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ABSTRACT

The photo-controlled/living radical polymerization of methacrylic acid (MAA) was performed at room temperature by
irradiation with a high-pressure mercury lamp using azo initiators and 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl
as the mediator in the presence of (4-zert-butylphenyl)diphenylsulfonium triflate (‘BuS) as the accelerator. Whereas the
bulk polymerization yielded polymers with a bimodal molecular weight distribution in both the absence and presence of
‘BuS, the solution polymerization in methanol produced unimodal polymers with the molecular weight distribution of
2.0 - 2.3 in the presence of ‘BuS. The molecular weight distribution of the resulting poly (MAA) decreased with an in-
crease in ‘BuS. The dilution of the monomer concentration also reduced the molecular weight distribution. The use of
the initiator with a low 10-h half-life temperature also effectively controlled the molecular weight. The livingness of the
polymerization was confirmed by obtaining linear increases in the first-order conversion versus time, the molecular
weight versus the conversion, and the molecular weight versus the reciprocal of the initiator concentration.

Keywords: Photo-Controlled/Living Radical Polymerization; Nitroxide-Mediated Polymerization; Methacrylic Acid;
4-Methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl; (4-Tert-butylphenyl)diphenylsulfonium Triflate;

Molecular Weight Control

1. Introduction

Poly (methacrylic acid) (PMAA), an important water-
soluble polymer, has many industrial and medical appli-
cations, such as a dispersant for coatings [1], a hydro-
philic modifier on a surface [2], and a component of drug
carriers, like micelles, in drug delivery systems [3,4].
With the aim of precisely synthesizing hydrophilic ar-
chitectures based on PMAA, the controlled radical po-
lymerization of methacrylic acid (MAA) was exploited
using various catalysts. Reversible addition-fragmenta-
tion chain transfer (RAFT) polymerization produced
PMAA with a narrow molecular weight distribution
(Mw/Mn < 1.2) both in water [5] and in organic solvents
[6-10]. Photoiniferter polymerization mediated by di-
ethyldithiocarbamate yielded PMAA with the molecular
weight distribution of ca. 1.2 with less than a 50% con-
version [11]. Atom transfer radical polymerization (ATRP)
was not applicable to MAA because this acidic monomer
poisoned the catalysts by coordinating to the transition
metal, therefore, protection of the monomer is needed for
this polymerization [12,13]. Nitroxide-mediated poly-
merization (NMP) has been regarded as difficult to be
applied to MAA as well as methacrylate esters due to the
side reaction of the disproportionation termination caused
during the high temperature polymerization. Hence, there
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are only a few examples of the copolymerization of
MAA with the comonomers of styrene [14] and sodium
4-styrenesulfonate [15].

Recently, the photo-induced NMP was reported to be
successfully applied to the methacrylate esters of methyl
[16-29], tert-butyl [30], glycidyl [31], and 2-(dimethyl-
amino) ethyl [32] to produce polymers with compara-
tively narrow molecular weight distributions (Mw/Mn
2~ 1.4). This photo-NMP was attained using azoinitia-
tors and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
as the mediator in the presence of photo-acid generators
as the accelerator by both bulk and solution polymeriza-
tions. The polymerization was also applicable to sodium
methacrylate in water, although the molecular weight
distribution was not very narrow (Mw/Mn = 2) [33]. It
was found that the photo-induced NMP of MAA pro-
ceeded in accordance with a living mechanism in an or-
ganic solvent to produce PMAA. This paper describes
the photo-NMP of MAA in methanol using 4-meth-
oxy-TEMPO (MTEMPO) as the mediator.

2. Experimental
2.1. Instrumentation

The photopolymerization was carried out using an Ushio
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optical modulex BA-H502, an illuminator OPM2-502H
with a high-illumination lens UI-OP2SL, and a 500 W
super high-pressure UV lamp (USH-500SC2, Ushio Co.
Ltd.). '"H NMR measurements were conducted using a
Jeol ECS 400 FT NMR spectrometer. Gel permeation
chromatography (GPC) was performed using a Tosoh
GPC-8020 instrument equipped with a DP-8020 dual
pump, a CO-8020 column oven, and a RI-8020 refracto-
meter. Two gel columns, Tosoh TSK-GEL o-M were
used with N,N-dimethylformamide (DMF) containing 30
mM LiBr and 60 mM H;PO, as the eluent at 40°C. The
molecular weight and molecular weight distribution were
estimated by GPC based on poly(methyl methacrylate)
(PMMA) standards.

