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Abstract : The polycyclic aromatic halogen compounds have been used as retarders for the
2,2'-azobisisobutyronitrile (AIBN) catalyzed polymerization of styrene, All retardation
experiments were carried out under vacuum (~107° mmHg) with a carefully degassed
solution, The rate was measured dilatometrically. Four of twenty compounds tested showed
retardation effects. The obtained reactivity data of styrene polymerization were examined

in the light of the Fukui's frontier electron density method. The results are as follows :
dln(M)

Todt

per sec. 2) The Kx value of 9-bromoanthracene is larger than that of anthracene. 3) The

=R, =8855x10"" (AIBN)'’? percent

1) The unretarded rate was determined as : —

compounds not possessing the mesomeric position do not shown any retarding effect for
styrene polymerization. 4) The Kx values of 1-chloroanthracene and 2-chloroanthracene
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are smaller than that of anthracene. 5) The Sr(or Sr’) value of the retarder, generally,

explained reasonably the reactivities of the retarders, The Sr and Sr values of the polycyclic

aromatic halogen compounds which show retardation effect are larger than about 1.31 and

0.94, respectively.

INTRODUCTION

One of the principle characteristics of free radical
chain reactions is that their rates can be drastically
reduced (even stopped) by the addition of less
than stoichiometric amounts of certain materials
to the reacting system. Among the materials
known to inhibit or retard such processes are
aromatic amines and phenols, aromatic nitro
compounds and some of the condensed compounds,
It is apparent that the extent to which the over
all rate is altered might be conceived as a measure
of the reactivities of the additive molecules. In
order to place such reactivities on a quantitative
basis theoretically and empirically, it is desirable
to investigate kinetics of a reaction for which
a rate constant can be easily determined. The
rate constant should be the one for the reaction
step removing the additive from the reacting
system,

In 1950, Bartlett and Kwart' and Kice’ have
carried out measurements on the effects of additives
on the vinyl polymerization rate by means of
a dilatometric technique rendered highly precise
by the large volume changes accompanying the
reaction. This aspect of dilatometry and the very
elegant and successful kinetic treatment which
Kice devised for the retarded methyl methacrylate
(MMA) polymerization makes this system a
prior an ideal one for the present purposes. Kubin®
and Ihrig et al* have studied a variety of retarders
including phenols and aromatic amines. Ihring
and Sood’ have investigated the effects of the
condensed ring hydrocarbons on the retardation
and inhibition of styrene and MMA polymerization.
The polymerization rates were also measured
dilatometerically,

Futhermore, Kim® has studied the effects of
twenty retarders of various heterocyclic nitrogen
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compounds on the AIBN catalyzed polymerization
of styrene, Recently Szakacs, Sander et al.” have
investigated the kinetics of polymerization of
styrene initiated by AIBN at 507 in the presence
of a-aryl-N-phenylnitrones,

In this work, a variety of polycyclic aromatic
halogen compounds were tested as polymerization
retarders in the AIBN catalyzed polymerization
of styrene, The rates were determined vacuum
dilatometrically., All experiments were carried
out at 45C in a dark room in order to avoid
the effect of the ultra-violet. The results were
analyzed by using a modified a Kice’s kinetic
scheme’ and were treated theoretically by the
“frontier electron density” method of Fukui®’

EXPERIMENTAL

Materials

Styrene : Wako company, The styrene was washed
several times with a 2 percent sodium hydroxide
solution, distilled water, a 2 percent sodium thiosulfate
solution, and finally with distilled water until
the washings became neutral, This material was
then dried over calcium chloride and left to stand
overnight in the refrigerator.

