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ABSTRACT: The termination kinetics of free-radical polymerization of nonionized methacrylic acid (MAA) in
aqueous solution has been investigated at two MAA concentrations, 30 and 60 wt %, by single-pulse pulsed-
laser initiated polymerization carried out in conjunction with us time-resolved in-line monitoring of monomer
conversion via near-infrared spectroscopy (SP—PLP—NIR). From measured values of k/k,, for 2000 bar, with the
conversion-dependent propagation rate coefficient, k,, being inferred from literature data, the chain-length-averaged
termination rate coefficient, [&[L)is deduced as a function of monomer conversion, x. As with methyl methacrylate
polymerization, the [£vs x dependence may be modeled under the assumption that, toward higher degrees of
monomer conversion, [&[lis successively controlled by segmental diffusion, translational diffusion, and reaction
diffusion. For 50 °C, 2000 bar, and initial monomer concentrations in water of 30 and 60 wt %, chemically
initiated polymerizations have also been carried out. The resulting [k [Ivalues are in good agreement with the

data from SP—PLP—NIR.

Introduction

The application of pulsed-laser polymerization (PLP) tech-
niques has enormously improved the understanding of free-
radical polymerization kinetics and mechanism during recent
years. To measure propagation rate coefficients, k,, the so-called
PLP—SEC method is applied, which combines pulsed-laser
initiated polymerization with polymer analysis by size-exclusion
chromatography (SEC). The PLP—SEC technique was recom-
mended as the method of choice for k, determination by an
IUPAC Working Party.' The initial focus of these PLP—SEC
studies was on bulk homo and copolymerizations of oil-soluble
monomers.” Recently, also aqueous-phase polymerizations of
water-soluble monomers were investigated.>~'* For the mono-
mers studied in aqueous solution so far, a strong influence of
monomer concentration on k, was reported.>”'* For example,
kp of nonionized MAA increases by more than 1 order of
magnitude in passing from the bulk system to a highly dilute
monomer solution.”'” The significant lowering in k; is assigned
essentially to a reduction in the Arrhenius pre-exponential factor,
A(kp), resulting from the intermolecular interactions between
the transition state (TS) structure for MAA propagation and an
MAA environment being significantly stronger than the ones
between this TS structure and an H>O environment. Thus in an
MAA-rich environment, the barrier to rotational motion of the
relevant degrees of motion of the TS structure experiences
enhanced friction, which is associated with a lowering of the
pre-exponential factor and thus of k,.” The same trend of &,
being higher for lower initial monomer concentrations was found
for N-isopropyl acrylamide,® acrylamide,® and acrylic acid**®
at their natural pH.

Data on termination rate coefficients, k;, for radical polym-
erization in aqueous solution are scarce. Among the methods
for deducing k;, the SP—PLP—NIR technique is recommended
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by the IUPAC Subcommittee on “Modeling polymerization
kinetics and mechanism” as a powerful, although somewhat
sophisticated and difficult method,"® in which the monomer
conversion induced by a single laser pulse (SP) is monitored
via in-line near-infrared (NIR) spectroscopy with a time
resolution of microseconds.'* The primary experimental quantity
is ki/k, which, with k, being known from PLP—SEC, yields k.
From several successive SP—PLP—NIR experiments carried
out during a polymerization up to high degrees of monomer
conversion, x, with each of them providing one ki/k, value,
ki may be determined as a function of x, provided that k, is
known for this conversion range. Propagation rate as a
function of monomer conversion is not easily determined by
PLP—SEC, as the application of this method is restricted to
studies at low conversion. For aqueous MAA solutions, as
has been noted above, k, varies with the concentration of
MAA monomer in the aqueous solution. As this concentration
also changes during the course of a polymerization to high
conversion, k, may not be considered independent of conver-
sion, as reasonably assumed for propagation in nonaqueous
solutions.” Recent investigations into aqueous solution poly-
merizations with premixed poly(MAA), to mimic monomer
conversion, revealed that it is the ratio of monomeric MAA to
water in the polymerizing mixture consisting of monomer,
polymer, and water which affects k;, rather than the initial MAA
concentration.'> With the information on k, being available for
MAA polymerizations at various initial MAA concentrations
and up to different degrees of monomer to polymer conversion,
ki may be derived via SP—PLP—NIR for aqueous-phase MAA
polymerizations in an extended concentration and conversion
range. The so-obtained k; data will be compared with termination
rate coefficients derived from chemically initiated polymeriza-
tion. In case that the initiator decomposition rate coefficient,
k4, and the initiator efficiency, f (or the associated product, k4f),
are known, chemically initiated polymerization yields k/k,
values, from which k(x) is estimated via the above-mentioned
kp(x) data.
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Within the first study into the termination kinetics in aqueous
solution, k; of 2-acrylamido-2-methylpropanesulfonic acid (AMPS)
has been determined by a combination of SP—PLP—NIR and
chemically initiated experiments, which yield k/k;, and k/k 2
respectively.'> In addition to knowing kg and f, for k/k,
determination, the estimate of individual rate coefficients from
the two coupled parameters, k/k, and kl/kpz, further requires that
the radical chain-length distributions in the instationary (SP—PLP)
and stationary (chemically initiated) experiments are close to
each other. The procedure of k; determination via the two
coupled parameters had to be selected, as with AMPS individual
k, was not accessible via PLP—SEC.

