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ABSTRACT: Ionomers of poly(methyl methacrylate-co-methacrylic acid) crosslinked by titanium(IV) (TiH) and zir­

conium(IV) (Zr4+) ions were prepared, and their structures, optical absorption and viscoelastic properties were investi­

gated. IR measurement revealed that tetravalent metal ions were coordinated by -COO- groups of deprotonated meth­

acrylic acid and functioned as crosslinkers. The coordination of -COO - to the Ti4+ especially brought about strong UV 

absorption below 360-370 nm owing to charge transfer. Dynamic mechanical thermal analysis (DMTA) showed storage 

modulus (E ') below glass transition temperature (T") and a peak temperature of tan ,5 for every ionomer not to increase 

regardless of metal ion content. This was attributed to residual alcohols. E' above T" increased with metal ions content, 

and DMTA for every ionomer was measured up to 350°C. Crosslinking by tetravalent metal ions thus greatly improves 

heat resistance of host polymers. 
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Ionomers are crosslinked polymeric materials consist­
ing of a hydrophobic backbone and small amounts of acid 
groups (e.g. carboxylic acid and sulfonic acid etc.) neu­
tralized either partially or completely with metal cat­
ions. The structures and properties can be varied by 
types of counter ions, constitution of a matrix copolymer 
and degree of neutralization.1 - 3 Most investigations 
have dealt with ionomers containing mono- or divalent 
ions of alkali, alkaline earth and transition metals. Re­
garding ionomers containing tetravalent metal ions, 
some authors have studied polymers having titanium 
alkoxy groups which are self-polishing coating materials 
for ship,4

'
5 halato-telechelic polymers as elastomers 

crosslinked by titanium(IV) (Ti4+) and zirconium(IV) 
(Zr4 +).6

'
7 However, studies on ionomers crosslinked by 

tetravalent metal ions are limited. Recently investiga­
tions of ionomers with colored multivalent metal ions 
are increasing because of their optically functional prop­
erties. Optical absorption materials were found on iono­
mers crosslinked by copper(II) and neodymium(III)8

•
9 

and ion-cluster structures of ionomers were clarified us­
ing polymers containing lanthanide ions.10

•
11 We pre­

pared methacrylate ionomers crosslinked by Ti4+ with 
excellent mechanical properties, heat resistance and op­
tical characteristics.12

•
13 

The present study reports the preparation and struc­
tures of two ionomers containing tetravalent metal ions. 
That is, ionomers of Poly(methyl methacrylate-co­
methacrylic acid) crosslinked by Ti4+ and zr4+ were pre­
pared and their structures were characterized by infra­
red absorption and wide angle X-Ray scattering meas­
urement. Optical absorption properties and viscoelastic 
behavior were investigated from the viewpoint of differ­
ences in tetravalent metal ions. 

EXPERIMENTAL 

Reagents 
Methyl methacrylate (MMA) and methacrylic acid 

(MAA) were purified by conventional methods. Tita-
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nium(IV) tetraisopropoxide (Ti(O-iPr)4) and 85 wt% zir­
conium(IV) tetrabutoxide (Zr(O-Bu)4) butanol solution 
were used without purification as Ti4 + and zr4+ sources, 
respectively. Benzoyl peroxide (BPO) used as an initia­
tor was recrystallized from benzene solution. All re­
agents were purchased from Waka Pure Chemical Co. 
Ltd. 

Preparation of Ionomers 
Preparation ofTi4+ or Zr4+ionomer was carried out as 

follows. After mixing MMA and MAA in prescribed mo­
lar ratio, tetraalkoxide of titanium(IV) or zirconium(IV) 
equivalent to MAA (molar ratio [MAA]/[metal ion] =4) 
was added to the mixture. Mixtures containing the 
metalalkoxides were allowed to stand at ambient tem­
perature for 1 h, and BPO was dissolved in each solu­
tion. Each mixture containing metalalkoxide was poured 
into a mold made of two glass plates with a silicone 
spacer of 1 mm thickness, and bulk-polymerized at 70°C 
for 2 hand then at 95°C for 24 h under dry nitrogen at­
mosphere. After polymerization, all ionomers were dried 
at 95°C for 24 h under vacuum to remove residues in the 
specimens. In this paper, ionomers crosslinked by Ti4+ 
and zr4+ are represented by P(MMA/MAA)-Ti and 
P(MMA/MAA)-Zr, respectively. Table I summarizes the 
codes and compositions of the ionomers. 

