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ABSTRACT: Syndiotactic poly(methacrylic acid) (Syn-PMAA, r diad ¼ 91 mol %) was synthesized by free radical polymerization of

methacrylic acid (MAA) with catechol. The pseudo-divinyl monomer was formed with one catechol and two MAA molecules by the

hydrogen bonding between OH groups of catechol and COOH group of MAA. When the free radical polymerization of the pseudo-

divinyl monomer was carried out, intra- and intermolecular addition proceeded with racemic addition. The hydrogen bonding was

the driving force to control tacticity. We discussed the effects of solvent, temperature, and the concentrations of MAA and catechol

on the pseudo-divinyl monomer formation. The highly syndiotactic PMAA was successfully obtained. VC 2012 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The industrial importance and the wide use of polyelectrolytes,

such as poly(acrylic acid) and poly(methacrylic acid) (PMAA),

have been well established. Syndiotactic PMAA (Syn-PMAA)

has higher thermal and chemical resistance than atactic

PMAA.1,2 Generally, syndiotactic polymers are synthesized by

anionic polymerization. However, PMAA cannot be synthesized

directly by anionic polymerization. For the synthetic methods

of syndiotactic PMAA, hydrolysis of syndiotactic poly(tert-butyl

methacrylate),3 radical polymerization with pH controlled solu-

tion,4 template polymerization with isotactic PMMA5 or

a-cyclodextrin,6 and atom transfer radical polymerization

(ATRP) with fluoroalcohol7 are known. However, these methods

have serious disadvantages. In the case of poly(tert-butyl meth-

acrylate), the hydrolysis is required to obtain PMAA. In the case

of pH control, the syndiotacticity of resulting PMAAs was not

so high (r diad < 80 mol %). In the cases of template polymer-

ization with isotactic PMMA or a-cyclodextrin, mass production

was almost impossible, because thin films of 3–5-mm thickness

are needed as the template molecules. In the case of ATRP with

fluoroalcohol, the method cannot be used for acidic monomers

such as MAA. Thus, the development of a synthetic method of

syndiotactic PMAA, which can be applied to mass production,

is needed.

Cyclopolymerization of divinyl monomers is one of the useful

techniques to synthesize structure-controlled polymer.8–10

Chirality-controlled polymers have been synthesized by cyclo-

polymerization of divinyl monomers.11–13 Cyclopolymerization

of divinyl monomers is a potentially useful synthetic method

of syndiotactic polymer. In these cases, the tacticity of the

backbone of polymers was frequently syndiotactic. For exam-

ple, when tert-butyl-a-(hydroxymethyl) acrylate ether dimer

was used as the divinyl monomer, the backbone of cyclopoly-

merized polymer was syndiotactic.14 When isopropylidene

diallylmalonate was used, the backbone was threo-

disyndiotactic.15

For cyclopolymerization, the concentration of divinyl mono-

mer, polymerization temperature, and the arrangement of two

vinyl groups of divinyl monomer are important factors.16,17

To control the arrangement, vinyl groups are generally con-

nected to the template molecule by covalent bond, such as

ester, amide, and ether. For the synthesis of syndiotactic

PMAA by cyclopolymerization, the template molecules must

be separated from the backbone of the cyclopolymerized poly-

mer. However, the incomplete cleavage of these groups has

been reported.18,19 In this work, vinyl groups and template

molecule were connected by noncovalent bond to omit the

hydrolysis.

Additional Supporting Information may be found in the online version of this article.
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For cyclopolymerization, it is necessary for the distance between

two vinyl groups to be lower than 5 Å.20,21 It is also important

that the noncovalent bond in the pseudo-divinyl monomer is

strong enough to control the arrangement of two vinyl groups.

Van der Waals bond, ionic bond, and hydrogen bond are well-

known typical noncovalent bonds. Van der Waals’s bond is too

weak to connect the vinyl groups and the template molecule.

Ionic bond is strong enough, but the pseudo-divinyl monomer

formed by ionic bonds will be difficult to dissolve in solvents.

