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I, INTRODUCTION

The intent of this work was to determine the effect of =
variety of compounds on the peroxide-initiated free radical poly-
merization of X-methylstyrene, All of the compounds tested are
known to act as inhibitors or retarders in the free radical poly-
merization of other monomers, but their effect on the polymeriza-
tion of o(-meﬂxyls-tyrme had not yet been determined.,

The term inhibitor is used here to describe a cempound that
will completely suppress polymerization, produeing an induction
pericd, Figure 1 is a2 7 polymerization versus time plot for the
free radical polymerization of styrene initiated with azo-isobuty-
ronitrile and inhibited by g-benzoquinone;1 It can be seen from
Figure 1 that p-benzoquinone is notvan ideal inhibitor for the
polymerization of styrene. After a short induction period, there '
is a slow polymerization which changes abruptly to a fast reaction

with 211 the characteristics of a normal polymerization.
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Figure 1: Conversion-time plots for experiments invelving styrene,
azo-isobutyronitrile and benzoquinone, The mmbers
correspond to benzoquinone concentrations of: (1) 03
gii 0.075; (3) 0.123 /1. 1Initiator concentratiom 0.5
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Retarders are less efficient than inhibitors and only slow,
rather than stop, the polymerization process, Figure 2 shows the
retarding effect of nitrobenzene on the polymerization of vinyl

acetate initiated with benzoyl perozi&e.z
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Figure 2: Conversion-time plots for experiments involving vinyl
acetate, benzoyl peroxide, and nitrobenzeme, The
numbers correspond to nitrobenzene concentrations of:
(1) 0; (2) 4.5 x 10~3M. Initiator comeentration of
1.7 x 10-24,
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Classifying compounds as inhibitors or retarders is an attempt
to distinguish them according to their effectiveness as chain
terminators, Their classification, however, does not necessarily
imply a difference in reaction mechanism.

The effect of a knowvm chain terminator on free radical polymer-
ization is dependemt not only on the nature of the termimator, but
also uwpon that of the monomer., As can be seen from Figure 1, for
the polymerization of styrene benzoguinone is an inhibitor; in
methyl methacrylate, however, bemzoquinone is a retarder.3 (Figure

3)

% Polymerization

-

o 1 2 3 4 5

Time (hr.)

Figure 3: Conversion-time plots for experiments involving methyl
methacrylate, azo-isobutyronitrile and bemzoquinone,
The nurbars correspond to benzogquinone corcentrations
of (1) 0; (2) 0.2: (3) 0,352, Initiator concentration
of 0,5 °/1.
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In this work, two general types of terminators were used:

A, Nonradical Termimators
These are compounds that are not themselves raﬂicals,
but can react with free radicals to form more stable
compounds that do not continue the polymerization
PTOCESSe

Be A Stable Free Radiecal
242-Diphenyl-l-picrylhydrazyl (DFPH) because of its

stability does not initiate polymerization, but it
can scavenge other radicals in the system.

A, Nenradiecal Terminators

A nonradical terminator is 2 substance that reacts with
radicals in a2 manmer to produce another radiecal that is too stable
to continue the polymerization process. Quinones and nitro com-
pounds have long been knowm to be effective nonradical terminators
for various polymerization systems, The specific effect of these
terminators, however, is very dependent on the nature of the
monomers

Benzoquinone and duroquinone give sharp induction periods.
in the benzoyl peroxide initiated polymerization of vinyl acetate,
after which the reaction proceeds at an wminhibited rate, The
length of the induction period, in both cases, corresponds to a
stoichicmetry in which one quinone molecule stops one kinetic chain,

The effects of benzogquinone upon the sensitized polymerizations
of styrene! and methyl methserylate® have been studfed using 1
.azo-isobutyronitrile as a semsitizer.

In the polymerization of methyl methaerylate, Fig. 3, benzo-
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quinone £s shown tc be a retarder and the degree of retardation

is direetly proportional to the concentration of benzoguinone.

By using labeled inmitiator, Bewington et 315,3 were able to show
that the growing polymer radicals react with benzoquinone to give
fairly wmreactive radicals, most of vhich terminate by combination
reactions with ordinary polymer radicals, In the following mechan-
ism R* is any radical capable of propagation, Q is benzoquinone,

M is monomer, I is initiator, and P is a polymer chain.

Initiagtion I ——> 2Re
Propagation Re + N Re
Re + Q —> PQe

Termination PQs + Re ———> POR

When labeled initiator and inhibitor were used in the polymeriza-
tion of styrene, the slow polymerization (Fig. 1) was shown to
produce a polymer of low molecrvlar weight with combined benzo-
aguinone, There is, therefore, a copolymerization of styrene

with benzoouinone during the slow processe.

