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ABSTRACT: Pulsed laser polymerization (PLP) in conjunction with size-exclusion chromatography (SEC),
both being carried out in the aqueous phase, was used to determine propagation rate coefficients, Kkp, of
nonionized acrylic acid (AA) at temperatures between 2 and 25 °C and monomer concentrations, Caa,
from 1 to 10 wt %. The product KuCaa,iocar IS the primary experimental quantity deduced via the PLP—
SEC technique. Assuming caaiocal t0 be identical to overall monomer concentration, caa, Yields apparent
kp values, which, upon enhancing caa, first increase and, after passing through a maximum at around 3
wt % AA, significantly decrease. A kp value as high as 180 000 L-mol~*-s~ was determined for 3 wt % AA
at 25 °C. The decrease observed toward higher AA concentration is fully consistent with what has been
found in a preceding study into k, of nonionized AA at monomer concentrations of 20 and 40 wt %. At
constant temperature, variations in apparent k, by about a factor of 3 are seen in the range up to 40 wt
% AA. Discussion of the measured rate data suggests that it is primarily caa iocal that changes as a function
of monomer concentration rather than k,. As a consequence of strong hydrogen bonds between polymer
segments, between polymer segments and AA monomer, and between both these species and water, the
AA concentration at the radical site may significantly differ from overall caa. The assignment of the
observed changes in apparent K, to Caa,iocal IS Supported by PLP—SEC experiments in which appreciable
amounts of propionic acid (PA) have been added to aqueous AA solutions. The addition of PA significantly
reduces apparent k,. Addition of NaCl to an aqueous solution of AA in its nonionized form, on the other
hand, does not affect apparent k,. Whether the observed changes in KpCaaiocal @re entirely due to Caaiocal
differing from caa or whether also the “true” propagation rate coefficient varies cannot be safely decided
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on the basis of the presently available data.

Introduction

The advent of laser-assisted techniques has largely
improved quantitative analysis of free-radical polym-
erization kinetics.! Investigations have been primarily
carried out on homo- and copolymerization of the
hydrophobic monomers.?2 Only limited information is
available for water-soluble monomers,? although aque-
ous phase free-radical polymerizations are of eminent
technical interest and accurate rate coefficients for such
systems are badly needed. The current knowledge of
acrylic acid (AA) polymerization kinetics in aqueous
phase is essentially based on k, values determined about
30 years ago by the rotating sector technique.® The lack
of propagation rate coefficient, kp, data from pulsed laser
polymerization (PLP)—size-exclusion chromatography
(SEC) experiments is due to difficulties associated with
the SEC analysis of polymers from water-soluble mono-
mers that may not be carried out under conventional
SEC conditions with THF serving as the eluent. The
problems may partly be circumvented by polymer
modification of poly(acrylic acid) from PLP to yield poly-
(acrylic acid methyl ester) samples that may be analyzed
via conventional SEC. This procedure may, however, be
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severely affected by changes in polymeric structure
during polymer modification.#® Within a recent study
into free-radical propagation rate coefficients of non-
ionized acrylic acid in agueous solution of 20 and 40 wt
% AA, problems associated with SEC analysis of PLP-
produced polymer were solved by measuring molecular
weight distributions of poly(acrylic acid) via aqueous
phase SEC.® The PLP—SEC-derived k, values for 20 wt
% AA were found to be 60% above the ones for 40 wt %
AA. The purpose of the present study is to extend the
PLP—SEC investigations on Kk, of nonionized AA in
aqueous solution to lower concentration with particular
interest in examining whether the propagation rate is
further enhanced upon dilution. Each monomer con-
centration was investigated between 2 and 25 °C.
Toward lower temperatures, solidification occurs, and
toward higher temperatures, the PLP structure of the
polymeric samples is lost, both of which prevent reliable
determination of propagation rate coefficients via PLP—
SEC.

Although the PLP—SEC technique is the method of
choice for k, determination and as such constitutes the
procedure recommended by the TUPAC Working Party
“Modeling of polymerization kinetics and processes”,’
an important limiting aspect needs to be noted: The
product of propagation rate coefficient and local mono-
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Table 1. Temperature Dependence of kp for 1 wt % Acrylic Acid in Water

CaA CaAA 104CDMPA T convn no. of 1073M1 1073M2 1073kp
(mol-L™1) (wt %) (mol-L™%) (°C) (%) pulses (g-mol—1) (g-mol~1) Mi1/M; (Lmol~t-s71)

0.139 1.02 0.5 2.9 4 100 9.4 18.2 0.52 73.0
0.139 1.02 0.5 29 10 100 9.8 20.4 0.48 78.7
0.150 1.07 1.0 2.5 1 30 104 27.1 0.38 74.2
0.150 1.07 1.0 25 1 60 104 25.5 0.41 74.3
0.139 1.02 0.5 6.3 9 100 10.5 22.8 0.46 84.1
0.139 1.02 0.5 6.3 1 100 10.6 21.8 0.49 81.3
0.150 1.07 1.0 6.4 1 30 11.7 30.6 0.38 83.5
0.150 1.07 1.0 6.4 1 60 12.0 27.9 0.43 85.7
0.139 1.02 0.5 10.0 12 100 115 24.5 0.47 93.2
0.139 1.02 0.5 10.0 8 100 11.6 24.4 0.48 92.4
0.150 1.07 1.0 9.9 1 30 13.3 34.2 0.39 95.0
0.150 1.07 1.0 9.9 1 60 13.6 34.9 0.39 97.1
0.139 1.02 0.5 14.9 7 100 135 30.1 0.45 106.7
0.139 1.02 0.5 14.9 15 100 134 33.2 0.40 110.6
0.150 1.07 1.0 14.3 1 30 15.0 39.8 0.38 107.2
0.150 1.07 1.0 14.3 1 60 15.2 40.2 0.38 108.6
0.149 1.07 1.0 195 4 30 18.2 52.5 0.35 131.8
0.149 1.07 1.0 19.5 5 60 16.9 49.2 0.34 123.3

mer concentration (at the free-radical site), kyCaa,locals
is the primary experimental quantity obtained from the
PLP—SEC experiment, as can be seen from

Li = iK,Cy.1ocailo i=1,2,3, .. (1)
where L; is the number of propagation steps between
two successive laser pulses that is identified with the
degree of polymerization at the point of inflection on the
low molecular weight side of the MWD peak. t, is the
time between two laser pulses. Higher order inflection
points, L, Ls, ..., result from preferential termination
of the propagating radicals generated at t = 0, by laser
pulses applied at times 2to, 3to, ..., respectively.