Measurements 
Infrared absorption measurements (IR) were per­

formed by the KBr method with a Perkin-Elmer 1640 
fourier transform infrared (FT-IR) spectrometer. Meas­
urement conditions were 16 scans and resolution of 4 
cm -i_ Ultraviolet-visible region absorption spectroscopy 
(UVNIS) was conducted with a Hitachi U-3500 UVNIS/ 
NIR recording spectrophotometer. Light-path length of 
all specimens was 1 mm. Wide angle X-Ray scattering 
(WAXS) experiments were performed with a Rigaku 
Geigerflex 2028 diffractometer using Ni-filtered Cu-K11 

radiation. Voltage and current of the X-Ray source were 
40 kV and 150 mA, respectively. Dynamic mechanical 
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Table I. Composition of P(MMA/MAA)-Ti and P(MMA/MAA)-Zr 

MMA/MAA 
Zr(O-Bu)/ Code MMA MAA Ti(O-iPr)4 

mol/mol 

Ti-91 9/1 9.0 g (90 mmol) 0.861 g (10 mmol) 0. 7106 g ( 2.5 mmol) 
Ti-82 8/2 8.0 g (80 mmol) 1. 722 g (20 mmol) 1.4212 g ( 5 mmol) 
Ti-73 7/3 7.0 g (70 mmol) 2.583 g (30 mmol) 2.1317 g( 7.5 mmol) 
Ti-64 6/4 6.0 g (60 mmol) 3.444 g (40 mmol) 2.8423 g (10 mmol) 

Zr-91 9/1 9.0 g (90 mmol) 0.861 g (10 mmol) 1.129 g ( 2.5 mmol h) 

Zr-82 8/2 8.0 g (80 mmol) 1. 722 g (20 mmol) 2.257 g ( 5 mmol b) 

Zr-73 7/3 7.0 g (70 mmol) 2.583 g (30 mmol) 3.385 g ( 7.5 mmol b) 
Zr-64 6/4 6.0 g (60 mmol) 3.444 g (40 mmol) 4.514 g (10 mmol h) 

a 85 wt% Zr(O-Bu)4 butanol solution. b Molar quantity ofZr(O-Bu)4 content in 85 wt% Zr(O-Bu)4 butanol solution. 

thermal analysis (DMTA) was carried out to obtain stor­
age modulus (E') and tan 8 using a ITK Co. DVA-200 in 
a stretching mode with frequency of 10 Hz and heating 
rate of 5°Cmin- 1. 20mmX4mmXlmm strips were 
used for the measurements. Density was obtained by a 
pycnometer (liquid paraffin system, at 30°C). 

RESULTS AND DISCUSSION 

Formation of Metal Complexes and Preparation of Iono­
mers 

Ti(O-iPr)4 and Zr(O-Bu)4 are strong bases and may 
rapidly react with MAA, an acidic monomer, and are 
neutralized. At [MAA]/[Ti4+] = 1 the following reaction 
proceeds, and a Ti4+ complex and alcohol are gener­
ated.4 

Ti(OR)4 + MAA-Ti(ORh(MA)+ ROH 

R and MA denote alkyl group and deprotonated MAA­
(CH2 = C(CH3)COO-), respectively. 

The above neutralization reaction is expected. Actu­
ally, when alkoxides ofTi4+ and zr4+ were added to mix­
tures of MMA and MAA, the color immediately changed 
and exothermic reaction occurred. Hence, it is consid­
ered that neutralization rapidly proceeds between MAA 
and metalalkoxide. Consequently, the complexes of the 
metal ions with MA are generated accompanied by alco­
hols as impurities. All mixture solutions including metal 
ions were transparent and no precipitate was generated 
during several months. After polymerization all iono­
mers were transparent, although alcohols were con-
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. tained in the specimens. In the absence of MAA, mix­
tures of MMA and metal alkoxides became opaque after 
polymerization because of phase separation of the metal 
alkoxides from PMMA. The above results indicate that 
the MA coordinates to the tetravalent metal ions and 
helps complexes of metal ions to be soluble in MMA even 
after polymerization. Thus, our method for preparing 
ionomers is good to introduce tetravalent metal ions into 
a hydrophobic polymer matrix. 

