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PULSE RADIOLYSIS STUDY OF INITIATION,
DIMERIZATION, AND PROPAGATION STEPS OF
3,3-DIMETHYLACRYLIC ACID IN AQUEOUS MEDIUM

MANMOHAN KUMAR* and M. H. RAO
Chemistry Division

Bhabha Atomic Research Centre
Trombay, Bombay 400085, India

ABSTRACT

Rates of initiation, dimerization, and first propagation steps origi-
nating from the hydrated electron and hydroxyl radical reactions
with 3,3-dimethylacrylic acid monomer have been investigated us-
ing the technique of pulse radiolysis. The initiation step for the
protonated monomer is found to be faster than that of the deproto-
nated form. The dimerization step is about two orders of magni-
tude faster than the first propagation step. Radical species are more
reactive than the corresponding radical-anionic species, and the
B-protonated electron adduct to the monomer is found to propa-
gate faster than other electron adduct species. The different tran-
sient species have been characterized by their absorption spectra,
Amaxs €Xtinction coefficient, pK, and redox behavior. Based on these

observations, the most probable structures are suggested.

INTRODUCTION

Steady-state propagation step rate constants for vinyl monomers have
been investigated by various workers in the past; however, not much has
been reported about the rate constants of the individual propagation
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steps [1-5]. In the present study the likely initial processes (i.e., initia-
tion, first propagation, and dimerization step) induced by both hydrated
electron and hydroxyl radical in the radiation polymerization of 3,3-
dimethylacrylic acid in aqueous medium have been investigated by the
technique of pulse radiolysis in an attempt to understand the mechanism
of polymerization. Pulse radiolysis investigations of electron adducts of
acrylic acid and its derivatives have been reported by Hayon et al. [6, 7]
and other workers [8]. ESR techniques [9, 10] and pulsed conductance
measurements [11] were also utilized for characterizing electron adduct
species of acrylic acid derivatives.

EXPERIMENTAL

3,3-Dimethylacrylic acid from Sisco Research Laboratories was re-
crystallized from petroleumn ether before use. Fluka puriss grade thionine
was used after purification by repeated extraction with chloroform.
Gases used for purging the solutions were lolar grade from Indian Oxy-
gen. All other chemicals used were GR grade.

Solutions were prepared in triply distilled water and were buffered to
different pH’s by using H,SO,, Na,HPO,-2H,0, KH,PO,, Na,B,0;-
10H,0, and NaOH in suitable combinations, and the total ionic strength
was kept at about 0.09 mol/dm’ by using Na,SO,. For the study of OH
radical reaction, nitrous oxide gas was used for converting hydrated
electrons to OH radicals. In the study of the reaction of hydrated elec-
trons, f-butanol was used as an OH radical scavenger and the solutions
were saturated with oxygen-free nitrogen gas at 1 atm.

Full details of the pulse radiolysis setup are given elsewhere [12]. For
recording the transient absorption spectra, 2 us pulses of 7 MeV electrons
were employed, typical doses being 1.1 x 10° J/m?, but for extinction
coefficient determinations, 25 and 500 ns pulses (with each dose in the
range of about 1.2 x 10* to 6.0 x 10* J/m® were used. The pseudo-
first-order kinetics behavior (such as the first propagation step) of differ-
ent transient species was studied at a lower dose (1.2 x 10* J/m®) and a
higher monomer concentration. In the case of second-order kinetics
(such as the dimerization step), a higher dose (~1 x 10° J/m®) and a
lower monomer concentration were used to reduce interference from
unwanted competing reactions to less than ~10%. An aerated KSCN
sclution (0.05 mol/dm®) was used for measuring the electron pulse dose.
For this purpose the (CNS);” species having Ge = 2.23 x 107* m*/J
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[13], formed due to oxidation of CNS™ by OH radical, was monitored
at 500 nm.