On the other hand, hydrogen bond is strong enough to control

the arrangement and the distance of vinyl groups. The strength

of hydrogen bond can be controlled by varying the dielectric

constants of the solvent.22 Thus, hydrogen bond will be useful

for connecting two MAA molecules and the template molecule.

The template molecule must have two functional groups, which

can form hydrogen bonding with MAA, with a short distance

apart from each other. The tacticity control of PMAA by using

the pseudo-divinyl monomer with MAA and acetyl diaminocy-

clohexane has been reported.23 However, the resulting PMAA

was atactic, because the hydrogen bond between MAA and am-

ide group was too weak to control the arrangement of vinyl

groups. On the other hand, catechol has two OH groups, which

can connect to the COOH group of MAA strongly, at ortho-

position of benzene ring. Thus, catechol was chosen as the tem-

plate molecule.

The aim of this work is to clarify the effects of the solvent, tem-

perature, and the concentration of the pseudo-divinyl monomer

on the tacticity of resulting PMAA. Conditions to form the

pseudo-divinyl monomer of catechol and MAA were also

investigated.

EXPERIMENTAL

Materials

Methacrylic acid (MAA, Kanto Chemical, 98%) was purified by

distillation. Catechol (Aldrich, 99%), 1,4-anhydroerythritol

(Aldrich, 99%), 2,2’-azobis(2,4-dimethyl-4-methoxyvaleronitrile)

(V-70, Wako Pure Chemical Industries, 99%), 2,2’-azobis(isobu-

tyronitrile) (AIBN, Kanto Chemical, 97%), ethyl iodoacetate

(Aldrich, 98%), methanol (Kanto Chemical, 99.5%), N, N0-
dimethylacetamide (DMA, Kanto Chemical, 98.5%), sodium

hydroxide (Kanto Chemical, 95.0%), nitric acid (Kanto Chemi-

cal, 60–61%), acetic acid (Kanto Chemical, 99.5%), (trimethylsi-

lyl)diazomethane diethyl ether solution (Aldrich, 2.0 M),

tetrahydrofuran (THF, Kanto Chemical, 99%), acetone (Kanto

Chemical, 99%), methanol-d4 (ACROS ORGANICS, 99.8%),

chloroform-d1 (ACROS ORGANICS, 99.8%), and dimethyl sulf-

oxide-d6 (DMSO-d6, Aldrich, 99.9%) were used as received.

Polymerization

A typical procedure is as follows. In the case of code 12, MAA

(2.0 mL, 22.6 mmol) and catechol (1.24 g, 11.3 mmol) were

added to a Pyrex reactor and stirred for 10 min. Next, DMA

(10 mL) was added to the reactor, and the solution was kept

under nitrogen flow for 10 min. V-70 was added to the reactor.

The reactor was sealed under N2 atmosphere and heated at

35�C for 5.0 h. After the polymerization, the product was pre-

cipitated with 3 N-nitric acid aq. (50 mL), collected, purified by

reprecipitation for three times from methanol (10 mL) into ace-

tone (50 mL), and dried under vacuum. The product was a

white powder.

FTIR Measurement

FTIR spectra of polymerization solutions were measured with

an FTIR spectrometer (Jasco, FT/IR-410) using a CaF2 cell (cell

length is 0.1 mm).

NMR Measurement

NMR measurement was carried out with a NMR spectrometer

(JEOL, GLX, 400 MHz) with methanol-d4 for PMAA and di-

methyl sulfoxide-d6 or chloroform-d1 for PMMA using the reso-

nance of the deuterated solvent as lock and the internal stand-

ard for chemical shift data in the d-scale relative to TMS.

