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A new polymerization retarder was investigated as an alternative to highly toxic dinitrophenols for the styrene

distillation process.
polymerization of styrene.

Dodecylbenzenesulfonic acid (DBS) was found to reduce the initial rate of thermal radical
The molecular weight of polystyrene resulting from thermal polymerization was
slightly higher in the presence of DBS than in the absence of DBS.

1-Phenyltetraline (1), obviously produced by

isomerization of the initial Diels-Alder adduct of styrene (4), was also detected in the presence of DBS. These

observations suggest that DBS behaves as an acid catalyst for the isomerization of 4 to 1.

The retardation effect

can be explained as the reduction of the concentration of initiate radicals generated from molecular assisted

homolysis of 4 and monomeric styrene.

Although only sulfonic acid cannot completely replace highly toxic and

reactive dinitrophenols, it can reduce the amount of dinitrophenols required.
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1. Introduction

Molecules which suppress or inhibit the polymeriza-
tion of monomers are classified either as inhibitors or
retarders”. Styrene, one of the most important
monomers, undergoes spontaneous polymerization
when heated even in the absence of initiators, and so
various inhibitors or retarders have been developed? to
prevent undesired polymerization. In general, dinitro-
phenols such as 2,4-dinitrophenol (DNP) and 2,4-dini-
tro-6-s-butylphenol (DNBP) have been used commer-
cially as in-process retarders for the styrene purification
distillation process®. Such dinitrophenols are effec-
tive polymerization retarders for styrene, but most of
them are extremely toxic and highly reactive, so require
special precautions for use. Therefore, a new retarder
which is less toxic and reactive is highly desirable.

Several mechanisms by which aromatic nitro com-
pounds retard thermal radical polymerization of styrene
have been proposed, including migration of the f-
hydrogen of the propagation radical to the nitro group
of the retarder to form an oligomer with a terminal dou-
ble bond?, and addition of the propagation radical to
the nitro group>® or aromatic ring” of the nitro com-

* To whom correspondence should be addressed.
* E-mail: nakajima-j@hakuto.co.jp

J. Jpn. Petrol. Inst.,

pounds. However, the retardation mechanism of dini-
trophenols is little understood. Our previous investi-
gation of the retardation mechanism of dinitrophenols
found that the phenolic OH group is important and the
effect depends on the structure of the dinitrophenol®.
For example, the retardation effect of 2,6-dinitrophenol
was slightly greater than that of 2,4-dinitrophenol, indi-
cating that the acid dissociation constant (Ka) of dini-
trophenols may be related to the retardation mech-
anism. We also found that aryl- and alkylsulfonic
acids exhibit similar retardation effects.

Here, we report our investigation of the retardation
of styrene polymerization by aryl- and alkylsulfonic
acids.

2. Experimental Procedure

2.1. General

"H-NMR spectra were recorded on a JEOL JNM-AL
300FT/NMR (nuclear magnetic resonance) spectrome-
ter in CDCls with MesSi as the internal standard. Gel
permeation chromatography was carried out on a
Hitachi GPC (gel permeation chromatography) system
equipped with a RI detector and Shodex GPC KF-804
(4.6 X 25 cm) column using polystyrene standards as
the reference and tetrahydrofuran (THF) as the carrier
solvent. Gas chromatography and mass spectra were
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obtained on a HP-6890 GC (gas chromatography) sys-
tem using a HP-1 cross-linked methyl siloxane capil-
lary column (0.32 mm X 15 m, film thickness 0.25 mm)
and flame ionization detector or mass selective detec-
tor.

2.2. Material

2,6-Dinitro-6-s-butylphenol was purchased from
SNPE (France). All other reagents were purchased
from Tokyo Kasei Kogyo Co., Ltd. Styrene stabilized
with #-butylcatecohol was distilled under reduced pres-
sure prior to each experiment.

