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Free-Radical-Induced Chain Breakage and Depolymerization
of Poly(methacrylic acid): Equilibrium Polymerization in Aqueous Solution

at Room Temperature

Piotr Ulanski, " Eberhard Bothe,?! Knut Hildenbrand,*! and Clemens von Sonntag*!?!

Abstract: Hydroxyl radicals, generated
by ionizing radiation in N,O saturated
aqueous solutions, abstract H atoms
from poly(methacrylic acid) at the meth-
yl and methylene groups, and radicals 1
and 2 are formed, respectively. The
reactions of the poly(methacrylic acid)
radicals were investigated by pulse radi-
olysis (using optical and conductometric
detection), EPR, product analysis, and
kinetic simulations. The conductometric
detection allowed us to measure the rate
of chain scission and monomer release.
Under conditions in which the polymer
is largely deprotonated, the primary
radical 1 abstracts a hydrogen (k=
3.5 x 10*s7!) from the methylene group,
and this yields the more stable second-

chain scission by fS-fragmentation (k=
1.8 s71), and the terminal (end-of-chain)
radical 3 is formed. The polymer radi-
cals terminate only slowly (2k=
80 dm*mol~'s™!). This allows effective
depolymerization (depropagation) to
take place (k=0.1s7!). The yield of
monomer release is higher than the
original radical yield by up to two orders
of magnitude. Once monomer is formed,
it reacts with 3 (propagation, k=
15 dm3>mol~'s7!), and a situation close
to an equilibrium radical polymerization
is approached. From these data, the
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equilibrium monomer concentration is
calculated at 6.7 x10° moldm™ at
room temperature. The standard entro-
py of propagation is estimated at — 185
to —150 Jmol 'K~ Because the mono-
mer reaches concentrations in the milli-
molar range, the "OH radicals increas-
ingly react with monomers (results in
oligomerization) rather than with the
polymer. This effect is reflected by, for
example, a lowering of chain-scission
yields upon prolonged irradiation. In
acid solutions, the decay of the polymer
radicals becomes much faster (estimated
at about 10" dm*mol-'s~' at pH 3.5),
and monomer release is no longer ob-
served.

ary radical 2. This radical undergoes

Introduction

Poly(methacrylic acid), together with poly(acrylic acid),
belongs to a group of the simplest synthetic polyelectrolytes.
Basic data on their synthesis and applications!'l as well as their
properties and solution behavior have been compiled.?? 3!
Besides many similarities, there are marked differences, in
particular in the conformational transitions of these two
polyelectrolytes.”'>] While poly(acrylic acid) changes its
conformation with increasing ionization relatively smoothly
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from coil-like to rodlike, many properties of poly(methacrylic
acid) change stepwise at a degree of ionization between 0.2
and 0.3; this indicates a sharp conformational transition in this
range. The fully protonated poly(methacrylic acid) seems to
adopt a hypercoiled structure (coils of tight, compact con-
formation), in which an unfavorable contact between the
methyl groups and water is avoided,'*?! and when its
molecular weight exceeds 10* Da, it probably forms several
tightly packed clusters connected by short extended polymer
chains.['8]

At present, poly(methacrylic acid) is mainly used for
thickeners and gelling agents, ion-exchange resins, flocculat-
ing agents, binders, adhesives, and soil conditioners.! A
relatively new and potentially promising application of
synthetic polyelectrolytes is the formation of stimuli-sensitive
hydrogels. These products have the beneficial properties of
conventional hydrogels currently used in pharmacy,?'-* but
they also respond to environmental stimuli (for example, pH,
ionic strength, additives, temperature, electric field, and light),
usually by a pronounced change in their dimensions.?*3"
Because of this, they are now tested as chemical valves,
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micro-sensors, selective membranes, drug-delivery systems,
and artificial muscles (e.g. refs. [31 -36]). Ionizing radiation is
one of the basic tools for the synthesis and sterilization of
hydrogels for medical use, because of the high product purity,
easy process control, as well as the possibility to combine
synthesis and sterilization in a single step.?*%] The inves-
tigation of the underlying radiation-induced (i.e. free-radical-
induced) processes is thus of considerable interest.

Recently we reported the free-radical-induced reactions of
poly(acrylic acid) in aqueous solution,**I and also touched
on those of poly(methacrylic acid);* %! this supplemented
earlier studies*" on the latter topic. We now present a
complete account of our studies on poly(methacrylic acid).

For the present study, it is important to recall that at high
pH, where poly(methacrylic acid) chains are fully charged, the
strong repulsive electrostatic forces prevent a recombination
of polymer radicals. In this respect, the present system fulfils
one prerequisite for equilibrium radical polymerization (for a
review see ref. [51]). Furthermore, it will be shown that once
terminal radicals are produced by [-fragmentation of the
initially formed midchain radicals generated randomly along
the polymer chains, depolymerization and polymerization
occur side by side. Such a system should resemble “living
radical polymerization” (cf. refs. [S2—-54]), here however
without deactivation, that is, without a reversible transforma-
tion of the terminal radicals into a dormant form.

Under our conditions, no monomer is initially present, but
its concentration builds up rapidly upon depolymerization. In
the absence of radical termination and assuming a simple
equilibrium (P'=P'+ M), the monomer concentration will
approach a steady state.

The Dainton—Ivin equation [Eq. (a)],’%% %! is shown
below.

T,=AHJ[AS) + R x In([M].,)] @)

In this equation, T, is the ceiling temperature, AH, the
enthalpy of propagation, and AS} the entropy of propagation
in the standard state (i.e. at a monomer concentration, or
more precisely activity, of unity), R is the gas constant, and
[M]., the equilibrium monomer concentration. The ceiling
temperature, at which depolymerization and polymerization
proceed at equal rates, decreases upon lowering the monomer
concentration. Thus in very dilute solutions, the ceiling
temperature can drop even to room temperature. Similarly,
for a given temperature, lower than the ceiling temperature
for bulk monomer, an equilibrium monomer concentration
can develop, when the polymer radicals are very long-lived. In
the present paper, it will be shown that the poly(methacrylic
acid) system closely approaches these conditions.

Experimental Section

Residual monomer and solvent were removed from poly(methacrylic acid)
(Polysciences) by drying in vacuo for 2 h at 40°C, dissolving in water by
stirring overnight at R.T., and dialysis (tangential flow, Minitan, Millipore:
membrane of a nominal molecular weight cut off at 10 kDa). The
remaining monomer content was below 0.1% (w/w of dry polymer), as
estimated from the lifetime of the hydrated electron in pulse radiolysis,[*!
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by formaldehyde determination after ozonation (cf. ref. [57]), and by ion
chromatography. Solutions were filtered through a 5 pm-pore-size filter
(Minisart, Sartorius). All the glassware and apparatus parts used to
prepare, purify, and irradiate poly(methacrylic acid) solutions were
previously soaked overnight in aqueous EDTA solution (disodium salt,
1% 1073 moldm~3 at 50°C), in order to remove traces of transition metal
ions that may cause unwanted side reactions (cf. ref. [41]). Stock solutions
of purified poly(methacrylic acid), made up in Milli-Q filtered (Millipore)
water, were stored in the dark (note ref. [58]) and used within two weeks.
Storage within this period did not affect the molecular weight. The weight-
average molecular weight of the purified poly(methacrylic acid) was 2.8 x
10° Da, as measured by the low-angle laser light scattering (see below).