In case that ¢y jocar differs from overall ¢y, no unam-
biguous assignment of observed changes to variations
in Kp or Cu,local CAN be made. In general, Cy jocal IS expected
to be identical to overall cy. Strictly speaking, propaga-
tion rate coefficients deduced from PLP—SEC experi-
ments under the assumption Cmocai = cm Should be
referred to as “apparent” ky's. PLP—SEC experiments
on a series of common monomers dissolved in fluid
carbon dioxide provide a clear indication of “apparent”
kp being significantly, by up to 50% below bulk k, with
the extent of this deviation being larger in cases where
carbon dioxide is of poor solvent quality for a particular
polymer and where the polymer is composed of strongly
interacting polar segments.® In the case of acrylic acid
polymerizing in aqueous solution, hydrogen bonds are
expected to give rise to significant interactions between
polymeric AA segments, AA monomer molecules, and
water.°~12 It appears rewarding to investigate apparent
ko of AA in aqueous solution at widely differing AA
concentration. To restrict complexity, the present study
will be limited to AA occurring exclusively in the
nonionized form. For an improved understanding of
effects resulting from speciation in the aqueous medium,
the PLP—SEC studies will be expanded to experiments
where either up to 60 wt % propionic acid (PA) or up to
5.8 wt % (1.0 mol-L 1) sodium chloride (NaCl) are added
to the aqueous AA solutions subjected to PLP—SEC.

Experimental Part

Acrylic acid (Fluka, > 99.0%), photoinitiator DMPA
(2,2-dimethoxy-2-phenylacetophenone, Aldrich, 99%),
and propionic acid (Merck, >99.5%) were used as
supplied. All other chemicals were of analytical grade.
Demineralized water was used for preparation of mono-

mer solutions and eluent for aqueous SEC. Pulsed laser
polymerizations were performed using an excimer laser
(LPX 210i, Lambda Physik) operated on the 351 nm
(XeF) line at a pulse repetition rate of 100 Hz. The
details on pulsed laser polymerization setup and the
conditions for the aqueous phase SEC were given in our
previous paper.®

Results and Discussion

As the AA propagation rate coefficient is very high,
PLP—SEC experiments, according to eq 1 require the
maximum available pulse repetition rate of the setup
(100 Hz) to be applied or AA concentration to be
reduced. The lower limit of AA concentration in PLP—
SEC experiments is determined by the minimum amount
of polymer that is needed for reliable SEC analysis. One
milligram of PLP-produced polymer turned out to be
sufficient, which corresponds to a minimum AA con-
centration of 1 wt % to be studied via PLP—SEC.

ko, determination was carried out at 1, 2, 3, 5, and 10
wt % AA, at temperatures from 2 to 25 °C, at one to
three different photoinitiator (DMPA) concentrations,
and at varying numbers of pulses. The PLP structure
is highly sensitive to the concentration of laser-gener-
ated free radicals, which quantity is determined by the
DMPA concentration, cpvpa, and by the laser pulse
energy, which typically was around 10 mJ per pulse.
For each AA concentration, optimum cpvpa had to be
identified by a series of PLP—SEC experiments. Beyond
the optimum range, MWDs without PLP structure were
obtained, which do not allow for estimating reliable kp
(see Figure 2 in ref 6).

The experimental conditions of the PLP experiments,
such as initial AA and DMPA concentrations, polym-
erization temperature, and the monomer conversion
reached by the indicated number of laser pulses are
given in Tables 1-5, for studies on aqueous solutions
of nonionized AA at initial caa of about 1, 2, 3, 5, and
10 wt %, respectively. Also given in these tables are the
positions of the poly(acrylic acid) molecular weight at
the positions of the first and second point of inflection
of the MWD, M; and Mz, and the ratio of these two
guantities, M1/M,. Listed in the final column are the
“apparent” propagation rate coefficients, kp, that were
obtained, via eq 1, from the position of the first point of
inflection, L1 = M1/Maa, where Maa is the molecular
weight of monomeric AA. The estimate of apparent k,
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Table 2. Temperature Dependence of kp for 2 wt % Acrylic Acid in Water