2.2. Materials

MTEMPO was prepared as reported previously [34].
(2RS,2°RS)-Azobis(4-methoxy-2,4-dimethylvaleronitrile)
(r-AMDV) was obtained by separation from a mixture of
the racemic and meso forms of 2,2’-azobis (4-meth-
oxy-2,4-dimethylvaleronitrile) [35]. Tetramethyl tetra-
zene (TMT) was prepared as reported previously [36].
Extrapure 2,2’-azobis[2-(2-imidazolin-2-yl)propane] (V-
61) and 2,2’-azobis[2-methyl-N-[1,1-bis (hydroxyl-me-
thyl)-2-hydroxyethyl]propionamide] (V-80) were purcha-
sed from Wako Chemicals and used without further puri-
fication. ‘BuS was purchased from Sigma-Aldrich and
used as received. MAA was purified by distillation under
reduced pressure. Methanol was distilled over magne-
sium with a small amount of iodine.

2.3. Photopolymerization: General Procedure

MTEMPO (9.0 mg, 0.0483 mmol), V-61 (11.4 mg, 0.0455
mmol), ‘BuS (12.0 mg, 0.0256 mmol), MAA (1.015 g,
11.8 mmol), and methanol (2 mL) were placed in an am-
poule. The contents in the ampoule were degassed sev-
eral times using a freeze-pump-thaw cycle and were
charged with nitrogen. The polymerization was carried
out at room temperature for 7 h at 1.75 x 10°-lux illumi-
nance with irradiation by reflective light using a mirror
with a 500 W high-pressure mercury lamp at 8.75 am-
pere. Methanol (8 mL) was added to the product to dis-
solve it. A small amount (ca. 0.1 mL) of the solution was
withdrawn to determine the conversion by 'H NMR. The
residue was poured into ether (500 mL). The precipitate
was collected by filtration and dried in vacuo for several
hours to obtain a polymer (824.3 mg).

3. Results and Discussion

The photoradical polymerization of MAA was performed
using ~-AMDYV as the initiator and MTEMPO as the me-
diator at room temperature at 1.75 x 10°Iux illuminance
by irradiation with a high-pressure mercury lamp. The
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monomer conversions were estimated by '"H NMR based
on the signal intensity of the methyl and methylene pro-
tons at 0.9 - 2.2 ppm for the resulting polymer and the
methyl protons at 1.90 ppm for the remaining unreacted
monomer (Figure 1). The signals at 5.58 ppm and 6.06
ppm were attributed to the vinyl protons of the unreacted
monomer. The results are shown in Table 1. An or-
ange-colored solution containing the monomer, -AMDV,
and MTEMPO turned into a white suspension within 1 h
during the bulk polymerization. The change into the het-
erogeneous state during the bulk polymerization indi-
cated that the resulting PMAA was insoluble in the
monomer. The polymerization slowly proceeded in the
absence of ‘BuS to produce a polymer at a 26% conver-
sion after 6 h. It was revealed that the resulting polymer
showed a bimodal GPC consisting of the number-average
molecular weights of Mn = 71,400 and 3950, and the
area ratio was Mn (71,400/3950) = 0.58/0.42. The poly-
merization was accelerated in the presence of ‘BuS, how-
ever, the resulting polymer still showed a bimodal GPC,
although the proportion of the lower molecular weight
polymer was reduced. In order to prevent the formation
of the heterogeneous state during the polymerization, the
solution polymerization was carried out in methanol. The
polymerization homogeneously proceeded, while it was
decelerated in methanol. The solution polymerization
was accelerated by ‘BuS as well as the bulk polymeriza-
tion. Figure 2 shows the GPC profiles of the resulting
polymers obtained at the different BuS/MTEMPO ratios.
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Figure 1. The 'H NMR spectra of the product obtained by
the MTEMPO-mediated photoradical polymerization of
MAA. [MAA], = 11.8 M, MTEMPO/r-AMDV = 1.0, 'BuS/
MTEMPO = 0.265. Conversion = 68%. Solvent: CD;0D.
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Table 1. The MTEMPO-mediated photoradical polymerization of MAA.?

