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AUSTRACT 

Tlıc polyıııcrization of nıclhyl ıııcthacrylatc ıııoııoıncr iııitialcd lıy 

L-nıethionine-Ce(IV) su ifa le rcdox syslcm in an acid-aqueous mediuııı 
was investigalc<l. Partially cross-linke<l melhyl mctlıacrylate polyıners 
with limited solubility in kııown solvcııts were oblaincd. Tlıc <lepen­
dcııce of polyıııcrization yiclds on the ıııole ratio of L-ınetlıionine to 
ceriunı(IV) sulfate and nıethyl ıııcllıacrylate ınonoıııcr lo ceriuııı(IV) 
sulfatc (llcc(IV> = 11Mcı1ı). polyıııerization lime, acid coııceıılratioıı, 

tcnıpcraturc, and anıouııt of solvcnt (acclone and ıııetlıanol) was 
investigaled. Tlıe resulls of infrarcd, tlıcrnıal graviınctric analysis, 
differantial scanııiııg caloriıııctry ıııcasurcm eıı ls to iııdicalc thc 
tlıcrmal oxidative propcrlics of obtaiııe<l polyıncrs also are given. 
Tlıe possiblc ıııeclıanisnı for tlıe polynıcrizalioıı rcaclion is discusse<l. 
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A:<'ı· JVords: Suspcıısioıı redox polyınerizalioıı; Ceriuın(I V); Mcthyl 
ııı~thacrylate; L-ınethioııine. 

INTRODUCTION 

Metlıyl ıııetlıacrylatc polyıııcrs, in rcccııt ycars, lıavc found widc 
applicatioıı as surfacc-coatiııg ıııaterials.P -4 l Tlıis knowlcdge of tlıcir 
ılıcrıııal or tlıermal oxidative dcgradalion, whiclı occurs prior lo igııition 
al ılıe edgc of tlıc llaıııc spread, is very iıııportant from tlıe poinl or vicw 
or fire protcction aııd teıııperalurc usagc. 

Ceric salts form effcctivc rcdox sysleıns in tlıe presence of organic 
reducing agcnts sııclı as alcolıols,15.c.ı aldclıydes,171 carboxylic acids,18 - ıoı 
aııd aıııiııo acids.1 11 141 Tlıe rcdox syslcın can be used to iııitiale tlıc 
polyıııerizatioıı of vinyl moııomers. The rcdox polymerization of ınethyl 
ıııethacrylatc in acid aqucous ıııediuın also was studied for lhe ceric­
tlıiourea inilialor systeın.1 15 1 

Polyıncrs eontaiııing polar groups suclı as - COOH or - NH 2 absorb 
\\'eli on pigıııcnts and providc stabilization to paint dispersions.1' 61 Cross­
liııked polyıııcrs carrying such groups also are used as drug-rclcasc 
ıııa teri a Is. fi 71 

in this work. llıc polyıncrizatioıı of ınctlıyl ınclhacrylalc ıııonoıııcr 
iııitiatcd by thc L-ınetlıioniııc-ceriuın(IV) sulfate system in an acid­
aqucoııs ıııcdiuııı was invcstigatcd. Thrce diffcrcnl types of mcchanisıns 
wcrc found lo be possiblc for ceric ion initiated polyınerizations. Ceric 
ioıı is rcduccd Ce.l+ ioıı. giviııg radicals according to rcaction 1.l 15J 

( 1) 

Under stroııgly acidic coııditions, transfer of clcctron froın tlıe mononıcr 
to the ceric ioıı yields activc spccies, which would propagale !he chaiıı 
polynıcrizatioıı. accordiııg to rcaclion 2. 