2.3. Measurement of Retarding Effect on Thermal
Polymerization of Styrene

The effect of the retarders was evaluated by compar-
ing polystyrene formation in the presence and absence
of retarders. In a typical run, a 250 m/ laboratory bot-
tle (SHOT Glass DURAN labglas) equipped with N2
gas inlet, vent and sample outlet valve (Omnifit Ltd.)
was charged with 100 g of styrene and retarders. The
mixture was degassed by purging with Nz for 10 min.
The bottle was then immersed into an oil-bath thermo-
statically controlled at 120 £0.1°C and heated with
purging N2 (80 m//min). After 10 min, the tempera-
ture of the mixture reached at 120°C; this time was
considered time zero. An aliquot (about 2 g) of the
mixture was removed from the bottle and weighed pre-
cisely. Methanol (20 m/) was added immediately to
precipitate the polymer formed during this period.
The precipitated polystyrene was filtered with a 1 um
polytetra fluoroethylene (PTFE) membrane filter that
was pre-weighed prior to use. The polymer was dried
and weighed. Conversion was calculated from the
weights of the sample and the polymer. The dried
polymer was dissolved in THF and the molecular
weight was determined by GPC.

The rate of polymerization was calculated from the
slope of polymer conversion as a function of reaction
time in the absence and presence of dodecylbenzene-
sulfonic acid (DBS). Polymer conversion in the pres-
ence of dinitrophenols was not linear, so the rate of
polymerization was difficult to estimate during the 120
min. Therefore, the “instantaneous” rate of polymer-
ization (mg-kg'-s!) at 60 min was calculated by
dividing the polymer conversion at 60 min by 3600 s,
and compared to evaluate the performance of various
retarder compounds.

2.4. Determination of Styrene Dimers

The filtrate separated by filtration was concentrated
under reduced pressure and residual styrene dimers (1-
3) were isolated by TLC (Merck plate coated with sili-
ca gel GFas4 0.25 mm thick, hexane). Dimers 2 and 3
were not isolated in sufficient quantities to allow 'H-
NMR analysis and so were characterized only by GC-
Mass. The concentrations of dimers were measured
by GC (hydrogen-flame ionization detector: FID).
About 1 g of mixture removed from the bottle was
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cooled rapidly to 0°C to halt polymerization and a THF
solution of pyrene was added to the mixture as the
internal standard.
1-Phenyltetralin (1), 'H-NMR(CDCls) d 1.70-1.83 (m,
1H), 1.84-1.93 (m, 2H), 2.14-2.17 (m, 1H), 2.84-2.92
(m, 2H), 4.12 (dd, 1H, J =6.06, 7.17 Hz, 1H), 6.82 (d, J =
4.41 Hz, 1H), 6.82-7.30 (m, 9H). MS m/e (relative
intensity) 209 (M+1, 17.1), 208 (M+, 100), 180 (90.8),
179 (80.3), 178 (47.4), 165 (44.7), 152 (10.5), 131
(21.1), 130 (76.3), 104 (20.4), 91 (34.2), 89 (21.1).
1,2-Diphenylcyclobutane (2), MS m/e (relative intensi-
ty) 208 (M+, 2.3), 178 (3.7), 104 (100), 78 (10.9).
1-Methyl-3-phenylindane (3), MS m/e (relative intensi-
ty) 209 (M+1, 13.2), 208 (M+, 79.6), 193 (73.0), 178
(34.2), 165 (13.8), 130 (23.7), 115 (100), 91 (36.8).
2.5. Determination of DNBP Concentration
Accurately weighed mixture removed from the bottle
was dissolved in xylene (10 m/) and residual DNBP
was extracted with 10 m/ of aqueous NaOH (0.5%).
The concentration of DNBP in the aqueous phase was
determined by UV/VIS spectroscopy (JASCO UBEST-
500 spectrometer).

3. Results and Discussion

3.1. Retardation Effect of DBS

The rate of polymerization of styrene at 120°C was
conveniently estimated from the slope of the yield of
polymer as a function of reaction time at the initial
stage of the polymerization when the linearity of the
plot was fairly good (Fig. 1). The rate of polymeriza-
tion decreased when dodecylbenzenesulfonic acid
(DBS) was added to the mixture. In the presence of
100 ppm of DBS, the rate of polymerization was
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(a) 0, (b) 100 ppm, (c) 200 ppm, (d) 1000 ppm.