Methylation of PMAAs

PMAA (0.015 g, 0.15 mmol of carboxyl group) was dissolved in

methanol (0.5 mL). (Trimethylsilyl)diazomethane diethyl ether

solution (0.15 mL, 0.30 mmol) was added to the solution. The

solution was stirred at room temperature for 48 h. Then, acetic

acid (0.1 mL, 1.75 mmol) was added to the solution. The pre-

cipitate was collected and washed with methanol (5 mL) and

dried under vacuum. The product was a white powder. Yield:

58 wt %. 1H-NMR: d ¼ 0.81–1.19 (3 H, ACH3), 1.76–2.03 (2 H,

ACH2A), and 3.56–3.72 ppm (3 H, AOCH3) (solvent: chloro-

form-d1).

GPC Measurement

The molecular weight and molecular weight distribution of

PMMAs were measured by gel permeation chromatograph

(GPC) with polystyrene standards. The GPC profiles were deter-

mined by GPC [TOSOH, column oven ¼ CO-8020, RI detector

¼ RI-8020, pump ¼ DP-8020, degasser ¼ SD0802, column ¼
TSKgel G5000HHR (range < 4.0 � 105), temperature ¼ 35�C,

eluent ¼ THF, and flow rate ¼ 1.0 mL/min].

RESULTS AND DISCUSSION

Formation of Pseudo-Divinyl Monomer

The hydrogen bond is strong in solvents with low-dielectric

constants (<21).24 To investigate the formation of the pseudo-

divinyl monomer of MAA and catechol in various solvents, the

FTIR spectra of MAA and catechol solutions were observed.

The range of the dielectric constant of solvents was 2.21

(toluene) to 78.54 (H2O). The dielectric constants of solvents

are literature values.25

Figure 1 shows the FTIR spectra of MAA–catechol solutions. In

DMF, DMA, and DMSO with e ¼ 36.71, 37.78, and 46.45,

respectively, new peak was observed at 3650 cm�1. They are

attributed to the hydrogen bond between the hydrogen of

ArAOH group of catechol and the carbonyl oxygen of MAA.26

Thus, the formation of pseudo-divinyl monomer was expected

in these solvents. In toluene, dioxane, and 2-butanone with e ¼
2.21, 2.38, and 18.51, respectively, hydrogen bonding was not

detected. This would be because of the low solubility of cate-

chol. The catechol molecule was not dispersed in these solvents

enough to form the pseudo-divinyl monomer. In H2O (e ¼
78.54), FTIR spectroscopy was inappropriate because of the dis-

solution of CaF2 cell in H2O.
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The formation of hydrogen bond in the solution was not quan-

titatively but qualitatively determined by FTIR. For the quanti-

tative analysis of the formation of pseudo-divinyl monomer, the
1H-NMR spectra of the catechol-MAA solutions were measured

in DMSO-d6 (Figure 2). The peak of OH groups of catechol

(8.2–8.6 ppm) broadened by increasing the molar ratio of MAA

to catechol. The broadening of peaks is a typical phenomenon

for the formation of hydrogen bonding.10,27 To clarify the stoi-

chiometry of the complex of catechol and MAA, Job plot28 was

measured by using the peak of OH group at 8.2–8.6 ppm. Fig-

ure 3 shows the Job plot. d is the deference of the peak top

between catechol solution and catechol/MAA mixture solution.

The peak top was observed at 33 mol % of catechol. This means

that one molecule of catechol and two molecules of MAA inter-

acted with each other. This suggests the formation of pseudo-

divinyl monomer in DMSO-d6.

To clarify the structure of the complex with catechol and MAA,

2D-NMR with NOESY analysis was measured. Figure 4 shows

the 2D-NMR of the mixture of catechol and MAA in DMSO-

d6. The resonance interaction between OH of catechol and

COOH of MAA was observed at &nbsp;the cross-section of 8.7

and 12.2 ppm. Thus, the pseudo-divinyl monomer with one

catechol molecule and two MAA molecules was formed by the

hydrogen bond between OH groups of catechol and COOH

group of MAA in DMSO.

Effect of Solvent on Polymerization of MAA

Table I shows the conditions and results of the polymerization

of MAA with and without catechol. In the solvents with e <

2.38 (dioxane and toluene), the polymerization solutions gelled.