--+ce3+ + +cH -CH 
2 1 

x 
(2) 

in ılıis casc. ıhc rcsultiııg polyıııcr woııld not carry hydroxyl cııd groups. 
But wlıcıı rcdox couples, suclı as ceric-aıııinc or ceric-lhioıırca, are uscd, 
due ıo an incrcascd produclion of priıııary radicals, the iııduction period 
is ıııuclı shortcr and tlıc rnte of polyıncrizatioıı is considcrably faster llıaıı 
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witlı ccric salts aloııe. in this case, thc aınouııt or hydroxyl and amine cnd 
groups of llıc final polyıncr chaiııs was fouııd to be dcpcndeııl on the pH 
of polymcrization ınediurn. Tlıe ·o ı-ı appcar above pl-1 2, aııd altlıough 
tlıey incrcasc up to pH 4.3, Lhe doıııiııaııcc of amino end groups 
coııliııues, wlıiclı iııdicales the redox rcactioıı givcn for ınetlıioninc in 
Eq. (3) is tlıc main mcclıani srn. 

COOH 
1 

H3C-S-(CH2)t-CH + Ce(IV)~ [Ce(IV)-methionine] 
1 
NH2 

COOH 
1 

[Ce(IV)-methionine] - H3C-S-(CH2)ı-C + Ce(lll) + H' 
1 

Jnitiatioıı: 

NH 2 

il coo 
1 

- H,C-S-(CH2)ı-CH + Ce(lll) + H' 
1 
NH2 

fH, k, yH, 
R + CH, = <( ~ R-CH,-q 

f =0 f =0 

Propagation: 

CH, 
1 

OCH, 

R-CH -c· + , 1 
C=O 
1 
OCH, 

OCH, 

CH, k, CH, CH, 
1 ~ 1 1 

nCH,= C R-(CH,- C) - CH, -C 
1 1 " 1 
C=O C=O C=O 
1 1 1 
OCH, OC H, OC H, 

(3) 
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Terınination reactions: 

:ı) Conıbin:ıtion 

CH, CH, 
1 1 

<fH, yH, 

Özl'roğhı ::ıııd Y::ılçıııyııv::ı 

k CH, 
" 1 

R-(CH - C) - CH - C , 1" , 1 
+ ·c-cH-(C-CH)-R 

1 1 2 m 
~ R-(CH - C) -R 

2 1 m•" 

C=O C=O 
1 1 
OCH, OCH, 

h) l\hıtıml tcrıııin:ıtioıı 

CH, CH, 

c =o c =0 
1 1 

OCH, OCH, 

CH, CH, 
1 1 

C=O 
1 

OCH, 

1 1. 
R-(cH,- crı"-cH,- y + ceııvı R-(cH,-crı"- cH = y + ceııııı + H' 

C=O C =0 C=O C=O 
1 1 1 1 
OCH, OCH, OCH, OCH, 

il radicıls tlıat form in tlıc redox rcactioıı are dcnotcd as R·, tlıe 

polyıncrization rcaction can be slıown as giveıı above. 
Tlıc dcpendcncc ol polynıerizaıion yickls on thc nıole ratio ol 

ı.-ıııct lıion ine to ecri um( 1 V) su ifa tc, mel lıyl met hacryla le ınoııonıcr !o 
cniuııı( 1 V) sulfo le (11< «·( ıvı = 111\kı1ı). polyıncriza ı ioıı time, ıempera t u re. 
;ıcid coııccııtratioıı, aııd tlıc aıııouııt or solvcııl (acctoııc aııd ıııctlıaııol) 
was invcstigated. lnfrarcd (FTIR). tlıcrınal graviıııetric analysis (TGJ\), 
;ınd differcıılial scaııııiııg calorinıelry (DSC) wcre uscd to clıaraclcrizc ılıc 
pol yıııcrs. 

EXPERIMENTAL 

Ccritıııı(IV) sulfatc[Cc(IV)]. ıııctlıyl ıncllıacrylatc (MMJ\), ı.-ıııctlıio­
niııe (Mcth). ıııcthaııol. ancl sutruric acid or Merek quality and acetone or 
tcdıııical quality wcre used without rurtlıcr treatıncııt. 