Aqueous sodium perchlorate solutions were purified from traces of
transition metal ions by shaking with Chelex-100 chelating resin (Bio-
Rad) for 4 h at R.T. and subsequent decantation. All other chemicals were
used without further purification.

The pH was adjusted with HCIO,, NaOH, or KOH as required. Prior to
irradiation, solutions were saturated for 1 h with N,O (or Ar in the EPR
experiments with photochemical generation of radicals) purified by an
Oxisorb column (Messer-Griesheim).

y-Irradiations were carried out with a panoramic *Co-y-source (Nuclear
Engineering) at a dose rate of 0.092 Gys~' or 3.7 Gys~!. For pulse radiolysis
measurements, a Van de Graaff accelerator, which generated 0.4-4 ps
pulses of 2.8 MeV electrons, equipped with optical and conductometric
detection systems was used.[ 'l After each pulse, the cell was refilled with
a fresh solution. Fricke dosimetry (cf. ref. [61]) was used for y-irradiations,
while for optical and conductometric pulse experiments thiocyanate and
dimethyl sulfoxide dosimetries!/>*! were applied.

Methacrylic acid was identified and quantified by ion chromatography
(Dionex 2010i; Ion-Pac AS9-SC column; eluent: 1 x 10~ moldm— NaH-
CO;) after ultrafiltration (Amicon TCF10 system with a Diaflo YM10
membrane) at pH 3 in order to remove polymeric material.

Post-irradiation spectral changes (4-16, Perkin-Elmer) under anoxic
conditions were followed in a gastight quartz cell equipped with a purging
device (cf. ref. [65]).

EPR spectra were recorded on a laboratory-built X-band spectrometer
with 100 kHz modulation equipped with an interface (Stelar, Mede) and a
PC. For in situ experiments, the aqueous solutions with poly(methacrylic
acid) and H,O, were purged with argon, pumped through the quartz cell of
the flow system, and irradiated in the cavity of the EPR instrument with
unfiltered focused light from an argon plasma light source (GAT,
Bremerhaven).

In the spin-trapping experiments, the samples were irradiated either with y-
rays or with unfiltered UV light from a xenon lamp (LX300UV Cermax,
ICL Technology, Sunnyvale) and transferred to the quartz cell of the EPR
instrument. The spin trap, 2-methyl-2-nitrosopropane (Sigma), was either
present during y-irradiation or added afterwards.

Weight-average molecular weights were determined by low-angle laser
light scattering (Chromatix KMX-6 equipped with He/Ne laser, 1=
633 nm, scattering angle 6-7°) in NaClO, (0.02 moldm—) at pH 10 with
freshly filtered (0.45 um; Millex HA, Millipore) solutions. The refractive
index increment (dn/dc) for poly(methacrylic acid) in this solvent was
determined with a laser differential refractometer (Chromatix KMX16,
A =633 nm) at 20°C to be 0.253 cm’®g~1.

Poly(methacrylic acid) radicals have a very long lifetime, and, to avoid their
reaction with oxygen, the irradiated samples were kept unopened overnight
in the dark prior to analysis.

Simulations were performed on a standard PC with Chemical Kinetics
Simulator software (version 1.01), developed by IBM at the Almaden
Research Center.

Results and Discussion
The free-radical generating system: In the present study,
poly(methacrylic acid) radicals were generated in dilute
aqueous solution by ionizing radiation. The proportion of

the energy of the ionizing radiation absorbed by each
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component of the system can be approximated by its weight
fraction, that is, in the case of dilute polymer solutions
(concentrations <1 gdm— were used in this work), the
absorption of ionizing radiation by the polymer itself can be
neglected. Thus, the free-radical reactions are induced by the
radicals created during the absorption of the ionizing radia-
tion by water [cf. reaction (1)]. In this context, it is important
to recall that ®Co-y-rays and high-energy electrons (e.g.
2.8 MeV electrons used in pulse radiolysis) lead to identical
free-radical yields.®) The radiation-chemical yields are ex-
pressed as G values (units: 1077 molJ~'). The radiolysis of
water yields "OH radicals, hydrated electrons, and hydrogen
atoms [reaction (1), G(‘OH)~ G(ez)=2.8 x 107" molJ~!,

H,0 ™ e -OH, H", H,0,, H,, H*, OH" 1)
radiation

G(H*)=0.6 x 107" molJ~']. The hydrated electrons can be
readily converted into further “OH by saturating the solution
with N,O [cf. reaction (2), k =9.1 x 10° moldm—3s~!].1”] Thus,

ez +N,0— ‘OH+N, + OH- 2

the N,O containing system consists of 90% *OH and only
10% H-*, and since H atoms also undergo H abstraction (see
below), albeit at a lower rate, we can add them to the OH
radical yield without inducing a major error.

The reactivity of hydrated electrons towards poly(meth-
acrylic acid) is too low (k < 4 x 10° mol dm~—3s~!)[* to compete
with reaction (2) under our experimental conditions. At
pH 8.4, when the poly(methacrylic acid) is deprotonated,
‘OH radicals react faster (1.2 x 10 dm>mol~'s~!, with respect
to monomer units) than at pH 3.1 (3.1 x 10’ dm®mol-!s~!),[*4
when poly(methacrylic acid) is protonated (reported values™”
are higher due to the lower molecular weight of the polymer
in that study). The pH effect on the rate is mainly attributed to
different conformations of the polyelectrolyte chain (and thus
to different reaction geometries). It also reflects the electro-
philic property of the *OH radical, which leads to a faster
reaction with the anions of carboxylic acids than with their
protonated forms.[** ¢l The rate of reaction of *OH radicals
with polymers is lower than that for the corresponding low
molecular-weight compounds. A detailed discussion of this
aspect can be found elsewhere.[8-7!]

In some of the EPR experiments, ‘OH radicals were also
generated by photolytic cleavage of H,O, added to the
samples.

Reaction of "OH radicals with poly(methacrylic acid): Hy-
droxyl radicals react with low molecular-weight carboxylic
acids by abstraction of carbon-bound hydrogens. In poly-
(methacrylic acid), there are two sites for OH radical attack:
methyl and methylene groups [reactions (3) and (4); forma-
tion of radicals 1 and 2].

In their reactions with carboxylic acids, “OH radicals show
little selectivity,* 72l and also in the present case both sites are
attacked to a significant extent. Judging from studies on small
carboxylic acids* 7! and poly(acrylic acid),*! there is no
evidence of a noticeable attack at the carboxylic group.
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The initial absorption spectrum of radicals 1 and 2 (Fig-
ure 1) shows an increasing absorbance towards shorter wave-
lengths and a shoulder localized at 320 nm (cf. also ref. [49]).
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Figure 1. Pulse radiolysis of N,O saturated aqueous solution of poly(meth-
acrylic acid). Initial absorption spectra (10 us after the pulse) of polymer
radicals at pH3.5 (@) and at pH8.5 (o). Polymer concentration 1 x
1072 moldm~ and dose per pulse 7—-22 Gy. Corrections for ‘OH recombi-
nation have been made. Inset: decay of absorbance at 320 nm at pH 7.5.