CaA CaAA 1O4CDMPA T convn no. of 1073M1 1073M2 1073kp
(mol-L™1) (wt %) (mol-L™%) (°C) (%) pulses (g-mol—1) (g-mol~1) Mi1/M; (Lmol~t-s71)
0.286 2.06 1.0 2.8 4 30 22.9 49.8 0.46 86.92
0.286 2.06 1.0 2.8 4 30 215 47.0 0.46 81.62
0.286 2.06 1.0 6.5 5 30 26.2 56.4 0.46 99.82
0.286 2.06 1.0 6.5 5 30 24.8 55.2 0.45 94.52
0.286 2.06 1.0 6.5 3 30 26.7 56.6 0.47 100.82
0.286 2.06 1.0 6.5 3 30 24.9 54.3 0.46 94.02
0.286 2.06 1.0 10.8 4 30 31.4 65.5 0.48 119.32
0.286 2.06 1.0 10.8 4 30 31.1 65.2 0.48 118.22
0.286 2.06 1.0 10.8 6 30 30.7 64.9 0.47 117.52
0.286 2.06 1.0 10.8 6 30 29.2 62.7 0.47 111.82
0.285 2.06 1.0 15.3 4 30 35.5 135.22
0.285 2.06 1.0 15.3 4 30 33.6 74.0 0.45 128.02
0.285 2.06 1.0 15.3 4 30 34.4 130. 8
0.285 2.06 1.0 20.1 3 30 38.3 78.5 0.49 145.3
a Data from repeated SEC injections of the same PLP-prepared sample.
Table 3. Temperature Dependence of k, for 3 wt % Acrylic Acid in Water
CAA CAA 10%pwmpa T convn no. of 1073M, 1073M;, 1073k,
(mol-L~1) (wt %) (mol-L~1) (°C) (%) pulses (g-mol~1) (g-mol~1) Mi1/M_ (L-mol~t-s71)
0.419 3.01 1.0 2.8 4 30 37.2 75.0 0.50 96.62
0.419 3.01 1.0 2.8 4 30 35.5 72.3 0.49 92.22
0.419 3.01 1.0 2.8 4 30 36.9 77.6 0.48 95.82
0.419 3.01 1.0 2.8 5 30 38.5 77.8 0.49 100.12
0.419 3.01 1.0 2.8 5 30 39.0 78.9 0.49 101.42
0.419 3.01 1.0 6.5 5 30 42.7 84.7 0.50 111.42
0.419 3.01 1.0 6.5 5 30 43.1 87.3 0.49 112.42
0.419 3.01 1.0 6.5 5 30 43.8 86.1 0.51 113.9
0.418 3.01 1.0 10.8 5 30 49.1 94.8 0.52 128.12
0.418 3.01 1.0 10.8 5 30 48.8 95.3 0.51 127.32
0.418 3.01 1.0 10.8 5 30 48.9 94.8 0.52 127.22
0.418 3.01 1.0 10.8 5 30 48.6 97.5 0.50 126.42
0.418 3.01 1.0 15.3 5 30 52.8 100.0 0.53 137.72
0.418 3.01 1.0 15.3 5 30 55.7 100.0 0.56 145.32
0.418 3.01 1.0 20.1 3 30 62.5 114.3 0.55 163.0
0.418 3.01 1.0 20.1 3 30 61.4 158.5
0.417 3.01 1.0 24.7 3 30 65.4 169.2
0.417 3.01 1.0 24.7 5 30 69.5 164.4 0.42 179.8

a Data from repeated SEC injections of the same PLP-prepared sample.

thus is based on the assumption that caa 1ocal is identical
to the known overall monomer concentration, caa.

Molecular weight distributions together with the
associated first derivative curves of poly(acrylic acid)
samples produced by PLP at 2 °C and several initial
AA concentrations are plotted in Figure 1A and 1B,
respectively. The MWDs clearly show PLP structure
with both primary and secondary points of inflection
being easily identified from the first derivative curves.
DMPA concentration was 1 x 104 mol-L~1 with all four
PLP experiments. Increasing polymerization tempera-
ture results in reduced PLP structure of the MWDs with
the consistency criteria, however, being fulfilled up to
25 °C. As has already been mentioned, the temperature
range cannot be extended to subzero temperatures in
aqueous phase, which has frequently been chosen for
acrylate monomers in nonaqueous phase.®~16 Thus,
even at the high pulse repetition rate of 100 Hz, the
temperature range for reliable PLP—SEC experiments
is rather limited in agueous phase polymerization and
does not exceed 25 °C.

Inspection of the entries in Tables 1-5 shows that
M1/My is close to 0.5. Moreover, differences in compa and
in the number of applied laser pulses do not significantly
affect k,. Both observations demonstrate that the con-
sistency criteria for reliable PLP—SEC experiments, as
put forward by the ITUPAC Working Party,!’ are ful-
filled.

Plotted in Figure 2 are the apparent k, values
measured at five concentrations of nonionized AA in
water. Changing AA concentration leads to variations
in apparent k, by up to 30%. Closer inspection of the
data for lower AA concentration (Figure 2A) and for
higher concentration (Figure 2B) indicates that the
highest values for k, are observed at an intermediate
AA concentration around 3 wt %. This surprising result
is illustrated in Figure 3 where apparent k; is plotted
Vs cana for 2, 10, and 20 °C. Included in Figure 3 are the
kp, data for 20 and 40 wt % from the preceding paper
into kp, of nonionized AA in aqueous solution.® It is
gratifying to note that the data from the present study
nicely fit this literature data. The k, values at the lowest
experimental AA concentration, close to 1 wt %, are
about 20—30% below the maximum k, for the same
temperature. k;, at the highest caa under investigation,
40 wt %,% is about a factor of 3 below the associated
maximum k, value. Whereas a lowering in k, toward
increasing monomer concentration has already been
seen for aqueous phase polymerization of methacrylic
acid (MAA)!8 and N-isopropylacrylamide,'® an interme-
diate maximum in k; as a function of caa has not been
reported so far. This unexpected maximum and thus the
changes of kp in the entire experimental concentration
range of nonionized AA most likely are not, at least not
entirely, due to “true” kinetics, i.e., to variations in Kkp
resulting from changes in either the preexponential
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Table 4. Temperature Dependence of kp for 5 wt % Acrylic Acid in Water