Fig. 1 Effect of Dodecylbenzenesulfonic Acid on the Thermal

Polymerization of Styrene at 120°C
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Table 1 Rate of Polymerization in the Presence and Absence
of DBS
Temp.  Concentration  Rate of polymerization
Reagent
£ °Cl [ppm] [mg-kg 5]
DBS 120 100 10.2
200 6.45
1000 3.78
None 110 7.82
120 . 19.3
130 32.7
140 54.9

Table 2 Rate of Polymerization in the Presence of Sulfonic
Compounds at 120°C

Concentration  Rate of polymerization

Reagent

[ppm] [mg-kg'-s™]
DBS 100 10.2
p-toluene sulfonic acid 100 10.1
methanesulfonic acid 100 9.77
None — 19.3
DB 100 16.1
DBS-Na salt 100 15.8
p-toluene sulfonic acid 100 17.1

ethyl ester

reduced to half of the rate in the absence of DBS. The
reduction of the rate depended on the concentration of
DBS.

DBS reduced the rate of polymerization without any
induction period, as if the polymerization temperature
had been decreased (Fig. 1). As shown in Table 1,
the rate of polymerization at 120°C in the presence of
100 ppm of DBS was essentially equal the rate of poly-
merization in the absence of retarder at 110-120°C.
This result is in a marked contrast to that observed for
polymerization in the presence of free-radical inhibitors
where an induction period is usually observed”:'?.

To investigate the origin of the retardation effect, the
effect of the structure of the sulfonic derivatives was
investigated (Table 2). p-Toluene sulfonic acid had a
similar retarding effect to DBS, indicating that the
length of alkyl chain is not important. Methane sul-
fonic acid also showed a similar effect.

In contrast, sodium salt of DBS (DBS-Na) and p-
toluene sulfonic acid ethyl ester exhibited little retarda-
tion effect. Dodecyl benzene (DB) also exhibited no
retardation effect. These observations clearly indicate
that the free sulfonic acid group is required for retarda-
tion of styrene polymerization.

3.2. Comparison of Retardation Effects of DBS
and Dinitrophenols

To evaluate the retardation effect of DBS, the effect
was compared with that of dinitrophenols, which are
typical styrene polymerization retarders. Figure 2
suggests that the retardation effect of DBS is signifi-
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(a) DBS 100 ppm, (b) DNBP 100 ppm, (c) DNP 100 ppm, (d)
DBS 50 ppm + DNBP 50 ppm, (e) DBS 50 ppm + DNP 50 ppm.

Fig. 2 Comparison of the Retardation Effects of DBS and
Dinitrophenols

cantly smaller than those of dinitrophenols. For
example, the rate of polymerization of DBS at 60 min
was 19.3 mg-kg'-s7!, whereas the rates for DNP and
DNBP were 1.63 and 1.84 mg-kg'-s7!, respectively.

However, a mixture of DBS and dinitrophenols had a
much larger retardation effect than that expected from
the individual components. Thus, the retardation
effect of DNBP (Fig. 2(b)) was larger than that of only
DBS (Fig. 2(a)). However, the addition of both DBS
(50 ppm) and DNBP (50 ppm) showed a larger reduc-
tion in the polymerization rate than that of DNBP at the
same concentration (Fig. 2(d)). A similar synergistic
effect was observed for the combination of DBS and
DNP (Fig. 2(e)).
3.3. Effect of Retarder on the Molecular Weight

of Polystyrene

Dinitrophenols may retard the polymerization of
styrene by acting as chain-transfer agents", which
quench styrene radicals leading to less reactive radicals.
In the presence of these retarders, the polymer
molecular weight is reduced because the propagation
radical is quenched by the retarders before attacking
another monomer to form a higher molecular weight
polymer. If DBS acts as a chain-transfer agent in a
similar manner, the molecular weight of the polymer is
also expected to be reduced. To check this possibility,
the molecular weight of polystyrene formed in the pres-
ence of DBS was determined by GPC and compared
with that obtained in the absence and presence of DNP.

GPC showed a significant increase in elution time
and polydispersity for polymer obtained in the presence
of DNP (Fig. 3(e)) compared to unretarded polymer
(Fig. 3(a)). This data clearly suggests that DNP is
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acting as strong chain-transfer agent.

