b3
= a
<
|
—_ I 2 " . . — N N
<~ 1.0 2.0 3.0 4.0 5.0 6.0

R,~1/1041 s mol-!

Fig. 6. Application of Eq. 36 to the data in the
polymerization of styrene initiated by AIBN in the
presence of I, at 60°C: OJ, [AIBN]=0; A, [AIBN]=
0.0048; O, [AIBN]=0.0239 mol 11,
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of (kupt2kun)/ky and kpskun/ ks are estimated from
the intercept and slop of Figs. 5 and 6 (Table 2). The
value of (1/i—kun/ky—k:Ryp/ kp(M]2)[M]/[ROOH] for
I. is constant against 1/R, and the value of
(kurt2ken)/ky was found to be 0.117. The values of
kup/kp were calculated using the data in Table 2.

Table 2 summarizes the rate constants in the
polymerization of styrene initiated by AIBN in the
presence of hydroperoxide at 60 °C. The same values
of fika for three hydroperoxides agree with those for a
polymerization initiated only by AIBN. The values of
ka2 and kyp/kp for L are larger than those of I, and Is.
The value of kup/k, for I, agrees reasonably well with
0.39 of kuc/ky for 1,1-dimethylethyl deuterioperox-
ide,® which hardly seemed to undergo a deuterium
abstraction reaction of the deuterioperoxyl group.
The value of kun/kp for I, is almost similar to that of
I, but is very different with that of I.. The values of
kowsken/ kiprs for I, are almost similar to those of I, in
the cases in Egs. 34 and 36; the values obtained from
Eq. 34 are approximately equal to those from of Eq.
36. The values of ku3kp/kips calculated from the data
in Table 2 were found to be in the range 5 to
7X10-71s mol-1. These values are hardly influenced
by the structure of the hydroperoxides and are much
smaller than those of benzoyl peroxide and AIBN at
60 °C.19 The bimolecular reaction between radicals is
diffusion controlled; this result indicates that the rate
constant (kp3) for the addition of the t-alkylperoxyl
radical to styrene is one to six-hundredth as large as
those of the primary radicals from benzoyl peroxide
and AIBN. In fact, a rate constant of 1.3 1 mol-1s-1 for
the addition of the 1,1-dimethylethylperoxyl radical to
styrene at 30 °C was reported!® to be much smaller.
than 55 mol-1s-! of the polystyryl radical. The ratio
of the addition to styrene against the primary radical
termination for t-alkylperoxyl radical was found to be
in the range 0.3 to 1.2 in this work. Thus, the
unexpected behavior of I, and I, may be sufficiently
explained by the usual primary radical termination
between polymer and peroxyl radicals!® without
assuming a chain transfer with the hydroperoxide
dimer to yield unreactive species.9 The phenomenon
of inhibition and retardation in polymerization by
traces of molecular oxygen may also be explained by
the termination between the polymer radical and the
peroxyl radical formed.1®

In conclusion, the rates of the styrene-assisted
homolysis and the radical displacement reaction on
the peroxide bond of the hydroperoxides are
considerably influenced by the structure of hydro-
peroxides, and the oders in the both reactions:
I >1.17 A radical hydrogen abstraction reaction
by polystyryl radical was observed for t-alkyl
hydroperoxides (I. and I), but not for a-aryl-
substituted s-alkyl hydroperoxides (L).
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Experimental

Materials. The commercial products of I, and I, from
Nippon Oil & Fats Co., Ltd. were distilled under reduced
pressure. The commercial product of I from Nippon Oil &
Fats Co., Ltd. was purified by isolation of the sodium salt,
regeneration of the hydroperoxide by carbon dioxide and
vacuum distillation. The distilled materials were shown to
be 97—99% pure by iodometric titration. The commercial
product of AIBN was purified by recrystallization. Styrene
was fractionated under reduced pressure, stored at —20°C
and used within 24 h.

Procedure. Styrene and initiators were put in a glass
ampoule and degassed under reduced pressure by the freeze-
thaw technique. The polymerization of styrene was carried
out at 60.0£0.2°C. The conversions were estimated by gel
permeation chromatography (GPC). Ultimate conversions
were less than 10%. The average molecular weight of
polymer was estimated by GPC.
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