The spectra observed at low and high pH are very similar. 8-
Carboxyalkyl radicals like 1 and 2 usually exhibit a featureless
spectrum with a maximum localized below 250 nm. Spectra
of simple a-carboxyalkyl radicals have a maximum at around
280-320 nm; the maximum is red-shifted by 30— 60 nm upon
deprotonation.”” Such radical structures, however, cannot be
formed in our system at this initial stage. Also the location of
the shoulder in the present case does not exhibit the typical
red shift. Therefore the shoulder in the spectrum must be a
feature of radicals1 and/or 2. Data on further spectral
changes, in particular those that accompany the chain-scission
reaction (see below), indicate that the shoulder in the initial
absorption spectrum can essentially be attributed to radical 1.

H transfer from the methylene group to the —CH; radical
(conversion of 1—2): The lifetimes of the radicals of
deprotonated poly(methacrylic acid) are very long (see
below), and therefore moderately slow reactions may precede
recombination. Within 10 ms, that is, at times when recombi-
nation is still minimal under our conditions, a change in the
absorption spectrum is observed. While the absorbance at the
low-wavelength side remains unchanged, there is a pro-
nounced decrease in absorption at around 320 nm (inset in
Figure 1). This can be attributed to an intramolecular H
transfer from a methylene group to radical 1 [reaction (5);
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ends diffuse apart, the electrostatic potential around the

ga O o oh o T ly formed chain ends is lowered, and a f i
— CHy- G~ CHy-C— CHy-C—CH,— — CHy C—CH-G—CHy-C—CH,—  Newly formed chain ends is lowered, and a few counterions
Cof Cof cof (5 Cof Cof Cof are released into the bulk solution. This leads to an increase in
1 2 conductivity (for a detailed description see ref. [80]). The

method has been successfully applied in studies on chain
scission in natural and synthetic polyelectrolytes. ! 80-53]

k=3.5x10%s7!]. This transforms the initially formed primary When an electron pulse is applied to a dilute solution of
radical 1, possibly via a six-membered transition state, into the deprotonated poly(methacrylic acid), a pronounced increase
secondary radical 2, which is of lower energy (the difference in conductivity is observed (Figure 2).

in bond dissociation energies is ca. 12kJmol™!, cf.
refs. [74, 75]). After this transformation, radical2 is the
dominating radical in our system. i
Analogous radical transfer processes are well-known from o
the free-radical chemistry of low molecular-weight species
(e.g. intermolecular hydrogen transfer from 2-propanol to the
B-hydroxypropyl radical, k~10° dm*mol~'s!)." An exam-
ple of intramolecular transfer in polymers is the poly(vinyl
alcohol) system, in which a secondary radical is transformed 2k,
into a tertiary one (k =4.6 x 10% s!).[’1 With fully protonated -
poly(acrylic acid),*!! the intramolecular conversion of the 0 bt 0 % 0.0 %
secondary radical into the tertiary one is ~150s~!, that is, (‘) ] 1‘ é :;
slower. This is understood, because the tertiary hydrogen in .
poly(vinyl alcohol) is more loosely bound than its counterpart Time /s
in poly(acrylic acid). Upon deprotonation of poly(acrylic

.....olo.o.looo.loou‘"
oo

Ak (K*/"OH)
Ax (K* / "OH)

Figure 2. Pulse radiolysis of N,O saturated aqueous solution of poly-
(methacrylic acid). Conductivity changes (expressed as the released

aCid)y the rate of H transfer drops to 0.7 s~L Under these number of K* per “OH) as a function of time. Polymer concentration 4 x
conditions, the poly(acrylic acid) assumes a less flexible 10~ moldm™’, pH 8.5, and dose per pulse 2 Gy. The slope given by the
rodlike conformation, and since the same five-membered dotted line in the inset represents the rate of monomer release (see text
transition state (not very favorable in H transfer reactions) below).
would still be possible after deprotonation, this drop in
reactivity may be taken as an indication that H transfer from This process consists of two kinetically separated parts. The
more distant sites takes place in this system and also with fast step occurs within the first few seconds, followed by a
poly(vinyl alcohol). further slow increase on the timescale of minutes (inset in
Figure 2). We attribute the fast step of conductivity increase to
Chain scission: In the absence of O,, free-radical-induced chain breakage [B-scission of radicals 2, reaction (6)].
chain scission is not typical for uncharged polymers in
solution, since the recombination of the polymer radicals is
fast, and the relatively slow scission reactions (by means of j- GHs  CHa  CHs GHs  CHa CHa
. . . —CH3-C—CH3-C-CH-C—CH— ——» —CH»-C—CH»-C-CH; + C=CH-—

fragmentation) cannot compete effectively. However, in the ('2029 o 0 (':oze (6) (I:Oze ('3029 cof
case of charged (deprotonated) poly(acrylic acid), for which
the radicals are long-lived because of the -electrostatic 2 3 4
repulsive forces, chain scission becomes a pronounced pro-
cess.!!l Also with poly(methacrylic acid) in O,-free aqueous In this reaction, two chain fragments are formed; one bears
solution a pronounced decrease in the average molecular a primary terminal radical 3, and the other carries the olefinic
weightl#6 474,500 js observed (see also our data below). element 4. As expected, the reaction is of first-order kinetics,

The kinetics of chain scission can be followed by pulse and the half-life is independent of the dose per pulse (0.02—
radiolysis. However, standard spectrophotometric detection is 5 Gy). The pH range 7-9 is most suitable for the measure-
usually of little help, because spectral changes are in general ment of counterion release without disturbance from other
not pronounced and cannot be attributed with certainty to effects (see below). There, the rate constant of chain scission is
chain breakage (cf. the transformation reactions discussed k=1.8 s7!, which is almost independent of pH (Figure 3).
above). Therefore, two alternative time-resolved detection
methods are applied, namely detection by light scattering!® 7! The scission of poly(methacrylic acid) is faster by nearly
and, for polyelectrolytes, conductometry.’®] The Ilatter two orders of magnitude than that of poly(acrylic acid) (k=
method is very sensitive, that is, very low doses per pulse 0.025 s~ ). This difference may be attributed to differences
can be applied. Conductometric detection of chain scission is in the stability of the break-initiating radicals [the tertiary
based on the fact that in solution the majority of the radicals of poly(acrylic acid) are considered to be more stable
counterions of a polyion forms a loose cloud (condensed than the secondary ones in poly(methacrylic acid)]. For
counterions), which cannot leave the potential valley of the poly(methacrylic acid), a much higher rate constant of chain
polyion, and thus these counterions do not contribute to the scission (k=14 x 10*s7!) has been reported before.*”! This
conductivity. When a chain scission occurs and the broken value was arrived at on the basis of the influence of
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Figure 3. Pulse radiolysis of N,O saturated aqueous solutions of poly-
(methacrylic acid). Rate (e, left axis) and amplitude (o, right axis) of the
fast conductivity increase as a function of pH. Polymer concentration 2.5 x
10~ moldm~* and dose per pulse 2 Gy.

benzoquinone on radiation-induced viscosity changes. Depo-
lymerization (see below) has not been taken into consider-
ation, and the high yield of monomer might have led to this
large overestimation. Our measurements were done by a
more direct method, and we believe that the earlier value has
to be revised.