CaA CaAA 1O4CDMPA T convn no. of 1073M1 1073M2 1073kp
(mol-L™1) (wt %) (mol-L™%) (°C) (%) pulses (g-mol—1) (g-mol~1) Mi1/M; (Lmol~t-s71)
0.699 5.02 0.5 2.7 9 50 60.0 114.3 0.52 95.6
0.699 5.02 0.5 2.7 6 50 63.0 117.2 0.54 98.7
0.701 5.04 1.0 2.7 3 30 66.3 125.6 0.53 101.9
0.701 5.04 1.0 2.7 3 30 67.6 123.6 0.55 104.2
0.696 5.00 5.0 2.7 5 30 65.6 133.4 0.49 102.5
0.696 5.00 5.0 2.7 5 30 61.5 127.1 0.48 96.2
0.698 5.02 0.5 6.4 7 50 68.1 125.9 0.54 107.6
0.701 5.04 1.0 6.5 5 30 74.8 138.7 0.48 116.1
0.701 5.04 1.0 6.5 5 30 71.8 123.3 0.46 1114
0.696 5.00 5.0 6.5 5 30 70.1 145.2 0.48 109.9
0.696 5.00 5.0 6.5 5 30 70.1 151.0 0.46 109.7
0.698 5.02 0.5 10.1 3 50 75.7 139.6 0.54 1171
0.698 5.02 0.5 10.1 5 50 74.1 132.7 0.56 115.6
0.701 5.04 1.0 10.8 6 30 79.4 158.5 0.50 124.0
0.701 5.04 1.0 10.8 3 30 83.6 159.6 0.52 128.7
0.695 5.00 5.0 10.8 7 30 75.5 184.1 0.41 119.5
0.695 5.00 5.0 10.8 7 30 74.8 1445 0.52 118.3
0.698 5.02 0.5 15.1 5 50 82.6 136.0 0.61 129.0
0.698 5.02 0.5 151 6 50 83.0 150.0 0.55 130.4
0.700 5.04 1.0 15.3 5 30 92.9 184.9 0.50 1451
0.700 5.04 1.0 15.3 5 30 90.4 184.5 0.49 141.1
0.700 5.04 5.0 15.3 5 30 81.8 197.7 0.41 128.62
0.695 5.00 5.0 15.3 5 30 84.3 224.0 0.38 132.62
0.695 5.00 5.0 15.3 7 30 87.1 184.9 0.47 137.72
0.695 5.00 5.0 15.3 7 30 84.3 177.8 0.47 133.52
0.697 5.02 0.5 20.1 6 50 92.5 161.8 0.57 145.8
0.697 5.02 0.5 20.1 7 50 90.6 160.3 0.57 143.0
0.699 5.04 1.0 20.1 5 30 105.6 184.5 0.57 166.2
a Data from repeated SEC injections of the same PLP-prepared sample.
Table 5. Temperature Dependence of k, for 10 wt % Acrylic Acid in Water
CAA CAA 10%pwmpa T convn no. of 1073M, 1073M;, 1073k,
(mol-L"1) (wt %) (mol-L~1) (°C) (%) pulses (g-mol~1) (g-mol~1) Mi1/M_ (L-mol~t-s71)
143 10.3 5.0 2.6 8 30 106.9 198.2 0.54 82.5
1.43 10.3 5.0 2.6 5 30 102.6 191.2 0.54 77.9
1.54 11.0 5.0 2.1 10 30 111.7 217.3 0.51 81.6
154 11.0 5.0 2.1 10 30 114.8 239.9 0.48 83.6
1.43 10.3 5.0 6.3 5 30 112.2 217.3 0.52 84.8
1.43 10.3 1.0 6.3 4 30 119.7 227.5 0.53 88.5
1.54 11.0 5.0 6.1 8 30 125.6 2355 0.53 90.8
1.54 11.0 5.0 6.1 10 30 127.4 228.0 0.56 92.7
1.43 10.3 6.0 10.3 7 30 119.7 215.3 0.56 92.0
1.43 10.3 5.0 10.0 10 30 125.3 243.8 0.51 98.1
1.53 11.0 5.0 10.0 9 30 138.0 274.0 0.50 100.2
1.53 11.0 5.0 10.0 10 30 137.4 255.3 0.54 100.0
1.43 10.3 5.0 15.7 5 30 139.0 276.7 0.50 106.1
1.43 10.3 1.0 15.7 5 30 155.3 274.8 0.57 116.2
1.53 11.0 5.0 15.0 10 30 151.0 319.2 0.47 110.3
1.53 11.0 5.0 15.0 7 30 157.8 297.7 0.53 113.7
1.43 10.3 5.0 20.1 6 30 158.9 298.5 0.53 121.8
1.43 10.3 1.0 20.1 4 30 162.5 296.5 0.55 120.7
1.53 11.0 5.0 19.9 9 30 165.6 320.6 0.52 120.7

factor and/or in activation energy. It is assumed that
solvent effects that modify local monomer concentration
at the site of the propagating radical are responsible
for the remarkable effects seen for apparent k. It comes
as no surprise that effects which cause caa jocal t0 be
different from overall caa are particularly pronounced
in systems where different types of strong hydrogen-
bonded interactions occur, such as in aqueous solution
of AA,%10.20 where monomers coexist with dimers and
higher aggregates of AA and where water molecules
may participate in aggregate formation.®

The decrease in PLP-determined k, by about 1 order
of magnitude, from around 4000 to 500 L-mol-t-s~!
observed for MAA in aqueous solution between 14 wt
% MAA up to pure MAA at 25 °C has been assigned to
solvent effects.'® The drop in kp by a factor of 2 in going
from 14 to 40 wt % MAA in aqueous solution?8 is close
to the change seen with AA under corresponding condi-

tions (Figure 3). A monotonic decrease of apparent Ky
from 70 000 to 10 000 L-mol~1-s~1 was reported to occur
in the narrow monomer concentration range from 0.7
to 7 wt % for N-isopropylacrylamide polymerized in
aqueous phase at temperatures between 8 and 10 °C
with initiation by uranyl nitrate.’® As part of the work
in ref 19, the concentration of dimers was determined
by osmometry. A Kinetic model that takes dimerization
explicitly into account, however, was not capable of
describing the experimentally observed dependence of
ko, on monomer concentration. The local concentration
being different from bulk monomer concentration was
one of the explanations put forward.1®

The discussion of the unusual behavior kp vs caa will
be split into two parts: (i) region 1 for caa > 3 wt %,
where apparent k,, decreases with monomer concentra-
tion, and (ii) region 2 for caa < 3 wt %, where kp
increases with monomer concentration.
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Figure 1. Molecular weight distributions (A) and associated
derivative curves (B) obtained in PLP—SEC experiments on
acrylic acid in an aqueous solution at overall monomer
concentrations of 1, 2, 3, and 5 wt % and 2 °C. The laser
repetition rate was 100 Hz and the initial photoinitiator
concentration was cpmpa = 1 x 1074 mol-L™1.