Re + § —> PQ*

POe + M ———> PQRe

When all of the benzoquinone is consumed, the rate of polymeriza-

tion rises to its normal wminhibited value.
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Hechanisms by which p~-benzoquincne might react with polymer

radicals have been sumarized by Wallixxg.A

—> ~PH +

+.

Q
)
d
| H
0 T Funsax) <§
P + @-—— «F@

Reaction (1) is hydrogen abstraction from the quinone by the
polymer radical, P*, In reactiocn (2) the hydrosen atom is
abstracted from the polymer radical by the quinone. Reaction
(3) 1s addition of the polymer radical to the carbom-carbon
double bond. Reaction (4), whers the polymer radical is added
to the quinone oxygen, £& suggested by most recent workers as
the most common path of radiecal attack on gquinones. The work of

Bickel and Watms shows that the radical produced by the
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decomposition of azo-isobutronitrile:

i
(0113)2c-

reacts with p-benzoquinone to form the radical:

ccn3>2c<cn>.o-©.o-

or, more generally

Res o=©=o — RO-®-0°

\

They found no evidence of nmuclear substitution in the quinone,

In the benzoyl peroxide initiated polymerization of vinyl
acetate, nitrobenzene has been shovn to be a weak retarder.
Dinitrobenzenes are characteristic of weak inhibitors with an
important exception. The final constant slope at the end of the
induction period is not the slope of an uninhibited polymerization,
but corresponds to the presence of a weak retarder. The dinitro
compowmnd, therefore, in the course of stopping chains, yields a
product which has a retarding power. Trinitrobenzene is a strong
inhibitor for the polymerizationr of vinyl acetate, but the kinetices
of the inhibited polymerization does not appear to apply to moderate

or strong inhibition. This was formd to be due to the fact that
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trinitrobenzene, in the course of stopping two polymer chains,
is converted into another inhibitory substance, In this second
stage of chain terminating ability, two more chains are stopped,
and the nitro compound is converted into a weak retarder.

Nitro compounds have a similar effect on the sensitized
polymerization of styrene. Again, the reactivity of the nitro
compound as a retarder increases sharply with the number of nitro
groupse Nitrobenzene is a retarder and trinitrobenzene is a weak
inhibitor., During the period of weak inhibition, the product of
the radiceal-trinitrobenzene reaction is converted into a2 retarder.
Nitro compounds have little effect in retarding the poiymerization
of methyl methaerylate.

Opinions on the mechanism by which nitro compounds inhibit
vinyl polymerization can be divided into two groups. SJome workers
such as Price have considered that the first step in the retarda-
tion involves macroradical attack on the aromatic nucleus of the
nitro compound, with addition of the radical to the aromatic

nucleus,

Po + @‘-NOZ —_— P;/Q ~—10,
H’

Their conclusion was supported by the fact that nitrobenzene is a
retarder in the polymerization of styrene and nitromethane is an
inert solvent. Bartlett and Kwa::t1 in their investigation of the

effect of nitro compounds on the polymerization of vinyl acetate
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supposed that the primsry attack takes place on the oxygen atom of

the nitro grouwp.

;+/o
ATHO, + Re — Ar — N\oa

o—
."'/
Ar —"N + R* —> AINO + ROR
Nor

They based their hypothesis on the observation that the retarding
powers of the nitro compommds inecrease markedly with the mumbexr of
nitro groups. Such a marked increase camnot be explained by a
simple substitution reaction taking place at the aromatic nucleus.
They supposad that the free radicals attack the oxygen atem of
the nitre group, thus depriving one of the nitro groups of its
character in the course of the irhibitionm.

Bevington and Ghanem’ ctuiied the effect of nitro compounds
on the semsitized polymerization of styreme. They established
that picric acid does mot build in a carbon-carbon bond into
thke polvmer.

Inomoto and Simamuras investigated the reaction of l-cyano-
l-methylethyl radical with various nitro compcm&s. They found
that the radical did fmdeed react with the nitro group. The
decomposition of azo-isobutyronitrile in nitrobenzene gave a
small amommt of hydregen eyanide, acetone, and N-phenyl-O, N-bis
(cyano-1-methylethyl) hydroxylamine. The exact method of attack
by the radicel is mnimown, The radical may abstract the oxygem

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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atom directly (Reaction 5), or it may a2dd to the oxygem atowm and
later decompose into a nitroso compound and a l-cyano-l-methyl-

ethoxy radical (Reaction §).