The dried styrene was fractionally distilled
in a long column-20 inches long and 24mm inside
diameter, The distillation was carried out under
a reduced pressure and nitrogen atmosphere. The
nitrogen was purified with pyrogallol-sodium
hydroxide solution, distilled water, concentrated
sulfuric acid, and silica gel to remove moisture
and oxygen. Only the constantly boiling middle
fraction was collected. The typical middle fraction
was distilled at 52°C under the pressure of the
system at 25Torr of mercury. The collected styrene
was stored in a refrigerator in a round bottle
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and used within one week, 2,2 -azobisisobutyronitrile
(Aldrich Chemical Co.) was purified by recrys-
tallization several times from methyl alcohol,
only the first crop of crystals was collected in
each crystallization, They were dried in a vacuum
dessicator and stored under refrigeration and
recrystallized every three weeks, 1-chloroanthracene
(Aldrich Chemical Co.,) was recrystallized twice
from methyl alcohol, producing yellow needles
(m. p. 835 ). 2-chloroanthracene (aldrich Chemical
Co.,) was recrystallized twice from carbon tet-
rachloride, The crystals are yellow needles(m.
p. 215-223C). 9-bromoanthracene (Aldrich Che-
mical Co.,) was recrystallized twice from methyl
alcohol producing yellow needles (m.p, 97-99C).
9-bromofluorene (Aldrich Chemical Co.) was
recrystallized twice from methyl alcohol. The
'crystals were long yellow needles (m.p. 113-114C).
9-chloroacenaphthene (Aldrich Chemical Co.,,)
was recrystallized twice from methyl alcohol.
The crystals were yellowish needles (m.p. 64-
66°C). 9-bromoacenaphthene (Aldrich Chemical
Co.,) was recrystallized twice from methyl alcohol,
The crystals were yellow needles. (m.p. 54-56C).
2-bromonaphthalene (Aldrich Chemical Co,,)
was recrystallized twice from benzene, producing
yellow plates (m.p.59 °). 1-bromonaphthalene
(Aldrich Chemical Co.) was recrystallized twice
from hot water, producing vellow needles (m.
p. 2.0-27%C). 5-bromoacenaphthene (Aldrich
Chemical Co,) was recrystallized from dilute
alcohol twice, The crystals were yellow needles
(m.p. 52°C).

Fluorobenzene (Wako Co,,) was distilled twice
(b.p. 84.75C) 9-bromophenanthrene (Aldrich
Chemical Co.) was recrystallized from ether twice,
The crystals were yellow needles (m.p. 63.8-
64.3C).

Vacuum Dilatometry

Diagrams of the dilatometer are shown Fig.
1. The experimental procedures used in these
studies were very similar to those of Bartlett
and Kwart,! and were calibrated with mercury
same the previous study.® From Fox and Loshaek’
) equation,l“ it was computed that one hundred
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Fig. 1. Vacuum dilatometer,

percent polymerization of styrene at 45C would
result in a volume contraction of 16.84 percent.
It was found that a fall of one centimeter in
the level of styrene in the capillary corresponded
to 100/ (0.1684 X dilatometer constant) percent
polymerization, Representative values for the
vacuum dilatometer constant were 1579 for #1,
1433 for #2, 1104 for #3, and 2664 for # 4 respectively,
where #1 refer to dilatometer number 1, etc,
The dilatometer was constructed of pyrex glass
with precision bored capillary tubing.

RESULTS AND DISCUSSION

Sample plots of data from two typical kinetic
runs in a vacuum dilatometer are shown in Fig.
2. It is a simple matter to find the corresponding
rate of polymerization by using the appreciate
dilatometer constant from the slopes of lines,

Since it is necessary to know the unretarded
rate of polymerization, this was determined and
found to be dependent on the half power of initiator
concentration as follows : Ry,=31.8782 [AIBN]LZ,
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Fig. 2. Sample plots of primitive kinetic data for
vacuum dilatometer experiments : unretarded
and with anthracene,

(®—@ : anthracene, A — A : unretarded

where R, is the unretarded polymerization in
percent per hour, and [AIBN) is the molar
concentration of the initiator.