(i) Region 1: caa > 3 wt %. Applying the dimeriza-
tion model put forward by Ganachaud et al.,*® with the
concentration of AA dimer species being adopted from
the Raman spectroscopic data on propionic acid in
aqueous solution,?! provides results that, as with the
study into kp of N-isopropylacrylamide,’® indicate that
the dimerization model is insufficient to account for the
experimentally observed decrease of k with caa due to
enhanced AA dimerization upon increasing AA concen-
tration.

Adopting the “local” monomer concentration argu-
ment basically says that a decrease of “apparent” K, is
indicative of a lowering in monomer concentration at
the site of the free-radical chain end rather than to a
decrease in “true kinetic” k,. What may be the reason
for a decrease in caal0cal 2t AA concentrations above 3
wt %? Increasing AA concentration corresponds to a
gradual replacement of water molecules by AA mol-
ecules. As water is known to be a better solvent for poly-
(acrylic acid) than is AA, solvent quality is reduced
toward increasing caa. As a consequence, poly(acrylic
acid) and also AA macroradicals may be swollen by a
water—monomer solution that is lower in AA content
than overall AA concentration. In addition, the reduc-
tion in solvent quality for poly(acrylic acid) molecules
and radicals toward higher AA monomer content gives
rise to a larger extent of intrasegmental interactions
that further lowers caa 10cal @nd that may also enhance
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the barrier for monomer diffusion to free-radical sites
on the AA macroradicals.

Whether solvent effects are responsible for the ob-
served changes in apparent k, may be studied by adding
to an agueous AA solution another acid that, however,
does not polymerize. Propionic acid (PA) appears to be
a suitable candidate for this kind of investigation. The
solvent properties of PA in aqueous solution containing
poly(acrylic acid) species should be very close to the ones
brought upon by AA itself. Thus PA should be able to
substitute AA at any site within the polymerization
system, including the site of propagation as well as
dimers and other associated structures. A similar ap-
proach has been applied within studies into k; of
acrylamide in aqueous solution where propionamide has
been added as a saturated analogue.??

Agqueous solutions have been prepared which, in
addition to 10 wt % AA contain 30 and 60 wt % propionic
acid, respectively. Listed in Table 6 are the k, values
obtained in PLP—SEC experiments with an initial
photoinitiator concentration of cppmpa =5 x 1074 mol-L ™1
and with 30 pulses being applied at a pulse repetition
rate of 100 Hz. Primary and secondary points of inflec-
tion were obtained with the entire set of experiments.
In contrast to the experiments without addition of PA,
a high-molecular-weight fraction of background polymer
was observed. This background polymer gives rise to the
relatively high degrees of monomer conversion (Table
6) which, however, do not markedly affect k, and will
not invalidate the conclusions to be drawn from this set
of experiments.

Shown in Figure 4 are Arrhenius plots of apparent
kp for 10 wt % aqueous solutions of AA with 30 and 60
wt % PA, respectively, being added. Also given in Figure
4 is the apparent Kk, for aqueous solutions of 10 and 40
wt % AA (without PA being present). Addition of PA
lowers the apparent k, to a similar extent, as does
increasing AA concentration. The values of k, deter-
mined for 10 wt % AA in the presence of 30 wt % PA
are slightly above and the numbers measured for 10 wt
% AA in the presence of 60 wt % PA are below the
apparent k, determined for a 40 wt % AA aqueous
solution (Figure 4). The results suggest that it is
primarily carboxylic acid concentration that affects k.
The effects of AA and of PA on solvent quality in the
agueous phase of poly(acrylic acid) appear to be rather
similar.

To further investigate the reasons for the significant
changes in apparent k, as a function of solvent quality,
it appeared interesting to see whether the addition of
NaCl to aqueous AA solutions will have an influence
on Kp. The addition of salt should be accompanied by a
decrease in solvent quality, which in turn may affect
kp. Popov et al.,?® however, observed that the polymer-
ization rate of nonionized AA in aqueous solution is not
changed by the presence of 1,1-salts. At 25 °C, the
limiting NaCl concentration to be dissolved in an
aqueous solution containing 0.5 wt % polyAA is about
6.4 wt % (1.1 mol-L1).24 PLP—SEC experiments were
carried out on aqueous solutions containing 20 wt % AA
with 2.9 wt % NacCl, corresponding to 0.5 mol-L~1, being
added. The apparent k, data measured with and with-
out NacCl (for 20 wt % AA) are listed in Table 7 and are
plotted in Figure 5. No clear difference between the
numbers determined with and without NaCl can be
detected within the limits of accuracy. As can be seen
from Table 8, the same result is obtained from experi-
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Figure 2. Arrhenius plots for apparent Kk, of acrylic acid in aqueous solution at overall acrylic acid concentrations of 1, 2, 3, 5,

and 10 wt %.
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Figure 3. Dependence of apparent k, on acrylic acid concen-
tration at 2, 10, and 20 °C. The data for precisely these
temperatures are calculated from the Arrhenius-type expres-
sions given in the text (eqs 2—6) and, for acrylic acid concen-
tration above 10 wt %, in ref 6. For 2 °C, a third-order
polynomial (dashed line) is fitted to the data at acrylic acid
concentration concentrations above 3 wt % (see later in the
text).