ATNO, + (CH3)2cL- —> ArNO + (cn3)2Yo~ _ (5)
cN CN
a
. : (6)
ATNO, + (CHS)ZE —> ArN  ——
CH 0C{CH,) ,CN

ArNO + (cH,).CO*
372
CN
The nitroso compound reacts with two l-cyano-l-methylethyl radicals

to yvield a substituted hydroxylamine (Reaction 7).

ATNO + 2(cn3)2cl:: —> Ar-!lJ-Q-C(CH3)ZCI-? 7
CN c(cns)zcx

The l-¢yvano-l-methylethoxy radicals ecan give rise to acetone and
hydrogen cvanide either through the formation of acetone cyan-

hydrin {Reaction 8), or through decomposition (Reaction 9).

., hydrogen
(CH3)2(l:0 m-f—} (CH3)2<EOH —> (CH,),C0 + HON (€))
CN CN

(633)2?0- — (CH,),C0 + «CN
CN

h en
CN o HCN C))
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Similar results were obteined wher l-cyzno-l.methylethyl radieais
vere reacted with m-dinitrobenzene and tetraritromethane, Nitro-
methane did not react with this radical.

Inomoto's and Simammra's iuvestigationss gshow that radicals
do indeed react with the oxygen atom of the nitro group. In the
case of aromatic nitro compounds with a replaceable hydrogen atom
in the nucleus, the mechanism postulated 5y Price6 cammot be
excluded, It is likely that no single mechanism is applicable

to all nitro compounds and all radicals.
Be Stable Free Radical Terminators

A free radical can be used as an effective teminétor‘ if it
ias stable enough so as not to react with initiator or moncmer and
initiate polymerization, yet it can react readiiy with other
radicals produced in the system, The stable free radical, 2,2-
Diphenyl-l-picrylhydrazyl (DPPH) is often used as an inhibitor
to determine the rate of initiation in free radical chain
processes, 1t reacts with other radicals to form nonradical

products, The most probable reactioms are:

-C°+ ;6 N.N—@-—NOZ—) RCH = CHX

+ (10)
n Y0,

i
;JZ.N.N__ —NO

.?*@
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in which a hydrogen atom is transferred from one radical to

another or a combination reaction such as:

RO

: y
chz.cl:. + g NN — @ —%N, s
X N,
(11)
}': E'i %0,
ROH,~C — —F N —o,
X z #io

The limitations of the use of DPPH to determine the rate of
production of free radicals have been pointed out by Bengough.9
In the polymerization of vinyl acetate, the product of the
reaction of DPPH with other radicals in the system inhibits
the polymerization processe Such product inhibition is not
unreasonable, since a simple combination or disproportionation
reaction involving DPPH would give rise to a pieryl group, and
it 1s known that s-trinitrobenzene both inhibits and retards
the sensitized polymerization of various monomer systems,

It is expected that a single pieryl group would react
with a number of free radicals, This would produce an induction
pericd, or decrease the rate of polvmerization, much more than
expected on the assumption that one free radical reacts with one
molecule of DPPH, The polymerization would then proceed at its
uwmninhibited rate, only after all of the nitro compound has beem
removed from the system,

When methyl methacrylate is polymerized in the presence of
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DPPH, the induction period and the rate of polymerizatiom after

the induction period sre very close to tha values expected by
assuming one radical reacts with one molecule of DPPH, Kicem
has shown that the methyl methacrylate radicals do not react
appreciably with nitro compoundse This could explain the

agreement between the expected and observed values in the DPPH

inhibited methyl methacrylate polymerization.
Co Kinetics in Inhibited and Retarded Polymerizations

The general kinetic scheme for an Iinhibited free radical

polymerization as proposed by Kicen can be givem as:

k 3 Rate
Initiation I —> 2Re 2k df(I*)
k
Propagation Re+ M —23 Re kp(R-)(ﬁ)
k
Addition or Transfer Re+ X —= Z, k‘{(R.)(X)
kO
Copolymerization Z°+ ¥ —=) R° ko(Z')(!{)
k
Termination Zo+ Re—=) Inactive k (Ze)(Re)
Product ¢
k 2
Zo4 Zo—2) Inactive Zkz(Z°)
Product
k, .
Res+ Re— Inactive Zkt(R° ¥
Product

(12)

(13)

(14)

{15)

