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A continuous-flow system has been used in conjunction with EPR spectroscopy to study the initial 
stages of polymerization of acrylic acid and methacrylic acid in aqueous solution at pH 2 and 9. 
brought about with inorganic radicals (e.9. 'OH) formed from metal-peroxide redox couples. 
Structural characteristics of monomer adduct-radicals, as well as corresponding dimers and trimers, 
are reported, together with evidence for rapid intramolecular hydrogen-abstraction of the 
appropriate tetramer to give a mid-chain radical. Computer- based simulation of steady-state 
concentrations leads to estimates of rate constants for initiation, propagation and termination 
reactions under these conditions. 

EPR spectroscopy has been used in conjunction with 
continuous-flow experiments to demonstrate the feasibility of 
detecting 'monomer', 'dimer' and polymer radicals during the 
early stages of free-radical-initiated polymerization of some 
water-soluble alkenes (see e.g. refs. 1-3). In extending this study 
to the investigation of the polymerization of acrylic acid and 
related compounds with initiators such as *OH and SO,-' (at 
both low and high pH) we had two particular aims; the first was 
to explore the ways in which EPR spectroscopy can provide 
very detailed structural information about growing chains (via 
the recognition of the effects on spectrum parameters of 
restricted rotation and chirality: see e.g. refs. 4 and 5); the second 
was to obtain kinetic parameters for the individual stages of the 
reaction, thus developing a steady-state approach recently 
utilized to determine the rate constants for addition of a variety 
of substituted alkyl radicals to acrylic acid and some related 
compounds.6 

Results and Discussion 
EPR experiments were carried out using a continuous-flow 
system to generate the initiating radical within the cavity of the 
spectrometer. Three solutions were mixed 30 ms before passage 
through the aqueous sample cell: the first contained Ti"', to 
bring about decomposition of the peroxide (H202,  HO,SO, --, 
P20g4- ) ,  which was included in the second stream; and the 
third stream contained the appropriate monomer whose con- 
centration was normally increased in successive experiments 
(see later). Experiments were normally carried out either at a 
final pH of ca. 2, achieved via the addition of sulfuric acid to 
stream (i), or a final pH of ca. 9, in which case the first stream 
contained the sodium salt of ethylenediaminetetraacetic acid 
(EDTA; and an appropriate quantity of ammonia). The 
initiating reactions which give rise to 'OH, SO,-' and PO,2-' 
(HPO,-' at low pH) are described in reactions (1)-(3), 
respectively, and experiments involving C1, -. were achieved by 
the addition of an excess of C1- to the SO,-'-generating system 
[reactions (4) and ( 5 ) ] ;  see ref. 7 and references therein. In the 
presence of a monomer (M) it is believed that addition of the 
initiating radical (e.g. 'OH) will be followed by subsequent 
oligomerization for which the appropriate radicals may be 
detected [e.g. reactions ( 1 )  and (6)-(8)]. Computer-based 

analysis of steady-state concentrations detected in this way was 
achieved with an approach described previously.697 

Ti"' + H 2 0 2  Ti" + 'OH + OH- 

Ti"' + H02S03-  - - -+Ti1 '  + SO,-' + OH- 

Ti"' + P20g4- -+Ti'' + PO,2-' + Po,3  

SO,-' + CI- - S042-  + C1' 

C1' + c1- e c12-* 

HO' + M d H O - M '  (M') 

HO-M' + M-HO-M-M' ( D O )  

HO-M-M' + M HO-M-M-M' (T') 

Radical-initiated Reactions of Acrylic Acid.+i) EPR 
experiments. The Ti"'-H,O,-acrylic acid [AA] system was first 
explored in experiments at pH ca. 2 in which the concentration 
of the monomer was increased (concentrations given in the 
legend to Fig. 1 and subsequently in this paper are those after 
mixing). The spectra at low acrylic acid conceptration (see Fig. 
1 )  clearly reveal both 'OH adducts, HOCH2CHC02H (the p- 
adduct) and 'CH2CH(OH)C02H, (the a-adduct) (see Table 1); 
as [AA] is increased the concentration of the latter radical is 
reduced more quickly than the former, evidently because its 
rate of addition to the monomer is higher (as might be 
expected, since it is unsubstituted and non-conjugated). 
Extrapolation of these results to very low monomer 
concentrations gives a regioselectivity of 'OH attack (a  : p) as 
1 : 1.75. 

Spectra recorded at higher monomer concentrations (ca. 1 Op2 
mol dm-3) reveal the presence of a dimer radical (A) with non- 
equivalent p-protons-a signal probably augmented by overlap 
from the appropriate trimer (see below), for each of which 
chirality would render the p-CH, protons inequivalent. The 
spectra also show traces of an extra radical (indicated 0) at 
high alkene concentrations ( 3  5 x mol dmp3): on the basis 
of the g value and the splitting La(2H) 2.75 mT, which is 
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Table 1 EPR parameters of radicals produced in the reactions of acrylic anti methacrylic acids at pH 2 and 9 

Hyperfine splitting/mT4 
~ 

Reaction Radical formed u(cc-H) u(/~-H) 4 Y - W  g value * 

CH,=CHCO,H/'OH 

CH,=CHCO, - /'OH 

CH,=CHCO,H/SO,- ' 

CH,=CHCO, -/SO,-' 