Figure 1. IR spectra of P(MMA/MAA)-Ti(a) and P(MMA/MAA)­
Zr(b). 

Figures la and lb show IR spectra of P(MMA/MAA)-Ti 
and P(MMA/MAA)-Zr, respectively. For coordination 
states of Ti4+ complexes with methacrylate, two absorp­
tion peaks at 1548 cm - l and 1580 cm - l were observed 
in Figure la. Both absorptions were assigned to C = 0 
asymmetric stretching band (va(C=O)) for -coo­
group of carboxylate combined with Ti4+ .4·14·15 The lit­
erature shows three coordination modes of carboxylate 
combined with metal ions, monodentate, bidentate 
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chelating and bidentate bridging:4·15,16 

M-0 
'c-R 

o' 

Monodentate Bidentate chelating 

M--·O 
·i:-c-R 

M---0';;, 

Bidentate bridging 

These coordination modes can be identified by v = 
Va - v / 6 where v is the frequency separation and vs is 
frequency of a C = 0 symmetric stretching band. Two 
Va(C=O) peaks of P(MMA/MAA)-Ti are considered to 
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Figure 2. Possible coordination structures of P(MMA/MAA)-Ti. 

originate from bidentate chelating (1548 cm- 1) and bi­
dentate bridging (1580 cm - 1

).4•14•15 Thus, there are two 
coordination states in P(MMAIMAA)-Ti. For P(MMA/­
MAA)-Zr, a broad absorption band of Va(C=O) was ob­
served at 1560 cm- 1 shown in Figure lb. Va(C=O) and 
v/C =O) of P(MMA/MAA)-Zr were 1560 cm -l and 
1460cm-1, respectively, so that Liv=lO0cm- 1. In gen­
eral, Liv of monodentate is much larger than those of bi­
dentate chelating and bidentate bridging (Li v(monoden­
tate) >200 cm - 1

).
16 This indicates that the coordination 

state of the carboxylate is either bidentate bridging or 
bidentate chelating, but not monodentate. Intermediary 
states of the two bidentate coordination modes of 
P(MMA/MAA)-Zr may be formed, because widths of the 
bands for Va(C=O) are broader than that of P(MMA/­
MAA)-Ti. 

Regarding the number of MA coordinated to metal 
ions, we can expect that a maximum of four MAA mole­
cules may react with Ti4+ or Zr4 +, because these metal 
ions are tetravalent cations, MAA is a monovalent acid 
and the molar ratio [MAA]/[metalalkoxide] is four in all 
specimens. However, Va(C=O) of unreacted MAA was 
observed in Figure la at 1700 cm -l as a shoulder. Ab­
sorptions assigned to skeletal vibration of isopropoxy 
group were observed at 1130 cm - 1 and 1160 cm - 1

. Neu­
tralization thus does not perfectly proceed between MAA 
and Ti(O-iPr)4, and some isopropoxy groups kept coordi­
nating to Ti4+ as they were. In Figure lb, P(MMA/­
MAA)-Zr has the absorption of Va(C=O) of unreacted 
MAA as the shoulder. Thus, all MAAs do not react with 
metalalkoxides, and some alkoxy groups continue coor­
dinating to metal ions, though MAA equivalent to metal 
ions was added in this study. Sayilkan et al. prepared ti­
tanium(IV) alkoxide methacrylates and investigated mo­
lar ratio dependence of the reactivity oftitanium(IV) tet­
raethoxide and zirconium(IV) tetraisopropoxide with 
MAA.17 They showed that a part of MAA was unreacted 
with metal ions at [MAA]/[Ti4+] > 1.2 and [MAA]/[Zr4+] 
>2. This supports the existence of the unreacted MAA 
in this study because both molar ratio [MAA]/[Ti4+]and 
[MAA]/[Zr4+] were 4. The absorption intensity of the 
shoulder at 1700 cm - l of P(MMAIMAA)-Zr was obvi­
ously smaller than that of P(MMA/MAA)-Ti. Hence, the 
number of MA coordinated to zr4+ is considered larger 
than that of Ti4 +. MAA may coordinate to zr4+ more 
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Figure 3. UV-VIS spectra of P(MMA/MAA)-Ti(a) and P(MMA/­
MAA)-Zr(b). 