RESULTS AND DISCUSSIONS

In the pulse radiolysis of dilute aqueous monomer solutions, the pri-
mary species from water radiolysis (i.e., hydrated electron, hydroxyl
radical, and hydrogen atom) play an important role. Initiating species
are produced by the reactions of these primary species with the mono-
mer, and these resultant species subsequently propagate polymerization
with different rates depending upon their structure and experimental
conditions. Kinetic studies and characterization of the transient species
formed by the reactions of hydrated electrons and hydroxyl radicals with
the monomer 3,3-dimethylacrylic acid were carried out in the present
work.

Reaction of Hydrated Electron with 3,3-Dimethylacrylic Acid

The transient absorption spectra observed on pulse radiolysis of N,-
saturated aqueous solution containing 1.1 x 107 mol/dm’ 3,3-dimeth-
ylacrylic acid and 0.4 mol/dm® ¢-butanol at three different pH’s (i.e.,
3.7, 9.2, and 12) are shown in Fig, 1. The transient spectrum at pH 3.7
was found to have A\, at 260 nm with an extinction coefficient of ~410
m’/mol calculated by taking into consideration the competing reaction
of an e,, with a proton. The rate constant for the reaction of e,, with the
acidic form of the monomer 3,3-dimethylacrylic acid (MH) was deter-
mined from the pseudofirst-order formation kinetics of the transient at
260 nm with respect to the monomer concentration.

MH + ¢, —> &k = 10" dm’-mol~'-s™" (1)

The spectrum at pH 9.2 was found to have A, at 270 nm with an
extinction coefficient value of 404 m*/mol. Formation kinetics of this
transient species was also found to be pseudofirst order with respect to
the monomer concentration, and the rate constant for the reaction of e,
with the conjugate-base form of the monomer (M ™) was determined (see
Reaction 2); this value is in agreement with that obtained (6.4 X
10® dm*-mol~'-s™!) by decay kinetics of the hydrated electron at 700 nm
in the presence of the monomer.
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FIG. 1. Transient absorption spectra produced by the reaction of e, with 1.1
x 107* mol/dm’ 3,3-dimethylacrylic acid at three different pH’s in 0.4 mol/dm®
aqueous r-butanol under 1 atm of N,. Dose: ~ 1.1 x 10° J/m’ per pulse.

M™ +e;, —> k=068 x 10°dm’  mol'-s™! ()

The transient species formed at pH 12 was found to have A\, at 315 nm
with a relatively lower extinction coefficient value of ~ 141 m?*/mol.
Thus the rate constant for the reaction of the conjugate-acid form of the
monomer with e,, is much higher than that of the conjugate-base form.
The transient species formed by the reaction of e,, with the monomer
showed a pK, of 7.6 as determined by measuring changes in absorbance
at 270 nm with pH (Fig. 2). A significant change in absorbance was also
observed at higher pH’s, which may or may not be due to a change in
pK,. The ground state of pK, of the monomer was found to be 5.1.

At low dose and high monomer concentration (0.53 x 10™%to 1.6 x
10~* mol/dm®) at pH 3.7, the decay of the product species at 260 nm
was found to be pseudofirst order with respect to the monomer concen-
tration, whereas at a higher dose condition and at a monomer concen-
tration of 1.0 x 10™* mol/dm?, the decay followed second-order ki-
netics. These two decays are suggestive of an initial propagation step
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FIG. 2. Change in absorbance of pH for the transient species produced by
the reaction of e, with 1.1 x 107* mol/dm’ 3,3-dimethylacrylic acid and in 0.4
mol/dm’ aqueous ¢-butanol at 270 nm under 1 atm of N,. Dose: ~1.1 x 10°
J/m? per pulse.

(Reaction 3) and a dimerization step (Reaction 4) of the protonated
electron adduct species (MHS).