CH ,=CMeCO,H/'OH 

CH,=CMeCO, -/'OH 

CH,=CMeCO,H/SO,-' 

CH,=CMeCO, -/SO,-* 

'CH,CH(OH)CO,H 
HOCH,CHCO,H 
HOCH2CH(C0,H)CH,eHC0,H 

- CH,k(CO,H)-CH, - 
'CH,CH(OH)CO, - 
HOCH,CHCO,- 

HOCH,CH(CO, -)CH,~HCO, - 

HO[CH,CH(CO, -)],CH,eHCO, - 

- CH,-e(CO,-)-CH, - 
-O,SOCH,eHCO,H 
-O,SOCH,CH(CO,H)CH,~:HCO,H 

I 
'CHz-CH(OHO3 -)CO, - 
-O,SOCH,CHCO, - 

-O,SOCH,CH(CO, -)CH,eHCO, - 

-O,SO[CH,CH(CO, -)],CH2eHC0, 

- CH,-e(CO, -)-CH, - 
'CH,CMe(OH)CO,H 

HOCH,eMeCO,Hd 

HOCH ,CMe(CO,H)CH , kMeCO, H 

HOCH,eMeCO,- 

HOCH,CMe(CO, -)CH,eMeCO, - 

1 
HO[CH,CMe(CO, -)],CH,eMeCO, - 

-03SOCH,~MeC0,H 

-0,SOCH,CMe(C0,H)CH,kMeC02H I -O,SO[CH,CMe(CO,H)],CH~~MeCO,H 
-03SOCH,CMe(C0, -)CH,kMeCO, - I -03SO[CH2CMe(C0,-)],CH2~MeC0,- 

2.2 1 
2.04 

2.01 

2.20 
2.04 

2.03 

2.08 

2.07 

2.04 

2.21 
2.08 

2.0 1 

2.0 1 

2.24 r 

2.68 
2.73 

{ :::g 

{;:ti::; 
{ ;:::::; 
{ z:;; 
{ ;:g; 
{ ::::::; 

{ E:;; 

ca. 2.75(2) 

2.75 
2.75 

2.53 

2.42 
2.51 

2.50(1) 
2.65(1) 
2.73(2) 
0.13(2) 

0.08 

0.09 

0.06 

0.09 

0.10 (Me) 
0.11 (C0,H) 

0.11 (C0,H) 

2.39(1 + 1) O.lO(C0,H) 

2.24( 3) 
1.72( 1)  
0.72(1) 

2.23(3) 
1.79( 1) 
0.73( 1) 

2.27(3) 
1.31( 1) i 0.87(1) 

{::2;l) + 1 )  

2.23(3) 
1.80(1) i 0.70(1) 

2.002 50 
2.003 10 

2.003 25 

2.003 25 

2.002 60 
2.003 15 

2.003 15 

2.003 15 

2.003 25 

c 

c 

2.002 55 
2.003 15 
2.003 00 

2.003 00 

2.003 25 

2.002 50 

2.003 05 

2.003 05 

2.003 20 

2.003 20 

2.003 05 

2.003 05 

2.003 05 

2.003 05 

2.003 20 

2.003 20 

2.003 05 

2.003 05 

2.003 05 

a f 0.005. f 0.000 05. ' Not measured. Two rotamers. 



J. CHEM. SOC. PERKIN TRANS. 2 1994 1761 
Ao 

Fig. 1 EPR spectra of the radicals produced during the hydroxyl-initiated polymerization of acrylic acid at pH ca. 2, showing the variation in the 
concentration of 'CH,CH(OH)CO,H (A), 'CH(C02H)CH,0H (a), dimer (and trimer) (A) and mid-chain (0) radicals with concentration of 
acrylic acid; [Ti"'] = 1.67 x rnol dm-3, [HzO,] = 1.67 x rnol dm-3; [.4A] 4 x (a), 1.5 x lo-' (b), 4.8 x lo-' rnol dm-3 (c) 

Fig. 2 EPR spectra of the radicals produced during the hydroxyl-initiated polymerization of acrylate anion at pH ca. 9, showing the variation in the 
concentration of 'CH,CH(OH)CO,- (A), 'CH(C02-)CH20H (a), dimer (A). trimer (0) and mid-chain (0) radicals with concentration of 
acrylate anion; [Ti"'-EDTA] = 1.67 x (b),  7.5 x lo-' rnol 
dm-3 (c)  

rnol dm-3, [H202] = 1.67 x lo-' rnol dm-3; [AA] = 2.5 x (a),  1.5 x 

attributed to P-protons] we propose that this is from a carbox$- 
conjugated 'mid-chain' radical with structure -CH,-C- 
(C0,H)-CH,-; further evidence for this assignment is given 
below. 

Analogous experiments at pH 9 gave sharper-lined spectra 
which allowed the recognition of both 'OH adducts (regio- 
selectivity 1 : 1.2, a : p) as we11 as distinct dimer, and trimer (head- 
to-tail) and mid-chain radicals (see Fig. 2 and Table 1). The 
dimer and trimer radicals both have non-equivalent P-proton 
splittings (as expected as a result of the adjacent asymmetric y- 
carbon atom) and the prominent mid-chain radical shows 
evidence of further splitting. The variation in relative 
concentrations of the radicals detected at pH 2 and 9 as a 
function of monomer concentration is shown in Fig. 3. 