Methacrylic acid is perfectly suited for studies into the ter-
mination kinetics in aqueous solution, as PLP-SEC, SP—PLP—NIR,
and chemically initiated experiments may be carried out, which
allows for deducing k; from two independent experiments,
SP—PLP—NIR and chemically induced polymerization, both
in conjunction with literature evidence on k,. Moreover, MAA
polymerization kinetics is much simpler than the one of acrylate-
type monomers, such as acrylic acid (AA),*”'%!7 where inter-
and intramolecular chain transfer results in the formation of
midchain radicals'® which leads to a rather complicated kinetic
scheme with additional rate coefficients that are not easily
accessible.'?2°

We report data from SP—PLP—NIR experiments on aqueous
MAA solutions with initial MAA concentrations of 3.50 and
7.09 mol-L~! (30 and 60 wt % MAA, respectively). To obtain
reasonable signal-to-noise quality of the SP—PLP—NIR experi-
ment, the polymerizations were carried out at a reaction pressure
of 2000 bar. As the compressibility of the polymerizing systems
is rather low, there is no reason to assume that high pressure
affects the polymerization mechanism.> Chemically induced
MAA polymerizations were also carried out at this high pressure.
In both types of experiments, SP—PLP—NIR and chemically
initiated polymerizations, k; refers to a chain-length-averaged
quantity, which is made clear by denoting the primary experi-
mental quantities as [k, and [ktlﬂkpz, respectively. It needs to
be noted that the averaging of k; occurs over different radical
distributions: In the instationary SP—PLP—NIR experiment,
termination occurs between radicals of almost identical size
which linearly increases with time after applying the laser pulse
(unless chain-transfer comes into play) whereas, in the stationary
chemically initiated polymerizations, termination occurs between
radicals of arbitrary size.''>?!'=>3

Experimental Section

Chemicals. Methacrylic acid (MAA, Fluka, > 98.0% stabilized
with 0.025% hydroquinone monomethyl ether) was purified by
passing through a column filled with inhibitor-remover (Aldrich).
The photoinitiator 2,2-dimethoxy-2-phenyl acetophenone (DMPA,
Aldrich, 99%) and the thermally decomposing initiator 2,2'-azobis
(2-methylpropionamidine) dihydrochloride (V50, Fluka, = 98%)
were applied as received. Demineralized water was used to prepare
the aqueous monomer solutions.

Preparation of the Reaction Mixtures. MAA, DMPA, and water
were mixed in a 5 mL flask. Monomer concentrations were 3.50 and
7.09 mol-L ™!, corresponding to 30 and 60 wt % MAA, respectively.
An initial DMPA concentration of cpypa = 5 mmol+L~! was mostly
used. To remove oxygen, the monomer mixture was purged with
nitrogen for 5 min. The solution was filled into the polymerization
cell consisting of a Teflon tube closed by a cylindrical quartz window
on each side. This internal cell was fitted into a stainless steel cell of
transmission type equipped with two sapphire windows. Details of
the experimental setup including heating and temperature control are
given elsewhere.”* For transmitting pressure on the internal cell,
the autoclave was filled with n-heptane.

SP—PLP—NIR Experiments. The change in MAA concentra-
tion after applying a laser pulse was measured with a time resolution

Macromolecules, Vol. 41, No. 10, 2008

of typically 10 us. The SP—PLP—NIR setup consists of an excimer
laser (Lextra 50, Lambda Physik) with a pulse width of 20 ns
operated on the XeF-line at 351 nm, a 75 W tungsten halogen lamp
(General Electric) powered by two batteries (12 V, 180 Ah), a BM
50 monochromator (B&M Spectronic), and a detector unit equipped
with a fast InAs detector (EG & G, Judson) of 2 us time resolution.
The PC for data acquisition was equipped with a transient recorder
card (16 bit TR 16214, Fast ComTec). The stainless steel cell is
positioned between the tungsten lamp and the InAs detector.'* The
aqueous monomer-photoinitiator solution was irradiated with ex-
cimer laser light of 1 mJ energy per pulse. The pulse-induced
decrease in monomer concentration is associated with an increase
in transmitted light intensity at the characteristic monomer NIR
peak position around 6173 cm™!. To improve signal-to-noise quality,
up to four single pulse traces were coadded to obtain a monomer
conversion vs time trace that is then subjected to kinetic analysis.

After carrying out several single-pulse experiments and covering
a monomer conversion of about 5%, the stainless steel cell is
inserted into the sample chamber of an FT-IR/NIR spectrometer
(IFS 88, Bruker) to measure the full FT-NIR spectrum. Via such
FT-NIR spectra, the light intensities at the monomer peak position,
which are recorded as time-resolved voltage signals, are calibrated
and converted into monomer concentration vs time ¢ traces. The
alternating sequence of time-resolved SP—PLP—NIR measurement
at a fixed wavenumber and of FT-NIR detection of absolute MAA
concentration via the full NIR spectrum is repeated unless the
reaction mixture becomes inhomogeneous. Within the polymeriza-
tions at 30 wt % MAA, almost complete monomer conversion was
reached.