MH; + MH ——> &, =5 x 10°dm’> mol™'-s™" 3)
MH; + MH;, ——> k; = 1.4 x 10°dm’-mol~"'-s™! @)

At pH 9.2 the decay of the product species at 270 nm was also found to
follow pseudofirst-order kinetics with respect to the monomer concentra-
tion at low dose and high monomer concentration and second-order
kinetics at high dose and low monomer concentration condition, as in
the case of MH; species. Thus these two decays are assigned to the first
propagation step (Reaction 5) and dimerization step (Reaction 6) of
protonated electron adduct species (MH' ) as given below.

MH~™ + M~ ——> &k, = 4.5 x 10°dm*-mol™'-s' )

MH ™ + MH~ ——> kg = 8.5 x 10dm’ mol™"+s™" 6)
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At pH 12, the decay of the resultant transient at 315 nm also showed
pseudofirst-order and second-order kinetic behavior under two different
dose and monomer concentration conditions as shown above. It is well
known that in alkaline conditions the electron adducts (with a single
negative charge) of acrylic acid and its derivatives isomerize into the
corresponding 3-protonated isomer:

H- (buffer

R,CCRCOO —
or OH

R,CHCRCO;" )

This reaction is much faster than deprotonation [7]. Thus the two decay
kinetics mentioned above (at pH 12) can be assigned to the first propaga-
tion step (Reaction 8) and dimerization step (Reaction 9) of the 5-proto-
nated electron adduct species (MH;™):

MH;" + M\~ —> k,; =1 x 100dm’-mol™"s™" t)
MH;™ + MH;™ —> ky = 8 x 10°dm’ mol™'+s™! &)

It can be concluded from the above results that in the case of different
forms of the hydrated electron adduct of the monomer, the dimerization
step, which is equivalent to the termination step, is about two orders of
magnitude faster than the first propagation step. Rate constants for
the first propagation step of MH; and MH'~ are comparable but the
B-protonated electron adduct (MH; ™) propagates much faster. Dimeriza-
tion of radical species (MH3) is much faster than that of anionic species
MH"~ and MH7, which can be explained on the basis of the electronic
structure of these transient species.

Reaction of Hydroxyl Radical with 3,3-Dimethylacrylic Acid

The transient absorption spectra observed on pulse radiolysis of N,O
saturated aqueous (1.5 X 10~° mol/dm®) monomer solutions at three
different pH’s (i.e., 3.7, 9.2, and 12) are shown in Fig. 3. The transient
spectrum at pH 3.7 was found to have A, at 270 nm with an extinction
coefficient of 164 m*/mol. From the formation kinetics (pseudofirst or-
der with respect to the monomer concentration) of the transient species
at A, the rate constant for the reaction of OH radical with the
conjugated-acid form of 3,3-dimethylacrylic acid (MH) was determined.
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FIG. 3. Transient absorption spectra produced by the reaction of OH radical
with 1.5 x 107° mol/dm’ 3,3-dimethylacrylic acid at three different pH’s in
aqueous medium under 1 atm of N;O. Dose: ~ 1.1 x 10° J/m? per pulse.

MH + OH ——> k=9 x 10°dm* mol s~ (10)

The spectra at both pH 9.2 and 12 were found to have A, at 265 nm
with extinction coefficient values of 281 and 598 m?/mol, respectively.
Formation kinetics of the transient species at pH 9.2 at 265 nm was also
found to be pseudofirst order with respect to the monomer concentra-
tion, and the rate constant for the reaction of OH radical with the
conjugate-base form of the monomer (M™) was determined as given
below in Reaction (11). This value compares well with that obtained by
competition kinetics (6.0 x 10° dm’-mol~'s™') using KSCN as stan-
dard solute and monitoring the (CNS),~ species formed at 500 nm,

M~ + OH ——> k =57 x 10°dm* mol™"-s™' an

The pseudofirst-order formation kinetics of the transient species at pH
12 at 265 nm gave a rate constant for the reaction of M~ with O™ ~:
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M~ +0" —> k=15x 10°dm* mol™"s™" (12)

Thus the initiation reaction of the conjugate-acid form of the monomer
with OH radical is faster than that of the conjugate-base form, and
initiation by O'~ is much slower.