Similar experiments were carried out with the sulfate radical- 

anion (SO,-') as the initiating agent: a typical example (at 
pH 9)  is shown in Fig. 4. The line widths yere usually sharp, 
enabling monomer (solely -0,SOCH,CHC02H and its 
dianion), dimer and trimer radicals to be detected, and the extra 
splitting on the appropriate mid-chain radical is also revealed 
clearly. Traces of the P-OH adduct were also seen at low 
monomer concentration (see later). 

The reaction of the chlorint radical-anion C1, - *  with acrylic 
acid gave the P-adduct ClCH,CHCO,H (for which the P-proton 
splittings suggest a bridged structure: see Table 2), together with 
a signal assigned to the appropriate dimer [a(a-H) 2.21, a(P-H) 
2.03 mT]. In contrast to the reaction of 'OH, no a-adduct was 
detected. We suggest that the lack of an observable a-adduct 
may be as a result of a rapid 1,2-shift in this isomer [see reaction 
(9)] which would be facilitated by chlorine-bridging and 
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associated stabilisation of the P-adduct. That such a re- 
arrapgement can occur is confirmed by our observation of both 
MeCClC02H [a(P-H) 2.10 (3 H), a(a-Cl) 0.27 mT, g 2.00561 
and C1CH2CHCO2H in the reaction between HO' and 
MeCHC1CO2H under similar conditions: a lower limit for the 
rate constant for the 1,2 shift of C1 in 'CH2CHC1CO2H may 
therefore be estimated as lo4 s-'.~ 

'CH2CHClC02H -+ ClCH2CHCO2H (9) 

(ii) Conformational and mechanistic conclusions. The spec- 
trum of .the P-hydroxyl radical adduct of acrylic acid 
(HOCH2CHC02H) shows an unusual line-width effect, the 
extreme lines being broader at low field than high field (see 
Fig. 1). This effect is unlikely to arise from rapid exchange of the 
acidic proton (in which case all lines would be broadened) but 
may reflect the occurrence of two closely similar overlapping 
spectra with very slightly different g- and a(P-H)-values. We 
associate this phenomenon, which was not observed above pH 
cp. 4, with the occurrence of restricted rotation about the 
C-C(0) bond in the acid form, so that two isomers 1 and 2 are 
detected (an observation more clearly characterized for 
methacrylic acid - see later). 

i. // - ,c-c, - 
H OH 

1 2 

The non-equivalence observed in the P-proton splitting 
patterns of some dimers and trimers is believed to reflect the 
effect of an asymmetric carbon atom as neighbour,' though for 
the bigger and bulkier adducts (e.g. of SO,-' and for the dimers 
and trimers) restricted rotation may also contribute [in which 
case significant differences in a@-H) and broadening of the 
central lines of the 1 : 1 : 1 : 1 pattern might have been expected]. 
Conformational preferences are not particularly pronounced, 
as judged at least by the observation that most P-spljttings are 
in the region of ca. 2.5 mT: for a radical of the type RCHCO,H, 

the parameter B [which largely governs the magnitude of 
a(P-H) through the pBcos28 relationship], may be calcu- 
lated as 4.6 mT, with a splitting of 2.3 mT calculated for the 
freely rotating CH, group. 

To confirm the identity of the 'mid-chain' radical described 
earlier, we also studied the reactions of 'OH with two samples of 
polyacrylic acid (Aldrich, average M ,  2000 and 90 000) at pH 2 

4 8 12 16 20 24 
F [Acrylic Acid]/l 0" rnol drn" + ( b )  

3.5 
2 3.0 

2.5 
Y 

2.0 
1.5 
1 .o 
0.5 
0.0 

0 25 50 75 
[Acrylate]/l 0-3 rnol dm" 

Fig. 3 (a) Variation in the concentration of 'CH,CH(OH)CO,H (A), 
'CH(CO,H)CH,OH (a), and dimer radicals (A) as a function of 
monomer concentration produced in the polymerization of acrylic acid 
initiated by Ti"' and H,O, at pH cu. 2; [Ti"'] = 1.67 x 1 0-3 rnol dm-3, 
[H202] = 1.67 x lo-' rnol dm-3. (b) Variation in the concentration of 
'CH,CH(OH)C02- (A), 'CH(CO,-)CH,OH (a), dimer (A), trimer 
(0) and mid-chain (0) radicals as a function of alkene concentration 
produced in the polymerization of acrylate anion initiated by Ti"' and 
H,02 at pH ca. 9; [Ti"'-EDTA] = 1.67 x lo-' rnol dm-3, [H20,] = 
1.67 x lo-' mol dm-3. 

Fig. 4 EPR spectra of the radicals produced during the sulfate-radical-anion-initiated polymerization of acrylate anion at pH ca. 9, showing the 
variation in the concentration of 'CH,CH(OSO;)CO, - (A), 'CH(C0, -)CH,OSO, (a), dimer (A), trimer (0) and mid-chain (0) radicals with 
concentration of acrylate anion; [Ti"'-EDTA] = 1.67 x rnol dm-3, [HO,SO;] = 1.0 x lo-' rnol d m 5  [AA] = 2.4 x lo-, (a), 1.2 x 10-l 
rnol dm-3 (b) 
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Fig. 5 (a) EPR spectrum of 'CMe(CO,H)CH,OH (0) produced in the polymerization of methacrylic acid at pH ca. 2, with low concentrations of 
'CH,CMe(OH)CO,H (A); ~ i " ' ]  = 1.67 x mol drn-j. (b) Simulated EPR 
spectrum of the two isomers of *CMe(CO,H)CH,OH with (i) a(P-3H) 2.30,a(P-2H) 2.04 and a(C0,H) 0.1 1 mT and (ii) a(fb3H) 2.30, a(fl-2H) I .96 
and a(C0,H) 0.1 1 mT. 