The lower curve in Figure 3 illustrates the amplitude depen-
dence of the fast conductivity increase on the pH. This
dependence does not reflect changes in scission yields, but
rather the influence of pH on the efficiency of counterion
release. If the pH is lowered, the carboxylate groups become
protonated, and at an average charge spacing (>0.7 nm), that is,
before the polymer is fully protonated, counterions are no
longer condensed.® At pH>9, addition of excess base
increasingly leads to screening effects, and the efficiency of
counterion release decreases. A similar decrease (data not
shown) is observed, when equivalent amounts of neutral salt,
NaClO,, were added to solutions of fully dissociated poly-
(methacrylic acid).

At optimum conditions, on average 7-8 counterions are
released per chain break (Figure 3, lower curve). This value is
close to that reported for DNA and polynucleotides (8.5 ions
per break)®®!l and similar to that found for poly(acrylic acid)
(5.3 ions per break).l*!

Concomitantly with the fast step of conductivity increase, a
second change in the absorption spectrum is observed (Fig-
ure 4).

The absorbance at 320 nm rises again, after its decrease in
the ms range, and the original shoulder (cf. Figure 1)
reappears. Since the kinetics of this process, including the
activation parameters (E,=64kJmol~!, AH=+=62kJmol™,
AS+=—-29Tmol 'K)*! are identical to those of the
conductivity change (cf. inset in Figure 4), these spectral
changes must be due to chain scission, that is, to the
transformation of radical 2 into radical 3. This is in agreement
with our assignment of the initial shoulder at 320 nm to
radical 1, since radical 3 has a structure very similar to that of
radical 1 (both are primary -carboxyalkyl radicals).

Depolymerization: y-Irradiated deoxygenated aqueous solu-
tions of poly(methacrylic acid) bleach iodine and KMnQ,.*

This has been attributed to the formation of unsaturated
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Figure 4. Pulse radiolysis of N,O saturated aqueous solutions of poly-
(methacrylic acid) at pH 7.5. Absorbance change at 320 nm as a function of
time (for changes at shorter times see Figure 1). Inset: Arrhenius plot of the
spectral (e, cf. main graph) and conductivity (m, cf. Figure 2 main graph)
changes at pH 8.5.

structures (cf. structure 4) formed upon chain scission. In our
preliminary reports, we have shown that this effect must be
mainly due to the high amounts of monomer, that is,
methacrylic acid, that are released upon irradiation. ]
Under certain conditions, the methacrylic acid yield reaches
G =500 x 10" molJ~!, that is, the monomer yield is two
orders of magnitude higher than that of polymer radicals.
Thus in our system, an efficient depolymerization takes place
by means of a chain reaction [reaction (7)]. In contrast, no
significant depolymerization occurs with poly(acrylic acid)
under otherwise equal conditions.*!]

s s s e
—CH-C—CHpC—CH; <——= —CH,-C-CH, + C=CH,
S0P Cof (718) S0P o
Cof  COof CO5 COf
3 3
s CHs
—CHy-C—CHp=CH,—C:  a——=
cof cop (910
5

The final monomer concentration (measured after 24 h to
allow all radicals to decay, that is, the irradiated samples were
left unopened during this period) depends on pH (Figure 5),
on the radiation dose (Figure 6), on the dose rate, on the
polymer concentration (Figure 7), and on the presence of
neutral salt (inset in Figure 5).

The explanation of some of these features is straightfor-
ward. For example, the pH dependence of the monomer yield
(Figure 5) must be related to the lifetime of the radicals. This
increases (see below) from milliseconds for uncharged poly-
(methacrylic acid) radicals up to minutes for fully deproton-
ated ones [cf. also the poly(acrylic acid) system].[*!] The slow
(see below) depolymerization [reaction (7)] can only become
effective, when the competing termination of 3 and 5 is slowed
down by repulsive coulombic forces. Like protonation, the
addition of salt (cf. Figure 5, inset) reduces the radical lifetime
by charge-screening effects, which make the polymer chains
more flexible and enhance the encounter frequency of the
polymer radicals.
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Figure 5. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid). Final methacrylic acid concentration at a dose of 22.2 Gy (initiating
radical concentration=1.33 x 10> moldm~ and dose rate 0.0921 Gys™)
as a function of pH. Inset: The same as a function of the salt concentration
at pH 9.5. Polymer concentration 1 x 10~ moldm= (main graph) and 5 x
10~ moldm~ (inset). The samples were kept unopened for 24 h prior to
analysis.
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Figure 6. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid) at pH 9.6. Final methacrylic acid concentration as a function of dose.
Dose rate 0.092 Gys~! and polymer concentration 1 x 1072 moldm~3. The
samples were kept unopened for 24 h prior to analysis. The solid line has
been obtained by simulation by using the values given in Table 1. Inset:
Fraction of *OH radicals scavenged by methacrylic acid during the whole
irradiation time as calculated by simulation (see text below).
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Figure 7. y-Radiolysis of N,O saturated solutions of poly(methacrylic acid)
at pH 9.6. Final methacrylic acid concentration as a function of polymer
concentration. Dose 222 Gy (initiating radical concentration=1.33 x
10 moldm=) and dose rate 0.092 Gys™. The samples were kept
unopened for 24 h prior to analysis. The solid line has been obtained by
simulation by using the values given in Table 1.
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Formation of methacrylic acid during exposure to radiation
lowers the yields of polymer radicals, since "“OH radicals are
effectively scavenged by methacrylic acid [reaction (11), k~
2 x 10" dm?mol~'s~;®: %1 ¢f. inset in Figure 6]. This compe-

CHs CHa
*OH + CH2=(I3 — HO—CHZ—(IZ-
cop (1D 6 COP

tition is one of the reasons for the pronounced dependence of
monomer formation on the poly(methacrylic acid) concen-
tration (Figure 7; for a further contribution to this effect see
below).

Reaction (11) initiates polymerization by means of dimer,
trimer, and oligomer radical formation (for a study on the
early stages of methacrylic acid polymerization see ref. [87]).
These low molecular-weight radicals will disappear quite
rapidly by self-termination and possibly by reacting with the
long-chain terminal radicals3 and 5. These reactions are
mainly responsible for the decrease in the monomer yield at
the longer irradiation times (Figure 6).

It has to be taken into account that depolymerization is
reversible, that is, once methacrylic acid is present in the
system, polymerization takes place as well [e.g. reactions (8)
and (10)]. This aspect will be discussed in more detail below.

EPR spectra and formation of ¢-carboxyalkyl radicals 5:

Three methods have been used to generate poly(methacrylic

acid) radicals for EPR experiments.

1) y-Irradiation followed by transfer of the sample to the
EPR spectrometer.

2) y-Irradiation with concomitant or subsequent spin-trap-
ping using 2-methyl-2-nitrosopropane.

3) in situ UV irradiation in the presence of hydrogen
peroxide.