With the unretarded rate available for a given
initiator concentration, it is convenient to define
the degree of retardation, ¢ =R /R,, where R
is the observed rate of retarded polymerization
and R, is the rate of unretarded polymerization
calculated for the same initiator concentration
used in the retarded run. Thus, R/ R, =1 would
mean that added polycyclic aromatic halogen
compound has no effect on the rate of polymerization,
A ratio of R / Ri{1 means that the added retarder
has some effect, the polymerization has been
retarded. A summary of the experimental results
is given in Table 1, together with the corresponding
values of ¢.

Basic Kinetic Equation

The kinetics of free radical initiating vinyl
polymerization in the presence of materials capable
of retarding or inhibiting the reaction is reasonably
well understood.'!

It is generally accepted that any substance
which retards the vinyl polymerization does so
by reacting with a chain-carrying initiator or
polymer radical R -, yielding a new radical Z - .
These new radicals (Z - ) are relatively unreactive
with monomers and are chiefly consumed by

E2|H 127 HgE 1988 124

Table 1. Summary of Exerimental Results from
vacuum Dilatometer,

Rtarder An R e
Retarver Arrature . . * 4
me. il
F L x10? eas 197 1.003
tlucre- 2mx10? Gae 1.969 1.002
benzene 3
.62 120 6.6 Len 1.008
B 1.0 x 1072 6.1 1.963 0.9
-2
[ bromo 2.6 x 18 6.6 1.97% 1.006
naphithalene woxe? 616 tow 0.993
sox 10} 616 1087 0.9%¢
2.0 x 1072 R0 Lem 1.007
woxio? 6.1 1.957 0.99
2 bromo B 60X 1072 .16 1.969 1.002
aaphthalon .2
8.0 % 10 61 1L 1.007
-2
~ brome @ 1.0 x 10 6.2 LSy o.9w7
avenaphthene @@ 301072 6.6 2.004 1.010
8¢
Br
1.0 x 1072 .16 197 1,003
') bromo -2
1.0 X 10 616 9% 0.9%¢
phenanthrene -2
@) 5.0 X 10 616 1961 0.999
g 2
1.0 % 107 6.16 1.901 1.008
4 bromn @ 3.0x% 1072 6.16 1.9%) 0.99¢
phenanthrenc @ @ sox100? 6 1,957 .99
2-hroma o * 10 e 197 1.007
fuonene @.@ coxw? G i o
& 1.0 x 1072 6.1 1.963 0.998
9 broma . 3.0 % 1077 .16 187 1.00)
funrenc soxio?  Sas L loa
6.0 x 1072 6.6 1.973 1.00)
1.0 x 1072 (R 1,183 0.6
anthracene 2.0 x XO-I 6.1s 1.0%4 0.537
3.6 x 1072 6.1 0,865 0.441
wrart? e .70 2.30m
2-chioro 1 e moTh e ez o
anthracene r.xie $.1% 1.3% 0.0t
anthracene 2.6 x107? PR 1.000 0.508
loxre? e 0.723 0.3¢8
a
o.s x10°2  gue 140 0.718
1-¢hloro vexiot? 1270 0.647
anthracenc 2.0 x1070 e (X 0430
1.0 2072 6.6 0.4 0.243
-4
-2
o bromo 1. un_’ .6 0.%18 0.467
h 4.2 XV $-16 0.41% 0.21)
anthracene oy 007 g 0.202 0.123

the reaction with other free radicals resulting
in chain terminations.

There is, however also another possibility that
radical Z - re-initiates a chain by reacting with
the monomer and generates another chain carrying
radical R - . Under the conditions of the present
research, the following kinetic scheme in assumed:
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Reaction Rate
L —2R. 2K4f(1) (1)
R-+M >R - Ko(R-J(M)  (2)
R +X —Z- Kx(R-J(X] (3
Z-4+M —>R- KoZ-)M-] (4)
Z - +R -—P(inert product)Kc(R - J(Z-) (5)
Z - +Z - —P(inert product)2K;(Z - ) (6)
R - +R -—P(inert product)2K(R - ] (7)

In this Scheme, I represent an initiator, R - a
chain carrying radical, M a monomer molecule,
X a retarder molecule, and Z - a retarder radical.