mol dm-j, [H20,] = 1.67 x 10-* mol dm-3, [MA] = 2.5 x 

0 

0 

0 

1 mT - ii 

Fig. 6 EPR spectra of the radicals produced during the hydroxyl-initiated polymerization of methacrylate anion at pH ca. 9, showing the variation 
in the concentration of 'CH,CMe(OH)CO, - (A), 'CMe(C0, -)CH,OH (@) and dimer (A) radicals with concentration of methacrylate anion; 
ui"'-EDTA] = 1.67 x 1 O - j  mol dm-3, [H,O,] = 1.67 x lo-, rnol drn-j; [MA] = 2.5 x (a), 2.5 x lo-, rnol dm-3 (b) 

and 9. In both cases, the spectra were dominated by a triplet 
with a(P-H) 2.74 mT ( i e .  as observed in the polymerization of 
acrylic acid): in addition at pH 9 a further triplet (0.091 mT) was 
detected, exactly as described above. These radicals are assigned 
the structure 3 (and its ionized counterpart) with restriction of 
rotation about C,-C,: use of the equation for the angular 

dependence that the appropriate of P protons dihedral (pBcos2 angles 6) (6) leads for to the the P-protons conclusion are 

which the p y  C-C bonds more or less eclipse the orbital of the 

reached on the basis of EPR spectra obtained during the 
photolysis of poly(hexane-l,6-diol) dia~rylate.~ 

- CH2- e-CH2- -O&T:C H2 

ca. 40 and 80°, as expected for a conformation (see e.g. 4) in C02H 

unpaired electron. Similar spectra and conclusions have been 3 4 
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A 

C 4 
Fig. 7 EPR spectra of the radicals 'CMe(C0,-)CH,OSO; (O), dimer (A) and trimer (0) produced during the sulfate-radical-anion-initiated 
polymerization of methacrylate anion at pH cu. 9; vi"'-EDTA] = 1.67 x I 0-3 rnol dm-', [HOOSO;] = 1 .O x 1W2 rnol dm-3, [MA] = lo-' mol 
dm-3 

Since radicals of type 3 are detected in the polymerization of 
acrylic acid only after the observation of monomer, dimer and 
trimer species as [AA] is increased, it can be concluded that 
they arise from the tetramer (and presumably higher oligomers) 
via lY5-hydrogen shift, in a reaction which leads to the formation 
of a secondary, stabilized radical, and which obviously lowers 
the steady-state concentration of tetramer so that this is not 
detected (see Scheme 1). 

HO' + CH2=CHC02H - 
AA 

t 
HOCH2CHCH2CHCH2dHC02H HOCH2CHCH2eHC02H 

I I  I 
C02H C02H 

trirner 

C02H 
dirner 

t 
HOCH2CHCH2CHCH2CHCH2dHC02H 7 pentarner, etc . 

I l l  
CO2H C02H C02H 

tet rarner 

I I 

I 1,5-Shift 

HOCH2CHCH2 -6 - CH2CH[CH&COzH 
I 
C02H C02H C02H 

Scheme I 

Radical-initiated Reactions of Methacrylic Acid.-Related 
experiments with methacrylic acid confirm that 'OH reacts 

0 1 2  3 4 5 6 7 8 9 10 
[Methacrylate]/lO-' rnol dm-3 

Fig. 8 Variation in the concentration of 'CMe(C0, -)CH,OSOJ (a), 
dimer radicals (A), trimer (0) as a function of monomer concentration 
produced in the polymerization of methacrylate anion initiated by Ti"' 
and HOOSO; at pH cu. 9; [Ti"'-EDTA] = 1.67 x mol dm-', 
[HOOSO;] = 1.0 x mol dm-3 

largely at the unsubstituted en< of the double bond (p) to give 
the monomer radical HOCH,CMeCO,H and then the head- 
to-tail dimer HOCH,CMe(CO,H)CH,CMeCO,H (at pH 2 
and 9) and, at high pH, to give trimer (see Figs. 5 and 6,  and 
Table 1); Fischer has reported similar behaviour for the methyl- 
radical-initiated polymerization. As shown in Fig. 5(a) [with its 
simulation in Fig. S(b)] the radical HOCH,CMeCO,H exists 
in two isomeric forms, evidently as a result of restricted rotation 
about the C-C(0) bond as noted above (cf with an expected 
stabilization energy for this type of radical of ca. 40 kJ mol-'). 

In related experiments with the sulfate radical-anion, 
monomer, dimer and trimer radicals were detected at both low 
and high pH (see e.g. Fig. 7 and Table 1): line broadening in the 
middle line of the 1 : 1 : 1 : 1 P-proton pattern is very pronounced 
for the trimer (which, like the dimer, has non-equivalent p- 
proton splittings). The variation in steady-state concentrations 
of radicals with [methacrylic acid] in experiments at high pH is 
shown in Fig. 8. 