The transient species formed by the reaction of OH radical with the
monomer showed a pK, value of 6.3 as determined by measuring absorb-
ance changes as a function of pH at 265 nm (Fig. 4). There is an enor-
mous change in absorbance in the pH region between 11 to 12.5, which
may be attributed to the fact that O~ is the reacting species instead of
the OH radical at lower pH. Since, except for difference in extinction

030
@
(9]
§ 020}
;
010}
/L 1 1 1 1 1
0-00~—, 6 8 10 12
pH

FIG. 4. Change in absorbance with pH for the transient species produced by
the reaction of OH radical with 1.5 x 10~ mol/dm?® 3,3-dimethylacrylic acid in
aqueous medium at 265 nm under 1 atm of N,O. Dose: ~1.1 x 10° J/m’ per
pulse.
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coefficient, the spectral characteristics of the two transient species at pH
12 and 9.2 are similar, they are expected to have a similar structure.

At pH 3.7 the decay of the resultant species at 270 nm was found to
be pseudofirst-order with respect to the monomer concentration at low
dose and high monomer concentration (0.5 x 107%to 1.5 x 10~° mol/
dm’®). On the other hand, at the higher dose and lower monomer concen-
tration (~0.8 x 10™* mol/dm?®) conditions, the decay followed second-
order kinetics. These observations are suggestive of a first propagation
step (Reaction 13) and a dimerization step (Reaction 14) of the OH
radical adduct species (MHOH ) of protonated monomer.

MHOH + MH ——> &k, =7 x 10°dm’ mol™"-s™' (13)
MHOH' + MHOH' —> k, = 1.1 x 10°dm’ mol™"-s™' (14)

At pH 9.2 and 12, the decay of the product species at 265 nm was also
found to follow pseudofirst-order kinetics with respect to the monomer
concentration at the low dose and high monomer concentration (1.5 X
107*t0 4.5 x 107> mol/dm®) condition, and second-order kinetics at the
high dose and low concentration (~2.0 x 107* mol/dm’) as discussed
above. Thus these decays are assigned to the first propagation steps
(Reactions 15 and 17) and dimerization steps (Reactions 16 and 18) of
monoprotonated species (MOH ~) and species (MO'~ ") formed by the
reaction of O'~:

MOH ™ + M~ —> k,; =3 x 10°dm’-mol~'+s™" (15)
MOH ™~ + MOH - ——> kg = 5.2 x 10°dm’ mol™"-s™" (16)
MO'™~ + M~ —> k, = 4.5 x 10°dm’ mol™"-s™! (17)
MO ™~ + MO'™~™ ——> k4 = 5.4 x 10°dm’-mol™'-s™" (18)

Here also for different forms of the OH radical adduct of 3,3-
dimethylacrylic acid, the dimerization step is about two orders of magni-
tude faster than the first propagation step. The rate constant for the
first propagation step of MHOH' species is higher than that of MOH"~
and MO~ ~ species. Reaction of a radical species with neutral monomer
(protonated form) is expected to be faster than reaction of a radical-
anionic or -dianionic species with the anionic form of the monomer. The
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dimerization step of MHOH" is also faster than that of the other two
species, i.e., MOH"~ and M"~ 7, which may be explained on the basis of
the combined influence of ionic strength and electronic structure of these
transient species.

Probable Structures of the Transient Species

Most probable site of attack by e, is the carbonyl group of the mono-
mer [14], resulting in the following structure for the protonated electron
adduct (MH) of 3,3-dimethylacrylic acid.