However, GPC of the polymer obtained in the pres-
ence of DBS showed no increase in elution time or
polydispersity. It is rather surprising to note that the
elution times decreased with increasing concentration
of DBS. Table 3 shows the number-average
molecular weights (Ms) and weight-average molecular
weights (M) calculated from the GPC trace. The Mx
for polystyrene in the presence of 100 ppm of DBS at

(d) (c)
DBS DBS
1000ppm  200ppm  P)
DBS

Detector Response

4.5 6.5 8.5
Minutes

(a) Control, (b) DBS 100 ppm, (c) DBS 200 ppm, (d) DBS 1000
ppm, (e) DNP 100 ppm.

Fig. 3 Comparison of GPC Traces for Polystyrene Formed in
the Presence of DBS and DNP at 120°C

30 min was 1.3 times higher than that of unretarded
polystyrene, whereas the M, in the presence of DNP
decreased to 1/30. These results suggest that DBS
does not act as chain-transfer agent to achieve retarda-
tion.
3.4. Product Analysis

To obtain more insight into the mechanism of DBS
retardation, the filtrate separated from the mixture in
methanol was analyzed by GPC. The filtrate should
contain oligomer or products formed as a result of the
reaction of initiate radical and retarder, which may pro-
vide important information on the retardation mech-
anism. The filtrate was distilled under reduced pres-
sure to remove the remaining styrene monomer and
methanol and the residue was dissolved in THF and
analyzed by GPC. The GPC analysis exhibited a sin-
gle peak at 11.35 min, which was estimated to have a
molecular weight of around 200 by comparison with
the reference polystyrene retention time. The main
product separated by thin-layer chromatography (TLC)
was determined to be 1-phenyltetralin (1). 1,2-
Diphenylcyclobutane (2) and 1-methyl-3-phenylindane
(3) were also confirmed as minor components by GC-

MS (mass spectroscopy).

O ¢
5 YU T4

3.5. Relationship between Styrene Dimers and the
Retardation Effect
The effect of the retarders on the concentration of

Table 3 Comparison of Molecular Weights of Polystyrene

Molecular weight (x 10°)

Retarder Concentration Time
[ppm] [min] M My Mw/Mn
DBS 100 15 7.68 9.89 1.29
30 5.56 7.93 1.43
45 5.32 8.10 1.52
60 5.15 7.52 1.46
200 15 11.3 12.9 1.14
30 10.7 12.2 1.14
45 9.88 11.4 1.15
60 9.74 11.3 1.16
1000 15 12.7 14.6 1.15
30 12.1 13.7 1.13
45 11.4 13.1 1.15
60 9.82 11.3 1.15
Control 0 15 4.75 7.39 1.56
30 4.36 6.93 1.59
45 3.87 6.48 1.67
60 3.82 6.60 1.73
DNP 100 15 0.173 0.309 1.79
30 0.147 0.287 1.95
60 0.159 0.312 1.96
90 0.162 0.327 2.02
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Table 4 Concentrations of Dimers at 120°C

Dimer concentration [ppm]

R Concentration Time
etarder
[ppm] [min] 1 2 3
DBS 100 15 92 12 8
30 197 24 12
45 299 35 14
60 402 47 15
200 15 104 11 23
30 217 22 32
45 318 32 40
60 414 41 46
1000 15 154 14 466
30 267 24 540
45 381 35 662
60 490 44 796
DNP 100 15 >1 15 >1
30 >1 28 >1
60 >1 56 >1
90 >1 81 9
Control 0 15 >1 14 >1
30 >1 28 >1
45 >1 42 >1
60 3 55 >1
dimers (1-3) was examined by GC (Table 4). In the ©/§ O‘ ©/§ O .
presence of DBS, the concentration of 1 was linearly z == ) ~ 5 + @A’”
increased as a function of reaction time. The concen- O O
tration of 1 reached 400 ppm at 60 min in the presence
of 100 ppm DBS. The rate of formation of 1 seemed 4 5 6
to increase with increasing DBS concentration. On
Scheme 1

the other hand, only a trace amount (less than 1 ppm) of
1 was formed in the absence or presence of DNP.

