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ABSTRACT: The SP-PLP—NIR technique, which combines pulsed laser polymerization (PLP) initiated by a
single pulse (SP) with time-resolved monitoring of the resulting monomer conversion via near-infrared (NIR)
spectroscopy, was used to investigate the kinetics in aqueous solution of 2-acrylamido-2-methylpropanesulfonic
acid (AMPS). For initial AMPS concentrations of 2.79 niof! (50 wt % AMPS) and 1.04 mel— (20 wt %
AMPS), the ratio of (chain length averaged) termination and propagation rate coefficigiis, was measured

up to almost complete monomer conversion at temperatures between 10 &dr0 ambient pressure. Up to
80% monomer conversiofklk, is only slightly lowered, whereas there is a clear decrease upon further increasing
conversion. Variation of temperature and of pH does not significantly affgdk,. For estimating individual

rate coefficients/KOandk,, in addition chemically initiated polymerizations have been carried out, in which
AMPS conversion was monitored via in-line FT-NIR spectroscopy. The resukingndk, values, for 40°C

and an initial AMPS concentration of 2.79 rrlof?, are 2x 10’ L-mol~ts 1and 1x 10° L-mol~1-s71, respectively.

Both rate coefficients are significantly higher at the lower AMPS content of 1.04LmblkJat this lower
AMPS content may be understood in terms of termination occurring under reaction diffusion control. The lowering
in rate coefficients measured at the higher AMPS content is indicative of a reduced poly(AMPS) chain mobility.

Introduction from the coupled parameterskllk, or ki/kp, obtained via

During recent years, the understanding of radical polymeri- SP-PLP-NIR. .
zation kinetics and mechanism has largely improved on the basis _Most of the PLP-SEC work carried out so far has addressed

of accurate rate coefficients deduced via pulsed laser polym- Cil-soluble monomers,n particular those that yield polymeric
erization (PLP) experimentsDetailed information on termina- ~ Material that may be dissolved in the standard SEC eluent THF.

tion rate coefficientsk, may be obtained by the SFPLP— Water-soluble monomers have been less frequently studied by
NIR technique, in which polymerization induced by a single PLP—SEC despite the numerous applications of the associated

pulse (SP) is monitored via near-infrared (NIR) spectroscopy polymers, e.g., in the preparation and modification of hydrogels,
with microsecond to millisecond time resolutidihe technique membranes, biomedical devices, flocculants, and stabilizers of
was first applied to ethene high-pressure polymerizatéord nanoparticles. Only recently, reliablg data from PLP-SEC

was then extensively used for studies into homo- and copo- Were reported for aquepus(—)phase poly_merlgayorﬂ-m‘oprq-
lymerization kinetics of (meth)acrylate monomtincluding pylacrylamide’ acrylamide;® methacrylic acid;" and acrylic
investigations into the chain-length dependencekdf The acid!?-14 SP~PLP-NIR studies into the termination behavior
method was mostly applied to bulk polymerizations, but also ©f water-soluble monomers have not been carried out so far,
to measurek in mixtures with supercritical carbon dioxide. ~ With the exception of acrylic acid, which is currently under
Actually, the SP-PLP—NIR trace, which represents the time NVestigation in our group.

evolution of conversion after applying a laser pulsé at 0, The present paper focuses on measuring rate coefficients of
yields the ratio of termination to propagation rate coefficients, 2-acrylamido-2-methylpropanesulfonic acid (AMPS) polymer-
k/ko. As radical chain length increases with ti¢his notation ~ ization in aqueous solution. AMPS belongs to a group of
refers to the idealized situation of both and k, being monomers that are highly acidic. Though the associated polymer

independent of chain length. Wherégslepends on chain length  is of technical relevance, e.g., as a hydrogel matétiainetic
only at small radical sizesk may significantly vary with chain data derived from PLP experiments are not yet available. First
length over a wide range of free-radical size. Depending on the attempts to obtairk, via the PLP-SEC method were not
kinetic model underlying the analysis of the SPLP—NIR successful® We thus replaced the combination of PLBEC
trace, the termination rate coefficient is deduced either as a mearfnd SP-PLP—NIR experiments, which has mostly been
value, [k[] over time and free-radical chain length or as chain- used for deducing individual termination rate coefficients, by
length dependerit. If k, is known from the so-called PLP SP-PLP—NIR measurements carried out in conjunction with
SEC techniquéwhich combines PLP and subsequent analysis chemically initiated polymerizations, which latter experiments
of the polymer molecular weight distribution by size-exclusion Yield k/&[>. The termination rate coefficients reported in what

chromatography (SEC), termination rate coefficients are deducedfollows are time-averaged and chain-length-averaged quanti-
tiesl’ Kinetic measurements were performed at moderate
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Scheme 1. 2-Acrylamido-2-methylpropanesulfonic Acid (AMPS)
O
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Experimental Section