[MAA]\M Initiator ‘BuS/MTEMPO Time h Conversion % Mngeor Mngpe Mw/Mn°
bulk r-AMDV 0 6 26 5460 7;550(;) %22
d
bulk r-AMDV 0.530 3 54 11,300 92’91‘?(;) ?‘2&
11.8 r-AMDV 0 7 19 3990 32’7910(? }22
11.8 r-AMDV 0.133 5 30 6300 10,900 5.66
11.8 r-AMDV 0.133 7 49 10,300 24,300 5.36
11.8 r-AMDV 0.133 11 72 15,100 30,500 3.62
11.8 r-AMDV 0.265 7 68 14,300 21,800 3.42
11.8 r-AMDV 0.530 3 68 14,300 23,800 3.35
5.89 r-AMDV 0.530 7 69 14,500 16,700 2.55
3.93 r-AMDV 0.530 7 61 12,800 16,300 2.78
2.36 r-AMDV 0.530 13 67 14,100 16,700 247
2.36 r-AMDV 0.945 7 59 12,100 13,500 227
5.89 TMT 0.530 7 62 13,000 38,100 2.21
5.89 V-80 0.530 7 85 17,900 44,800 2.43
5.89 V-61 0.530 7 85 17,900 19,100 2.14

*MTEMPO/the initiator = 1.0; Estimated by GPC based on PMMA standards; “Area ratio: Mn (71,400/3950) = 0.58/0.42; %Area ratio: Mn (96,100/4940) =

0.83/0.17; “Area ratio: Mn (38,900/3710) = 0.50/0.50.

‘BuS/MTEMPO
S
J\-\ 0.133
A 0.265
A 0530
TrT T
15 20

Retention time (min)

Figure 2. The GPC profiles of the PMAA by the MTEMPO-
mediated photopolymerization at the different 'BuS/
MTEMPO ratios. [MAA], = 11.8 M, Initiator: r-AMDV.

An increase in ‘BuS reduced the proportion of the lower
molecular weight polymer, resulting in a decrease in the
molecular weight distribution. It is considered that ‘BuS
promoted the cleavage of the C-ON bond at the propa-
gating chain end to prevent the side reactions, such as the
deactivation of the propagating end by the dispropor-
tionation termination. The dilution of the monomer con-
centration also decreased the molecular weight distribu-
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tion. The experimental molecular weights (Mng,s) ob-
served in the GPC of the polymers were close to the
theoretical values (Mny,o) at the concentrations below
5.9 M. The theoretical molecular weight was calculated
using the concentrations of MTEMPO and the monomer
consumed on the basis of the previous result on the
methyl methacrylate polymerization for which the mo-
lecular weight was determined by the ratio of the mono-
mer to MTEMPO [17,28]. It was found that the proper-
ties of the initiators also affected the molecular weight
distribution.

The structures of the initiators are shown in Scheme 1.
TMT produced a single radical species of the N-center
radical by the decomposition [37], different from the
cyano-containing azoinitiators, like »~-AMDYV, that pro-
vided the two species of the C-center and N-center radi-
cals with different initiation rate constants [38-41]. The
single radical species from TMT decreased the molecular
weight distribution, whereas the experimental molecular
weight was much higher than the calculated value, im-
plying its low initiator efficiency (Figure 3). V-80 and
V-61 are more hydrophilic than »-AMDYV and easily dis-
solved in methanol. Their high hydrophilicity also de-
creased the molecular weight distribution. In particular,
V-61 more effectively reduced the molecular weight dis-
tribution and produced a polymer with a molecular
weight close to the calculated value. This more effec-
tiveness of V-61 regarding the molecular weight control
as compared to V-80 should be due to its lower 10-h
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Scheme 1. The azoinitiators used for the MTEMPO-medi-
ated photoradical polymerization.
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Figure 3. The GPC profiles of the PMAA prepared by the
MTEMPO-mediated photopolymerization with the differ-
ent initiators. [MAA], = 5.89 M, MTEMPO/the initiator =
1.0, 'BUS/MTEMPO = 0.530. The polymerization time: 7 h.

half-life period temperature; 61°C for V-61 and 80°C for
V-80. The half-life period temperature of V-61 is still
lower under an acidic condition [35,42,43].

The living nature of the polymerization was explored
using V-61 in the presence of ‘BuS in methanol at a
5.89-M monomer concentration, 1.0 MTEMPO/V-61,
and 0.530 ‘BuS/MTEMPO. Figure 4 shows the time-
conversion and its first-order time-conversion plots,
In([M]y/[M],), for the polymerization. [M] denotes the
monomer concentration. The conversion reached over
80% at around 7 h. The [n([M]y/[M],) plots exhibited a

Copyright © 2013 SciRes.

linear increase, suggesting that the number of polymer
chains was constant throughout the course of the polym-
erization. The variation in the GPC curve with the con-
version is shown in Figure 5. The curves of the resulting
polymers were shifted to the higher molecular weight
side with an increase in the conversion, implying the
livingness of the polymerization. Figure 6 shows the
conversion-molecular weight plots for the polymerization.
The linear increase in the molecular weight with the in-
creasing conversion confirmed the living mechanism of
the polymerization. The proposed mechanism of the po-
lymerization is shown in Scheme 2 based on the previous
results of the methyl methacrylate polymerization; ‘BuS
only served as the accelerator of the polymerization and
was not inserted into the resulting polymer structure [26,
28]. The line for the conversion-molecular weight plots
did not pass through zero. This phenomenon can be ac-
counted due to the existence of a non-steady state during