CH, H
>C=C< (1)
CHj "¢—o
OH

Pulse radiolysis of an N,-purged aqueous solution containing 5.0 x 107}
mol/dm® of the monomer, ~10~° mol/dm? of reducible dye thionine,
and ~ 1.0 mol/dm’ t-butanol at pH 6 was carried out in order to deter-
mine whether the MH; species is capable of acting as a reducing agent.
The conditions chosen were such that almost all the e,, produced by the
pulse reacted with the monomer and not with the dye molecules; the
resultant transient (MH;) should react with thionine almost exclusively.
Formation of the reduced dye was monitored at 770 nm, and it was
found that the transient (MH}) is capable of reducing thionine (TH*):

MH; + TH* ——> MH + TH;* 19

Hence, Structure (I) may be most probably assigned to the MH, species,
since this is similar to the radical derived by the a-hydrogen abstraction
from alcohols, which are known to be reducing in nature [15], the only
difference being the presence of two hydroxyl groups in place of one.
The structures of the protonated electron adduct (MH' ~) may be written
as Structure (I) or the 8-protonated isomer (MH;"):

CH, H o
c=c< CHy—C—C—C—0~
N IR
CH; ¢—o0 CHy O
OH
(11) (I11)

The most probable reaction of OH radical with the monomer is addi-
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tion to the C—C double bond. The two possible structures that can be
assigned to the OH radical adduct species (MHOH ") are

(')H OH
. | .
CH—C——-C—COOH CH{q—C——C—COOH
3 | \ 3 | |
CH3 H CH3 H
(1v) (v)

It was found that, under our experimental conditions, e.g., N,O-
saturated 1.0 X 107’ mol/dm’® monomer aqueous solution containing
3.0 x 107° mol/dm® thionine at pH 7.6, where the reaction of the OH
radical with the monomer and the reaction of the resulting adduct species
(MOH" ") with thionine are favored over other competing reactions, the
transient species (MOH'~) cannot reduce thionine. Both of the above
structures seem to be less reducing in nature, but very little can be in-
ferred from this information regarding the structure of the transient
species. Since tertiary carbon-centered radicals are known to be more
stable than secondary carbon-centered radicals, and the attack of an OH
radical at the -carbon atom is sterically favored, Structure (IV) is more
probable than Structure (V) for the species (MHOH"). The correspond-
ing structures of the adduct species (MOH' ") and unprotonated species
(MO’ "~ 7) can be expressed as Structures (VI) and (VIII), respectively.

o 9
CH3~C——C~—C00™ CHy=—C——C—C00~
| i i |
CHy H CHy H
(VD) (VIT)
CONCLUSIONS

Rate constants of the different initiation, first propagation, and di-
merization steps are summarized in Table 1. Rate constants for the initia-
tion reactions by e,, and OH radicals with protonated 3,3-dimethylacryl-
ic acid monomer in aqueous solution are much higher than those of the
corresponding deprotonated form. The dimerization step is about two
orders of magnitude faster than the first propagation step, and the di-
merization step of radical species is faster than that of corresponding
anionic species resulting from the reaction of e,, and OH radical with
the monomer. The first propagation step of the 3-protonated electron



KUMAR AND RAO

542

‘uLIoj pajeu

-o101dap ay1 st __ QW pue ‘wioj paleuojordouow ay: st _ HOW “1onppe [esiper HO 341 st HOHW ‘1onppe
uoxd3d pateuoloid-g ayy st _YHN “HI jo wioj aseq-a1e8nfuod ayl sI _ HIN “1onppe uonssd pajeuojord
3yl St ‘HN ‘wiroj aseq-aredn(uod ayp sI _JN ‘Jdwouow 3yl jo uloj pre-31ednfuod syl st HIN SI9YM,

O X 'S = <__ OWN>"y 01 X ' = <__ OW>"¥
O X T6 = <_HOW>"¥ HOIX € = <__HOW>"¥
Ol X I'l = < HOW>"¥ 01 X L = < HOHW>"Y

.HO £q paonpuj suonoedy 104

O X L'S = <_NN>¥
Ol X 6 = <HW>Y

01 X 8 = <_HN> "y O X [ = <_THW>"y
Ol X ¢'8 = <_HA>"y O X §'v = <_HAN> "y O X 89 =<_W>Y
Ol X 1 = <'HW> "y OI X § = <'HW> "y 00l = <HW>¥
By £q paonpu[ SUONOEIY 104
(;_s-,_owt. wip) (,_s-,_Tow. wp) (;_s-,_[ow. wp)
das uonezuawig dais uonededoad 15111 da1s uonenmuj