Dimer 3 was also formed only in the presence of
DBS. The concentration of 3 significantly increased
at a higher concentration of DBS (at 1000 ppm).
Dimer 2 was formed regardless of the conditions.
These results indicate that the formation of these
dimers and the increase of molecular weight of polymer
must be associated with the mechanism by which DBS
retards polymerization.
3.6. Mechanism of DBS Retardation

Styrene undergoes self-initiated polymerization even
in the absence of initiator. The most widely accepted
mechanism for the polymerization of styrene involves
an initial [4 + 2] Diels-Alder reaction between two
molecules of styrene'V. The reaction forms the non-
aromatized adduct (4), which cannot undergo a thermal
1,3-sigmatoropic rearrangement due to symmetry con-
siderations and therefore undergoes a molecular-assist-
ed homolytic reaction with another molecule of styrene
to form the aromatized radical (5) and the radical (6)
derived from styrene (Scheme 1). Many investiga-
tions have been done to elucidate the mechanism'? =17,
which is also supported by the isotope effect observed
for deuterated styrene'®, and the structural analysis of
styrene oligomer composed of 6-14 units, prepared by
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thermal polymerization in the presence of ferric chlo-
ride as inhibitor. The structural analysis of the
oligomers confirmed that the radicals (5, 6) are respon-
sible for initiation'”. Strong confirmatory evidence of
the mechanism has recently been found in the study of
radical polymerization mediated by stable nitroxide?”.
In the presence of 2,2,6,6-tetramethyl piperidine-1-
oxyl, two kinds of alkoxyamine were isolated and char-
acterized to as formed as a result of reaction of initiate
radicals (5, 6) with the stable nitroxide.

Generation of 1 in the presence of DBS suggests that
DBS may act as a hydrogen donor. Thus the two radi-
cals created by thermal polymerization of styrene
abstract hydrogen from DBS to form 1 and ethyl ben-
zene. The sulfonyloxyl radical can trap other radicals
to form sulfonyl ester. In order to check this possibili-
ty, O-deuterated DBS (DBS-OD), prepared by the H-D
exchange reaction of the acid in D20, was employed as
a retarder. 'H-NMR analysis showed no absence or
decrease in hydrogen integration at the 4-position of 1.
Sulfonyloxyl radical has high reactivity?", and the radi-
cal formed by decomposition of corresponding perox-
ide is often used as an initiator rather than a retarder.
Moreover, if DBS acts as a hydrogen donor, the
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molecular weight should be decreased due to the chain
transfer mechanism. Therefore, it is unlikely that
DBS acts as a chain transfer agent. A more plausible
mechanism for the retardation effect of sulfonic acid
involves the catalytic action for isomerization of non-
aromatized adduct (4) to a stable aromatized dimer,
such as 1.

The unstable Diels-Alder adduct (4) generating initi-
ate radical 5 and 6 probably undergoes catalyzed iso-
merization leading to stable compound 1 in the pres-
ence of the acid, resulting in decreases in the concentra-
tions of active radicals, 5 and 6 (Scheme 2).

Addition of 0.1% of I» retarded the thermal polymer-
ization of styrene and accelerated formation of 1'V.
The author suggested that hydrogen iodide was possi-
bly present in the I» assisted isomerization of 4.
Although the retardation effect by I> was also explained
in terms of the free radical mechanism??-?®, the forma-
tion of 1 and retardation are consistent with the present
result with DBS. The formation of 1 in the presence
of 2% of +-BuOK was also reported®?.

The thermal 1,3-sigmatropic rearrangement is impos-
sible for 4, but would be energetically favorable
because this isomerization involves aromatization.
The simplest model compound of 4, 1-methylene-2,4-
cyclohexadiene, readily isomerizes to toluene by the
addition of proton acid?>2%).

If the formation of 1 is closely related with reduction
of the amounts of initiator radicals 5 and 6, the concen-
trations of 1 and the polymer should be correlated.
Figure 4 shows the plot of molar concentration of 1
against that of polymer at different times. The molari-
ty of the polymer was calculated from the average
molecular weight shown in Table 3. Although these
molecular weights are averaged, the polydispersities
(Mw/M,) were low enough to estimate the molarity of
the polymer.