(16)

an

(18)

where X is the added terminator and Ze is the radical formed by

the reaction of Re with termimator. Ze may be formed either by

addition of R* to X or by transfer of sn atom or group to R*

frem X,
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Any substsnece that arrests or retapds the polymmriéation
of a vinyl monomer does so by reacting either with initiator
or polymer free radiecal R-n, to yield a new radical Zo, In all
cases, the reacticn between the terminator amd a radical competes
with one of the normal steps in the polymerization preeess, The
veloeity constant for the terminator-radical reaction fs dependent
on the Tesctivity of both substances, The magn:ltﬁde of the effect
of the terminator on the polymerization depends not only on the
rate of the terminator reaction, but also upon the rate of the
normal reaction with which it competes. The effect of a specific
terminator, therefore, varies from one monomer system to another,

The initiation resction (12) is essentially a decomposition
reaction in which the sensitizer, usually an azo-isobutyronitrile
compound or a peroxide, is exposed to ultraviolet light and
decomposes into two free radicals,
oo
H c-tl::o-o.clz-cnz_! —_— '2033-?.0- ]

3
CH3 Cﬁs CH

3
or:

hy .
(CH3)ZCIJ-N = N-(‘}(CHS)Z —_ 2(033)2-? + N,

cN CN CN

The rate of decomposition is dependent on the rate constant kd,
the intensity of absorbed 1ight, (I*) and the efficiency of

initiation, f.
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16
The propagation reaction (13) is in direct competition with

rezctions fmvolving terminater molecules, (14). Since the monomer
concentration is much greater than the inhibitor concentratiom,
kx must be so much larger than kp that nearly all the radicals
react according to Reaction (14). As the terminator is coﬁsumed,
the balance between reaction (13) and reaction (14) shifts; more
primary radicals are now being captured by wonomers and thé
terminator reacts with polymer radicals containing 2 small number
of monomer mits, This is observed in the 7. polymerization versus
time curve as the gradual increase to a rate which is cobserved in

a system in which the termination is z2bsent,

UNINHIBITED INHIBITED

% POLYMERIZATION
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17
During that time in which the terminator is effective,

reaction (17) should be the predominant termination processe

If reaction (17) represents coupling, each occurrence will
terminate two chains and invelve two terminator radicals, If
it represents 2 dispropertionation reaction with regemeration
of a2 molecule of terminator, two chainms will be ended, bdut only
one inhibitor residue will be consumed,

Reactions (16) 2nd (18) may be neglected because of the
coneentration sequence [R° ([ZE’((I:Z] which must apply in a
strongly retarded system. As the terminator i{s consmmed, however,
the cross termination resctiom (16), and the normal termination
reaction (18), become increasingly important,

The copolymerization reaction (15) has been shovm to be of
some importance in the reactions of vinyl compouvnds with guinones,
The magnitude of this effect, however, is dependent on the nature
of the monemer and the quinome involved, In the polymerization
of styrene in the presence of p-benzoquinone, Bevington et al. ,1
have shown that only low molecular weight polymer is produced in
the early stages of the polymerization, and that p-bemzoquinome
is combined in quantities that are mere than one p-benzoquinone
wmit per polymer molecule, and that a large part of the combined
quinone may be removed by a substance which cleaves ether linkages,
The removal of quincne is accompanied by a substantial decrease
in the average molecular weight of the polymer, In the sensitized

polymerization of methyl methacrylate in the presence of Cla-gaxa-
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18
benzoquinone, Bevington et al. ,3 have shown that the number of
retarder molecules combined in each polymer molecule increases
significantly with the concentration of cm-P_a_g_a_._-benzoquinme
in the polymerizing system,

These copolymerization reactions are very limited in 2
monomer-para-benzoquinone systeme For other quinones, e.ge,
_g-chloranii, copolymerization has been shown to be more pronotnced
in both a styreneu and methyl znethacrylatem system, It appears
that the first stage in the copolymerization reactior is the same

for both styrene and methyl methacrylates

cl c1 cl cl
~N 7 N /
Pe + 0 = =0 ————> PO ~Ce (19}
a1 e’ e

The product of (19), then, reacts with a monomer molecule so that
more than one molecule of chloranil is contained in the polymer.