Table 6. Temperature Dependence of k, for 10 wt %
Acrylic Acid in Water after Addition of 30 and 60 wt %
of PA (compa = 5 x 1074 mol-L™%, 30 Pulses)

CrA T convn 1073M; 1073M; 1073k, (L-
wt%) (°C) (%) (g'mol™%) (g'mol~1) Mi/Mz mol-1:s71)

30 25 17 63.5 117.2 0.54 52.9

2.5 11 64.7 120.8 0.54 52.1

6.2 14 68.5 136.5 0.50 56.1

6.2 13 70.0 141.3 0.50 56.8

6.3 15 71.4 127.1 0.56 59.0

6.3 15 66.7 125.6 0.53 55.2

10.6 10 76.0 141.3 0.54 60.9

10.6 17 75.7 1455 0.52 63.1

15.2 12 83.4 163.7 0.51 67.5

15.2 11 83.6 161.1 0.52 67.4

20.1 16 89.9 201.4 0.45 74.6

60 6.2 10 44.6 75.2 0.59 36.1

10.6 10 48.5 80.2 0.60 39.2

10.6 10 48.5 78.5 0.62 39.4

15.2 13 52.1 98.2 0.53 42.8

20.1 5 58.3 1135 0.51 46.0

25.0 8 61.1 116.4 0.52 48.9

ments carried out at two additional NaCl concentra-
tions, 0.1 and 1.0 mol-L~1. The observations are thus
consistent with literature data?® reporting the polym-
erization rate of nonionized AA in aqueous solution to
be independent of salt content. The changes in solvent
quality that are relevant for apparent k, thus appear

12.5
120F 10wt%AA
bouspo o TT—
"6‘ ----------------
£ [ 10 wt.% AA
= 11.0-_ A0 WEHD AA T 30 wt.% PA
£ """"""""""""""
= L
10.5_—
10 wt.% AA
[ 60 wt.% PA
10.0 -
T T
33 34 3.5 3.6 3.7
T'/10%-K!

Figure 4. Arrhenius-type plots of apparent k; for 10 wt %
acrylic acid polymerized in the presence of different amounts
of propionic acid (solid lines with data points). The dashed lines
refer to the apparent k; of acrylic acid solutions containing no
propionic acid.

Table 7. Temperature Dependence of k, for 20 wt %
Acrylic Acid in 0.5 mol-L~! NaCl Solution in Water
(compa = 5 x 1074 mol-L~1, 30 Pulses)

Can
(mol- caan T convn 1073M; 1073M, 1073k, (L-
L) (wt%) (°C) (%) (g-mol~1) (g'mol~1) Mi/M; mol-1.s71)

282 200 27 172.6 338.8 0.51 65.9
2.82 200 27 176.6 337.3 0.52 66.7
282 200 6.3 177.8 354.0 0.50 67.4
282 20.0 6.3 183.7 365.6 0.50 69.7
2.81 20.0 10.6 204.6 394.5 0.52 78.1
2.81 20.0 10.6 2123 411.1 0.52 80.6
281 20.0 151 2254 447.7 0.50 85.5
2.81 20.0 151 211.8 427.6 0.50 80.6
2.80 20.0 20.2 225.4 468.8 0.48 86.4
2.80 20.0 20.2 230.6 501.0 0.46 87.9
2.80 20.0 25.0 244.3 538.3 0.45 94.2
2.80 20.0 25.0 238.8 504.7 0.47 91.1

PWRNRRPRPNRRLREN

to be primarily the ones that are induced by the action
of hydrogen bonds. It is the close similarity of effects
associated with either increasing AA or PA concentra-
tion that provides convincing evidence for the impor-
tance of hydrogen-bonded interactions of carboxylic acid
groups on solvent quality and thereby on apparent Kp.
On the other hand, it needs to be admitted that, at
present, it is by no means clear which type of interac-
tions, segment—segment or solvent—segment interac-
tions, play the dominant role.

(if) Region: caa < 3 wt % AA. The arguments
presented so far refer to situations where k, decreases
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Figure 5. Temperature dependence of apparent Kk, for 10 wt
% of acrylic acid in water and in 0.5 mol-L~* NaCl in water.

Table 8. Effect of NaCl Concentration in Water on
Apparent kp at 6.3 °C for Different AA Concentrations

103Ky (L-mol~t-s71)

CaA 0wt % 0.58 wt % 29wt % 5.8 wt %
(wt %) NaCl NaCl NaCl NaCl
5 107.32 96.9 115.6 111.6
20 70.12 71.6 68.6 78.1
40 46.52 51.3 43.7 48.0

a From Arrhenius equations.

with increasing AA concentration. Thus they are not
capable of providing an explanation for the maximum
in Kp vs caa at around 3 wt % AA and the lowering in k,
upon further dilution of the aqueous AA solution (Figure
3). This maximum behavior of k; is interesting on its
own. Moreover, K, of AA at low concentration should be
known, for example, to achieve a better understanding
of aqueous phase kinetics in emulsion polymerization,
where particles are electrosterically stabilized by a
copolymer of AA and a hydrophobic monomer formed
in situ in the aqueous phase.?®

One explanation for the drop in k, toward very low
AA concentrations could be that, according to the
Ostwald dilution law, the degree of dissociation, a, of
the weak electrolyte AA is enhanced at low AA concen-
trations. Propagation reactions of negatively charged
molecules and radicals are known to be associated with
a lower kp.2% lonization according to Ostwald dilution
law, however, does not come into play until caa ap-
proaches K1, where Ky = 4.25 x 107° mol-L™! is the
acidity constant of acrylic acid.?” Pronounced dissocia-
tion of acrylic acid thus occurs only at AA concentrations
below 1 x 1073 mol-L~1. The dissociation of polymeric
carboxylic acid groups occurs at even lower concentra-
tions due to the lower acidity strength of these groups
as compared to acrylic acid, which makes reaction
between ionized species even less probable. Accordingly,
dissociation may be ruled out as the reason for the
lowering in k, observed upon decreasing caa from 3 to
1 wt %.