Chemically Initiated Polymerizations. Monomer, V50, and
water are mixed in a 5 mL flask and purged with nitrogen under
ice cooling for three minutes. The mixture is filled into the internal
cell, which is fitted into the stainless steel cell that has been
preheated to the polymerization temperature. After applying pres-
sure, the stainless steel cell is immediately inserted into the sample
chamber of the FT-IR/NIR spectrometer and NIR spectra are taken
until MAA conversion is complete. As detailed for the AMPS
polymerizations in aqueous phase,'” the first overtone of the C—H
stretching vibration at the C=C double bond has been used to
monitor MAA conversion as a function of polymerization time.
Spectra were taken every 60 s. Polymerizations in aqueous solution
of MAA were carried out at 50 °C and 2000 bar, as were the
SP—PLP experiments, with initial V50 concentrations of 2.7, 1.1,
and 0.55 mmol-L~.

Results and Discussion

Generalized kj, Correlation. The primary experimental results
of instationary SP—PLP—NIR experiments and stationary chemi-
cally induced polymerizations are &7k, and [&[Zk,%, respectively.
Thus, estimation of [&[lfrom those coupled parameters requires
knowledge of the propagation rate coefficient at reaction conditions,
that is temperature, pressure, initial monomer concentration and
monomer to polymer conversion. To estimate k, for different
experimental conditions, the k, dependencies need to be fitted to
appropriate functional forms. Within our recent publication on the
propagation rate of nonionized MAA,’ it was shown that the
temperature dependence of k, is associated with an almost
constant activation energy (15.6 & 1.1 kJ-mol™!) within wide
ranges of monomer concentration, from 5 wt % MAA in water
to bulk polymerization, which allows one to introduce one single
temperature dependent parameter into the data fitting procedure.
The propagation rate coefficient which was extrapolated to
infinitely low monomer concentrations in water, kpo, was
estimated as

1.88 x 10°

- ) 6]
(T/K)

The decrease of k, toward increased initial monomer con-

centration was implemented by fitting the experimental data to
an exponential decay function which includes an offset

kp,o(T)/L'rIlorl'87l =4.1x10° exp(
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ky(Waans T) = Ky o(A + (1 — A)exp(—Bwiyx,)) 2)

where Wima is the initial weight fraction of MAA in water
and A and B are fit parameters. The values of A and B were
adjusted to match the curvature of the experimental data in a
plot of kykp,o vs Whma. The best representation of the
experimental data was achieved for A = 0.08 and B = 5.3. The
kp values for ambient pressure polymerizations of MAA in water
at different polymerization temperatures are plotted against
monomer weight fraction in Figure 1. The lines are estimates
according to eq 2 using the parameters given above. The ordinate
is plotted in logarithmic form in order to obtain a good
visualization of the excellent agreement of the experimental data
with the simple fit function and one single set of parameters A
and B.

For additional implementation of the pressure dependence
of kp, data collected for polymerizations of 10, 30 and 60 wt %
of MAA carried out at 25 °C and pressures ranging from 1 to
2000 bar*>~° were analyzed. Linear regression of the variation
of In(kp) with pressure, p, results in a monomer-concentration-
dependent activation volume of AV(kp) = —(8.0 + 9.0wdian)
cm3+mol~!. The extrapolated activation volume of —17.0
cm3+mol~! for 100 wt % MAA (wiyaa = 1) is close to AV'(ky)
= —16.7 cm’mol™!' determined for methyl methacrylate
(MMA) bulk polymerization at 30 °C.>” The origin of the
significant reduction in the absolute value of AV'(k,) toward
lower MAA concentration in water is not yet clear. The general
dependence of k, on temperature, pressure, and initial weight
fraction of monomer in water reads:

kP(Wg/[AA’ T, /))/L'morl.§l =
(3.3%10°+ 3.8 x 10° exp(—5.3wjp 1)) X

( 1.88 % 10° — (0.096+ 0.1 1w§4AA)(p/bar)) X
exp 77K (3)

This kp correlation refers to the weight fraction of MAA in
the initial polymerization period, where PLP—SEC experiments
are generally performed. In order to estimate k, as a function
of monomer to polymer conversion, a series of PLP—SEC
experiments has been carried out on systems with premixed
poly(MAA).'? The resulting data reveals that it is primarily the
ratio of MAA monomer to water which determines k,. Whether
the MA A-in-water concentration is varied by selecting different
initial MAA contents or by consuming monomer during

k/ (L-mol™s™)

0
WMAA

Figure 1. Dependence of the propagation rate coefficient, k,, on
the initial weight fraction of monomer in water, W&MA, for
polymerization of methacrylic acid in water at ambient pressure and
different temperatures (data from ref 9). The full lines are best fits of
the experimental data to eq 2 with the parameters A = 0.08 and B =
5.3.
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polymerization plays no major role. Eq 3 thus appears to be
valid for any MAA weight fraction, wyiaa. Arbitrary wyaa may
be expressed by the initial weight fraction, wliaa, and the degree
of monomer conversion, x, according to eq 4:

0
Wyaa(l —X)

Whmaa = 0 4
1 — wyanX

It should be noted that the MAA weight fraction, wyaa, in eq
4 is solely determined by the actual monomer and water
concentrations. Poly(MAA) material is not included in the
estimate of this weight fraction. Combination of eqs 3 and 4
yields eq 5, which has been applied for estimating k, as a
function of initial MAA concentration, of monomer conversion,
and of temperature and pressure throughout the subsequent
results and discussion section. The so-obtained k;, data were used
to estimate [&[Jfrom the primary experimental quantities, (&
ky, and %ﬂkﬁ, deduced from instationary SP—PLP—NIR
experiments and stationary chemically induced polymerizations,
respectively.