The reaction takes place through the carbomyl groups to give an

aromatic-aliphatic polyether,

c1 c1 c1 c1
N~__ 7 N__
P-O-@-Oo + M ————}P-o-@-o.n-
a’  a cd o
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Kicelo

has shown that with methyl methacrylate 80% of the
Z» radicals were being conswumed by reaction (15). Breitenbachl>
has shown by chemical degradation that styreme polymerizes with
chloranil, yielding essentially 2 1:1 copolymer of the two

ccmpotmnds.
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II. EXPERIMENTAL

As Calibratiorn of Dilatometer

The dilatometer is showa in Figure 4, Marks were placed
at the tops of both capillaries. The reaction cell was then
£filled with triple distilled C.P, mercury to a level below the
marked lines, The dilatometer was then placed in a constant
temperature water bath and allowed to come %o equilibrium, The
temperature was read with a Parr celorimetric thermometer ap to
30,100 + .00100. Once a constant mercury level in the capillaries
was achievedy the level and temperature were recorded. The
temperature was them advanced at approximately 1% intervals,
the system was allowed to come to equilibrium, and the new level
and temperature were recorded, The same pmcedureB was used in
calibrating both dilatemeters.

The ecapillary tubes in dilatometers Number 1 and Number 2

2 2

were found to have a radii of 2,613 x 10~ cm and 2,644 x 107  cm,

respectively. The reaction cells were found to contain volumes

of 32,1703 m! and 31,9923 ml, respectively, at 25°C.

20
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& D

Figure 4: Dilatometer: (A) reaction cell; (B) storage reserveirs
(C) inhibiter reservoir
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Be Chemieals

1, TheX -methylstyreae was obtained from the Dow Chemical
Companye The monomer was purified by passing it threvsh a colwmn
of activated alumina, followed by distillation in the presence of
sodiun metal and emder a nitrogen atmosphere, The purified
monomer was then sparged with nitrogen for tem minutes and stored
under refrigeration, The refractive index of the purified
monomer was n.gs = 145356 + 0.06002,

2, Di-tert-butyl peroxide (Matheson Coleman and Bell) was
used as the initiator, Its purity was found to be 83,0 * 0.7%
by the fodine liberation process of Mair and Granpner.m

3. para-Benzoquinone and p~chloranil were purified with ten
passes through a zone refiner with 307 rejection. The zone refined
material was then recrystallized from ethanol, The melting points
of para-benzoquinone and p-chloranil were 114,5 - 115,6°%C and
288 - 290°C, respectively.

4, Duroquinone was recrystallized from ethamol three times,
The melting poiat was 111.0 - 111.5°%.

5 para-Nitrotoluene was purified by tem passes in a zone
refiner with 30% rejection. The refined material was then
recrystallized from 507 ethanol, melting point 52,5 - 53.0%C.

6e Nitrobenzene was purified by fractional distillation,
Refractive index was a.gs = 1,5560 + €,0001.

7. ortho-, meta-, and pars-Dinitrcbenzenes were recrystal-

lized three times from 957% ethanol, The melting points were
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117 - 118%, 89.5 - 90.0°C and 172 - 173°%, respectively.
8+ 1,3,5-Trinitrobenzene was recrystallized three times
from 95% ethamol, The melting point was 120 - 121%,
%9 242-Diphenyl-l-picrylhydrazyl was used as obtained
from the JoT. Baker Chemical Company. It has 2 stated melting

point of 136 - 138°%,
Co Apparatus

1, Two dilatometers, as shown in Figure 4, were used, The
capillary tubes fn dilatometers Number 1 and Number 2 were foumd

2 em and 2.644 x 1072 em,

to have average radif of 2.6 13 x 10~
respectively, The reaction cells were found %o contain volumes
of 32,1703 ml and 31.9923 ml, respectively, at 25°C when filled to
the mark,

2. The cathetometer was manufactured by Griffins amd George,
Ltde (London). The brasz scale of this instrument was calfbrated
at 20°C with a coefficient of thewmal expansion,ox , of 0,000017
dege -1. The scale can be read to 0,001 enm.

3. The thermostatic bath manufactured by the E.H. Sargent
Co., had a heater, circulator znd comtroller., (Thermonitor Model
ST). The temperature precision in the 2'5°c region is + ,01°%.

4. The ultraviolet light source was fitted with a Pyrex

filter to cut out shorter wavelengths.
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Do Determination of the Rate of Polymerizatica

A welghed amount ef (Y ~methylstyreme and di-tert-butyl
peroxide, encugh to mzke a2 50 ml 100:1 monomer:initfator mole
ratio solution, was placed into the storage resexrvoir B. (See
Figure 4) A weighed amoumt of inhibi{tor was also placed in the
same storaege reservoir, Tubes E and F were sealed with a fiasme
and a vacuwm pump was attached at D, The contents of B were then
frozen with liquid nitrogen, degassed, and thawed four times, then
sealed at S while vnder vacumm, The dilatometer was then allowed
to warm up to room temperature. The contents were mixed by
inverting and vigorously agiteting the dilatometer. The reaction
cell A was then filled by allowing the sclution to run into H,
down capillary K, wntil it overflowed into G, By tilting the
dilstometer, a memiscus level below the marked lines could be
achieved, The dilatometer was then placed into the constant
temperature bath at 25°C and allowed to come to equilibrium,

