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Abstract: The acceleration effect of various organic acids, such as methanesulfonic acid (MSA), ethanesulfonic
acid (ESA), 4,4 ~sulfonyldibenzoic acid (SDA), diphenylacetic acid (DPAA), and p-toluenesulfonic acid (TSA), on
the rate of styrene bulk polymerization with 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) and benzoyl peroxide
(BPO) was investigated. The addition of organic acids significantly accelerated the rate. Among these organic acids,
DPAA showed an efficient rate-accelerating effect with living nature of polymerization. When DPAA was used as
a rate-accelerating additive for TEMPO-mediated living free radical polymerization (LFRP), the rate of polymer-
ization was dramatically enhanced, the linearity of reaction kinetics was successfully maintained, and the polydis-

persity was effectively controlled.
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Introduction

The desire for accurate control of macromolecular struc-
ture with well-defined molecular weight and low polydis-
persity is a continuing focus in polymer science. Conven-
tionally, well-controlled polymer architectures were only
available from ionic polymerization techniques. While these
techniques are successful, they are limited by rigorous syn-
thetic requirements and incompatibility with a variety of
functional groups.! To overcome these drawbacks, new
polymerization techniques based on living free radical poly-
merization (LFRP) have been developed. The field of LFRP
has rapidly expanded with major advances occurring in
nitroxide-mediated polymerization (NMP),>” atom transfer
radical polymerization (ATRP),*’ and reversible addition-
fragmentation chain transfer polymerization (RAFT).'*"

Among the LFRP’s, the NMP have attracted considerable
interest and a variety of well-defined and complex macro-
molecular architectures has been successfully synthesized
using the NMP technique. The success of this approach can
be related to the ability of stable nitroxide free radicals, such
as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), to react with
the carbon-centered free radical of the growing polymer
chain end in a thermally reversible process.” The working
mechanism of TEMPO-mediated LFRP of styrene using
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benzoyl peroxide (BPO) is illustrated in Scheme 1. The initi-
ation radicals and growing polymer radicals could be capped
by a stable TEMPO radical and form dormant chains, then
the termination reaction by radical coupling would be
retarded due to the reduced radical concentration.'* This
mechanism involves the equilibrium between dormant and
active polymer chains called growing radicals. Because the
dormant chains are thermally labile, homolytic dissociation
of the C-ON bond at high temperatures yields an active
polymeric radical and a TEMPO radical.” The active poly-
mer radicals can undergo chain extension with monomer
and the degree of polymerization has increased. Recombi-
nation of active polymer chains with TEMPO free radicals
then gives dormant species. This process is believed to be
responsible for the living nature of TEMPO-mediated LFRP.

However, one of the major deficiencies of TEMPO-medi-
ated LFRP process was the long reaction time. Usually, 36-
72 h may be required 1o reach completion and obtain large
polymers. Long reaction times of the order of 36-72 h are
not economically attractive. It has been reported that the
rate of TEMPO-mediated LFRP could be raised by the
addition of organic acid, such as camphor sulfonic acid
(CSA) and 2-fluoro-1-methylpyridinium p-toluenesulfonate
(FMPTS), glucose, malononitrile, and dodecylbenzenesulfonic
acid."*" In the presence of CSA, a higher molecular weight
was obtained in less time but a broadening of the polydis-
persity was observed if the CSA concentration was too



Rate-acceleration of TEMPO-Mediated Polymerization of Styrene in the Presence of Various Acids

O30 2

TEMPO

5 13

Active species Dormant species

Scheme 1. Working mechanism of TEMPO-mediated polymer-
ization.

high. It was also reported that acetic anhydride could be
used to shorten the reaction time of nitroxide-mediated
LFRP, and the mechanisms to explain the acceleration rate
of polymerization were proposed.”

In this study, we report the rate accelerating effect of sev-
eral organic acids such as methanesulfonic acid (MSA),
ethanesulfonic acid (ESA), 4,4"-sulfonyldibenzoic acid (SDA),
diphenylacetic acid (DPAA), and p-toluenesulfonic acid (TSA),
for TEMPO-mediated LFRP. The effects of the organic acids
on the rate of styrene bulk polymerization with TEMPO and
benzoyl peroxide (BPO) are discussed.

Experimental

Materials. Styrene (Junsei Chemicals, Japan} was puri-
fied using an inhibitor-removal column (Aldrich, USA) and
stored at -5 °C prior to use. 2,2,6,6-tetramethyl-piperidiny-
loxy (TEMPO, Aldrich) and benzoyl peroxide (BPO, Aldrich)
were used without further purification. Methanesulfonic acid
(MSA), ethanesulfonic acid (ESA), 4,4"-sulfonyldibenzoic
acid (SDA), diphenylacetic acid (DPAA), and p-toluene-
sulfonic acid (TSA) were used as received. The chemical
formulas of the organic acid used as the rate-accelerating
additives in this study are presented in Figure 1.