kp(woMAA, T,p, x)/L'mol_l sTh=

0
WmaaX

53wl —
(3.3 x10°+3.8x 10° exp(—M)) x

0.11wippa(1 —x
1.88%10° — [0.096 4+ I
1 = wyaaX 5
P (1/K) ©)

Determination of [&{lby SP—PLP—NIR. Although being
a nonideal photoinitiator, DMPA was used for the SP—PLP—NIR
experiments rather than 2-methyl-4'-(methylthio)-2-morpholi-
nopropiophenone (MMMP) which, in principle, is an ideal
photoinitiator for SP—PLP studies, as both primary initiator-
derived radicals are capable of efficiently starting chain
growth.?® However, MMMP could not be used because of poor
solubility in MAA—water mixtures and side-reactions in protic
solvents.”’The two DMPA-derived primary radicals largely
differ in their efficiency of starting chain growth. The benzoyl
radical easily adds to monomer molecules, whereas the ace-
tal radical primarily contributes to chain termination.**=* At
low radical concentrations the impact of the poorly initiating
primary radicals is, however, negligible and the resulting [&]
values are close to true average termination rate coefficients,
although nonideal initiator behavior is neglected in the kinetic
scheme used for data analysis.** The required low free-radical
concentrations were chosen for the SP—PLP—NIR experiment
by suitably selecting initiator concentration and laser pulse
energy. For a detailed discussion of the influence of DMPA
concentration on the obtained kinetic data, the reader is referred
to refs 28 and 32.

As an example of primary experimental data from SP—PLP—
NIR, the upper part of Figure 2 shows two MAA concentration
vs time traces obtained during the course of an experiment with
an initial MAA concentration of 60 wt %. Relative monomer
concentration, cm(f)/cly, is plotted vs time ¢ after applying the
laser pulse at t = 0. Monomer conversion from preceding laser
pulsing was 6.1% and 22.5%, respectively. cfy is the monomer
concentration prior to laser pulsing at t = 0. The ¢% value for
a particular experiment is given by the initial monomer con-
centration (30 or 60 wt % MAA) and by the degree of overall
MAA conversion, x, resulting from polymerization induced by
preceding pulses. Upon applying the very first laser pulse to
the system, e is identical to the preselected initial MAA
concentration, which is either 30 or 60 wt %. During each
polymerization, series of SP—PLP experiments are carried out.
The horizontal pretrigger region in Figure 2 demonstrates that
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Figure 2. (A) Change in relative monomer concentration, CM(I)/CtK/[, after
applying an excimer laser pulse, at + = 0, during a methacrylic acid
(MAA) polymerization at 50 °C and 2000 bar in aqueous solution with
an initial monomer concentration of 60 wt % MAA. At t = 0, when
the laser pulse is applied, the poly(MAA) content from preceding
polymerization is 3.7 or 13.5 wt % (6.1 and 22.5% of monomer to
polymer conversion, respectively). (B and C) Differences between
measured data and the ones fitted to eq 6 are illustrated by the plot of
residuals (res) in the lower part of the figure, where parts B and C
refer to experiments carried out at overall MAA conversions of 6.1
and 22.5%, respectively.

polymerization induced by preceding pulses has ceased. At
0.04 s after firing the laser pulse, relative MAA concentration,
em(®)/cy, has decreased by about 0.11% within the SP—PLP—NIR
experiment carried out at x = 0.061, that is at a poly(MAA)
fraction of 3.7 wt %. At a later stage during the same
polymerization reaction, at a polymer weight fraction of 13.5
wt % (x = 0.225), a single laser pulse induces a change in cm(f)/
1 by 0.15% between £ = 0 and 0.04 s.

The concentration vs time traces in Figure 2 were fitted to
eq 6 which refers to ideal single pulse kinetics with reference
to the termination rate law: r = —2kcg2? In systems where
chain transfer is negligible, termination in SP—PLP experiments
occurs between two radicals of almost identical length i, where
i increases linearly with time ¢ after applying the laser pulse at
t = 0. To indicate that termination kinetics is chain-length
dependent, k; in eq 6 has been replaced by (&Ll The expression
for the change of relative monomer concentration with time ¢
after the laser pulse reads

(D

0o
™M

(2, [ege + 1) /200 6)

where ¢} is the concentration of primary radicals generated by
instantaneous laser-induced decomposition of the photoinitiator.
Fitting of experimental monomer concentration vs time traces
yields ky/(&Cand (&R If either k, or c are known, individual
(& [values may be calculated from k/[&[or %[Il’r%,respectively.
Mostly, k; is accessible from PLP—SEC experiments, for which
reason the coupled parameter [k [k, is of particular interest.
The fits to eq 6 of the measured MAA conversion vs time
data (Figure 2) allow for an excellent representation of the
experimental data, as is also demonstrated by the plots of
residuals in the lower part of Figure 2. The time interval up to
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Figure 3. Dependence of the termination rate coefficient, L] on
monomer conversion, for a methacrylic acid polymerization in aqueous
solution (60 wt % MAA) at 50 °C and 2000 bar. The photoinitiator
concentration in the SP—PLP experiment was cpmpa = 5 x 1073
mol-L~!. [kOwas calculated from [&[Zk, by using the k, expression
given in eq 5.