Kratochvil et al.?® suggested that pronounced differ-
ences between local and overall monomer concentration
in solution resulting from preferential solvation are to
be expected at low monomer concentrations. Such effects
should be detectable in systems characterized by strong
specific interactions. Both these conditions are met in
aqueous-phase AA polymerization below 3 wt %. A
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lowering in local monomer concentration at the free-
radical site and thus a reduction in apparent k, may
result from AA monomer molecules being associated to
AA segments on the polymeric backbone. Such a chemi-
cally adsorbed layer of monomer molecules may lead to
a detectable difference between caa iocat @nd overall caa
only at low AA concentrations.

To test the hypothesis of monomer being adsorbed,
via strong hydrogen bonds, on poly(acrylic acid) mol-
ecules and radicals, the dependence on caa of apparent
ko, measured for AA in aqueous solution at 2 °C was
extrapolated by using the k, data measured at caa above
3 wt %. Fitting these data with a third-order polynomial
yields the dashed line shown in Figure 3. A local
monomer concentration caa ocal May be estimated as the
concentration that turns apparent k, deduced from
overall caa iNto Kp extrapolated, @S given by the dashed line.
The can local data are found from the simple relation caakp
= CAA’loca|kp’extrap0|ated tO be 0.64, 1.54 ,and 2.73 Wt % at
the overall concentrations caa of 1, 2, and 3 wt %,
respectively. The difference between caajiocat @nd Caa
turns out to be approximately the same for the three
AA concentrations. The “missing” amount of about 0.3—
0.5 wt % AA may be considered to be the amount of AA
chemically adsorbed to polymeric molecules or radicals.
At overall AA concentrations of 5 wt % or more, such a
small quantity of absorbed monomer will have a negli-
gible effect on the analysis of PLP—SEC experiments.

Another explanation for the maximum in apparent
ko vs caa may be self-assembling of AA monomer.
Chapiro suggested that the formation of linear pluri-
molecular aggregates via hydrogen bonds results in a
favorable orientation of monomer molecules, allowing
for very fast AA propagation.® Acrylic acid concentra-
tions around caa = 3 wt % may represent the limiting
concentration at which effective self-assemblies of mono-
mer promoting fast propagation can be formed. Below
this concentration self-assembling may be insufficient.
Without further experiments no clear decision can be
made whether and to what extent the two interpreta-
tions both assuming preferential or even specific ad-
sorption of AA monomer to the polymeric molecules and
radicals apply. The first of the two mechanism considers
adsorbed AA as being inefficient for propagation whereas
the second mechanism assumes particularly strong
contributions to propagation by adsorbed AA molecules.

In concluding this section, the k, values measured as
a function of caa exhibit an interesting phenomenon in
that they pass through a maximum at about 3 wt % AA.
Various mechanisms responsible for this behavior can
be operative and have been discussed. In view of the
current understanding of solvent effects we tend to
believe that the local monomer concentration at the
locus of propagation plays the dominant role in the case
of AA polymerization in water.

The preceding discussion provides strong evidence for
significant contributions to apparent k, from solvent
quality and from association both resulting from strong
hydrogen-bonded interactions in aqueous AA solution.
As a consequence, Arrhenius fitting of the temperature
dependence of kp, will not result in meaningful Arrhenius
parameters, although the underlying data for limited
temperature ranges as, for example, plotted in Figure
2 closely fit to straight Arrhenius lines. Moreover, these
lines may not be useful for extrapolation beyond the
temperature range of the underlying experiments. With
these caveats being kept in mind, the Arrhenius expres-
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Figure 6. Arrhenius fits of apparent k, for acrylic acid in
aqueous solution at concentrations from 1 to 10 wt % (this
work) and at 20 and 40 wt % (ref 6). At low concentra-
tions, up to 3 wt %, the apparent k, values are fitted by
dotted lines to indicate that the Arrhenius parameters associ-
ated with these lines are untypical for acrylate-type monomers
(see text).

sions for apparent k, deduced from PLP—SEC experi-
ments at about 1, 2, 3, 5, and 10 wt % nonionized AA in
aqueous solution (see Figure 2 and Tables 1—5) will now
be presented as

1wt % AA:
In[k,/(L-mol~*+s™)] = (20.4 & 0.60) —
(2523 +£ 171)(T YK (2.5 < T/I°C < 19.5) (2)

2wt % AA:
In[k,/(L-mol~*+s™)] = (21.0 & 1.38) —
(2648 + 389)(T YK ™) (2.8 < T/°C < 20.1) (3)

3wt % AA:
In[k,/(L-mol s )] = (20.0 & 0.64) —
(2343 £ 179)(T YK™) (2.8 <= T/I°C < 24.7) (4)

5 wt.% AA:
In[k,/(L-mol*+s )] = (18.4 & 0.78) —
(1905 + 218)(T"Y/K™) (2.7 = T/°C < 20.1) (5)

10 wt % AA:
In[k,/(L-mol *+s™)] = (18.0 & 0.74) —
(1848 £+ 209)(T YK (2.1 < T/°C < 20.1) (6)

In Figure 6, the Arrhenius-type expressions (2)—(6)
are plotted together with the corresponding equations
for the higher AA concentrations, 20 and 40 wt %, from
ref 6. The associated Arrhenius-type parameters are
listed in Table 9. The activation energies and pre-
exponential factors for the low-concentration “apparent”
ko, data (Figure 6 and Table 9) are significantly above
the corresponding data deduced from the experiments
on AA solutions containing between 5 and 40 wt % AA.
The Arrhenius correlations for 1—3 wt % AA are given
as dotted lines. The activation energies at the higher
AA contents are closer to numbers of 14 4 2 kJ-mol 1,
which are considered as being characteristic for free-
radical polymerization of monomers belonging to the
acrylate family.13-1629 Activation energies of this size
are also derived from studies into the addition reaction
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Table 9. Arrhenius Parameters Ex and A for Different
Acrylic Acid Concentrations in Water