easily than Ti4+, because the ionic radius and coordina­
tion number of Zr4 + are larger than those of Ti4 +(ionic 
radius, Ti4 +: 0.68 A, Zr4 +: 0.80 A.). 18 

From the results of IR, possible coordination struc­
tures of P(MMA/MAA)-Ti can be proposed as shown in 
Figure 2 on an assumption that molecular chains are 
crosslinked by Ti4+. It is considered that actual coordi­
nation structures are not simple like these. The coordi­
nation structures of P(MMA/MAA)-Zr are probably more 
complicated, because the absorption band of v/C=O) 
around 1560 cm -l was broader and the coordination 
number of Zr4 + was larger than that of Ti4 + in compari­
son with P(MMA/MAA)-Ti. 

Figures 3a and 3b show UVNIS spectra of P(MMA/­
MAA)-Ti and P(MMA/MAA)-Zr, respectively. The spec­
trum of PMMA is shown in the figures for comparison. 
The color of P(MMA/MAA)-Ti was pale yellow or yellow, 
and P(MMA/MAA)-Zr was colorless. By introduction of 
metal ions the absorption edge of every ionomer shifted 
to the long wavelength side from PMMA. The absorption 
edges of the Ti4 + and the Zr4 + ionomers were at 400 nm 
and 340 nm, respectively, and wavelengths were inde­
pendent of concentration of metal ions in the ionomers. 
In particular, P(MMA/MAA)-Ti exhibited strong absorp­
tion below 360-370 nm, which is useful for UV cut-off 
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Figure 4. WAXS patterns of P(MMA/MAA)-Ti(a) and P(MMA/­
MAA)-Zr(b). 

filter. The absorptions of both ionomers may be caused 
by charge transfer between metal ions and -COO_ 
groups in MAA.13 

Figures 4a and 4b show W AXS patterns of P(MMA/­
MAA)-Ti and P(MMA/MAA)-Zr, respectively. WAXS of 
PMMA appears in each figure. No sharp reflection by 
metal complexes was observed, and thus crystalline 
components do not exist in all ionomers. Characteristic 
amorphous patterns depending on the quantity and 
metal ions were noted. For W AXS of PMMA the broad 
peak at 20 = 13.8° originated from interferences be­
tween neighboring chains of PMMA component. 19

•
20 In­

stead of decrease of peak intensity at 20=13.8° the peak 
intensity below 2 0 = 10° increased with metal ion con­
tent. Thus, considerable conformational change of mo­
lecular chains may occur by introduction of metal ions, 
although we have no definite information on origin of 
change in WAXS. 

Viscoelastic Behaviors of Ionomers 
Figure 5 shows temperature dependence of E' and tan 

o of P(MMA/MAA)-Ti. In spite of increase of Ti4+ con­
tent, E' slightly decreased at room temperature and the 
peak tern pera ture of tan o at 145 'C , representing a re­
laxation (segmental motion related to glass transition 
temperature (Tg)), hardly changed. In general, the 
higher crosslinking density is, the higher modulus and 
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Figure 5. Temperature dependence of storage modulus E' and 
tan o ofP(MMA/MAA)-Ti. 

Tg are.21 However, our ionomers did not show such ten­
dency below Tg. Above 120°C viscoelastic behavior 
showed considerable difference between specimens. For 
PMMAE' abruptly decreased above 250°C owing to melt­
flow, and many bubbles were generated in the specimen, 
probably caused by depolymerization of MMA sequences 
by elevation in temperature. DMTA measurements for P 
(MMA/MAA)-Ti could be carried out up to 350°C, and a 
rubbery state continued from 150°C to 350°C. E' of P 
(MMA/MAA)-Ti above Tg was heightened with increase 
of Ti4+ content, which indicates that Ti4 + effectively 
crosslinked molecular chains of the polymethacrylates. 
Even after heating till 350°C the shape of the every 
specimen crosslinked by Ti4+ did not change and no bub­
bles were generated in the specimens. When all P(MMA/­
MAA)-Tis were compressed at 250°C, 30MPa, thermo­
plasticity was not exhibited. This compression tempera­
ture is high enough to exhibit thermoplasticity of ethyl­
ene ionomers, the most conventional ionomers of poly 
(ethylene-co-methacrylic acid) crosslinked by metal ions 
such as Na+and Zn2+. 1•

2 Ethylene ionomers melt 
above 100°C 1

•
2

; thus, their heat resistance is not so high. 
From the results of DMTA for our ionomers, Ti4+ 
strongly crosslinked molecular chains and brought about 
high heat resistance of host polymer. 