Other workers have usually found reaction
(6) unimportant.”™ In the present work, this
was also the case. Since the rate equations are
considerably simplified when this equation is
neglected, it is convenient to consider only the
simplified kinetic scheme resulting from its omission,

After the usual steady state assumptions have
been made, simple algebraic manipulation leads
a straightforward manner to the following equation
which gives the functional relationship between
the variables involved:"

_ KK (M) (8)

4°(X) _ KR

1—¢° Ko - Kx Ky - K¢
where R=——d—1—nd[tl], Ky =K,+Ky/M+Kpn

Kice has noted that the form of the equation
derived is not altered if reaction (4) is replaced
by the reverse of reaction (3).” The inclusion
of this reaction allows for the possibility that
the intermediate Z - redical is addition complex
and their first order breakdown is kinetically
significant, It should also be noted that the form
of the equation is not altered if reaction (4)
is taken to represent the type of reaction postulated
by Mayo14 to account for the action of the halobenzene
in transfer reaction. Thus the rate constant in
the above scheme must then be interpreted as
representing anyone or a combination of the
rate constant for the reaction just mentioned,

From equation (8), the experimentally determined
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parameter, ¢ and R, can be used to make a

H(X)
1._

plot of : 2
¢ <

vs R. Its slope will be

KE{LKX and the intercept Ko%t}[{i’”

In order to calculate the degree of retardation
( ¢ =observed rate /unretarded rate), the un-

retarded rate of polymerization was determined
and found to be:[_—dl—r:i—[tM—]]=Ro=8.855X10‘3
(AIBN}!/? percent per sec. This value becomes
5.455X 10 * percent per sec at (AIBN)' =
0616 mol'’?/ L2 The experimental data were
plotted according to equation (8) and these results
are shown in Fig. 3 to 6.

From Matheson et al.”” have calculated the
value of the propagation and termination constants:

K»=2.16x10" exp(—7760/ RT)
and 2K=259%10" exp(—2370/ RT).

Hence, K, was 102.28 L / mol-sec and 2K.=6.
12x10" L/ mol-sec at 45.0°C. From these values,
the rate constant Kx and K, /K¢ were readily
obtained from slopes and intercepts of these plots.
These results are listed in Table 2.

The Proposed Mechanism in the Retardation of
Styrene Polymerization

It is generally accepted that a particular position

in a compound is more reactive toward an attacking

101
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E
X 6 P
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Fig. 3. Plot of equation 8 for anthracene.
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Fig. 4. Plot of equation 8 for 9-bromoanthracene,
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Fig. 5. Plot of equation 8 for 1-chloroanthracene.
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Fig. 6. Plot of equation 8 for 2-chloroanthracene,
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Table 2. Rate Constants for Polycyclic Aromatic
Halogen Compounds as Retarders in Styrene

Polymerization,

Retarder Kx(l mol™-s") Ky/ Kp K./ Kex 107
Anthracene 251 %10, 245 10° .83
9-bromoanthracene 3.96% 10 387 X 1 4.25
2-chloroanthracene 0.8 x 10" 0.749% 10° 3.64
1 -chloroanthracenc .85 10 083 1(F 2.3

free radical. For example in acridine, the reaction
with R- takes place only on the carbon hydrogen
center of the meso position and not on the nitrogen
" and Water et al. have noted. The
frontier electron density predicts the point,

as Szwarc

Since the meso position in anthracene is more
reactive attacking radical than any other position,
the addition may proceed as the following mechanism,

9 R H R_H
QD v~ SO~ L0
I I Il

! !

other resonance forms other resonance forms

Structure [ has two benzoid rings, while in
structure II, there is only one benzoid ring. The
more benzoid rings the structure has, the more
stable structure is. Therefore the structures [
and [I are relatively unimportant, This means
that after an initial free radical attack at the
meso position, the subsequent attack in this
intermediate radical Z - should take place at
the other mesoposition.