Caa Ea 1078A temp
(wt %) (kJ-mol-1) (Lmol~1-s71) interval (°C)
1 21.0 7.2 2.5—-20.0
2 22.0 13.2 2.8—20.0
3 19.5 4.9 2.8-247
5 15.8 0.98 2.7-20.1
10 154 0.66 2.1-20.1
202 11.9 0.11 2.6—25.0
402 12.2 0.09 2.6—28.5

a Determined in ref 6.

of acrylate monomers to small acrylate-like free radi-
cals.®031 The apparent activation energies obtained for
caa = 3 wt % are obviously atypical for acrylate
monomers and are closer to what is considered to be an
activation energy for propagation of methacrylate-type
monomers.32 That the Arrhenius parameters for low AA
concentration are not reasonable kinetic quantities is
also suggested by the unrealistically high preexponen-
tial factors that, for the 2 wt % AA solution, even exceed
10° L-mol~1-s71. The kinetic parameters for very low AA
contents thus clearly support the view that effects other
than purely kinetic ones significantly contribute to
apparent k.

The apparent k, values deduced for AA concentrations
at and above 5 wt % AA appear to be of reasonable size,
as indicated by a comparison with rate coefficients
deduced by the Fischer group for the addition of acrylate
molecules to small radicals of acrylate type.3® Rate
coefficients for small AA species have not yet been
measured but are assumed to be similar to numbers
reported for acrylonitrile being added to a small species
that mimics an acrylate-type radical.2° The addition rate
coefficient in acetonitrile solution between these two
species is 5.4 x 10% L-mol~1-s71 with Ep = 15.4 kJ-mol~?
and A = 3.2 x 108 L-mol~t-s71, As the preexponential
for addition of a monomer molecule to a macroradical
is typically by about 1 order of magnitude below the
preexponential for the reaction to an associated small
radical, the agreement between the literature value
for small species and the apparent k, determined
within the PLP—SEC experiments carried out on aque-
ous AA solutions at and above 5 wt % AA is rather
satisfactory.

The Arrhenius fits of apparent k, for polymerization
of 10 wt % AA in the presence of different amounts of
propionic acid (eqs 7 and 8) are close to the ones
observed for apparent k; in concentrated aqueous AA
solutions containing no added PA. The expressions
referring to the data in Figure 4 and to the numbers in
Table 6 read:

30 wt % PA added:
In[k,/(L-mol *+s™*)] = (16.6 & 0.61) —
(1591 + 173)(T YK (2.5 < T/°C =< 25.0) (7)

60 wt % PA added:
In[k,/(L-mol™*+s )] = (15.3 £ 0.32) —
(1351 + 92)(T YK™) (6.2 < T/°C < 25.0) (8)

The associated Arrhenius parameters are Ep = 13.2
kJ-mol~1 (30 wt % PA) and 11.2 kJ-mol~1 (60 wt % PA)
and A = 1.6 x 107 L-mol~1-s71 (30 wt % PA) and 0.4 x
107 L-mol~1-s71 (60 wt % PA). As is to be expected from
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Figure 5, the Arrhenius expression for apparent Kk of
an aqueous solution of 20 wt % AA with 2.9 wt %
NaCl(eq 9) is close to the expression for k, of a solution
containing the same amount of AA, without any NacCl.

In[k/(L-mol s )] = (15.7 £ 0.72) —
(1260 + 206)(T /K™Y (2.7 < T/°C < 25.0) (9)

The discussion may be summarized: The variations
seen with apparent k, for aqueous AA solutions at
moderate and high AA concentrations appear to be due
to solvent quality effects that reduce local monomer
concentration at the site of the macroradical functional-
ity. The maximum in Kk, as a function of AA concentra-
tion, which occurs at around 3 wt %, and the apparent
kp values being decreased toward even lower AA con-
centration are assigned to preferential adsorption of
monomeric AA on poly(acrylic acid) molecules and
radicals. Because of significant contributions of mono-
mer association and solvent quality to the PLP—SEC-
derived apparent k, values, extrapolation of rate data
to conditions beyond the range of the underlying experi-
ments is risky. This is particularly true for the lowest
experimental AA concentrations, where the observed
“apparent” activation energies differ from what is
considered to be typical for an acrylate-type monomer.
As the PLP—SEC experiments are not easily extended
to the technically relevant higher temperatures, other
types of experiments are required such as chemically
initiated polymerization, which, however, needs to be
accompanied by additional experimental information on
initiator decomposition rate, initiator efficiency, and
termination rate. Also EPR-assisted techniques may be
considered for determination of AA kp at higher polym-
erization temperatures.

Conclusions

Suitable PLP conditions have been identified for
reliable PLP—SEC experiments on Ky of nonionized AA
in aqueous solution. The PLP—SEC data are analyzed
under the assumption that local monomer concentration
at the free-radical site is identical to overall AA con-
centration. The resulting ky's are referred to as “appar-
ent” propagation rate coefficients. These ky's are sig-
nificantly affected by the strong hydrogen-bonded
interactions in aqueous AA solution. The observed
decrease of k, toward high monomer concentrations
appears to be characteristic for water-soluble monomers
polymerized in the aqueous phase. AA shows a special
type of behavior in that a maximum in k, occurs at
rather small AA concentrations around 3 wt %. The
changes in apparent k;, are assigned to solvent quality
effects and to association of monomeric AA to the poly-
(acrylic acid) molecules and radicals. Because of the
significant effects of the solvent environment on k,
information on the polymerization conditions, in par-
ticular on monomer concentration, needs to accompany
the presentation of results on Kkp. Studies into kj of
partially and of fully ionized AA in aqueous solution will
be the subject of a forthcoming paper, as will be
investigations into the termination rate coefficient of
nonionized, partially ionized and fully ionized AA in
aqueous solution.
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