The lower values of a@-H) for methacrylate adducts 
(especially of SO4-' and at high pH) than their acrylate 
counterparts are as expected if conformations are now favoured 
in which the p C-X bond approaches more nearly the position 
in which it eclipses the unpaired electron (giving higher values 
of (8) for the P-protons). This is evidently a result of steric 
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Fig. 9 EPR spectra of the radicals 'CMe,CH(OSO;)CO,H (a), 'CH(CO,H)CMe,OSO; (A) and 'CH(CO,H)CMe,OH (A) produced by the 
addition of the sulfate-radical-anion to 3,3-dimethylacrylic acid at pH ca. 2; ~ i " ' ]  = 1.67 x mol dmP3, [HOOSO;] = 1 .O x lo-, mol dm-', 
[3,3-DMA] = 7 x mol dm-' 

hindrance involving the p substituent and the methyl and 
carboxy groups at the radical centre. 

Reaction of C12-* with methacrylic acid gave signals from 
the P-adducts shown in Table 2. 

EPR Studies of the Reactions of Initiating Radicals with 
Crotonic Acid and 3,3-Dimethylacrylic Acid.-The general 
reluctance of 1,2-substituted alkenes to undergo radical 
polymerization is illustrated by our results for the two alkenes 
crotonic and 3,3-dimethylacrylic acid under conditions similar 
to those employed for acrylic and methacrylic acids. 

For example, *OH adds on to both ends of the double bond 
for each alkene (see Table 3). The regioselectivity was found to 
depend upon the alkene and the pH (for the former the p : ratio 
was 1 : 2.7 at pH 2, 1 : 2.4 at pH 9; for the latter, 1 : ca. 10 at pH 2, 
1 : 1.1 at pH 9). No dimeric or trimeric radicals could be detected 
(even with [alkene] = lo-' mol dm-3), presumably because of 
the steric retardation from the P-methyl substituent(s); the 
regioselectivity of the reaction of HO' with Me2C==CHC02H 
is notable. 

Reaction of SO,-' with crotonic acid at pH 2 and 9 gave both 
a- and P-adducts (ratio ca. 2: 1). With 3,3-dimethylacrylic acid 
the a- and P-adducts were accompanied by the p-hydroxyl 
adduct at pH 2 (see Table 3 and Fig. 9: very careful 
measurement was needed to distinguish the a-S04- '  adduct 
from the corresponding a-OH adduct). The effect of pH in the 
latter system was examined in more detail: as the pH was 
lowered from 2 to 1, the a-sulfate adduct was still observed but 
the p-sulfate adduct disappeared, being replaced by the P-OH 
adduct. At high pH, the a-SO,-' adduct was accompanied by 
the P-OH adduct, rather than the corresponding sulfate- 
substituted radical. We conclude that acid- and base-catalysed 
mechanisms must exist for converting the p-SO,-' adduct into 
the corresponding hydroxyl adduct (a type of reaction 
previously reported for certain electron-rich alkenes). ' ' Possible 
acid- and base-catalysed mechanisms, related to the well- 
known sN1 and sN2 reactions respectively, are shown in 
Scheme 2. 

With this substrate experiments were also conducted with 
HP042-' at low pH ( c j  ref. 7); the behaviour resembled that of 
SO,-' under acidic conditions. At pH 2 the dominant signal 
was that of the P-adduct *CH(CO,H)CMe,OPO,H - , with 
a( 1 H) 1.90, a(P) 0.22 mT, g 2.0039, together with signal from 
*CMe,CH(OPO,H-)CO,H and traces of the P-hydroxyl 
adduct rCH(CO,H)CMe,OH: see Table 11. As the pH was 
lowered, this signal grew in intensity at the expense of the p- 
phosphate precursor [cJ reaction of SO4'- adducts]. 

t HO 
\ .-H Me/,c- c' 

Me 'co; 
Scheme 2 

With C12-' at pH 2, signals were detected from the P-chlorine 
adducts 'CH(C0,H)CHMeCl and 'CH(CO,H)CMe,Cl (see 
Table 2) from crotonic acid and 3,3-dimethylacrylic acids, 
respectively; for the latter, weak signals (which increased at high 
pH) were also observed from the corresponding a- and P- 
hydroxyl adducts. This suggests that, at least for the latter 
substrate, chlorine addition at both carbon atoms is followed by 
hydrolysis (also subject to base catalysis) of the C-Cl bond, as 
noted above for sulfate adducts. At low pH this may well reflect 
the loss of chloride ion and give a radical-cation, encouraged 
by the electron-donating effect of the methyl substituents. 

Kinetic Analysis via the Analysis of Steady-state Concen- 
trations.-Kinetic simulations were next carried out in an 
attempt to determine rate constants for both propagation and 
radical-radical termination reactions; we have fitted the vari- 
ation in observed radical concentration with the concentration 
of alkene in a computer-based approach described previously. 
We have based our analysis on the reactions shown in Scheme 3 
(e.g. for acrylic acid) with k, = 2.1 x lo3 dm3 mol-' s-'.12 A 
number of other assumptions have been made in the reaction 
model employed for polymerization; for example, we have 
assumed that polymerization is only terminated by radical- 
radical reactions, rather than by reaction of organic radicals 
with H,02, Ti"' or Ti'" (we believe that this is justified for the 



1766 J. CHEM. SOC. PERKIN TRANS. 2 1994 

Table 2 EPR parameters for f3-chlorine radicals formed by the addition of CI' to acrylic monomers 