In the presence of DBS, the molar concentrations of
1 and polymer had a linear relationship. The molar
ratio of polymer/1 is 0.037 at 100 ppm of DBS. The
ratio decreased with increasing DBS concentration
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Fig. 4 Plot of Molarity of Polystyrene vs. Molarity of 1-
Phenyltetralin in the Presence of DBS

(0.012 at 200 ppm, 0.0065 at 1000 ppm). These
results may also support the idea that DBS quenches
radical precursor 4 and hence suppresses the polymer-
ization.

However, the concentration of 1 is much higher than
the polymer concentration. In the presence of 200
ppm of DBS, the concentration of 1 is about 100 times
higher than that of polymer. It is likely that the rate of
isomerization of 4 to 1 is considerably faster than that
of the molecular-assisted homolytic reaction of 4 to 5.

The evidence of the molecular weight of the polymer
also supports this mechanism. In all cases in the pres-
ence of DBS, the amount of polymer was reduced,
whereas the molecular weight was increased. This
fact also supports the idea that DBS decreases the initi-
ate radicals by acting as an acid catalyst. The retarda-
tion effect of DBS is similar to lowering the polymer-
ization temperature. The rate of polymerization
decreases with lower polymerization temperature.
Therefore, the rate of the thermal Diels-Alder reaction
is also reduced by lowering the temperature.

With the increased molecular weight, polydispersity
observed in the presence of DBS was lower than that of
the unretarded polymer (Table 3). The GPC trace of
the unretarded polymer showed pronounced tailing at
lower molecular weight (Fig. 3(a)), and decreased with
increasing amount of DBS. The disappearance of the
polymer component must be the main factor causing
the low polydispersity and high molecular weight.
Polystyryl radical is known to undergo termination
exclusively by coupling. In the proposed mechanism,
DBS suppresses generation of initiator radicals so the
concentration of polystyryl radical should also be
reduced. Thus, the reduced polystyryl radical concen-
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Fig. 5 Effect of DBS on the Thermal Polymerization of
Styrene in the Presence of DNBP

tration may lead to a substantial reduction in the rate of
termination. Presumably the reduced polystyryl radi-
cal tends to increase continuously before encountering
another radical to form the polymer. This might result
in the observed high molecular weight and small poly-
dispersity.

The origin of the synergistic effect between DBS and
dinitrophenols is interesting. The effect of DBS on
the consumption of DNBP in the thermal polymeriza-
tion was examined.

Various amounts of DBS (0-100 ppm) were added to
a styrene solution containing a fixed amount of DNBP
(100 ppm) and the polymer conversion and concentra-
tion of DNBP were determined periodically. As
shown in Fig. 5, the addition of DBS effectively
reduced the amount of polymer. For example, the rate
of polymerization at 90 min in the absence of DBS was
2.39 mg-kg'-s7! but in the presence of 25 ppm of DBS
was 1.39 mg-kg'-s7!. The rate of consumption of
DNBP was also reduced by addition of DBS (Fig. 6).
It is clear that the rate of polymerization and consump-
tion of DNBP were reduced with increasing concentra-
tion of DBS.

Figure 7 shows the relationship between the poly-
mer conversion and residual DNBP concentration. In
the absence of DBS, the polymer conversion was corre-
lated with the DNBP concentration, which reveals that
polymer conversion increased with decreased concen-
tration of DNBP (solid line).

Almost all these plots resulting from addition of
varying amounts of DBS accord with the result of only
DNBP (solid line). Such accordance suggests that
addition of DBS does not influence the relationship
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Fig. 6 Residual Concentration of DNBP in Styrene at 120°C
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Fig. 7 Relationship of Conversion and Residual DNBP
Concentration

between the conversion and DNBP concentration. In
other words, DNBP is consumed according to the con-
centration of the generated radicals. Therefore, the
addition of DBS reduces the concentration of initiator
radicals.