When poly(methacrylic acid) radicals were generated at
pH 3.5 by either y-rays or UV light in the absence of a spin
trap, EPR signals were too low for an assignment. At this pH,
the radicals are short-lived, and no detectable radical
concentration builds up, not even under in situ UV irradi-
ation. However in the presence of a spin trap, spectra could be
recorded (Figure 8), although the signals fade away a few

Signal intensity

L L
0.334 0.336
B,/ T
Figure 8. y-Irradiation of a N,O saturated solution of poly(methacrylic
acid) (20 x 10> moldm~) in the presence of 2-methyl-2-nitrosopropane
(4 x 107> moldm~) at pH 3.5. EPR spectrum (first derivative) of the spin
adduct. Solid line: experimental spectrum; dotted line: simulation with
parameters given in the text.
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minutes after the end of irradiation due to the low stability of
the 2-methyl-2-nitrosopropane adducts in acid solutions (cf.
ref. [88]).

In the presence of the spin trap, the spectra of y- and UV-
irradiated samples are similar. They can be interpreted as an
overlay of two spectra. A dominant structure is a triplet of
triplets (ay=1.634 mT, ay(2) =0.999 mT), that can be attrib-
uted to radical 1 and/or to the terminal radical 3. Another,
weaker signal is a triplet (ay = 1.70 mT) with no splitting by H
atoms. This is attributed to the adduct of the terminal
radical 5. The observation of the spin adduct of this radical
indicates that some of the precursor radicals, for example, 1
and 2, do not react with the spin trap efficiently (the polymer
chain is tightly coiled at this pH). If some of the radicals 3 are
scavenged with the spin trap, depolymerization and subse-
quent re-polymerization to 5 [reactions (7) and (9)] must be
reduced. This is partially counterbalanced by an increased
rate of polymerization at low pH (cf. refs. [89-91]).

At high pH, the long lifetime of the poly(methacrylic acid)
radicals allows their EPR spectra to be recorded on samples
without a spin trap, even after y-irradiation and transfer to the
EPR spectrometer (the transfer took ca. 2 min). In these
samples, and also in UV-irradiated ones, the dominating
spectrum consists of sixteen lines (Figure 9), whose coupling
constants are ay(3) =2.19 mT, ay(1) =0.66 mT, and ay(1) =
1.785 mT.

Signal intensity

| | P !
0.33 0.334 0.338

-
0.342
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Figure 9. In situ UV irradiation of argon saturated aqueous solution of
H,0, containing poly(methacrylic acid) at pH 9.8 and 15°C. Solid line:
experimental EPR spectrum (first derivative); dotted line: spectrum
simulated with the coupling constants given in the text. The line-width
effects in the experimental spectrum are due to a slow exchange between
the two nonequivalent methylene positions.

We attribute this spectrum to the terminal radical 5; the
quartet results from the methyl S-protons and two different
doublet splittings by two nonequivalent S-protons of the
methylene group (cf. the terminal radicals of methacrylic acid
dimers and trimers).’’? When the spin trap is added after
recording these spectra, the signal is replaced (data not
shown) by a triplet (ay =1.70 mT) with relatively broad lines
(Av0.2 mT); this is expected for the spin adduct of radical 5
immobilized by repulsive electrostatic forces of the carbox-
ylate groups. These data indicate that the mechanisms, which
convert radicals 3 into radicals 5 [e.g. reactions (7) and (9)],
are quite effective, that is, equilibria (7) - (10) are mainly on
the side of 5§ under these conditions.
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Generally, vinyl-type monomers polymerize by adding
preferentially at the side of unsubstituted carbons (steric
hindrance and radical stabilization are invoked as the most
important reasons, cf. refs.[92-94]). In our system, this
enriches a-carboxylalkyl radicals 5 [cf. reaction (9)] at the
expense of [-carboxylalkyl radicals3, formed by chain
scission and by monomer addition [reactions (6) and (8)].
Based on the few data available, one can expect that in a
typical radical polymerization the ratio between the head-to-
head and head-to-tail structures usually does not exceed
1:100.2 Simulations indicate that if a ratio of 1:100 is assumed
for the rate constants of addition at substituted and unsub-
stituted carbons [reactions (8) and (9)], after about two
minutes, when these addition reactions become more impor-
tant, 5 starts to dominate over 3. This explains why in the EPR
spectra radicals § dominate despite the fact that originally
only radicals3 are formed in the scission reaction [cf.
reaction (6)].

There is potentially a further process that can additionally
enhance the transformation of 3 into 5. If our starting
poly(methacrylic acid) contains about 1% head-to-head
junctions, the unzipping process, when it reaches such a
junction, will transform the terminal radical 3 into radical 5.

In the case of in situ UV irradiation, there is a given chance
that the short-chain radicals, which result from *“OH attack on
the released monomer and subsequent propagation steps, will
contribute. However, they have a structure analogous to 5,
and thus cannot be detected separately.

Lifetime of radicals: The most direct method of following the
decay of radical concentration is EPR spectroscopy. However,
the application of this technique for the present kinetic study
has some limitations. Relatively high radical concentrations
are required for obtaining good signals. Thus, kinetic experi-
ments could only be done by in situ UV irradiation of H,O,/
poly(methacrylic acid) solutions. Here, however, the initial
radical concentration is not exactly known. Therefore, the
conditions for kinetic EPR measurements differ from other
long-timescale experiments, and the experiments cannot be
compared on a quantitative basis, for example, with the
monomer-release data. Higher initial radical concentrations
imply faster bimolecular decay. Nevertheless, at an initial
radical concentration higher than typically obtained by y-
irradiation, a half-life as high as 45 s is observed for the fully
dissociated poly(methacrylic acid) at pH 9.8 (Figure 10). If
the pH is lowered to 8.0 under the same conditions, the half-
life is shortened to approximately 5 s (inset in Figure 10). At
pH 3.5, the decay of the now uncharged poly(methacrylic
acid) radicals is so fast that no ESR signal could be recorded.

The termination of charged polymer radicals may also be
followed by the decay of their UV absorbance (Figure 11). An
N,O saturated poly(methacrylic acid) solution was subjected
to y-irradiation for 15-60 s at high dose rate, and the decay of
absorption was followed spectrophotometrically. The EPR
experiments (cf. Figures 9 and 10) show that under such
conditions (high pH, many seconds after irradiation) the main
polymeric radical is 5. The UV spectrum expected for such a-
carboxyalkyl radicals is characterized by a maximum or a
shoulder at around 320 nm (for the spectra of analogous
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Figure 10. Buildup and decay of the EPR signal generated by UV
photolysis of a solution containing poly(methacrylic acid) and H,O, at
pH 9.8 (main graph) and 8.0 (inset). The illumination periods were 50 s and
15 s, respectively.
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Figure 11. y-Irradiation (15s, dose 56 Gy) of N,O saturated solution of
poly(methacrylic acid) (1 x 10-2 moldm~3) at pH 9.7. Spectra recorded 72,
127,182,238, 361, 540, 787, 1222, 1805, 2910, 3770, 6482, 12600, and 22500 s
after the end of irradiation. Main graph: from bottom to top; inset: from
top to bottom.

radicals, see ref. [72]). The short-wavelength part of the
observed spectrum (Figure 11) is dominated by the growing
absorption of the monomer released. However, the monomer
does not absorb at A >300 nm, and the decay at A =320 nm
can be attributed to the termination of the poly(methacrylic
acid) radicals 5.