Hyperfine splitting/mT" 

Reaction Radical, R' a(a-H) a@-H) a(C1) a(y-H) g value 

CICH,~HCO,H 2.04 1.18 1.18 
CICH,CHCO, - 2.03 1.09 1.40 CH,=CHCO,H 

CICH,eMeCO,H 

CICH,eMeCO,- 
CH,=CMeCO,H 

2.003 30 
2.003 30 

2.003 30 

2.003 30 

CICHMeCHC0,H 2.06 0.76 1.20 0.05 2.003 20 
MeCH=CHCozH { ClCHMeCHC0,- 2.18 1.65 0.68 0.07 2.003 05 

Me2C=CHC02H ClCMe,eHCO,H 1.96 - 1.01 0.08 2.003 50 

" kO.01. * f0.00005. 
Table 3 EPR parameters of the radicals produced by the addition of hydroxyl radicals and SO,-' to crotonic acid and 3,3-dimethylacrylic acid at 
pH 2 and pH 9 

Hyperfine splitting/mT " 

Reaction Radical formed a(a-H) a(B-H) a(y-H) g valueb 

MeeH-CH(OS0, -)CO,H 2.20 

MeCH(OSO,-)-eHCO,H 2.06 

MeeH-CH(OH)CO, - 2.16 

MeCH=CHCO,H/SO, - *  

M~CH(OH)-~HCO, - 2.04 
MeCHXHCO, -/'OH 

MeCH=CHCO, -/'OH MeeH-CH(OSO,-)CO,- 2.17 
MeCH(OS03 -)eHC02- 2.07 

Me2GLHC0,H/'OH Me,exH(oH)Co,H - 

Me,C(OH)-eHCO,H 2.07 

Me,&CH(OSO,-)CO,H - 

Me,C(OSOJ-)~HCO,H 1.92 

{ 
Me, C = CHCO,H/SO, -' 

Me,e-CH(OH)CO, - 

Me,C(OH)-eHCO, - 
Me2C=CHC02 -/'OH 

- 

2.06 

2.002 45 

1.61 0.13 2.003 20 

2.002 60 
1.20 0.18 2.003 15 

2.002 75 

1.58 0.15 2.003 25 

2.002 69 

1.35 0.18 2.003 17 

2.002 70 

- 0.12 2.003 15 

2.002 75 
2.003 65 

2.002 70 

I 0.13 2.003 10 

2.002 75 
0.13 2.003 05 

carboxyl-conjugated radicals involved). On the other hand, at 
low alkene concentrations, the addition of the hydroxyl radical 
to the monomer is expected to be in competition with its 
reaction with Ti"' and H202  [reactions (1 5 )  and (16)] and these 
reactions have been included (with rate constants of 2 x lo9 
and 2.7 x lo7 dm3 mol-' s-', respectively).12 The rate of cross 
termination of two radicals of different self-termination rate 
constants was taken as the square root of the product of the 
two self-termination rate constants. 

( i )  Reaction of HO' with acrylic acid and related compounds 
at pH 2.0. The simulated variation of the concentration of 
the a- and P-radical adducts of acrylic acid at relatively 
low monomer concentration was first estimated, using a 

reaction scheme which involved initiation to give HO', reaction 
of HO' with the monomer to give the a- and P-adducts as well 
as with Ti"' and H202, propagation of a- and P-adducts (to give 
dimer radicals, D )  and radical-radical termination reactions 
(see Scheme 3). The overall rate constant for addition of 
hydroxyl to acrylic acid was taken as 1.4 x lo9 dm3 mol-' s-l,I2 

and the different rate constants of addition at the two alkenic 
carbons determined for the proportion of each adduct seen at 
low monomer concentration. The rate constants for radical- 
radical termination reactions (2kJ were initially taken to be 
2 x lo9 dm3 mol-' s-' with a similar value for self-termination 
of the dimer.' 3 9 1 4  

Reasonable agreement with the observed concentrations for 
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Fig. 10 Experimental and simulated variation of 'CH,CH(OH)CO, - 

(A), 'CH(C0,-)CH,OH (a), dimer (A) and trimer (0) radical 
concentrations with monomer concentration in the hydroxyl-initiated 
polymerization of acrylate anion at pH ca. 9. The solid lines represent 
the simulated data. For the rate constants used for the simulation see 
the text. 

a- and P-adducts was achieved when the rate constants of 
propagation were in the range 1-3 x lo6 dm3 mol-' s-' for the 
a-adduct ['CH,CH(OH)CO,H] and 2-6 x lo5 dm3 mol-' s-l 
for the P-adduct ['CH(CO,H)CH,OH]. Refinement of the rate 
constants gave optimal values for k ,  of 3 x lo6 and 4 x lo5 
dm3 mol-' s-' for 'CH,CH(OH)CO,H (a) and 'CH(C0,H)- 
CH20H (p), respectively. As expected, the value of the former 
is somewhat greater than the latter which is retarded for both 
steric and electronic reasons. As would be expected, the rate 
constants for addition to acrylic acid of the U- and P-adducts are 
very similar to those obtained for the reaction of propanoic 
acid-derived radicals to the same alkene ('CH,CH,CO,H, 
3 x lo6; 'CHMeCO,H, 3 x lo5 dm3 mol-' s-').~ 

Ti"' + H,O, -Ti'" + HO- + HO' (1) 