The polyıııcrization rcactioıı was carried out in a rouııd-bottonıed 
nask cquipped witlı a stirrcr, wlıiclı was placed in a constaııt tcmperature 
batlı . Ce(IV) in acidic water was aclcled ıo a suspension or MMA aııd 
l\.lctlı . Tlıc rcaction was c;ırricd oııl fora predetcrıııincd time up lo 1 lır, 
at 20- (,O~C. Tlıe precipilated polymcr was filtercd. waslıcd, aııd dricd lo a 
constaııt weiglıt in a vacuum oven. Effcctive reaction variables, such as 
nıolar Metlı/Cc(IV) ratio, MMA/ Meth ratio (11ceı1v) = 11Me11ı). polymcr­
izatioıı time. tcıııpcralurc. conccntration or sulruric acid. and tlıc aıııount 
or acetone or methanol in a suspension ınediunı wcre investigatcd. 
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The FTI R measuremeııt was carried out witlı ATI Unicaın (Mattson 
1000) FT-IR spectrometer, and tlıe spectra of polymer was obtained by 
tlıe KI3r disk ınetlıod. 

A Slıiınadzu TGA-50 was used for tlıe TGA analysis of poly(MMA)s 
in a nitrogen atınosphere, with a heating rate of 5°C/111in and the sample 
wciglı ts of 1 O mg. 

The DSC aııalysis of polyıners was carricd out with the SET ARAM 
DSC 131 in a niırogcıı atınosplıcre witlı a hcating rate of 10°C/rnin and 
saınple weighls of 1 O mg. The activation energies of tlıe degradation of 
tlıe polymers wcrc calculatcd via tlıe SETARAM DSC 131 software. 

RESULTS AND DISCUSSION 

in this study, the Meth- Ce(IV) initiator systcm in acid-aqueous 
ınedia was used for the polymerization of MMA monomer at high and 
low teınperatures. The polymerization time needed to reach ınaximum 
polymerization yields was less than ıhat of previous sludies . l9- ı 3 1 in ali 
cases, partially cross-linked polymers witlı limited solubility in knowıı 
solvenls were obtained. Tlıus, tlıe average molecular weight could not be 
dclcrmincd. 

Tlıe effect of the molar Meth- Cc(IV) salt ratio on tlıe polyınerization 
of MMA at differeııt teınperatures (30°C and 40°C) can be seen in Fig. 1. 
At 40°C, maximal yields were obtained at llMeı1ı/11cc(IVJ < 0.5 and a 
minimum yield of25% at the ratio of 1, increases to 60%, at tlıe ratio of 
3. I3ut, at 30°C, with an increasing mole ratio of Metlı to Ce(IV), 
maxiınum yield was obtaiııed at 11Mcı1ı/11ceııvı = 1.5 (rig. 1, curve I3) . 

Figure 2 slıows tlıe effect of the concentration of Ce(IV) on tlıe 

polymcrization of MMA wlıcn tlıe llccııvı/11Mcı1ı ralio was kepi conslanl 
al 1. The increasc of lhe Ce(IV) concentralion in the polyınerizatioıı 
reactioıı results in an inilially sigııificant polyrnerization yield. 

Tlıe effects of teınperature, polyınerization time, and acid concent-ra­
tion on the yield of polymer can be seen in Table 1. Witlı increasing 
polymerization time, tlıe yicl<l of polynıer increases slowly (Table 1 ). This 
indicates tlıat the rate of tlıe polyınerization reaction is very fast and tlıe 
reaction is alnıost complete afıer a few ıninules. lncreasing the 
concentratioıı of sulfuric acid decreases polymerizalion yield . 

Figure 3 slıows ılıe effect of the monomer concentration on the 
polyınerization of MMA mononıer initiated with the Metlı-Ce(IV) redox 
systcın in an acid-aqucous nıcdium. Willı incrcasing ınonomer concen­
tration, the yiel<l of polyıner increases and reaches a ınaximum value at 
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Figııre !. Tlıe depcııdence of ıııolc ratio of L-ınctlıioııiııc/Ce(IV) on tlıe yicld of 
polyıııer at 40"C (A) an<l at 30°C (B). CMMJ\ = 0.7 ınol/L, Cıı,so, =O. 1 ıııol/L, 
Cunvı = 0.02 ınol/L. ı = 1 lır. 