Figure 6 shows the densities of P(MMA/MAA)-Ti and 
PMMA at 30°C plotted as open circles against MAA com­
position. Although content ofTi4 +, a large atomic weight 
component, increased, the densities of the specimens did 
not. The density of polymer is decreased by low-density 
components and voids in specimens. These also lower 
both modulus and Tg of glassy polymers. In the case of 
our ionomers there were few voids; they had high trans­
parency. Thus, we consider the existence of low-density 
components. Isopropanol, a low-density component, 
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would remain as impurity in the specimens, although 
the specimens were dried as described in the experimen­
tal section (at 95°C for 24 h under vacuum). Residual iso­
propanol would be reduced by annealing at higher tem­
perature than 95 °C. After annealing of P(MMA/MAA)-Ti 
at 200°C for 1 h under vacuum the densities increased 
depending on Ti4+ content shown as closed circles in 
Figure 6. The annealing may thus reduce the residual 
isopropanol in the specimens. The residual isopropanol 
would lower density and suppress the rise both E' at 
room temperature and a relaxation temperature in 
spite of increase of the crosslinking density. 

To examine the influence of reduction of the residual 
isopropanol on viscoelastic behaviors, DMTA measure­
ments were carried out after annealing of the specimens. 
Figure 7 shows the temperature dependence of E' and 
tan t5 of P(MMA/MAA)-Ti annealed at 200°C for 1 h un­
der vacuum. For all annealed P(MMA/MAA)-Tis, E' from 
room temperature to 300°C and peak temperature of tan 
t5 increased, and peak magnitude of tan t5 decreased con­
siderably in comparison with non-annealed P(MMA/­
MAA)-Ti. In particular, E' of annealed Ti-64 monoto­
nously decreased with increase of temperature and the 
peak of tan t5 around 150°C almost disappeared. Thus, 
relaxation of the molecular chains of methacrylate up to 
300°C may be suppressed by reduction ofresidual isopro­
panol after annealing. E' below Tg and the peak tem­
perature of tan t5 did not surpass those of PMMA, a non­
crosslinked polymer, even after annealing. These results 
are in contrast to acrylate ionomers, poly(ethyl acrylate­
co-acrylic acid) crosslinked by Ti(IV) and Zr(IV) with 
lower Tg, as shown in another paper.22 That is, E' below 
Tg and the peak temperature of tan t5 for the acrylate 
ionomers increase with metal ion content without an­
nealing.22 With increasing ion content of poly(ethyl 
acrylate-co-acrylic acid) crosslinked by Ti4+, E' at 
-100°C and peak temperature of tan t5 rose from 
1.9 GPa to max. 6.4 GPa and from -1 °C to max. 47°C, 
respectively. The difference between methacrylate and 
acrylate is probably attributed to the relationship be­
tween polymerization temperature and Tg of the iono­
mers. The polymerization temperature was higher than 
Tg of acrylate ionomers (polymerization temperature: 
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95°C, Tg(acrylate ionomers)<50°C). Therefore, acrylate 
ionomers show Brownian motion and relaxation of mo­
lecular chains at 95°C, so that small molecules such as 
isopropanol move about in the specimens. Consequently, 
isopropanol would evaporate during polymerization. As 
proof of this consideration, the densities of the as­
polymerized acrylate ionomers increased with Ti4+ con­
tent. Polymerization temperature was lower than Tg of 
P(MMA/MAA)-Ti. Hence, polymerization restricts the 
molecular motion of methacrylate ionomers. Isopropanol 
would be inhibited to evaporate by restriction of molecu­
lar motion and remain in methacrylate ionomers. Lower­
ing of E' at room temperature and Tg of P(MMA/MAA)­
Ti may thus be prevented by removal of alcohol from the 
mixture of MMA and MAA containing metalalkoxides 
before polymerization. 