Polymerization. Styrene (10 g, 96.015 mmol), 0.0413 mmol
of TEMPO and 0.0413 mmol of BPO, and optionally 0.0206,
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Figure 1. Chemical formulas of acids: (a) methanesulfonic acid
(MSA), (b) ethanesulfonic acid (ESA), (¢) 4,4"-sulfonyldibenzoic
acid (SDA), (d) diphenylacetic acid (DPAA), and (e) p-toluene-
sulfonic acid (TSA).
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0.0413 and 0.0629 mmol of organic acids were charged into
a reaction vessel. It is noted that 1.0 molar ratio of [TEMPO]/
[BPO], and 0.5, 1.0 and 1.5 molar ratio of [acids]/[TEMPO]
were used. The reaction mixture was heated at 125 °C and
the polymerization was conducted under nitrogen atmo-
sphere at a constant agitation speed of 200 rpm for a desired
time. During the polymerization, aliquots of the sample were
periodically taken from the reaction vessel in order to char-
acterize the polymerization products including the conver-
sion, molecular weight and polydispersity.
Characterization. The conversion was calculated gravi-
metrically. The molecular weight and polydispersity index
(PDI) were measured using a Viscotek Gel Permeation
Chromatography (GPC). Universal calibration curve was
made using ten PS standard samples (Polymer Laboratories)
with molecular weights of 580-7,500,000 g/mole. The PS
dissolved in THF was injected at a flow rate of 1.0 mL/min.

Results and Discussion

The effect of TEMPO on the bulk polymerization of styrene
is represented in Table I. In the absence of TEMPO, the
high conversion of 93% was achieved for 6 h and the
number-average of molecular weight (M,) is 51,819 g/mol
with the PDI of 2.56, which is a typical value obtained from
conventional radical polymerizations. It is noted that the
molecular weight of the product was measured using GPC
calibrated with PS standards with the range of molecular
weights of 580-7,500,000 g/mole. However, in the presence
of 1.0 molar ratio of [TEMPO]/[BPO], the reaction rate
became much slower and the conversion barely reached
75% for 70 h. The M, dramatically decreased to 18,348 g/
mol and the PDI was well-controlled to 1.15. In the presence of
nitroxide such as TEMPO, it was possible to achieve
controlled polydispersity and molecular weight by bulk
polymerization, as expected. However, the long reaction
time and retarded polymerization rate have been great
disadvantages in TEMPO-mediated polymerization due to
reversible termination mechanism. A definite need for the
development of rate accelerating additives therefore exists.

Much effort has been made to enhance the rate of TEMPO-
mediated LFRP and it has been reported that the rate
improvement can be achieved by the addition of strong
organic acids, such as CSA,'*'>"7?" which was added in an
attempt to suppress autopolymerization.”® We chose five
kinds of organic acids, such as MSA, ESA, SDA, DPAA,
and TSA, for styrene bulk polymerization to develop new

Table 1. The Effect of TEMPO on Bulk Polymerization of Styrene
at 125°C

Reaction time (h) M, (g/fmol) PDI Conversion (%)
TEMPO=1 70 18,348 1.15 75
TEMPO=0 6 51,819 2.56 93
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Figure 2. Polymerization characteristics of TEMPO-mediated
bulk polymerization of styrene in the presence of various amounts of
methanesulfonic acid (MSA). [TEMPO]/[BPO]=0 and 1, [MSAY/
[TEMPO]=0.5, 1, and 1.5.

rate-accelerating additives for TEMPO-mediated LFRP.
Figure 2 shows the conversion and polymerization kinet-

ics of TEMPO mediated bulk polymerization of styrene in

the absence or presence of TEMPO and MSA as a function

of the reaction time. When neither TEMPO nor an organic
acid was used, the polymerization reaction was almost com-
pleted for 2 h due to the high reaction temperature of 125 °C.
However, when 1.0 molar ratio of [TEMPO]/[BPO] without
the acids was used, the reaction rate was retarded and low
conversion of 18.5% was obtained for 6 h. To overcome the
retardation of reaction rate in the presence of TEMPO,
MSA was added and the effect of concentration on the rate
acceleration was then studied. As shown in Figure 2(a),
when the MSA concentration was increased from 0.5 to 1.5
molar ratio of [MSA][TEMPOQ], there was a distinct increase
in the rate of polymerization. The rate enhancement mecha-
nism due to organic acids such as CSA in nitroxide-medi-
ated polymerization involves the consumption of nitroxide
radicals."* The lower nitroxide concentration drives the equi-
librium to favor the formation of active radicals, increasing the
number of growing chains, and hence increasing the poly-
merization rate. In addition to direct consumption of the
TEMPO radicals, it was suggested that the rate constant for
the deactivation between an active radical and nitroxide rad-
ical decreases in the presence of acids.” It was also reported
that the weakening of the C-ON bond in the alkoxyamine
could significantly increase the rate of polymerization."**
The linearity in Lo {[M,}/[M]} versus polymerization time is
a typical characteristic of living polymerization, since the
number of growing oligomeric radicals is maintained constant
throughout the polymerization. When TEMPO was not
added in the bulk polymerization of styrene, a nonlinear
behavior of the polymerization kinetics, which is a charac-
teristic of conventional radical polymerization, was observed
as shown in Figure 2(b). On the other hand, in the presence
of TEMPO only, a fair linearity of polymerization kinetics
was observed and polymerization rate became much slower.
More importantly, when MSA was added as a rate-accelerating
additive, it was observed that the polymerization rate was
greatly enhanced and the linearity of reaction kinetics was
successfully maintained for all MSA concentrations during
TEMPO-mediated polymerization. However, when 1.0 and
1.5 molar ratio of [MSAJ/[TEMPO] were added, the
molecular weights were 86.475 and 102,739 g/mol and PDI
values were 1.682 and 1.768 at 85.1 and 89.7% conversion,
respectively, shown in Table II. This implies that the use of