0.04 s refers to the range in which chain length i increases up
to approximately 1000.>* SP—PLP—NIR traces measured at the
lower MAA concentration of 30 wt % are equally well fitted to
eq 6. Thus, each of the two signals in Figure 2A may be ad-
equately represented by one [%[lvalue, although a wide range
of radical chain lengths is covered within both CM(Z)/COM Vs time
traces. As discussed elsewhere,'® the remarkable quality of the
data fit to eq 6 is not indicative of k; being independent of chain
length, but is a specific feature of DMPA acting as the
photoinitiator. There is partial compensation of the effects due
to chain-length dependent k; and to primary radical termination
of the poorly initiating acetal fragment. The conversion vs time
traces measured on the aqueous MAA solutions are evaluated
according to ideal polymerization kinetics and the resulting rate
coefficient is referred to as [&[lin order to indicate that the so-
obtained value is an average over chain-length-dependent k;
values. The same approach has been used in the analysis of the
SP—PLP—NIR experiments on aqueous solutions of AMPS."?

The variation of [&[with monomer conversion, as obtained
via fitting of SP—PLP—NIR traces to eq 6 and implementing
kp according to eq 5, is plotted in Figure 3 for an aqueous-
phase MAA polymerization at 50 °C and 2000 bar. The initial
MAA concentration was 60 wt %. Data could be measured up
to 70% MAA conversion before the reaction mixture turned
heterogeneous. Within the experiment carried out on the solution
with an initial concentration of 30 wt % of MAA, even 90%
monomer conversion could be reached. In the initial reaction
period (Figure 3) an approximately constant value of [&[lis
found. Above x = 0.20, [k decreases significantly, by around
1.5 orders of magnitude up to x = 0.50. Such significant changes
of [k Uare typical for methacrylate monomers with small and
medium-size alkyl ester side chain, such as methyl methacry-
late>***> and butyl methacrylate.

The [&[vs x dependence in Figure 3 may be understood by
assuming control of termination by segmental diffusion (SD),
translational diffusion (TD), and reaction diffusion (RD). At
low conversion, [&[lis determined by SD, which refers to the
orientational motion of two coiled macroradicals by which the
radical functionalities approach each other sufficiently closely
to allow for immediate termination. Increasing monomer
conversion is associated with an increase in bulk viscosity. As
a consequence, translational (center-of-mass) diffusion may
become rate determining. The data in Figure 3 indicate that (&[]
runs under control by TD at about x = 0.20. The pronounced
decrease in [&[up to x = 0.50 reflects the reduced translational
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Figure 4. Conversion dependence of the chain-length averaged
termination rate coefficient, (&[] for methacrylic acid polymerizations
at 50 °C, 2000 bar, and initial monomer concentrations of 30 and 60
wt % MAA, respectively. [kUwas calculated from [&[Zk, by using the
ky expression given in eq 5. The lines are fits of the experimental data
to eq 7. The associated parameter values are listed in Table 1.

mobility of the macroradicals at significantly increasing bulk
viscosity. At even higher degrees of monomer conversion, the
lowering of [&[Iwith x is less pronounced, an observation that
indicates that [&[Jbecomes controlled by reaction diffusion.?’
This mechanism has been thoroughly discussed for the bulk
homopolymerizations of ethene and butyl acrylate.*®*° Control
of [k [by reaction diffusion suggests that the motion of the
radical functionality essentially occurs via propagation steps of
the dangling free-radical chain end. Equation 7 was introduced
to model [&[Jfor polymerizations where the three types of
diffusion control (SD, TD, and RD) are operating:*®

1

(&= =TT
ksp 1./ krp

+ Crp(l =)k, @)

The first term on the right-hand side of eq 7 represents the
contributions of translational and segmental diffusion to overall
termination. ksp is the rate coefficient of segmental diffusion.
This coefficient is assumed to be independent of monomer
conversion and thus of polymer content, as the segmental
reorientation process is envisaged to take place within two coiled
macroradicals. k%p is the translational diffusion rate coefficient
at zero conversion and 7, is the relative bulk viscosity, 7, =
n/no, where 7o denotes the viscosity of the reaction mixture
prior to polymerization, but at polymerization temperature and
pressure. The second term on the rhs of eq 7 accounts for the
reaction diffusion contribution to overall [&L] with Crp being
the reaction diffusion constant, and k, varying with conversion
as described by eq 5. At very high conversions even k, may
run under diffusion control. This effect is not considered in eq
7, but is contained in the associated general expression.*®

Plotted in Figure 4 are the [&[lvalues for polymerizations of
30 and 60 wt % MAA in water at 50 °C and 2000 bar which
are obtained from [&[Zk, using the k, correlation given in eq 5.
For 30 wt % MAA, the initial plateau value of [&Uis slightly
above the one for 60 wt % and extends up to higher degrees of
monomer conversion. After passing the initial plateau region,
[k [decreases significantly, by about 1.5 orders of magnitude
between 20 and 50% conversion with the 60 wt % MAA system
and by about 1 order of magnitude between 30 and 60%
conversion with the 30 wt % MAA system. Toward even higher
degrees of monomer conversion, the decrease in [&[Ilbecomes
less pronounced. This effect is clearly seen with the polymer-
ization of the 60 wt % MAA solution.