With the same argument, 9-bromoanthracene,
1-chloroanthracene, and 2-chloroanthracene pro-
ceed by the following mechanism :
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Br Br Br R
AN R Z R-./
R LI - R, IO
RH R H

T

other resonance forms

R HCl

OO0 - OGN O

I\’

other resonance forms

Cl C

Tw

other resonance forms

In 9-bromoanthracene, the radical structure
is formed from the 10-position attacked by R -
The following radical structures are some of these
resonance structures :

Br Br Br
LD =0 — LI
3> —>

0 e P AN =
R H R H R H
VI VI X

other resonance forms

The bromine can share more than a pair of
electrons. The radical resulting from 10-position
attack is a radical from not only of stuctures
VI-1\, but also of structure X in which bromine
is joined to the ring by a double bond.

The kx value of 9-bromoanthracene is larger
than that of anthracene (Table 2).
- Br

Cl
RH RH RH
X X1 X1
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That may be because anthracene and 9-bromoar.
thracene have two meso positions to be attacked
by radical. However, 9-bromoanthracene has
larger resonance stability than anthracene. This
result makes the structure which the intermediate
of 9-bromoanthracene is more stable than that
of anthracene. Threrfore, 9-bromoanthracene is
more reactive than anthracene,

The kx values of 1-chloroanthracene and 2-
chloroanthracene are observed to be similar. However
these values are smaller than that of anthracene
(Table 3). This may be because 1-chloroanthracene
and 2-chloroanthracene have two meso position
just like anthracene, but inductive effect of chlorine
makes easily quinoid structures (intermediate
structures) such as YI and XII.

This results makes the structure which the
intermediate of 1-chloroanthracene and 2-chloroan
thracene are less stable than that of anthracene,
Therefore, and 2-chloroan
thracene are less reactive than anthracene.
Consideration by Frontier Electron Density Method

1-chloroanthracene

The frontier electron theory is based on the
assumption that the reaction should occur at
the position of the largest electron density in
th - frontier orbitals, i.e. the HOMO for electro
philic reactions,the LUMO for nucleophilic reactions,
and both of HOMO and LUMO for radical reactions,

Fuku et al*™®
density (f;) for even-electron systems at rth atom
(f.) as follow":

defined the frontier electron

fr=(2—v)(C? )2 4u(C/H)* (9)

where 2 is the number of electrons in the isolated
molecules : C® and C,™"! are the coefficients
of aromatic orbitals in the isolated molecule :
and which is a number equal to zero for an electrophilic
reaction, one for a radical reaction, and two for
a nucleophilic reaction.
Fukui and his workers'™ have also derived
a reactivity index called the superdelocalizability
(Sr) by the application of the perturbation theory
to a model in which the incoming group forms
a weak bond to atom r of an otherwise unmodified
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Table 3. The Frontier Electron Density (f:), Superdelo
calizability and Approximate Superdelocaliza-
bilities of Polycyclic Aromatic Halogen

Compound.
( Campound Structure and f s Sl
r s O
Pluoro - :.nzene 0.8930 0.5129
1 - brome 61372
0.9939 0.593%
naphthalene 0.1341
b
2 - bromo 0.
0.5951
naphthaiene o
5 - bromo
> 0.6915
naphthalene
lg A 0.5801
phenantirene
0.2273,
-t
- chloro 1.0082  0.5810
.. 0.00
phenanthrene
0.1070 0.1043 0.1975
0.123¢ 0.3690 0.1326
0.161: Br
2 - it L1734
2 - bromo O 0 0.9760  0.5476
fluorene 0.1093 0.1158
0,1153 0.1123
0.3618
9 - bromo 0.9549 0.5376
fluorene
0.3867 9.1934
0.0967
anthracene 1.3132 0.9441
0.0367

0.3867 0.1934
|
|
!

|2 - chloro

|

I anthracene

0.933%

2| A2 83 1988 129

0.1921 0.3845 0,1926

cl
0.0961
1 - chloro ).9339
aithracene  (.0955
9 = bromo 0.9441
antnracene
system,
m (2 n C?
] ri
Se=(2v) 3 =% 4 vz O
T A j=m+1 -Ay (10)

where n is the number of the atomic orbital
in an isolated molecule : E;(=a-+1,8) is the energy
of the jth molecular orbital in the isolated molecule
:and h is the coulomb integral for the pseudo
atom. The S; is positive for most of the usual
compounds, The greater the value of Sy, the more
reactive is the rth position in the compound.
Fukui et al", have also noted that the superlo
calizability serves as a reactivity index for comparing
the reactivity of different molecules, while the
frontier electron density becomes the reactivity
index in comparing reactivity of different
positions in a given molecules.