LJesipey [AX0IpAH pue uoida[g pajeIpAH £q paonpuj
“WINIPIJA SN0NDY UI PIOY JI[AISRIAIWI-E‘E JO SISSID01J [BIIUT Y} JO SIURISUOY) 31vY "] FIAV.L

1102 Alenuer $z €Z:/T @I Papeo |uwog



17: 23 24 January 2011

Downl oaded At:

3,3-DIMETHYLACRYLIC ACID 543

adducts is faster than other electron adduct species, and the rate constant
for the first propagation step of radical species is faster than that of
other OH radical adduct species (i.e., anionic species). All these observa-
tions are correlated with structure, electronic nature of different tran-
sient species, and influence of ionic strength. The most probable site
of attack by e,, is the carbonyl group of the monomer, resulting in a
carbon-centered radical species capable of reducing thionine. On the
other hand, OH radical addition of the C—C double bond of the mono-
mer results in a tertiary radical.

ACKNOWLEDGMENTS

Our thanks are due to Dr. R. M. Iyer, Director of the Chemical and
Isotope Group, and Dr. J. P. Mittal, Head of the Chemistry Division,
for their constant encouragement during the course of this work.

REFERENCES

[1] R. Mehnert, W. Helmstreit, J. Bos, and O. Brede, Radiochem.
Radioanal. Lett., 30, 389 (1977).

[2] O. Brede, J. Bos, and R. Mehnert, Ibid., 39, 259 (1979).

[3] K. Hayashi, M. Irie, D. Lindenau, and W. Schnabel, Eur. Polym.
J., 13, 925 (1977).

[4] K. Hayashi, M. Irie, D. Lindenau, and W. Schnabel, Radiat. Phys.
Chem., 11, 139 (1978).

[5] M. Kumar, M. H. Rao, P. N. Moorthy, and K. N. Rao, Ibid., 33,
219 (1989).

[6] E. Hayon, N. N. Lichtin, and V. Madhavan, J. Am. Chem. Soc.,
95, 4762 (1973).

[7]1 V. Madhavan, N. Lichtin, and E. Hayon, J. Org. Chem., 41, 2320
(1976).

[8] K. W. Chambers, E. Collinson, F. S. Dainton, W. A. Seddon, and
F. Wilkinson, Trans. Faraday Soc., 63, 1699 (1967).

[9] I. H. Elson, T. J. Kemp, D. Greatorex, and H. D. B. Jenkins, J.
Chem. Soc., Faraday Trans., 2, 1403 (1973).

[10] E. Metcalfe, M. C. R. Symons, A. Begum, and A. Charlesby, Mol.

Phys., 26, 509 (1973).



17: 23 24 January 2011

Downl oaded At:

544 KUMAR AND RAO

[11] R. W. Fessenden and O. P. Chawla, J. Am. Chem. Soc., 96, 2262
(1974).

[12] S. N. Guha, P. N. Moorthy, K. Kishore, D. B. Naik, and K. N.
Rao, Proc. Indian Acad. Sci. (Chem. Sci.), 99, 261 (1987).

[13] E. M. Fielden, “Chemical Dosimetry of Pulsed Electron and X-Ray
Sources in the 1-20 MeV Range,” in The Study of Fast Processes
and Transient Species by Electron Pulse Radiolysis (J. H. Baxendale
and F. Busi, eds.), Reidel, 1982, pp. 58-59.

[14] J. Lilie and A. Henglein, Ber. Bunsenges. Phys. Chem., 73, 170
(1969).

[15) J. Lilie, G. Beck, and A. Henglein, Ibid., 71, 458 (1971).

Received September 6, 1990
Revision received December 5, 1990