The significantly small retardation effect of only
DBS and the synergistic effect are now clearly explica-
ble, as DBS does not react with the radicals but only
suppresses the generation of radicals. The radicals
reduced by DBS are efficiently quenched by the co-
existing DNBP.
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The formation of 1-phenyl-3-methylindane (3) and
its role in the retardation reaction remains unclear.
The drastic change in generation at high concentrations
of DBS suggests that formation of 3 is not related to the
retardation. The formation of 3 is consistent with the
cationic mechanism!'Y?7-?»_ In the presence of high
concentrations of DBS, a small amount of styrene
reacts with protons to form a cationic intermediate.
The styrene cation reacts with another molecule of
styrene and undergoes intramolecular electrophilic aro-
matic substitution to form 3.

Since the formation of dimer 2 was independent of
conditions, the dimer seems to be formed in the photo-
chemical [2+ 2] cycloaddition'’. The formation of
dimers leads to monomer loss as well as undesired
polymerization if sulfonic acid is used for styrene dis-
tillation process. However, this may be not so a big
problem because the amount of monomer loss caused
by formation of dimer is considerably smaller than that
consumed by polystyrene formation. For example,
the loss of monomer by formation of polystyrene can
be estimated at more than 1 to 2% (10,000 to 20,000
ppm) in the presence of dinitrophenols during 120 min
from the result shown in Fig. 2. In contrast, the total
amount of dimers (1-3) was ca. 1300 ppm during the
60 min at 120°C (Table 4) in the presence of high con-
centrations of DBS.

4. Conclusion

The present investigation revealed that DBS reduces
the initial rate of thermal radical polymerization of
styrene. In the presence of DBS, the molecular
weight of polystyrene resulting from thermal polymer-
ization was slightly higher than that formed in the
absence of DBS. The styrene dimer (1), produced by
isomerization of the initial Diels-Alder adduct of
styrene (4), was detected in the thermal polymerization
in the presence of DBS. These observations suggest
that DBS does not act as a hydrogen donor but behaves
as an acid catalyst for the isomerization of 4 to 1.
Thus, the retardation effect can be explained as reduc-
tion of the concentration of initiator radicals generated
from the molecular-assisted homolysis of 4 and
monomeric styrene. The synergistic effect of DBS
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and DNBP also suggests this mechanism. Although
only DBS cannot be used to replace highly toxic and
reactive dinitrophenols, DBS can reduce the amount of
dinitrophenols required in the styrene distillation
process.
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AFL DS T HIVERIIHT B XIVE CEROMGIhE

Hhils

e, Al TR, S

F5 ™

AR (kR) U B R, 510-0007 =LY A A R4 6-6-9
o SE KT TS T LR, 514-8507 —E IR EH BT 1515

AFLyEETOEATIEIVZ b T o) — VEDEAIH]
Fle LTSN TWAA, BB L HCKEES &
I AR L TWD, PEYEE, BEAMIKROBINA, S
= bu 7z = VEIIED L BB OB LT TV
Lo EAMHKOME B E L TR 2 £l oHT, FF
VRV E Y ANAK Y (DBS) BSAF L YOBINT YA IVE
EOMEFE LTHERT A2 L2 RWili Lz, ABFZETIE,
DBS O E & HIHIFHEICE T 2 M %2155 729, DBS /LT T
ATV ANERGEFEL, FETLHE) v —ERDI
WZAt, F¥ofE0WEzITo 72, € DfR, DBSFFIET
THEET %K)~ —OFE 551513 DBS MRS ER T 5
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RNV =B LTHOINICREL RLIEFHL N E RS
720 $72, DBSHEAE T TR v — AR HH S b D12
HoT1L-7x2=2Vv7 b7 ¥ (1) DERT S 2 EW5ho7,
INSOHLENS, DBS ZHIGT ¥ H V ORIEMATSH % Diels-
Alder fJ0fE (4) \ZfERIZE L C 1~ DR ML Z IR L,
FRE LT DO VoSsERT L SE, EG2IHT 2
ZLDREEE NIz, DBS I TOEAWHISEIZY = br T
=/ = VHEICHRTHETH 5205, MELZMAEDELZ LI
L0, BNHSEHRERT LML 2R, HEHEOE:
vzbturvz/ - VEOEE R CTEL LR RV
72o
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