o 0.001 0.002 0.003 

nce(IV) 

F~l(ııre 2. The cffect of Ce(IV) coııcentrntion on tlıc yicl<l of polymer. 
CMMJ\ = 0.7 ıııol/ L, Cıı,so, =O. 1 ıııol/L, ı = l lır, T= 40"C. 
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Table 1. Tlıe effecls of tlıc tcıııperalurc, llıc polyıncrizatioıı lime, aııd tlıc acid 
coııceııtratioıı oıı tlıc yicld of pulyıııcr . CMMA =O. 711101/L. Ccc(IVJ = 0.0211101/L. 

Polyın CH,SO, Tcıııperalure Yield 

llMcıfı/llcc(IV) time (ıniıı) (11101/L) CC) (%) 

1.5 60 0. 1 (ı() 29.60 

1.5 60 0.1 50 35.50 

1.5 60 0. 1 40 39.38 

1.5 60 0.1 30 46.56 

1.5 (ıO 0.1 20 42.46 

0.5 10 0.1 40 75.92 

0.5 :ıo 0. 1 40 76.76 

0.5 60 0.1 40 82.52 

0.5 (ı0 0.05 40 95.07 

0.5 60 0.075 40 89.86 

0.5 60 0.2 40 57.76 

100 

o 0.5 1.5 

MMA(mol/L) 

Figııre 3. Tlıe depeııdcnce of ınoııoıııer conccııtration on tlıe yield of polyıner. 

CMeııı=0.01 ınol/L, CH,so,=0.1 ınol/L, Ccc<ıvı=0.02ınol/L, I= 1 lır, T=40°C. 

about 0.5 M ınonoıncr concentration. A further incrcase of tlıe moııomcr 
concentration decreases tlıc yield of polyınerization. 

Tlıe cffcct of the aıııount of solvcnt in thc mixturc of solvcnt-watcr 
on the polymerization yield at different tcmperaturcs is slıown in Fig. 4. 
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Figıırc 4. The effcct of anıount of acetone at 30°C (;\) and 40"C (l3) 
and ıııctlıaııol at 40°C (C). CMMA=0.7ıııol/ L. CMcııı=0 . 01 ıııol/ L, 

t1 ı,so, = 0. l ıııol/ L, lt \·ı ıvı = 0.02 ıııol / L. I = 1 hr. 

/\s sccn froın ılıe ligure, increasing ılıe aınounl of acelone and ıncthaııol 
in tlıe polymerizaıion solulion, decreases tlıe polyınerizatioıı yicld. 

in tlıe polyıııerization of acrylamide polynıer by using tlıe Cc(IV) 
sulfale- amino acid systeın, tlıc exislence of amiııo acid, wlıiclı is bound lo 
polyıııer as an cnd group, was investigated . ı 12- 14l From this point, tlıc 
fornıation of polymer-nıetal complexes, binding metal ions with two 
aıniııo acid residues, is ınorc likely in tlıc polymerization ofMMA initiatcd 
by Metlı-Ce(IV) redox systcm. Figure 5 indicates a FTIR spectra ofMMA 
polyıner synthesized by the Meth- Ce(IV) redox system in an acid-aqueous 
nıediuııı as depeııdiııg on the ınole ratios of MMA/Cc(IV). Peaks were 
observed at 597, 646, 696, aııd 1635 cm- ' in ınethyl ınethacrylate polyıner 
synthcsizcd by tlıc Mcılı-Ce(IV) redox systeın by thc comparison of thc 
speclra of lıoıııopoly(MMA) . l' 7 l in prcvious studies of amino acid with 
metal ioııs, ılıc baııds al 592 (ring dcfornıatioıı). 644 (Nl-1 2 roclıiııg), (ı50-

750 (-CHı-S-CHr group), 1610-1660 (ionic carboxyl absorption), 1600-
1640 (aınino acid group Jıaving NHj) are obscrvcd.119- 221 These results 
suggest that the peaks obscrved at 597, 646, 696, aııd 1635 cm- ' iııdicate 
ring dcforınation, NH 2 roclıiııg, a -CHı-S-CH 3 group, aııd ioııic carboxyl 
absorptioıı or aıniııo group having NHj, respectively. 