The lines in Figure 4 are representations of the experimental
data by eq 7. The associated parameter values are listed in Table
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Table 1. Model Parameters Used for Fitting the Experimental
Data in Figure 4 to eq 7¢

emaa/wt % 30 60
ksp/L-mol~!+s~! (9.3 £0.2) x 106 6.5 £ 0.2) x10°
c, 12.8 + 0.4 212 407
Kp/Lemol~!+s~! 1.0 x 10° 1.0 x 10°

Crp 94 + 11 61 +7

¢ The parameter values refer to MAA polymerization at 50 °C and 2000
bar. For further details, see the text.

1. ksp is obtained as the value of experimental [&[lin the very
initial polymerization period. X3p = 1.0 x 10° Lemol~!+s~!
has been adopted from studies into alkyl methacrylate termina-
tion rate which report monomer concentration independent Jans
values of this order of magnitude.> The rate coefficient of
translation diffusion during polymerization, kp, is given by K/
7r. Bulk viscosity depends on the characteristics of each
individual polymerization reaction, in particular on the polymer
content, that is on the degree of monomer conversion, x, and
on the type of polymer produced, e.g., whether low-molecular
or high-molecular weight material is formed. Usually, informa-
tion on 7; is not available. Within preceding studies into bulk
(meth)acrylate®® and MMA solution polymerizations,® as a
rough approximation for modeling the conversion dependence
of relative bulk viscosity, 7:(x), eq 8 has been used:

In 5, = Cyx ®)

The parameter C, may be looked upon as an adjustable
parameter, which essentially determines the conversion depen-
dence of [&[Junder conditions where krp controls termination
rate. The C, parameters in Table 1 may be found from the slope
of the straight line which intersects the ordinate at log(k%D) and
passes through the inflection point of the sigmoidal log(k) vs x
curve, that is in the region where kp controls termination rate
but was simultaneously determined with Crp via fitting of &[]
data according to eq 7. The so-obtained C, values are 12.8 and
21.2 for the polymerizations of 30 and 60 wt % MAA,
respectively. The roughly 2-fold higher value of C;, at 60 wt %
MAA as compared to the system with 30 wt % MAA may be
understood as being due to twice the amount of polymer being
present at identical monomer conversion. Linear extrapolation
of C; toward wiiaa = 0 yields a C, value close to zero which
corresponds to constant 7; as is to be expected in the hypotheti-
cal case of no monomer being present and thus no polymeri-
zation taking place. The clear trend of decreasing C, toward
lower monomer concentration has also been seen with MMA
solution polymerizations.* Extrapolation of C,, from this earlier
study to zero monomer content however does not yield C, close
to zero, which may be due to the rather weak decrease of [&,[]
in the TD-controlled regime with MMA solution polymeriza-
tions and the associated significant error in deducing C,. For
bulk MAA polymerization a C, value of about 35 is estimated
from the 30 and 60 wt % data. This value is significantly above
C, = 21 as obtained for MMA bulk polymerization.* The very
pronounced increase of 7, with MAA bulk polymerization may
be due to the action of strong hydrogen bonds which are absent
with MMA. Moreover, differences in molecular weight distribu-
tion of the background polymer matrix may affect C,. It goes
without saying that one individual C, value cannot fully take
into account both polymer content and polymer size distribution
of the reacting systems. It should further be noted that the size
of Cy, is affected by the selection of WAA. E.g., assuming kP
at 60 wt % MAA to differ from the associated value for 30 wt
% MAA by the same factor as do the associated ksp values,
yields an optimum fit of the [&[vs x data with C;,, = 20.0 rather
than with C,;, = 21.2, as listed in Table 1.

The second adjustable parameter in the fitting procedure, the
reaction diffusion constant, is listed as the last entry in Table 1.
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For 60 wt % MAA, Cgp is obtained with a better accuracy, as
the reaction diffusion controlled region is more pronounced than
for 30 wt % MAA. The Cgrp values in Table 1 are close to the
numbers reported for MMA bulk polymerization at 60 °C: Crp
= 76 at 1000 bar and Cgp = 50 at 2000 bar.*® That Crp for
polymerization of MAA in aqueous solution slightly decreases
with increasing MAA concentration is in line with the argument
used to describe the dependence of k, on MAA content.” The
stronger intermolecular hydrogen-bonded interactions at higher
MAA content should enhance both the friction experienced
by the transition state for propagation, which effect reduces &,
and the friction which the free-radical chain ends experience
during the reaction-diffusion process. A lower mobility of the
macroradical chain-end should result in a lower Cgp.'>>°

The parameters in Table 1 afford for an excellent representation
of the experimental [&[Jover a wide range of MAA conversion
(Figure 4). This finding suggests that eq 7, which has been used
for fitting [ of various monomers in both bulk and in organic
solvents,>*%3%3 is applicable also toward radical polymeriza-
tions in aqueous solution. The variation of the parameters ksp
and C, with solvent content seen in aqueous solution of MAA
is consistent with what has been seen, e.g., for MMA polym-
erized in solution of toluene. The initial ksp plateau value is
slightly enhanced toward lower monomer content whereas,
within the range of translational diffusion control, the [&[lvs x
correlation is strongly affected by the solvent content.>