HO' + CH,=CHCO,H - 'CH,CH(OH)CO,H (R-J (10) 

HO' + CH,=CHCO,H - 'CH(CO,H)CH,OH (RB) (1 1)  

R i  + CH,=CHCO,H - Dimer (D') (12) 

Rb + CH,=CHC02H - Dimer (D') (13) 

R' + R' - Non-radical products (14) 

(15) HO' + Ti"' - HO- + Ti'' 

HO' + H,O, - H,O + HO,' (16) 

Scheme 3 

A similar approach was employed for the simulation of the 
observed concentration of radicals from the reaction of 
methacrylic acid with hydroxyl at pH 2: addition of HO' to 
methacrylic acid was assumed to occur solely at the P-position, 
to give 'CMe(CO,H)CH,OH with a rate constant of 2.9 x lo9 
dm3 mol-' s-',', and the rate constant for all radical-radical 
termination reactions (2kJ was taken as lo9 dm3 mol-' s-' [cJ 
2k, for 'CMe,C0,H].14 A reasonably good fit for the variation 
of the concentrations of both monomer and dimer radicals with 
alkene was then obtained using a propagation rate constant, k,,  
of 3 x lo5 dm3 mol-' s-'. 

(ii) Reaction of HO' with acrylate anion and related 
compounds at pH 9.0. The hydroxyl-initiated polymerization of 
the acrylate anion was simulated using a scheme similar to that 
used for acrylic acid. The reaction of the hydroxyl radical with 
EDTA was included (2.6 x lo9 dm3 mol-' s-')', and the 
overall rate constant for HO' addition was taken as 5.7 x lo9 
dm3 mol-' s-'.12 

The variation of monomer and dimer radicals at low 
monomer concentrations was initially simulated using 2k, for all 
radical terminations as 2 x lo9 dm3 mol-' s-'. Although a 
reasonable fit was obtained for the variation of the two 
monomer radicals (with kPS 2 x 10' dm3 mol-' s-' and k,, 
3 x lo5 dm3 mol--' s--') the predicted concentration of the dimer 
radicals was lower than observed. This is believed to reflect the 
fact that the rate constants of termination of the radicals (in 
particular that for the dimer radicals) may be lower due to 
charge repulsion. Reduction of the rate constant for dimer- 
dimer reaction to 5 x lo8 dm3 mol-' s-' leads to a much better 
fit to the experimental data (see Fig. 10); 2k, for 'CH(C0;)- 
CH,OH was also reduced to 1.5 x lo9 dm3 mol-' s-'. 

The simulation was then extended to higher monomer 
concentration where significant addition of the dimer radical to 
more alkene, to give trimer, is observed. A good fit between 
experimental and simulated radical concentrations was 
achieved by employing rate constants of 5 x lo4 dm3 mol-' s-' 
for the addition of the dimer radical to alkene, with 4 x lo8 
dm3 mol-' s-' for the rate constant of the dimerisation of the 
trimer radicals (with triple negative charge). On the assumption 
that the rate constants for addition of the trimer radical to 
alkene is similar to that for the dimer, and dimerisation of the 
tetramer radical is similar to that for the trimer, it is possible 
to estimate that the rate constant for intramolecular hydrogen- 
abstraction is ca. 1 x lo3 s ~ ~ .  

The reaction of HO' with methacrylate anion was simulated 
in similar fashion. The rate of addition to methacrylate anion 
was taken as 1.6 x 10'' dm3 mol-' s-'.', Reasonable 
agreement with experimental data was achieved when k,  was 
taken as 2 x 10' dm3 mol-' s-' although it was surprising that 
the rate constants for dimer4mer radical termination did not 
require lowering (as was the case for the acrylate anion) and as 
might be expected for the reaction of two di-negatively charged 
species. ' 

(iii) Reaction of SO4-' with acrylate anion and related 
compounds at pH 9.0. Simulation of the reaction of SO4-' with 
the acrylate anion at pH 9.0 was also attempted. A scheme 
analogous to that for addition of HO' to acrylate was used. As 
explained earlier, initiation was brought about by the reaction 
of titanium(n1) with peroxymonosulfate (H0,SO;) [with a rate 
constant of 1.3 x lo3 dm3 mol-' s-', reaction (2)] with 
SO,-' addition to alkene in competition with reduction by 
titanium(II1) [reaction (1 7) ] .  Reaction of HO- with SO4-' 
[reaction (18)] was included in the scheme (since HO' adducts 
to the alkene were observed) with a rate constant of 6.5 x lo7 
dm3 mol-' s-'.'' The rate constant for addition of SO4-' to 
acrylate anion15 was taken as 1.1 x lo8 dm3 mol-' s-' and 
was adjusted to account for differences in the regioselectivity of 
addition. 