Polyrııcrirnfioıı of Mcfhyl Mcfhacrylafc 739 

100 1--~--~-------L-------'--------'--, 

BO 

Fi1:11re 5. FT-IR spcctra of ıııctlıyl ıııcthacrylatc polyıııcr obtaiııc<l by 

L-mcllıioııiııe -Cc( IV) rc<lox systcm. ııMMAfncccıvı = 35(/\), llMMAfnc:c(IV) = 

IOO(ll), "MMA/ııcccıvı=250(C), "MMA=llcc(IVJ> CMMA=0.7nıol/L, Cıı ,so,= 
0.1 ınol/L, ı = 1 lı, T = 4ü°C. 

Tlıcrnıal and lhcrınal oxidativc propcrties of coating materials are 
ııalurally inıportanl. Thus, TGA aııd DSC analysis wcrc uscd lo invcsligalc 
therıııal aııd lhcrnıo-oxidalivc propcrtics of poly(mcthyl ıncthacrylatc)s. 

in previous sludies, froın TGA ofpoly(MMA), it was observed that 
deconıpositioıı tcınperaturc ofpoly(MMA) in a nitrogen atmosplıerc was 
found to be 300- 320°C.l4l in this study, it was obscrved tlıat the 
decoınposition of MMA in nitrogen alnıosphere dcpends on thc nıole 
ratio of rnonoıner to Ce(IV) in tlıe polymcrization rcaction . When the 
mole ratio of monoıner lo Ce(IV) cquals 35, a nıaximuın weight loss 
occurrecl at 400°C and wcight loss rcaclıcd 93.90% at 596°C (Fig. 6, 
curve A). Whcn llMM!l/ncc(IV) = 100, tlıc polynıcr dcgraded in lwo stages. 
in llıc first stagc, a ınaxiınuın wciglıt loss of 2.26% fornıed al 295°C. in 
llıe second stage, the rate of wcighl loss rcaclıcd lo a maxinıuın valuc a t 
394°C, aııd tlıe weight loss was observed to be 95.88% al 432°C (Fig. 6, 
curve B). At 11MM/l/11cc(ıvı = 250, the polynıer degradcd also in two 
slagcs. in tlıc first stage, a nıaxinıum wciglıt loss of 30.5% formcd at 
32 1°C. in lhe sccond stage, the ratc of weiglıl loss reaclıcd a nıaximum 
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Figııre 6. Tlıe tlıcrınal gr:ıviıııctric aııalysis of polyıncrs obtaincd on diffcreııt 

ıııole ratios of ınoııoıner/ iııitiator. 11MM/\/11c0(1vı = 35 (/\). 11~ıMA/ııcc(IVJ = 100 (13). 
11~1~1/\ /11cqıvı=250 (C). 11~1M/\=ııc0nvı. Cıı,so,=0.l ınol/L, /= 1 lır. T=40"C. 

valuc at 356°C witlı 63.06% aııd at 422°C, tlıc wciglıt loss of 96.47°/., 
occurred (Fig. 6, curve C). 

As can be seen from the results, biınodal polymerizatioıı 

reaction takcs place, as depending on tlıe mole ratio of MMA 
nıoııoıner-Cc(IV). At tlıe ınole ratio of MMA-Ce(IV) = 35, tlıe polyıncr 
dcgradcs at highcr temperature. With iııcrcasing of thc ınole ratio of 
MMA-Ce(IV), biınodal dccoınposition occurs. This indicates that with 
decreasing ofCe(IV) content in the polyıncrization reaction, the obtained 
polymers show two degradation fractions: cross-linked polyıncr degrad­
ing al a high temperature and linear polymer degrading at a Jow 
tcıııperature. 