As mentioned above, the increase of C, toward higher initial
monomer concentration may be due to higher amounts of
polymer being present at a given conversion. The approximately
2-fold increase of C), between 30 and 60 wt % MAA implies
that, for estimating the viscosity change during polymerization,
a parameter C}; should be used which scales with polymer weight
fraction wpmaa = wiiaax. Thus a modified expression (eq 9)
may be used for fitting the experimental [£Idata measured on
30 and 60 wt % MAA in aqueous solution. As the variation of
both ksp and Cgrp is minor as compared to the differences in
translational diffusion behavior, expressed by C,, for both MAA
contents a single mean value of k§p and of Ckp has been used
within the fitting procedure. Equation 9 reads:

1
Uk + exp(C;';w(ﬁ4 AnX)/Kr

&= + Crp(1 =00k, (9)

with the following mean values: k§p = 7.9 x 10° L+mol~!-s71,
Cip = 77.5, and Cj; = 39. The remarkably good representation
of the experimental [&[Idata (full line for 30 wt % and dashed
line for 60 wt %) by eq 9 is illustrated by the plot of log [&[vs
polymer weight fraction in Figure 5. The data from experiments
at initial MAA concentrations of 30 and 60 wt % almost sit on
top of each other, which indicates the general type of [&U
behavior. For an even more accurate representation of [&[within
extended ranges of MAA concentration, the experimental ksp
and Crp values may be used for interpolation and extrapolation
of ksp and Crp data for a given MAA weight fraction.

Determination of [ by Chemically Initiated Polymeriza-
tions. Chemically initiated (CI) polymerization under steady-
state conditions provides access to Il:llﬂkp2 in case that the
initiator decomposition rate coefficient, kg, and initiator ef-
ficiency, f, which represents the fraction of primary radicals from
initiator decomposition that start chain growth, or the product
of both quantities, kqf, are known. Carrying out both CI and
SP—PLP experiments, with k, being available from PLP—SEC,
allows for estimating [&[las a function of monomer conversion
from the two independent experiments. The CI polymerizations
for MAA were performed at 50 °C, 2000 bar, and at MAA
contents of 30 and 60 wt % in water as were the SP—PLP—NIR
experiments. Monomer conversion was monitored via in-line
FT-NIR spectroscopy. Monomer conversion vs reaction time,
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Figure 5. Dependence of the chain-length averaged termination rate
coefficient, [&[]on weight fraction of polymer, wpmaa, for methacrylic
acid polymerizations at 50 °C, 2000 bar and initial monomer concentra-
tions of 30 and 60 wt % MAA, respectively. The lines are representa-
tions of the experimental data via eq 9 (full line for 30 wt % MAA
and dashed line for 60 wt % MAA). The associated parameter values
are listed in the text.
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Figure 6. Monomer conversion vs time plots for chemically initiated
polymerizations of 30 (A) and 60 wt % (B) of methacrylic acid in
aqueous solution at 50 °C and 2000 bar. The primary initiator
concentrations were 2.7, 1.1, and 0.55 mmol-L™! of V50, respectively.
Open and filled symbols refer to repeat experiments under ostensibly
the same conditions.

t, profiles deduced from FT-NIR are depicted in Figure 6A for
30 wt % of MAA and in Figure 6B for 60 wt % of monomer.

In most cases, duplicate experiments have been carried out. The
agreement of polymerization data from measurements under
ostensibly the same conditions is rather satisfactory, in particular
in case of higher MAA concentration (Figure 6B) and of higher
initiator concentration. The reasons behind these observations are
the better quality of NIR analysis at higher MAA content and the
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Figure 7. Conversion dependence of [&[Zk,> derived from chemically
initiated polymerizations of 30 wt % (A) and 60 wt % (B) methacrylic
acid in aqueous solution at 50 °C, 2000 bar with primary initiator
concentrations of cyso = 2.7, 1.1, and 0.55 mmol-L~".

lower impact of impurities at high levels of radical concentration,
respectively. A significant increase of the rate of polymerization,
Ry, is seen toward higher initiator concentration.

The kinetic data in Figure 6 were analyzed via the expression
for steady-state polymerization (eq 10):

de k
_M=_pf0,5kdo.5CMCI0,5 (10)

R, = dt  [&05
with the initiator concentration ci.