At two different doses, the decay of the long-chain
radicals 5 could be reasonably modeled by assuming a
bimolecular reaction with a rate constant of 2k =80 dm?
mol~!s~! (Figure 12). This value also allowed us to simulate
the kinetics of monomer release adequately (see below).

From our pulse radiolysis data, the intermolecular bimo-
lecular decay rate constant of poly(methacrylic acid) radicals
at pH 3.5 (almost fully protonated acid) is estimated at 2k ~
107 dm*mol~!s~L Precise measurements regarding such inter-
molecular rate constants are difficult, because of the low
absorption coefficients of the radicals and the necessity of
using low doses to avoid formation of multiple radical sites at
one macromolecule (otherwise the measured decay kinetics
would be dominated by intramolecular recombination, which
can be very fast).[% %]

With uncharged alkyl-type radicals [for poly(methacrylic
acid) in the acidic range], the recombination is usually close to
diffusion-controlled. For small molecules, the rate constant of
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Figure 12. y-Irradiation of N,O saturated solution of poly(methacrylic
acid) (1 x 102 moldm~—) at pH 9.7. Relative changes in absorbance at
320 nm (e, right axis) after 60 s of irradiation (dose 224 Gy, main graph)
and after 15 s of irradiation (56 Gy, inset). Radical concentrations obtained
by simulation (solid line, left axis) by using the rate constants listed in
Table 1. Arrows denote the end of irradiation.

this reaction is typically in the order of 10° dm*mol~!s~!. With
polymer radicals, the rate constant of termination drops.
According to the Smoluchowski equation, this is caused by
the lower diffusion coefficient of polymers. In addition, the
termination of polymer radicals requires segmental diffusion
of the radical sites for their mutual encounter (cf.
refs. [92, 96]). Experimental data can be described by k,=
A x P;%1 where A is a constant, and P, is the number-
average degree of polymerization. Values of b=0.16—0.18
were reported for the bulk polymerization of styrene and
methyl methacrylate.®®®! Rate constants for uncharged
polymer radicals with molecular weights similar to our
poly(methacrylic acid) sample are in the order of 2k =10"-
108 dm3 mol—l S—l.[%, 100-102]

Recombination of charged radicals is slowed down by
coulombic repulsive forces. Radicals derived from simple
carboxylic acids of single, double, and triple negative charge
recombine approximately 2, 20, and over 100 times slower
than the radicals of the corresponding fully protonated
acids.*¥! This tendency continues with an increasing number
of charges on the radical-bearing molecule (e.g. by incorpo-
ration of an increasing number of ionic monomers into an
unionized polymer!%l), and the recombination of polyelec-
trolyte radicals eventually becomes very slow. For radicals of
fully dissociated poly(acrylic acid)*-#1 and poly(styrene
sulfonate),['* half-lives of many minutes to hours have been
observed in aqueous solutions at room temperature. Although
in the latter case the authors tended to attribute the very long
lifetime of the radical to the stabilizing effect of the aromatic
ring, the example of poly(acrylic acid) clearly indicates that
electrostatic forces alone are capable of exerting such a strong
retarding effect.

Especially during the long-lasting post-irradiation period,
termination will be mainly by radical §, which can combine as
well as disproportionate [reactions (12) and (13)].

Kinetics of monomer release: Two independent experimental
methods were used to follow the kinetics of depolymerization.
Since the depolymerization is slow, and the lifetime of
polymer radicals is long under our experimental conditions,
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most of the monomer is formed after irradiation. The
monomer released during irradiation is largely consumed by
reacting with *OH (cf. Figure 6).

One of the methods to determine the kinetics of the
depolymerization made use of the very rapid quenching of the
polymer radicals by cysteamine [P*+ RSH — PH + RS; for a-
and f-carboxyalkyl radicals of poly(acrylic acid)*! ka1 x
10’ dm*dm~'s~! and k=8 x 107 dm*dm~'s"!]. N,O saturated
poly(methacrylic acid) solutions were y-irradiated for 15-
60 s, and the reactions allowed to proceed for a given time.
The radicals were then quenched by the addition of deoxy-
genated cysteamine solution through a septum while stirring
vigorously. After ultrafiltration, methacrylic acid concentra-
tions were determined. The kinetics of monomer release are
shown in Figure 13 (triangles), together with the final meth-
acrylic acid concentration (broken line) obtained by keeping
the samples for 24 h without the addition of scavenger.

Another set of kinetic data for monomer release was
obtained spectrophotometrically at 225 nm, when methacrylic
acid strongly absorbs [¢(225nm)=1.2 x 10° dm*mol~'cm™;
Figures 11 and 13]. Although at this wavelength some overlay
from the absorbance of radicals [¢(225nm) <2 x 103 dm?
mol-tcm™, cf. ref. [72], where spectra of similar radicals have
been measured down to
235 nm] and other stable prod-
ucts takes place, their contribu-
tion is not great, because of

their low concentration com- short-chain (oligomer) radical.
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Figure 13. y-Irradiation of N,O saturated solution of poly(methacrylic
acid) (1 x 1072 moldm=3) at pH 9.7. Rise in monomer concentration after
1 min of irradiation (224 Gy) monitored by cysteamine addition (A, left
axis; solid line: simulation by using the rate constants listed in Table 1) and
absorbance A at 225 nm relative to its final value A, (o, right axis). The
arrow denotes the end of irradiation; the final values (experiments and
simulation) are given by the broken line.

tion or calculations based on the equilibrium data (see below)
of other methyl-substituted vinyl polymers lead to room-
temperature depropagation rate constants of a similar order
of magnitude to our value for poly(methacrylic acid). For
25°C, we calculate: kq=0.6s7! for poly(methyl methacry-
late),l100.10]1 f =12s! for poly(a-methylstyrene),l'% k,=
0.5s7! for poly(n-dodecyl methacrylate),'”l and kq=0.7 s
for poly(n-butyl methacrylate).!'07)

For the main pathway of propagation, that is, monomer
addition that leads to 5 [e.g. reaction (9)], a rate constant of
k=15dm’*mol~'s7! is found in the fitting procedure. This