Fukui et al.” have noted that S, serves not
only as a one-term approximation but also as
index of properties which are intermadiate between
S; and the frontier electron density. The S: can
be expressed as :

2 m+D 2

Sr”=(2-y)_(9l'i_) " ”Er‘im_)— (11)

In the present research work, Fukui's frontier
electron densities were calculated from the HMO
calculations, For the position of the highest frontier
electron density in each retarder molecule, the
S; and S were calculated by the equation (10)
and (11). The results and shown in Table 3.

For comparative purposes, frontier electron
densities, superdelocalizabilities, and approximate
superdelocalizabilities of the aromatic hydrocar
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bons were also calculated, The results are shown
in Table 4.

As shown in Table 3 and 4, the values of Sr
and S; for most of the polycyclic aromatic
halogen compounds are higher than those of the
corresponding aromatic hydrocarbons, The Sy
values of the polycyclic aromatic halogen compounds
which have the retarding effects are larger than
1.31, while the S, values of those compounds
which do not have any retarding effects are less
than 1.26 (Table 3). The S; values of compounds
which exihibit retarding effects are larger than
(0,94, while the S; values of compounds which
exihibit no effects are less than 0.69. In case
of polycyclic aromatic halogen compounds, 9-
bromoanthracene which is the strongest retarder
in the present work has the largest S, and S;

values. The kx values of 1-chloroanthracene
and 2-chloroanthracene are similar, and the S
r values of these compounds are also similar
(Table 3). The kx values of anthracene is larger
than of 1-chloroanthracene and 2-chloroanthracene
> however, the S; or S; value of anthracene is
less than those of 1-chloroanthracene and 2-chloroan

Table 4. The Frontier Electron Densities, Superdelo-
calizabilities and Approximate Superdelo-
calizabilities of Aromatic Hydrocarbons.

f  for S, tor s for

r ¥ T
St ructure Position  racical radical redical]
attack attack attack

BRIV - - 1.3333 G.81333 0.6666

1 0.3618 0.9344 .5854

naphthalene

anthracene O 9,10 0.3868 1.3132 0.9335

prenanthrene @@@ 9,i0 C.3445 €.997% 0,562
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thracene, This may be because the energy levels
difference between the HOMO and LUMO is
relatively small in 1-chloroanthracene and 2-c-
hloroanthracene.

CONCLUSION

All retardation experimentals have been carried
out in vacuum with a carefully degassed solution,
The reaction rates have been measured dilatome
trically, The data obtained were examined in
light of Fukui’s frontier electron density methods
for correlating mechanism and reactivity. The
results were as follows .

(1) The Kx value of 9-bromoanthracene is
larger than that of anthracene, It is concluded
that bromine is jointed to the ring by a double
bond so that 9-bromoanthracene has larger resonance
stability than anthracene,

(2) The compounds not possessing the mesomeric
position do not show any retarding effect in styrene
polymerization.

(3) The Kx values of 1-chloroanthracene and
9-chloroanthracene are observed to be similar,
however, these values are smaller than that of
anthracene, It is concluded that inductive effect
of chlorine makes easily quinoid structures that
the intermediate of 1-chloroanthracene and 2-
chloroanthracene are less stable tan that of
(4) The S;(or S;) value of the
retarder, generally, explained reasonably the

anthracene.

reactivities of the retarders, The S; and S, values
of the polycyclic aromatic halogen compounds
which show retardation effect are larger than
about 1.31 and (.94, respectively.
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