HOOSO, + Ti"'-+ HO- + SO4-' + Ti" (2) 

SO4-' + Ti"' - + Ti" (17) 

The rate constants for reaction of the a- and P-adducts with 
alkene and those for radical-radical reactions were optimised at 
low alkene concentration. This gave predicted rate constants, 
k,, of 5 x lo4 and 1 x lo5 dm3 mol-' s-' for 'CH(C0,)- 
CH,OSO; and *CH,CH(OSO;)CO,, respectively. Radical 
termination rate constants were taken as 7 x lo8 dm3 mol-' s-' 
for monomer-monomer and 2.4 x lo8 dm3 mol-' s-' for 
dimer-dimer reactions. The subsequent addition of dimer 
radical to alkene was also modelled at higher alkene 
concentration. The rate constant for addition is estimated to be 
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Table 4 Rate constants for initial stages of radical-initiated alkene polymerisation reactions determined by kinetic simulations of steady-state 
concentrations 

Rate constant "/dm3 mol-' s-' 

kP kP kP 2kt 2kt 2kt 
(P-adduct + (a-adduct + (dimer radical (P-adduct) (a-adduct) (dimer radical) 

Initiator Alkene monomer) monomer) + monomer) 

HO' CH,=CHCO,H 4 x 105 3 x lo6 - 2 x 109 2 x 109 2 x 109 
1 x 109 

€30' CH,=CHCO, 2 x 105 3 x 105 5 x 104 1.5 x 109 2 x 109 5 x lo8 
2 x 109 

1 x 109 - 

- - 2 x 109 - 

CH,=CMeCO,H 3 x lo5 - - HO' 

H O  CH,=CMeCO; 2 x lo5 
so,. CH,=CHCOT 5 x 104 1 x 105 1 x 104 7 x lo8 7 x lo8 2.4 x lo8 
so,. CH,=CMeCO; 2.5 x lo4 - 1-5 x 103 2 x lo8 - 8 x lo7 

ca. 1 x lo4 dm3 mol-', s-', although the variation in trimer 
concentration could not be satisfactorily modelled. 

The variation of radical concentrations with methacrylate 
anion concentration for the SO,-'-initiated polymerization 
was simulated using a scheme similar to that for SO4-' reaction 
with acrylate anion. As with the simulations of H O  with 
methacrylate anion, only formation of the cr-radical rCMe- 
(CO,)CH,OSO;] was considered in the mechanism. At low 
monomer concentration, reasonable agreement with experi- 
mental data could be obtained with k for 'CMe(C0,)- 
CH20SO; with methacrylate as 2.5 x 10 dm3 mol-I 6' and 
2k, for monomer-monomer and dimer-dimer radical termin- 
ations as 2 x lo8 and 8 x lo7 dm3 mol-' s-', respectively. The 
behaviour at higher monomer concentrations could not be 
simulated satisfactorily (i. e. when trimer formation is signifi- 
cant) although it is believed that k,  for dimer radical addition 
to alkene is in the range 1-5 x lo3 dm3 mol-' s-'. 

s 

Conclusions 
Our experiments illustrate how continuous-flow techniques 
and EPR spectroscopy can provide structural and kinetic 
information on the initial stage of metal-catalysed and free- 
radical-initiated alkene polymerization. Direct evidence for 
intramolecular hydrogen-abstraction in growing acrylate 
chains has also been obtained. The kinetic results provide 
estimates for the rate constants of initial stages of propagation 
(monomer to dimer, dimer to trimer) and termination reactions, 
the latter as a function of size (monomer, dimer, etc.) and overall 
charge (i.e. at high and low pH values). Propagation rate 
constants for the initial steps are found to be significantly 
greater than those reported for similar bulk polymerisation 
reactions [for example, k, for 'CH(CO,H)CH,OH addition to 
CH2=CHC02H is 4 x lo5 dm-3 mol-I s-I, compared with ca. 
lo3 dm-3 mol-I s-' for related acrylate and methacrylate 
polymer is at ion^].'^ This is presumably due to differences in the 
rates of diffusion of the radical species (due to steric and 
viscosity changes) although solvent effects may also be signifi- 
cant.17 

Experimental 
EPR spectra were recorded on a Bruker ESP 300 spectrometer 
equipped with an X-band microwave bridge and 100 kHz 
modulation. Hyperfine splittings and g values were determined 
directly from the spectrometer's field scan, this having been 
calibrated with the signal from Fremy's salt (aN = 1.3091 mT,18 
g 2.0055"). Radical concentrations were determined by 
comparison with spectra obtained from standard solutions of 
vanadyl sulfate by use of double integration. A mixing chamber 
was employed which allowed simultaneous mixing of three 

reagent streams ca. 30 ms before passage through the cavity of 
the spectrometer: flow was maintained using a Watson-Marlow 
502s peristaltic pump placed on the inlet tubing. pH 
measurements were made using a be-Unicam PW9410 pH 
meter with the electrode inserted into the effluent stream. The 
three solutions typically contained (i) titanium(m) chloride 
(0.005 mol dm-3), (ii) the peroxide (H202 0.05 mol dm-3 or 
HOOSO, 0.01 mol dmP3) and (iii) the substrate (0.05 to 1.0 
mol dm-3) and the alkene (0.0005 to 0.01 mol drnp3); pH was 
varied by addition of sulfuric acid (18 mol dm-3) or ammonia 
solution (1 5 mol dmP3) to the first stream and all solutions were 
deoxygenated by nitrogen purge both before and during use. 
EDTA (0.006 mol dmP3) was added to the titanium(@ stream in 
experiments carried out at pH 9. C1' and C1,'- were generated 
by the addition of sodium chloride (0.03-3.0 mol dm-3) to the 
substrate stream. 

The kinetic simulation program was originally written by 
Dr. T. M. F. Salmon and modified to run on a VAX computer 
(by Dr. M. J. Brown) and on an IBM-PC 486DX clone. 

All chemicals employed were commercial samples used as 
supplied. 
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