Generally, PMAA is soluble in dioxane.29,30 On the other hand,

Figure 1. FTIR spectra of catechol and MAA solutions (catechol ¼ 0.41

mol/L, MAA ¼ 0.83 mol/L).

Figure 2. 1H-NMR spectra of catechol and MAA solution (ArAOH of

catechol, solvent ¼DMSO-d6, temp. ¼ 35�C, [catechol] þ [MAA] ¼ 3.56

mol/L).

Figure 3. The Job plot of catechol and MAA (peak of ArAOH of catechol

at 8.58 ppm, solvent: DMSO-d6, temp. ¼ 35�C, [catechol] þ [MAA] ¼
3.56 mol/L).

Figure 4. 2D NMR with NOESY of catechol and MAA solution (solvent

¼ : DMSO-d6, [catechol] ¼ 1.16 mol/L, [MAA] ¼ 2.32 mol/L, temp. ¼
35�C, and red circle is the NOE between ArAOH of catechol and

ACOOH of MAA). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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the hydrogen bonding of PMAA is stronghold in dioxane, and

the viscosity of solution increases.29 In this system, it is

expected that PMAA was cross-linked by the hydrogen bonding

between PMAA. As a result, the solution was gelled. Poor con-

trol of tacticity of PMAA was expected in these solvents. In the

solvents with e > 18.51 (2-butanone, DMF, DMA, DMSO, and

H2O), the polymerization proceeded without gelation.

If the catechol remained in PMAA, PMAA may be cross-linked

by catechol in aqueous phase. Thus, the PMAAs were converted

to PMMA to determine the molecular weight with organic sol-

vent by GPC. For GPC measurements, PMAAs were converted

to PMMAs by TMS diazomethane (1H-NMR spectra of result-

ing PMMA is shown in Supporting Information Figure S1). The

molecular weights of resulting PMMAs were listed in Table I. In

all cases, the molecular weights were in a range of 2.00 � 104–

4.00 � 104 [g/mol]. The solvent and existence of catechol did

not affect the molecular weight.

The tacticity of resulting PMAAs was determined by 1H-NMR.

Figure 5 shows the 1H-NMR spectra of PMAA (code 12). The

peaks d ¼ 0.65–1.24 (3 H, ACH3), 1.67–2.02 (2 H, ACH2A),

and 13.42 (1 H, ACOOH) ppm were observed. The tacticity

was calculated by using the peak areas of ACH3 at 0.65–1.06,

1.06–1.19, and 1.19–1.24 ppm for rr, mr, and mm triad, respec-

tively. The tacticity of other PMAAs was measured in the same

way as code 12 and listed in Table I.

When MAA was polymerized without catechol, the r diad of the

resulting PMAAs was constant at about 75 mol % and did not

depend on the solvent. On the other hand, when DMF, DMA,

and DMSO were used as solvents, the addition of catechol dras-

tically increased the r diad (88–91 mol %). When H2O was

used, the r diad slightly increased (84 mol %). In contrast,

when dioxane, toluene, and 2-butanone were used, the r diads

of resulting PMAAs were close to those of the PMAAs polymer-

ized without catechol. The dielectric constants of DMF, DMA,

and DMSO are around 40. In these solvents, the hydrogen bond

between OH groups of catechol and COOH group of MAA

molecule was observed by FTIR (Figure 1). Therefore, it is sug-

gested that tacticity of the PMAAs was controlled by the forma-

tion of hydrogen bonding.

Effect of Temperature

It is well known that the strength of hydrogen bond is due to

temperature. The hydrogen bond between ArAOH and

ACOOH group is at its strongest around 30�C.31 Thus, if the

hydrogen bonding was the driving force of tacticity control, the

tacticity of resulting PMAA would be effected by the polymer-

ization temperature.