The reported ambient-pressure decomposition rate coefficient
of V50 in aqueous solution at 50 °C, kg = 8.14 x 1076 s~!, has
been adopted to hold for 2000 bar, as has been the reported
ambient-pressure initiator efficiency, f = 1.*' Polymerization
rate, R, = —dcw/dt, was estimated from first-derivative curves
of cm vs t traces determined via Origin 6.1 with subsequent
smoothing. Plotted in Figure 7 are the [&Zk,> vs x values
obtained, via eq 10, from R, of the chemically initiated
polymerizations at 30 and 60 wt % MAA in aqueous solution
for 50 °C/2000 bar and from the known values of f, kq, 1, and
cm. The data are plotted only up to 80% monomer conversion,
as the minor changes of cmaa With time at higher conversions
induce a significant scatter for [&[Zk,2. As inhibition may
significantly affect [&[Zk,? in the early polymerization period,
values for conversions below 10% were also ignored; the
initiator consumed during this period is accounted for in the
estimation of [&[Zk,> by eq 10. A close overlap of the entire
data set for polymerizations at 60 wt % initial MAA concentra-
tion is seen, whereas [&[Zk,? for 30 wt % MAA slightly increases
toward lower V50 concentration. The origin of the increase in
(& Zk,?, by about half an order of magnitude in passing from
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Figure 8. Conversion dependence of [&[Jderived from chemically
initiated polymerizations of 30 wt % (A) and 60 wt % (B) methacrylic
acid in aqueous solution at 50 °C, 2000 bar with V50 concentrations
of 2.7, 1.1 and 0.55 mmol-L™! (open symbols). The & [data from
SP—PLP—NIR at identical monomer concentration are given as filled
symbols. (k[ values are calculated from [&Zk,” or k/k, using the general
ky, expression given by eq 5.

2.7 to 0.55 mmol - L~! initiator, is not clear. Probably, a loss of
initiator-derived radicals due to inhibition results in a lower than
expected radical concentration which, by the evaluation proce-
dure, translates into termination rate coefficients that are too
large. For both 30 and 60 wt % of MAA in aqueous solution,
a pronounced decrease of the coupled parameter &k, is seen
toward higher conversions.

Figure 8 shows a comparison of [&[Jvalues for 30 (A) and
60 wt % (B) of MAA in aqueous solution at 50 °C and 2000
bar as obtained from both stationary (open symbols) and
instationary (filled symbols) experiments. [#[vas extracted from
the two types of coupled parameters via k, values estimated
from eq 5. For 30 wt % of MAA, the [&Udata from
SP—PLP—NIR fit into the range of [&[lvalues provided by the
data from CI polymerizations performed at different initiator
concentrations. The [&[Hata for aqueous solutions with an initial
MAA content of 60 wt % demonstrate the satisfactory agreement
of [kUdata from SP—PLP and from CI polymerization. A
sigmoidal curvature cannot be clearly detected from the [&[lvs
monomer conversion data obtained by CI polymerization. There
is, however, a weak indication with some of the 60 wt % MAA
data that the decrease of [k[lwith conversion appears to be
somewhat weaker in both the low and high conversion regions.
The comparison of stationary and instationary experiments
suggests that the SP—PLP—NIR experiments allow for a more
detailed and accurate study into the termination kinetics than
do the CI polymerization experiments, e.g., the sigmoidal [&/[]
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vs x curvature, which is what one expects from a comparison
with MMA polymerization data, can be clearly seen from
SP—PLP.

The enhanced scattering and the systematic shift with initiator
concentration of the [k[]data from CI polymerization may be
due to an impact of inhibition and thus of impurities on the
kinetic data, which is not easily avoidable in CI polymerization,
but can be overcome by the intense laser pulsing where the
first few pulses may have some cleaning effect on the system.
The chain-length distribution being broader in CI polymeriza-
tions may give rise to some smoothing of [&[lvs x data. With
the SP—PLP experiments, on the other hand, the chain-length
distribution is very narrow, which facilitates detection of
conversion-related effects on [&L]

In view of the various sources of error that should primarily
effect CI polymerizations rather than SP—PLP experiments, the
agreement of absolute [&[values obtained by the two methods must
be considered as very satisfactory. For an inspection of detailed
effects associated with the mode of diffusion control of [&[lit
appears recommendable to apply the SP—PLP—NIR method rather
than carrying out stationary CI polymerization experiments.

The satisfactory agreement of [4[]values derived from
chemically initiated polymerizations and SP—PLP—NIR further
indicates that combination of experimental [& [k, and [& 7k,
values should yield reliable individual rate coefficients of
propagation and termination for MAA in aqueous solution. This
procedure has already been used within our recent study into
aqueous-solution polymerization of AMPS."?

Conclusions

Termination rate coefficients for MAA polymerizations in
aqueous solution were determined by the SP—PLP—NIR method
at two initial monomer concentrations, of 30 and 60 wt %. For
extraction of [&[from the primary experimental [& [k, data, a
correlation of k, with temperature, pressure, initial monomer
concentration and monomer to polymer conversion was estab-
lished. The conversion dependence of [A[lexhibits the same
trends as observed for polymerizations of methacrylic acid
esters: At low conversion, [Uis controlled by segmental
diffusion. At intermediate conversions, translational diffusion
becomes rate determining. Indications of control by reaction
diffusion are seen at the highest degrees of monomer conversion.
Upon lowering the water content of the polymerizing mixture,
the transition from segmental diffusion to translational diffusion
is shifted to lower monomer conversion and the decrease of
[&[under translational diffusion control is more pronounced as
a consequence of the larger amount of polymer being present.
The termination rate coefficient data for the two initial monomer
concentrations under investigation closely overlap when plotted
against the weight fraction of polymer. For comparison purposes,
also CI stationary polymerization experiments have been carried
out. The satisfactory agreement of [&[lvs monomer conversion
data from SP—PLP—NIR and from CI polymerization indicates
that combination of these two methods may be used for
estimating individual propagation and termination rate coef-
ficients. The quality of [&[data from SP—PLP—NIR is superior
over the one from the CI polymerization method.
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