Once a constant liquid level was mafntained, the ultraviolet
light was turned on and the change in volume was observed with
the cathetometer, Readings were taken at ten minute intervals for
six hourse

Occasionally the inhibitor was placed in C and degassed
separatelye This was done pericdically to check the mminhibited
rate of (X-methylstyrene polymerization., In this procedure the
reaction cell was filled to a level below the marked lines with the

degassed monomer-initiator solution from Bs The wninhibited rate
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was observed by the method previously deseribed. Once a constant
rate was observed, the liquid in the reaction cell was drained
back into the storage reservoir B. The inhibitor from C was then
zllowed to flow into B and the contents were mixed by vigorous
agitation. The reaction cell was then filled with the moncmer,
initiator and irhibitor solution, and the inhibited rate was
observed as before.

The initfal volume of the reaction solutiom, VI, can be

celculated from the following known quantities:

h = height of the marked line

h_ = madimm height observed after irradiation
h, = height at time, t
V_ = Volume to marked lines

AV =w Differenice in volume at h and b
n ™=
= 2"3-1-2 (h_=-h )
J n Frinis

VI = Vm-AV‘

The fractional volume change (FVC) 4s cbtained im the

following mamner:

vi = Difference in volume at time, t!.
.2
= 2372‘ (hmx - hi)
2
FVC = Va’vz = 237 (hm: - hi) Iy

I
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The conversion of monomer to polymer in moles per liter,
(CML), is obtained from the fractional volwee change, the density
and concentration of pure <( -methylstyreme and the dilatometric
constant, Values for the density and comcentration of OX -methyl-
styrene were obtained by a least squares £it (double precisien)

on a PDP=-10 computer:

t in degrees celsius

R -5- Igl PN

f’: = 0928303 - 8.86486 x 10”7t - 1.61072 x 10~ ¢

) t_'2

P, = 0.906141 g/ms
P,s = 0906141 g/ms

2+ Congcentration of pure alpha-methylastyrene
D], = 7.85568 - 7.50385 x 10 t - 5.510158

M},5 = 7.66808
3. The dilatometric constant:
G = 1 - .897212 o .

012)5 = 0,187 at 25°C for 100% conversion of monomer to polymer

The conversion of monomer to polymer im moles per liter ean

now be caleulated:

o = (i), x — i
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IIY, RESULTS AND DISCUSSION

A, Limitation of the Dilatometer Techmique for Inhibitor Studies
of O -Methylstyrene Polymerization

The dflatometric technique for stulying the semsitized
polymerization of X -methylstyrene affords certain iimitations
that should be noted. The sensitivity of the dilatometer coupled
with the relatively slow free-radical polymerization of X -methyl-
styrene makes it extremely difficult to obtain ascecurate data at
the beginning of the polymerfization,

When the ultraviolet light was switched on, there was a
volume increase observed as an immediate rise in capillary height.
The magnitude of this capillary rise varied from less than 0,1 em
for pure moncmer to 1.9 am vhen 2,2-diphenyl-l-picrylhydrazyl was
present in the system,

VWhen the temperature of the water bath was followed, using
a Parr Calorimetric thermometer, it tas found that the temperature
did not vary more than + .005°% during the entire polymerization
of O¢-methylstyrene in the presence of 2,2~diphenyi-l-picryl-
hydrazyle It was also observed that there was no notable tempera-
ture change when the ultraviolet light was switched on, although
there was 2 marked voleme increase, When the ultraviolet light
was turned off during the polymerization, there was a corresponding
volume decreases The volume increased agaim, however, when the

27
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ultraviolet 1ight was turned on. Again, there was no notable
temperature difference when the ultraviolet light was on or off."

Because of the relatively slow pelymerization of X -methyl-
styrene, compared to other monomers, any factor that influences
the meniscus levels in the capillaries is hard to overcome by
polymerization.