absorbance

Chemicals.The monomer 2-acrylamido-2-methylpropanesulfon-
ic acid (AMPS; Fluka,=97%), depicted in Scheme 1, was re-
crystallized from methanol to remove impurities. The photoinitiator T ST T
2-hydroxy-2,2-dimethyl acetophenone (Darocur 1173, Merck), the 6200 6000
thermally decomposing initiator sodium peroxodisulfate (Fluka, wavenumber | cm™!
=99%), deuterium oxide (fD; Deutero GmbH, 99.9%), methanol  Figure 1. FT-NIR spectra series recorded during 2-acrylamido-2-
(Merck, >99.8), and NaOH (Scharlaw; 99%) were used as  methylpropanesulfonic acid (AMPS) polymerization iaQHat 40°C,
received. Demineralized water was used to prepare the aqueousmbient pressure, and initial AMPS concentration of 2.79-mal
monomer solutions and the NaOH solutions. The arrow indicates the direction of absorbance change during

Preparation of the Solutions for Polymerization. AMPS, polymerization.
Darocur 1173, and water were mixedd 5 mLflask. Typical initial
concentrations of Darocur 1173 and AMPS wefgiocur = 5 X
1073 molL~t andcamps = 2.79 motL~1 (50 wt %), respectively.

To remove oxygen, the monomer mixture was purged with nitrogen
for 5 min. The solution was then 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 elsewheré.To promote heat transfer to the internal cell, to avoid concentration changes as a consequence of salt sedi-

the stainless steel cell was filled withheptane. mentation. Ethylene glycol was used as the flow marker to adjust
Aqueous NaAMPS solutions were prepared by neutralization of eluent flow to a rate of 1 mimin~1. To obtain absolute molecular
solid AMPS wih 6 M agqueous NaOH. The monomer was weighed weights, the SEC setup was equipped with a differential refracto-
into a volumetric flask. The aqueous NaOH stock solution was meter (Waters M2410) and a MALLS detector (Polymer Standards
added under ice cooling. The pH was measured using a MetrohmsService PSS SLD7000), withnttic of 0.137 ml:g~! determined
602 pH meter after the addition of the NaOH solution. Details about at 633 nm using a Brice-Phoenix 2000-V differential refractometer.
the preparation of initial mixtures for free-radical polymerization The poly(AMPS) samples were dissolved in the eluent at a con-
in aqueous phase are given elsewHére. centration of 2 mgnL 1 and filtered through a 0.4&m filter. The
SP—PLP—NIR Experiments. The change in AMPS concentra-  injected volume was 20fL. Data acquisition and analysis were
tion due to laser-induced polymerization was measured with time performed via the WIinGPC7.2 software (Polymer Standards
resolution in the microsecond range. The-$R.P-NIR setup Service).
consisted of an excimer laser (Lextra 50, Lambda Physik) with a ~ Chemically Initiated Polymerizations. Monomer, sodium per-
pulse width of 20 ns operated on the XeF line at 351 nm, a 75 W oxodisulfate, and water were mixed & 5 mL flask and purged
tungsten halogen lamp (General Electric) powered by two batteries with nitrogen under ice cooling for 3 min. The mixture was filled
(12 V, 180 A h), a BM 50 monochromator (B&M Spectronic), into the internal Teflorrquartz cell, which was fitted into the
and a detector unit equipped with a fast InAs detector (EG & G, stainless steel cell that was already heated to polymerization
Judson) of 2us time resolution. The PC for data acquisition was temperature. The stainless steel cell was inserted into the sample
equipped with a transient recorder card (16 bit TR 1621-4, Fast compartment of the FT-IR/NIR spectrometer, and a series of NIR
ComTec). The stainless steel cell was positioned between thespectra was taken at preselected times until complete monomer
tungsten lamp and the InAs detectofhe aqueous monomer conversion was reached. The determination of AMPS concentration
photoinitiator solution was irradiated with excimer laser light of 1  from the FT-NIR spectra is described below. As an example, AMPS
mJ energy per pulse. The pulse-induced variation in monomer polymerizations in water with initial monomer and sodium per-
concentration was associated with a change in transmitted light oxodisulfate concentrations of 2.79 and 0.02 thot, respectively,
intensity at the monomer peak position around 6173%m were carried out at 40C and ambient pressure. NIR spectra were
In between each single-pulse experiment, the stainless steel celf 6c0rded every 30 s. After 22 min a monomer conversion of 90%
was inserted into the sample compartment of an FT-IR/NIR s achieved. The polymer obtained has a weight-average molec-
spectrometer (IFS 88, Bruker) to measure the entire NIR spectrum. Ular Weight of 2.3x 10° g-mol™*.
Via the NIR spectra taken before applying the laser pulse and after
pulse-induced polymerization has ceased, the light intensities at the
monomer peak position, which actually are voltage signals recorded In-Line FT-NIR Spectroscopy. In-line monitoring of chemi-
with high time resolution, were calibrated and converted into cal reactions via FT-NIR spectroscopy is well established in
monomer concentration vs tintéraces. The FT-NIR spectrometer  our groupg® and has been extensively used for quantitative
is equipped with a silicon-coated Capeamsplitter, a halogen lamp,  analysis in nonaqueous systeHt&° Figure 1 shows a series of

and an InSb detector. The sequence of time-resolved REP— NIR s ; ot
. ) . pectra recorded during an AMPS polymerization in
NIR) measurement at a fixed wavenumber and of FT-NIR detection aqueous solution at 49C, ambient pressure, and an initial

of AMPS concentration via the entire NIR spectrum was repeated . - .