Figure 8 shows temperature dependence of E' and 
tan t5 of P(MMA/MAA)-Zr. All P(MMA/MAA)-Zr exhib­
ited a rubbery state up to 350°C, and E' above Tg in­
creased with zr4+content as well as P(MMA/MAA)-Ti. 
Thus, P(MMA/MAA)-Zr have high heat resistance up to 
350°C. E' at room temperature slightly decreased in com­
parison with that of PMMA, as also noted for 
P(MMA/MAA)-Ti. Peak temperatures of tan t5 for 
P(MMA/MAA)-Zr were ca. 120°C, considerably lower 
than those of P(MMA/MAA)-Ti and PMMA. This would 
be caused by huge residual butanol, because purchased 
zirconium(IV) tetrabutoxide contained butanol as sol­
vent so that the quantity of residual alcohol in the speci­
mens was much larger than that of P(MMA/MAA)-Ti. 
Characteristic odor of butanol could be confirmed when 
P(MMA/MAA)-Zr was scratched by a file. Therefore, bu­
tanol was not completely removed in drying at 95°C for 
24 h under vacuum. Consequently, butanol acted as a 
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plasticizer and affected physical properties and Tg of the 
specimens. Figure 9 shows the temperature dependence 
of E' and tan 5 of P(MMA/MAA)-Zr annealed at 200°C 
for 1 h under vacuum. E' from room temperature to 
270°C and peak temperature of tan 5 increased after an­
nealing. These results are similar to those of P(MMA/­
MAA)-Ti. The degree of increase of E' and peak tempera­
ture of tan 5 was greater than that of P(MMA/MAA)-Ti. 
Therefore, the quantities ofresidual alcohols in P(MMA/­
MAA)-Zr were more and greatly affected mechanical and 
thermal properties. 

Differences in E' above 150°C between P(MMA/MAA)­
Ti and P(MMA/MAA)-Zr were noted. E' for P(MMA/­
MAA)-Zr surpassed that of P(MMA/MAA)-Ti compared 
at the same MAA content, as shown in Figures 7 and 9, 
owing to differences of crosslinking density of the two 
ionomers. Thus, molecular weight between crosslink 
points of each ionomer was estimated. According to the 
statistical theory of rubbery elasticity, the number­
average molecular weight between crosslinks (Mc) is re­
lated to tensile modulus (E) in a rubbery state as,21 

Mc=(3pRT)JE 

where p is the density of specimen, R gas constant 
(8.314JK- 1 mol- 1

), and T absolute temperature. Mc 
was calculated by inserting E' at 300°C (T=573.15 K) in 
Figures 7 and 9 and p of annealed specimens at 30°C, 
into the equation. In this case, change of p at high tem­
perature was ignored. Figure 10 shows Mc of P(MMA/­
MAA)-Ti and P(MMA/MAA)-Zr against MAA composi­
tion. With increase of metal ion content Mc of all iono­
mers decreased, namely, crosslinking density increased. 
Mc of P(MMA/MAA)-Zr was smaller than that of 
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P(MMA/MAA)-Ti, which means that crosslinking den­
sity of P(MMA/MAA)-Zr was larger, because larger ra­
dius and coordination number of zr4+ ions caused many 
MA to coordinate with zr4+ compared to Ti4+. This 
agrees with the results ofIR measurements. 

From viscoelastic measurements, crosslinking by the 
tetravalent metal ions effectively promotes heat resis­
tance of methacrylate polymers composed of conven­
tional components such as MMA and MAA. 
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CONCLUSIONS 

We prepared two ionomers of poly(methyl methacry­
late-co-methacrylic acid) crosslinked by Ti4+ and Zr4+. 

Tetravalent metal ions combined with -coo- of meth­
acrylic acid and formed crosslink points between inter­
molecular chains. The combination of Ti4+ with -coo­
brought about strong UV absorption below 360-
370 nm. As a result ofDMTA, E' above Tg increased with 
metal ion content but not below Tg. According to E' above 
Tg, P(MMA/MAA)-Zr had higher crosslinking density 
compared to P(MMA/MAA)-Ti, because both ionic radius 
and coordination number of Zr4+ were larger than those 
of Ti4+. For all ionomers, a rubbery state continued up 
to 350 °C. This indicates that the introduction of tetrava­
lent metal ions greatly enhances heat resistance of host 
polymers. 
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