Table 1. List of reactions and their rate constants used in the simulation of OH radical-induced reactions of
deprotonated poly(methacrylic acid). Second-order rate constants are given as k (not 2k). The rate constant of
reaction 1 is expressed in dm?(mol of monomer units)~!'s™!. The units for first-order reactions are s! and for
second-order reactions dm*mol~'s~!. Explanation of symbols: P =polymer chain, M = monomer, and SC'=

pared with the amount of meth-

Eq. in the text

Rate constant References

acrylic acid released. Reaction
The monomer release data 1 ‘OH+P—2
obtained by radical quenching 2 273+P
3 3-3+M
and by spectroscopy agree and 4 5.5+M
can be reasonably simulated 5 SC'—>SC+M
(solid line in Figure 13) using 6 3-5+M
the rate constants listed in Ta- 7 5-3+M
. 8§ 3+M-—5
ble'l. The rrllost valuable pieces 9 5+Mo—5
of information extracted from 13 3,pm_3
these data are the rate con- 11 5+M—3
stants of depolymerization (de- 12 SC'+M—SC
propagation) and propagation. ii ; ig - ﬁ
.Depolymerzzanon proceeds |5, +5.pP
with k=0.1s7". The same value 14 3.3_7p
is found in pulse radiolysis with 17 3+5—P
conductometric detection, 18 5+5-P
. 19 2+SC'—P
when the initial slopf% .Of t}le 20 34SC-P
slow part of conductivity in-  ,; 5,90 _p
crease is analyzed (inset in Fig- 22 SC*+SC"— oligomer
ure 2, broken line). Extrapola- 23 3—SC'+M
tions of high-temperature data 24 S5—SC'+M
25 ‘OH+M — SC*

for solution radical polymeriza-

“
(©)
™

(10)
©)

®)

(€8]

1.1 x 108 refs. [44, 45]

1.8 refs. [44, 45], and this work
0.1 this work

0.1 this work

0.1 this work

1x1073 assumed as 1% of 3-5
1x1073 assumed as 1% of 3-5
15 this work

15 this work

0.15 assumed as 1% of 8-9
0.15 assumed as 1% of 8-9
5x 107 this work

40 this work

40 this work

40 this work

40 this work

40 this work

40 this work

1-4x10* this work

1-4x10* this work

1-4x10* this work

1x10° this work

calculated for each set of irradiation conditions (see text)
calculated for each set of irradiation conditions (see text)
2.1x10" ref. [86]

3930

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0621-3930 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 21



Chain Breakage and Depolymerization of Poly(methacrylic acid)

3922-3934

value is considerably lower than the propagation rate
constants at room temperature for uncharged methacrylic
systems (methacrylic acid in acidic solution, k=4.1x
10° dm?*mol's 1111 k =2.3 x 10> dm*mol~'s~1;l1® methacryl-
ic acid in methanol, 470 dm>*mol~'s!;["% methyl methacrylate
in water,'" k=3 x 10° dm*mol~'s~!). Therefore we conclude
that the propagation rate of charged reactants is slower by two
orders of magnitude. Here an electrostatic potential barrier
must be overcome, when a monomeric methacrylate anion
approaches a terminal radical of a strongly charged poly-
(methacrylic acid) chain. Low rate constants of propagation,
as well as relatively high (as compared with acrylic acid)
equilibrium monomer concentration allow us to explain the
failure of the first attempts''? to polymerize methacrylic acid
in alkaline aqueous solution. Polymerization under these
conditions is in fact possible, but its overall rate is lower by
more than an order of magnitude than in acidic media, in
which all species are protonated.[*-!

The rate of propagation strongly depends on the chain
length of the propagating radical. The low value given above
(15 dm*mol~'s!) only applies to long-chain radicals. For the
short-chain radicals formed by OH induced oligomerization
[reaction (11) and consecutive propagation steps], an average
value of 500 dm®mol~'s~! has been chosen for the simulation.
This is still lower than that of uncharged species of unknown
chain length (see above) and the addition of a methacrylate
ion to a monomer radical which has been estimated at 2 x
10° dm*mol~!s~L.B7 This value may be on the high side if one
considers that it is based on an assumed bimolecular
termination rate constant of 2 x 10° dm>mol~!s~!. For charged
species, termination rate constants are typically considerably
lower.[#

Equilibrium concentration of monomer: As depolymerization
and polymerization are slow processes, the equilibrium
monomer concentration cannot be fully reached during the
long lifetime of the radicals (2k=80 dm*mol-!s~!). This
concentration, however, can be calculated for the present
system from the rate constants of polymerization and
depolymerization that have been obtained by simulation
(cf. Tablel). If [M],,=kyk, we obtain [M],,=6.7x
10-* moldm. The highest monomer concentration reached
in our experiments, under competing radical termination, was
quite similar, 2 x 103 moldm3.

The value of [M],, can also be obtained by the Dainton -
Ivin equation (see Introduction), provided both the enthalpy
and entropy of propagation are known for a given monomer/
solvent pair. To our knowledge, the entropy of propagation of
methacrylate anions in water is not known. Nevertheless, a
comparison with other systems is still possible. Calculations
for methyl methacrylate in o-dichlorobenzene, based on
thermodynamic data in ref. [105] at 25°C, give [M],q=2 x
1073 moldm~3, not far from the present value.

An estimation of the standard entropy of propagation in the
current system may be obtained from our [M],, value, and the
values for the enthalpy of propagation are reported*> 14l for
methacrylic acid in aqueous solution (these data were
probably obtained under conditions, in which the monomer
was largely protonated). From the spread of literature values
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given for AH,, one arrives at a standard AS}y (for monomer
concentration of 1 moldm~3), which ranges from —185 to
—150 Jmol~' K~ These values are somewhat more negative
than —130 Jmol'K~! (approximate) typical for nonionic
acrylic polymers (cf. refs. [100, 105]). The solvation shell of a
polyelectrolyte will be ordered to a larger extent than that of a
monomeric ion. Thus, the incorporation of the latter into the
charged polymer may be connected with a greater entropy
loss than the attachment of a monomer to a noncharged chain.

A comparison of the methacrylic acid with the acrylic acid
system may be interesting. In an attempt to estimate the
equilibrium monomer concentration of the latter, we assume
AS} to be equal to the mean of our values for methacrylate
and the enthalpy of propagation equal to that known for
acrylic acid in water (AH, = —77.5 kI mol!)."3 This estimate
leads only to [M].q~ 9 x 10~° moldm. In fact, not more than
mere traces of acrylic acid were found after y-irradiation of
dissociated poly(acrylic acid)*! under conditions similar to
those in the present study. In vinyl systems, there is the general
observation that methyl substitution at the vinyl function
slows down the rate of propagation.l' 1> 116 Thus, the lower
[M]., of the acrylic acid system, as compared with the
methacrylic acid system, will certainly be partly due to a
faster rate of propagation for acrylic acid, but if the differ-
ences in the rates of chain breakagel®! are a good guide, our
data suggest that a slower depropagation will contribute to
this effect.

Changes in molecular weight: As a result of chain scission
[reaction (6)] and depolymerization [reactions (7) and (10)],
the molecular weight of poly(methacrylic acid) decreases
upon y-irradiation (inset in Figure 14); this effect has also
been reported previously.[*6 47 49. 501
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Figure 14. y-Radiolysis of N,O saturated solutions of poly(methacrylic
acid) (1 x 10-2moldm~?) at pH 9.6 and dose rate 0.092 Gys~'. G(s) —4G(x)
(see text) as a function of dose. The samples were kept unopened for 24 h
prior to analysis. Inset: weight-average molecular weight as a function of
dose. Values (0) after correction for OH radical scavenging by monomer
formed during irradiation (cf. Figure 6, inset).