The dilatometer technique, however, because it allows for a
point to point following of the polymerization curve at very lovw
degrees of conversion of monomer to polymer, is still the best

method for inhibitor studies,

B. Effeect of p-Benzoquinone on the Sensitized Polymerization of
X =Methylstyrene

The effect of p-benzoquinene on the sensitized polymerization
of Ch-methylstyrene can be seen in Figure 5. The comversion of
monomer to polymer in moles per liter (CML) is plotted versus

time for three concentrations of p-benzoquinone: 1.5 x 10"3,

3.0 x 1073, and 6,0 x 20 ¥

/le As can be seen from the plot,
there is no induction period and p-benzoquinone appears to be a
retander.,

The color of the moncmer-initiator-p-benzoquinone solutions
were various degrees of yellow, darker yellow at higher p-benzo-
quinone concentrations, The vellow color gradually decreased during
the polymerization process. At the end of the polymerization, the
solutione were colorless, except when the initial concentration

-3 M

was 6,0 x 10 /1, then a slight yellow color still existed.
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0 50 160 150 200 250 300

Time in Mimutes

Figure 5¢ Conversion-time plots for experiments involving
X -methylstyrene; di-tert-butyl peroxide and benzo-
quinone, The numbers correspond to bemzoquinone
concentrations of: (1) 0; (2) 1.5 x 1033 (3) 3 x
10~3; (4) 6 x 103 moles per liter. Moncmer:initiator
mole ratio 100:1,
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Ce The Effect of p~Chloranil amd Duroquinone on the Semsitized
Polymerization of O -Methylstyrene

Duroquinone and p-chlorenil and discussed toge?_;her in this
section because of their similar effect on the polymerization of
X =methylstyrene, Heither of the compounds inhibited or sup-
pressed the rate of polymerization. (See Figures 6 and 7)

It has been reported that p-chloranil copolymerized > with
both methyl methacrylate and styreme. If p-chloranil behaves
similarly withbﬂ-methylstyrme, this covld explain p-chloranills
lack of an inhibitory effect.

Duroquinone has been reported to be an inhibitor for the
benzoyl peroxide initiated polymerization of vinyl acetate.2
Figure 6, however, shows thai duroquinone has no terminating
effects on the polymerization of X -methylstyrene.

As vith p-benzoquinone, the moncmer-imttiator-inhibitor
aolutiéns of p-chloranil amd duroquinone were various degrees of
yvellow, depending on the concentrations. The yellow color gradually
decreased and eventually disappeared duﬁng the course of the
reaction, Only at _the highest initial concentrations (6 x 10'3

M{ 1) did a faint yellow color exist at the end of the polymeriza-

tionse

De The Effect of Nitrobemzene and p-Nitrotoluvene on the Semsitized
Polymerization of Xx~Methylatyrene

Figure 8 ghows the results of the polymerizaticm of CX-methyl-

styrene in the presence of nitrobenzene and p-nitrotoluene. Both
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Figure 6: Conversion-time plots for experiments involving
X ~methylstyrene; di=tert-butyl peroxide and
duroquinone. The numbers correspond to duroqui-~
none concentrations of: (1) 03 (2) 1.5 x 10-3; (3)
3 x 10~3; (4) 6 x 10-3 moles per 1iter. Monomer:
initiator mole ratio 100:1.
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Conversion in Moles per Liter x 10

0 50 100 150 200 2‘50 300
Time in Minutes

Figure 7: Conversion-time plots for experiments involving
X -methylstyrene; di-tert-butyl peroxide and
chloranil, The amﬂ(:ers correspond to chloranil
concentration of:_ (1) 03 (2) 1.5 x 10~3; (3) 3
10-3; (4) 6 x 10-3 moles per li;er. Honomir? i
initiator mole ratio 100:1
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Figure 8: Conversion-time plots for the polymerization of
X -methylstyrene in the presence of nitrobeazeme
and para-nitrotoluenes. The mmbers correspond to:
(1) minhibited° (2) 3.1 x 10-3 ¥/1 nitrobenzene;

(3) 2.8 x 10 =3 Mll para-nitrotoluene, Monomer:
initiator mole ratio 100:1. )
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compounds cam be zlassified as retarders fer this system.

The moncmer-initiator-inhibitor solutions were cclorless at
the begimming of the polymerization. The nitrobenzene solution
remained colorless throughout the pelymerization, The p-nitro-
toluene solution, however, was a light pink in color following
the polymerization period.