Table II shows the tacticity of resulting PMAAs polymerized in

DMA with and without catechol. In the cases without catechol,

the r diad decreased with the increase in the polymerization

temperature. This agrees well with the research of Kocheneva

and Roshupkin.32 In all the cases, the r diad increased by the

addition of catechol. The r diad value and the margin of the

increase of r diad value were highest at 35�C. Therefore, it can

be said that the driving force of the synthesis of syndiotactic

PMAA by using catechol is the hydrogen bond to form the

pseudo-divinyl monomer.

The synthesis of isotactic-rich PMAA (mm/mr/rr driad ¼ 16/49/

35 mol %) by using diaminocyclohexane as the template mole-

cule to form the pseudo-divinyl monomer was reported.33 In

the case of diaminocyclohexane, MAA and diaminocyclohexane

were connected by ionic bond. Thus, two MAA molecules of

the pseudo-divinyl monomer were repelled by electrostatic

Table I. The Conditions and Results of Polymerization of MAA With and Without Catechol

Code

Solvent
[Catechol]
(mol/L)

[MAA]
(mol/L)

Yield
(wt %)

Molecular weightb

Gelation

Tacticity (triad)c Tacticity
(diad)d

Type DCa Mn � 104 Mw/Mn mm mr rr r

1 Dioxane 2.21 – 2.32 38 2.37 1.96 Gelled 7 35 58 76

2 Toluene 2.38 – 2.32 23 3.21 2.54 Gelled 6 34 60 77

3 2-Butanone 18.51 – 2.32 55 1.98 2.34 12 28 60 74

4 DMF 36.71 – 2.32 61 2.54 2.48 9 32 58 74

5 DMA 37.79 – 2.32 38 2.60 2.79 9 32 58 74

6 DMSO 46.45 – 2.32 32 3.24 3.04 9 31 59 75

7 H2O 78.54 – 2.32 95 4.25 3.40 8 37 55 74

8 Dioxane 2.21 1.16 2.32 91 2.56 1.92 Gelled 15 23 62 74

9 Toluene 2.38 1.16 2.32 71 2.66 2.02 Gelled 5 35 59 77

10 2-Butanone 18.51 1.16 2.32 64 3.97 1.98 – 4 31 65 81

11 DMF 36.71 1.16 2.32 66 3.30 1.66 – 1 22 77 88

12 DMA 37.79 1.16 2.32 60 2.59 1.50 – 1 17 82 91

13 DMSO 46.45 1.16 2.32 69 2.03 1.54 – 1 20 79 89

14 H2O 78.54 1.16 2.32 79 2.24 1.53 – 3 27 70 84

Initiator ¼ V-70; 23.7 mmol/L, temp. ¼ 35�C, time ¼ 5 h.
aDielectric constant of solvents, bDetermined by GPC with PS standards, cDetermined by 1H-NMR spectra by using the resonance of a-methyl at
0.90–1.10, 1.10–1.25, and 1.25–1.35 ppm for mm, mr, and rr triad, dCalculated from the triad values.
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repulsion, and the arrangement of vinyl groups was not con-

trolled strictly. As a result, the tacticity of the resulting PMAA

was not controlled well. On the other hand, the pseudo-divinyl

monomer of this work was formed by hydrogen bond. The

arrangement of vinyl groups was not influenced by electrostatic

repulsion. The arrangement of two vinyl groups on one pseudo-

divinyl monomer was controlled racemo because of the

excluded volume effect of the a-methyl group of MAA. And

intramolecular addition of polymerization of the pseudo-divinyl

monomer proceeded racemic-like fashion because of the

excluded volume effect of catechol. As a result, the syndiotactic

PMAAs were synthesized.