Based on the mechanism described above, one would
expect that the actual yield of chain breaks, G(s), for
deprotonated poly(methacrylic acid) should be close to the
initial yield of radicals generated in the system, that is, G(s) ~
6 x 107" molJ~. This expectation is supported by the pulse
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radiolytic conductivity data (cf. Figure 2), in which, before
radical termination, the yield of counterion release is close to
this value. Upon radical termination, however, this initially
high yield of chain breaks is counteracted by the recombina-
tion of radicals. Therefore, the final decrease in molecular
weight must be lower than calculated from the initial G(s).
Measurements of final weight-average molecular weight, M,,
after completion of all radical reactions (Figure 14), provide
only the difference in the yields of scission G(s) and
intermolecular radical recombination G(x) according to
Equation (b).l17-11]

G(s) —4G(x) =2 (M;! — My})c/Dp (b)

In the equation, M., and M, are the weight-average
molecular weights (in gmol~!) before and after irradiation
with a dose D (in Gy=Jkg™'), c¢ is the concentration of
polymer in gdm~3, and p is the solution density in kgdm=.

In a simple case, G(s) —4G(x) should remain constant
during irradiation. In our system, however, G(s)—4G(x)
decreases with dose (Figure 14). We attribute this drop mainly
to effective "OH scavenging by the released monomer (cf.
inset in Figure 6). Values corrected by allowing for this effect
are also shown in Figure 14.

The value of G(s) —4G(x) cannot exceed 0.25 x G(s), that
is, 1.5x1077molJ~!, when all of the scission-generated
terminal radicals decay by intermolecular recombination
only. However, in our system, this value may be higher,
because radicals 5 can also disproportionate. Moreover,
intense depolymerization takes place which leads to a
reduction in average molecular weight and thus to an increase
in the apparent scission yield. A rough estimation shows that
depolymerization leads to an apparent increase of G(s)—
4G(x) in the order of 35%. Thus without depolymerization,
this value is about 1.4 x 10~7 molJ-, that is, close to the above
value of 1.5 x 107" molJ~!, and it seems that disproportiona-
tion of radical 5 is not of major importance.

In this context it may be worth mentioning that as a
consequence of the high efficiency of scission, it is not possible
(in the absence of crosslinking agents) to form a wall-to-wall
hydrogel with poly(methacrylic acid) by free-radical-induced
reactions, not even in acid solution.*’!

Kinetic simulation: Kinetic simulations were carried out to
test, whether the proposed reaction mechanism can describe
our experimental results not only in a qualitative way but also
on a quantitative basis. The goal is a set of rate constants that
enables the simulation of key features, especially the long-
timescale processes such as depolymerization and radical
termination. These rate constants (partially known, assumed,
and arrived at by simulation) are compiled in Table 1. After
we demonstrated that some reactions are quite unimportant
(e.g. the self-termination of *OH and the reaction of *OH with
oligomers), these were omitted in order to reduce the
simulation time. Moreover, reaction (5) is that fast that
radical 1 cannot participate in further reactions, and it was
assumed that radicals 2 were the only midchain radicals.

The simulation disregards the molecular weight distribu-
tion, and thus is not capable of taking into account the chain

3932

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

length dependence k =f(P,) of rate constants. This effect has
been approximated by dividing the radicals into two groups,
according to their size. One comprises long-chain radicals 2, 3,
and 5. The second group consists of all monomer and oligomer
radicals (SC). This simple grouping allows us to take into
account their difference in the rate constants which is
especially important for the termination reactions.

The chain depolymerization reaction can, in principle, lead
to complete unzipping of the chain, and the resulting small
radical would have kinetic characteristics different from the
original one. To mimic this phenomenon, a first-order process
that transformed the end-chain radical into a short-chain
radical was set up (reactions23 and 24 in Table 1). The
probability of this transformation was P, times lower than the
probability of a single depolymerization event, where P, is the
number-average degree of polymerization of a chain fragment
after the initial chain scission [cf. reaction (6)]. In some cases,
on average more than one radical per polymer chain was
generated, and this causes shorter chain fragments. If one
disregards these effects, there is poor agreement between
experiment and simulation.

Only three of the total of 25rate constants used in the
simulation are known from the literature or our earlier
measurements. Since it is impossible to treat the remaining
22 values as independent, unknown variables, the following
assumptions have been made. All termination rate constants
of long-chain polymer radicals (2, 3, and 5, reactions 13-18 in
Table 1) are assumed to be equal, as are those for the various
cross-combinations between long-chain and oligomer radicals
(reactions 19-21). Equal rate constants are also assumed for
depropagation events (reactions 3—5). Depropagation that
crosses a head-to-head (or tail-to-tail) junction (reactions 6
and 7) is assumed to occur with a hundred times lower rate
constant than that of the normal depropagation. The main
propagation reactions (reactions 8 and 9) are described by
one rate constant; the less probable ones (reactions 10 and 11)
are assumed to occur one hundred times slower. In this way,
the number of adjustable variables is reduced to only six.
These were varied to obtain the best fit to all sets of
experimental data.

It was further assumed that all the oligomer radicals SC* are
a-carboxyalkyl radicals (among others, radical 6). Their
steady-state concentration is much lower than that of the
terminal polymer radicals (mainly due to the much faster
recombination of SC*), and since the f-carboxyalkyl struc-
tures are expected not to exceed 1% of the total amount of
the oligomer radicals, their concentration can be neglected.

In the ideal case, it should be possible to simulate all
experimental data with one set of rate constants. As a result of
the above simplifications, this is not quite possible in the
present case. Although all experimental data can be repro-
duced well qualitatively with one set of fixed rate constants,
good quantitative agreement can only be obtained by keeping
all the rate constants fixed, except for the cross-combination
rates between long- and short-chain radicals (reactions 19—
21). To obtain quantitative agreement under different exper-
imental conditions, these rate constants had to be varied
within a factor of four (cf. Table 1). This variation may reflect
the different sizes of the low molecular-weight radicals under
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the respective experimental conditions. If these simplifica-
tions are taken into account, the quality of simulation is
satisfactory (cf. Figures 6, 7, 12, and 13), and we take this as a
confirmation that our reaction scheme is capable of describing
the data fairly well. It is comforting that fitting became fully
inadequate, when the rate constants of major importance, for
reactions 3-5, 8, 9, and 13-18, were varied by as little as
25%.

Conclusion

Besides providing a detailed description of the free-radical-
induced processes in deoxygenated solutions of deprotonated
poly(methacrylic acid), this study is the first example that
shows a propagation-depropagation equilibrium of a polymer
in aqueous solution [k(propagation) =15 dm*mol~'s~!, k(de-
propagation) =0.1 s7!]. The approach to the equilibrium is
observable because the polymer radicals are long-lived, and
the rate of propagation is slow.

The very slow propagation rate and the long lifetimes of the
polymer radicals are the result of the electrostatic repulsive
forces between the monomer anion and the highly negatively
charged polymer radical. The slowness of propagation ex-
plains the difficulties encountered with the polymerization of
methacrylic acid in neutral and alkaline aqueous solutions.

The effective unzipping reaction following the formation of
a radical site on poly(methacrylic acid) is probably also the
reason for its reported light-sensitivity in solution.F®!

The processes of chain breakage and subsequent monomer
release should be taken into account when designing the
formation of hydrogels and other biomaterials containing
poly(methacrylic acid) by ionizing radiation or other free-
radical generating systems.
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