E. The Effect of Dinitrobenzenes on the Sengitized Polymeriza-
tion of X ~Methylstyrene

Figure 9 shows the effect of ortho, meta and para dinitro-

benzene on the semsitized polymerization of X-methylstyrene,

meta and para-Dinitrobenzene appear to inhibit the polymer-

ization for a short time, after which the polymerization proceeds
at a retarded rate,
ortho-Dinitrobenzene completely suppresses polymerization
for the entire length of the experiment, With all dinftroben-
zenes, the moncmer-initiator-inhibitor solutions were colorless
before the polymerization. During the polyuerizaﬁian process,
the color gradually changed to a light yellow color.
Fo The Effect of 1,3,5-Trinitrobenzene on the Sensitized Polymer-
ization of O¢-Methylstyrene
As can be seen from Figure 10, trinitrobenzene 43 a retarder

for the semsitized polymerization of O(-methylatyrenes It is 2

stronger retarder than either nitrobenzene or the meta and para-

dinitrobenzenes, It is not, however, as effective 2 terminator as
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Figure 9: Conversion-time plots for the pelymerization of
X -methylstyrene in the presence of 3 x 10~% moles
per liter dinitrobenzenes. The numbers correspond
to: (1) uninhibited; (2) meta=dinitrobenzeme; (3)
para-dinitrobenzene; (4) ortho-dinit:o‘benzme.
Monomer:inttiator mole ratio 100:1,
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Figure 10: Conversion-time plots for experiments involving
¢-methylstyrene: di-tert-butyl peroxide and
1,3,5~trinitrobenzene. The numbers corre
to trinitrobenzene concentrations of: (1) 03
(3) 2.7 x 10~% moles per liter. Momcmer:initiator
mole ratio 100:1,
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ortho-dinitrobenzene.

The monomer solution was colorless at the begimming of the
polymerization and became a dark yellow color after the six hour
polymerization processe.

Ge The Effect of 2,2-Diphenyl-l-Picrylhydrazyl on the Sensitized
Polymerization of O¢-Methylstyrene

The effect of 2,2-diphenyl-l-picrylhydrazyl on the sensitized
polymerization of OX-methylstyrene e¢an be seen in Figure 11, A
definite induction period could not be achieved with thfs stable-
free radical, There is a retardation, characteristic of the poly-
nitro compounds., Any attempt to increase the concentration of
DPPH, in the hope of producing an induction period, resulted in a
stronger retardation.

A solution of DPPH in Ol -methylstyrene shows a deep purple,
permanganate like ecolor, During the course of the polymerization,
the color gradually changed to dark yellow, characteristic of a
poly-nitre cempound.

Nitro ccmpod\ds appear to be such strong retarders for the

polymerization of O{-methylstyrene that the use of DPPH as a

radical comnter would be prohibited,
He Complex Formations

The possibility of the terminator forming a complex with
either the monomer or initiator was considered, In the event that

there was a complex formation, the effective concentration of the
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Figure 113 Conversion-time plots for experiments involving
¢ umethylstyrene; di-tert-butyl peroxide and
2y2~diphenyl~l-picrylhydrazyl concentrations of:
(1) 03 (2) 3 x 10~%; (3) 5 x 104 moles per liter.
Moncmer:initiator mole ratio 100:1,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



terminator would be changed, thereby altering its terminating
powers, Ultraviolet spectra were rmn on terminator- o -methyl-
styrene and terminator-di-tert-butyl peroxide solutions to test

for the presence of complexes, No complex formations were foumd

in the terminator concentration ramges used in this work,
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1V, SUMMARY AND CONCLUSION

1. The effect of quinomes, nitro-aromatic compeurds, and
free radical terminators on the sensitized polymerization of
O -methylstyrene ot 25°C was studied dilatometrically.

2, para-Benzoquinone retards the free radical polymer-
ization of C(-methylstyrene, while p-chloranil and dwmroquinone
show little or no retarding powers. Thus, the polymerization
of A ~methylstyrene in the presence of p-benzoquinone is more
1ike that of methyl methacrylate than of styrene.

3. Nitrobenzene and p-nitrotoluene are retarders for the
free radical polymerization of C{-methylstyreme, just as they
are for styrene and vinyl acetate polymerizations.

4o meta-Dinitrobenzene, para-dinitrobenzene and 1,3,5-
trinitrebenzene show a weak Inhibition, followed by retardation,
in the free-radical polymerization of CX-methylstyrene.

5. ortho-Dinitrobenzene completely suppressed the free-
radical polymerization of CX ~methylstyrene for the entire length
of the experiment. (six hours)

6e The poly-nitro group in the stable free radical 2,2-
diphenyl-l-picrylhydrazyl has such a retarding effect on the
polymerization of CX ~methylstyrene that the use of this stable
free-radical as a radical counter in this system would be prohibited.
Yo fnduction perfod was observed with DPPH.

&0
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7. Yo terminator-monomer or terminator-initiator complexes

could be determined by ultraviolet spectroscopy.
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