Table I1. Conversion and Molecular Weight Evolution of Polystyrene Synthesized by TEMPO-Mediated Bulk Polymerization in

the Presence of Various Amounts of Acids for 5h

[TEMPO] : [Acids] =1 : 1

[TEMPO] : [Acids]=1: 1.5

Acid M, (g/mol) PDI Conversion (%) M, (g/mol) PDI Conversion (%)
MSA 86,475 1.682 85.1 102,739 1.768 89.7

ESA 85,614 1.675 98.7 83,513 1.784 99.7

SDA 57,251 1.682 79.1 50,371 1.791 972

DPAA 50,497 1.626 96.6 71,020 1.500 §3.2

TSA 84,787 1.705 81.1 92,618 2.122 60.2
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Figure 3. Polymerization characteristics of TEMPO-mediated
bulk polymerization of styrene in the presence of various amounts of
diphenylacetic acid (DPAA). [TEMPOJ/[BPO]=0 and 1, [DPAAY/
[TEMPO]=0.5, 1, and 1.5.

MSA in TEMPO-mediated polymerization of styrene is
useful in reducing the reaction time but it is not efficient for
controlling the polydispersity. It is thought that the added
acids with aromatic rings and strong acidity interact with the
radical in the active species allowing the resonance-induced
stabilization during the TEMPO-mediated polymerization.
Thus, the organic acids without aromatic ring and strong
acidity show the poor control in the polydispersity.

We varied the amount of all the organic acids for TEMPO-
mediated bulk polymerization of styrene and observed the
influence on the rate of polymerization. The molecular weight,
PDI values and conversion are given in Table II. Among
these organic acids, DPAA enhanced the rate of polymeriza-
tion with better controlled PDI values.

The conversion and polymerization kinetics of TEMPO
mediated bulk polymerization with DPAA are shown in
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Figure 4. Molecular weight evolution of polystyrene synthesized
by TEMPO-mediated bulk polymerization in the presence of dif-
ferent amounts of diphenylacetic acid (DPAA). [TEMPOJ/[BPO]
=1, [DPAA)/[TEMPO]=1, and 1.5.

Figure 3 as a function of the reaction time. The plots of 0
and 1.0 molar ratio of [TEMPO)/[BPO] are the same as in
Figure 2 where MSA was used. By adding DPAA to the
TEMPO mediated polymerization, the polymerization rates
are efficiently accelerated. And the first order kinetics is
well observed for all concentration of DPAA, which indi-
cates the polymerization occurs in a controlled manner.
When 1.5 molar ratio of [DPAA]/|[TEMPO] was used, the
molecular weight of polystyrene was 71,020 g/mol and the
PDI was 1.500 with a conversion of 83.2%, shown in Table II.
As the molar ratio of [DPAA]/[TEMPO] increased from 1.0
to 1.5, the PDI decreased from 1.626 to 1.500 as shown in
Figure 4. It is indicated that the DPAA additive not only
increases the rate of polymerization to obtain substantially
high conversion, but also gives effective control of the
molecular weight and polydispersity of polystyrene. From
our experimental results, diphenylacetic acid (DPAA) is
believed to act as an efficient rate-accelerating additive for
TEMPO-mediated LFRP.

Conclusions

In this study, the effect of various organic acids, such as
MSA, ESA, SDA, DPAA, and TSA, as accelerating agents
on the rate of TEMPO-mediated bulk polymerization of sty-
rene was investigated. The significant rate-acceleration was
observed by adding various organic acids in TEMPO-medi-
ated polymerization. Among these additives, DPAA showed
efficient rate-accelerating effects with controlled PDI for
TEMPO-mediated LFRP. The rate of polymerization was
dramatically enhanced by the addition of DPAA and the lin-
earity of reaction kinetics was successfully maintained for
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all the concentrations, which is a characteristic of living
polymerization. When 1.5 molar ratio of [DPAA]/[TEMPO]
was added, the molecular weight of polystyrene was 71,020
g/mol and the PDI was controlled to 1.500 with a conver-
sion of 83.2%.
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