Effect of Concentration of Pseudo-Divinyl Monomer

When polymerization is carried out with high concentration of

divinyl monomer, the polymerization solution tends to gel.34,35

In the case of pseudo-divinyl monomer, the similar phenom-

enon was expected. In this work, tacticity control would be

inhibited by gelation, because the arrangement of MAA would

not be controlled by catechol. To clarify the range of concentra-

tion, in which the tacticity of resulting PMAAs is controlled,

polymerizations were carried out with different concentrations

of pseudo-divinyl monomer. Other polymerization conditions

were the same as code 12 in Table I (solvent: DMA; initiator:

V-70; 23.7 mmol/L; temp.: 35�C; and time: 5 h). Figure 6 shows

the r diad values of PMAAs polymerized with catechol at differ-

ent concentrations of the pseudo-divinyl monomer. It should be

Table II. The Conditions and Results of Polymerization of MAA With and Without Catechol at Different Temperature

Code
Catechol
(mol/L)

Initiatora
Temp.
(�C)

Yield
(wt %)

Tacticity (triad)b Tacticity
(diad)c

Type mmol/L mm mr rr r

15 – EIA 23.7 20 59 5 31 64 80

5 – V-70 23.7 35 38 9 36 55 73

16 – AIBN 23.7 60 52 10 32 52 68

17 1.16 EIA 23.7 20 34 2 25 73 86

12 1.16 V-70 23.7 35 60 1 17 82 91

18 1.16 AIBN 23.7 60 47 3 27 70 84

MAA ¼ [2.32 mol/L], [catechol]/[MAA] ¼ 2/1 (code 12, 17, 18), solvent ¼ DMA, and time ¼ 5 h.
aEIA, ethyl iodacetate; and V-70; [EIA]/[V-70] ¼ 1/2; [EIA] ¼ 23.7 mmol/L, bDetermined by 1H-NMR spectra by using the resonance of a-methyl at
0.90–1.10, 1.10–1.25, and 1.25–1.35 ppm for mm, mr, and rr triad, cCalculated from the triad values.

Figure 5. 1H-NMR spectra of PMAA polymerized with catechol (a) and

(b), code 12 and without catechol (c), code 5, solvent ¼ methanol-d4,

and temp. ¼ r.t.

Figure 6. Syndiotacticity of PMAAs polymerized with catechol versus the

concentration of the pseudo-divinyl monomer (solvent ¼ DMA, initiator

¼ V-70; 23.7 mmol/L, [catechol]/[MAA] ¼ 1/2, and temp. ¼ 35�C).
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noticed that ‘‘gelled’’ in Figure 6 indicates that the polymeriza-

tion solution was macroscopically gelled. When the concentra-

tion was smaller than 1.56 mol/L, the r diad value was high (r

diad ¼ 85–91 mol %). The highest r diad value (91 mol %)

was obtained at 1.56 mol/L. In a range of 1.56–2.89 mol/L, the

r diad value decreased with the increase in the concentration of

pseudo-divinyl monomer. This could be because of microscopi-

cally gelled solution. Over 2.89 mol/L, the polymerization solu-

tions gelled, and atactic PMAAs (r diad, 69–70 mol %) were

obtained. Thus, the tacticity control of PMAA by catechol was

conducted when the concentration of pseudo-divinyl monomer

was smaller than 1.56 mol/L.

CONCLUSIONS

The formation of pseudo-divinyl monomer of one catechol and

two MAA molecules increased the syndiotacticity of PMAA (r

diad ¼ 90 6 2 mol %) polymerized by free radical polymeriza-

tion. The pseudo-divinyl monomer of two MAA and one cate-

chol molecule was formed by hydrogen bonding in aprotic sol-

vents such as DMF, DMA, and DMSO. In these solvents, the

intra- and intermolecular addition of the pseudo-divinyl mono-

mer was controlled racemically because of the specific hindrance

of the a-methyl group of MAAs in the pseudo-divinyl monomer

and the specific hindrance of catechol, respectively. In other sol-

vents, the resulting PMAAs were atactic, because the catechol

and MAA did not form the pseudo-divinyl monomer by hydro-

gen bond. The pseudo-divinyl monomer formation did not

affect the tacticity when the concentration of the pseudo-divinyl

monomer was higher than 1.56 mol/L because of the micro-

and macrogelation.
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