Tlıe DSC analysis of MMA polyıııers obtaincd by using differenl 
molc ratios of ınonomcr-Ce(IV) salt (11MMAfııcccıvı) in polyınerization 
rcactioııs wcrc cxaıniııcd (Fig. 7. curvcs A aııd C). The DSC analysis of 
tlıc lıomopolyıııer of MMA preparcd by bulk polyıncrization at 65°C, 
witlı azoisobutyroııitrilc as an initiator is showıı in Fig. 7 as curve H. Tlıe 
activation energies of tlıe polymers were calculatcd via the SETARAM 
DSC 131 softwarc. and rcsults are givcn in Table 2. 

il was obscrvcd froııı thc DSC curvcs, with iııcrcasing Cc(IV) coıılcııt 
in tlıc polyıııerization rcaction, Tg, temperature of polyıncr iııcrcascs 
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FiKııre 7. Tlıc diffcraııtial scaııııiııg caloriınctric aııalysis of homopoly(metlıyl 

ıııctlıacrylatc) (1-1) aııd polyıners of tlıc ''MMA/llcc(IV) = 35 (A) aııd llMMA/ 
llccııvı=250 (C). CMMA= 0.7ınol/L, Cıı,so,=0.1 ınol/L, I= 1 hr, T=40"C. 

Table 2. Thc activatioıı eııergies aıı<l the <lcgra<latioıı teıııperaturcs of 

lıoınopolyıııer aıı<l polyıııers obtaiııe<l for "MMA/11cc(ıvı = 35 aııd llMMAI 

llce(IV) = 250. 

Peak no. 

il 
111 

llMMA/llcc(IV) = 35 

T(OC) 

166.5 
286.3 
388.4 

H(J/g) 

6.10 
15. 12 

282.21 

llM MA/llcc(IV) = 250 

T(°C) 

169.7 
290.1 
383.4 

H(J/g) 

33.69 
3.45 

420.23 

Homopolymer of 
ıııethyl ınethacrylate 

T(OC) 

253.9 
313.2 

H(J/g) 

11 .63 
411.24 

(1g = 65.55°C for ııMMA/ncc(ıvı = 250 and Tg = 68. 72°C for ııMMA/ 
Hcc(IVJ = 35). The peaks atlributed to the mclting point were obscrved 
at 166.5''C aııd 169.5°C for tlıc polyıncrs, depcndiııg on tlıc ınolc ratios of 
ııMMA/ııcc( IVJ = 35 aııd 250, respcctivcly. 
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J\s can be sccıı froın Fig. 7, tlıc <lcgradatioıı lcnıpcralurc of 
lıonıopolynıcr of MMA (Fig. 7, curvc H) is lower than thosc of polyıners 
of M MJ\-iııitiatcd Mcllı radicals, wlıiclı arc forıııcd by llıc rcaclion of 
Cc( ı V) -Cc(l il), dcpcn<liııg on llıc ınole ralios of nıonomcr-Cc(I Y) 
(Fig. 7. curvc A and C). Wlıen coıııparcd wilh !he polyıncrs synlhesizcd, 
depen<ling on the llMMA/llcc(IV)• İl was observed that witlı increasing 
11~ıMA/11c,·(IVl· ıhc dcgradation tcmperaturc decrcascs. 

On ılıc basis of usiııg MM/\ polyıncrs as coatiııg nıalcrials, thc 
propcrıies of ıhcrmal and tlıcrmal oxidalivc dcgradalioııs are ıııorc 

iıııporıaııt froııı tlıc poiııt of leıııpcrature usage. Tlıc TGA an<l DSC 
rcsulıs iııdicale tlıal wiılı incrcasing Cc( IY) conccnlralioıı in lhc 
polyıııcrization rcaction, the rcsulting polymers degradc at lıiglıer 

tcmperature due to tlıe fornıaıion of cross-linkiııg in tlıe polyıncrizatioıı 
rcaclioıı. Tlıis ıııcaııs tlıat incrcasing tlıc initiaıor com:cıılralioıı incrcascs 
ılıc <lcgrec of cross-liııkiııg in the polyınerization reaction . 
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