100
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Figure 4. The time-conversion and its first order plots for
the MAA polymerization. [MAA], = 5.89 M, MTEMPO/
V-61 = 1.0, 'BUS/MTEMPO = 0.530.

high €«—

14 15 16 17 18 19 20 21
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Figure 5. The variation in the GPC curves of the PMAA
versus the conversion: 31% (1.5 h, —); 40% (2.5 h, —);
44% (3.25 h,—); 62% (4 h, —); 72% (5.5 h, —); and 85%
(7 h, D). [MAA], = 5.89 M, MTEMPO/V-61 = 1.0, 'BuS/
MTEMPO = 0.530.
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Figure 6. The plots of the molecular weight and its distribu-
tion versus the conversion for the MAA polymerization.
[MAA], = 5.89 M, MTEMPO/V-61 = 1.0, 'BUSIMTEMPO =
0.530.

COOH

N N :(COOH N
Lot =2 Ot 2= 07

N N N N

H V-61 H H H

o’

A

0. N
MTEMPO [ D
> N COOH COOH

o SN
o’:\‘? > =< N OK\N\Q
CooH [ \W
—_—— N
H

[ B
hy
\Alevvvvv\lvw/\{l O-N o} pr— A 0=N* }-0_

COOH CooH B

lT lT CF3SO3
I 0
—H »-s* —H Y50
D ooy O

(- BuS .

Scheme 2. The mechanism of the MTEMPO-mediated photo-
controlled/living radical polymerization of MAA.

the very early stage of the polymerization [21,26]. Hence,
there was a difference in the molecular weight between

the observed and theoretical values at the low conversion.

The molecular weight distribution was in the range of 2.0
- 2.3 throughout the polymerization.

In order to ensure the livingness of the polymerization,
the relationship between the molecular weight of the re-
sulting polymer and the initiator concentration was in-
vestigated. The results for the polymerization carried out
at different V-61 concentrations are shown in Table 2.
As the V-61 concentration increased, the molecular
weight and its distribution decreased. The experimental
molecular weights were in good agreement with the
theoretical values. By plotting the molecular weight ver-
sus the reciprocal of the initiator concentration, a linear
correlation was obtained (Figure 7). This led to the con-
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Table 2. The MTEMPO-mediated photopolymerizaton of
MAA with different initiator concentrations®.

[V-61]o x 10*M Conversion (%)  Mnpeor Mng®  Mw/Mn®
1.52 76 23,900 25,300 2.25
2.28 85 17,900 19,100 2.14
2.96 80 12,900 14,300 2.10
455 87 9140 10,500 2.00

[MAA]p = 5.89 M, MTEMPO/V-61 = 1.0, ‘BuS/MTEMPO = 0.530. Po-
lymerization time: 7 h; "Estimated by GPC based on PMMA standards.

30000
= 20000 - -
=
10000 -
0 1 1 1
0 20 40 60 80
1/[V-61]o (L/mol)

Figure 7. The plots of the molecular weight versus the re-
ciprocal of the V-61 concentration for the MAA polymeri-
zation. [M]o = 5.89 M, MTEMPO/V-61 = 1.0, 'BuS/
MTEMPO = 0.530. The polymerization time: 7 h.

clusion that the MTEMPO-mediated photoradical po-
lymerization of MAA proceeded in accordance with a

living mechanism in methanol by V-61 in the presence of
‘BuS.

4. Conclusion

The photo-controlled/living radical polymerization of
MAA was attained in methanol at room temperature us-
ing the MTEMPO mediator and the azoinitiators in the
presence of ‘BuS. While ‘BuS accelerated the polymeri-
zation, it tended to decrease the molecular weight distri-
bution. The dilution of the monomer concentration also
reduced the molecular weight distribution. Furthermore,
the initiators that generate a single radical species by
decomposition and have a low 10-h half-life temperature
also effectively controlled the molecular weight. The
livingness of the polymerization was ensured with V-61
based on linear increases in the first-order conversion
with time, the molecular weight versus the conversion,
and the molecular weight versus the reciprocal of the ini-
tiator concentration. The experimental molecular weights
of the resulting PMAA were in good agreement with the
theoretical values at the high conversions.
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