until almost complete monomer conversion was reached. Up to AMPS concentration of 2.79 mdl™, corresponding to 50 wt
around 90% monomer conversion, data analysis was performed for?® AMPS. The peak around 6173 cinis assigned to the first
true single pulse traces. At even higher conversions, up to four Overtone of the €H stretching vibration at the <€C double
measured single pulse traces were co-added to improve signal-to-bond of AMPS. The arrow indicates the direction of absorbance

noise quality (see below). change during polymerization. The final spectrum was takeél[g\t/

Size-Exclusion Chromatography. The aqueous-phase SEC
setup consisted of a Waters in-line degasser, a Waters pump 515
equipped with a plunger washing kit, a Rheodyne 7725i injector, a
guard, and three Suprema columns (Polymer Standards Ser-
vice) of particle size 1Q:m and pore sizes of 100, 1000, and
3000 A (positioned in a Waters column heater module). The
analyses was performed at 80 using demineralized water as the
eluent, which contained 0.1 malt* NaoHPQ,, to provide a pH
value of 9.0, and 200 ppm NaNThe eluent was permanently stirred

Results and Discussion
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Figure 2. FT-NIR spectra deduced from the spectral series shown in
Figure 1 by subtraction of the spectrum for complete 2-acrylamido-2-
methylpropanesulfonic acid conversion from each of the individual
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Figure 3. NIR spectra of 2.79 melL~! 2-acrylamido-2-methylpro-
panesulfonic acid (AMPS) in solutions of,O (solid line) and HO
(dashed line) at 40C and ambient pressure. The asterisks indicate
AMPS peak positions.

almost complete monomer conversion. The background absor-
bance is due to ¥D combination bands. To estimate AMPS
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Figure 4. Change in relative monomer concentratian/cv®, after
applying an excimer laser pulse, at= 0, during 2-acrylamido-2-
methylpropanesulfonic acid (AMPS) polymerization in aqueous phase
at 40°C. This particular SPPLP—NIR experiment has been carried
out during AMPS polymerization with initial monomer concentration
of 2.79 motL~1. Monomer conversion gt= 0, due to the action of
preceding laser pulses, is 43% (see text). The difference between
measured and fitted (to eq 1) data is illustrated by plotting the residuals
(res) in the lower part of the figure.

NIR experiment is improved. Replacing,® by DO is
particularly recommendable for experiments at low AMPS
contents.

It is not to be expected that ;D affects free-radical
polymerization of AMPS in a way different from that of,&.
This assumption has been tested by carrying out BHEP—
NIR experiments on AMPS dissolved in® and in BO under
otherwise identical polymerization conditions.

Determination of ik, from SP—PLP—NIR Experi-
ments. Shown in the upper part of Figure 4 is the monomer
concentration vs time trace obtained during an-8PP—NIR
experiment at 40°C. The initial AMPS concentration was

concentrations from the NIR spectra, the background absorbance, 79 motl~1. The monomer conversion from the preceding

was eliminated by subtraction of the spectrum for complete
AMPS conversion from each spectrum taken during the course
of the polymerization reaction (Figure 1). The resulting spectral
series is shown in Figure 2. Monomer concentration was
estimated via the high-wavenumber half-band that is obtained
by integration from the peak position around 66265 cnt
against a horizontal baseline through the absorbance point a
6265 cntt,

The intense KO background absorbance poses problems
toward quantitative NIR-spectroscopic AMPS analysis at lower

monomer concentrations because of an unfavorable signal-to-

noise ratio. Using BO instead of HO as the solvent should
shift H,O stretching modes to lower wavenumbers and thus may
reduce background absorbance. Shown in Figure 3 are NIR
spectra for AMPS in solution of D (solid line) and HO
(dashed line) under otherwise identical conditions of°@)
ambient pressure, and an AMPS concentration of 2.79Lmél

The asterisks indicate the peak position of the firstHC
stretching overtone of AMPS. The strong water absorbance
above 6300 cm' is not observed in ED solution. The
background absorption in the case ofhas significantly
dropped, from 0.8 to about 0.4 absorbance unit. The AMPS
peak around 6173 cm has not been affected upon replacing
H20 by D,O. Using O as the solvent, instead ok, is thus

PLP is 43%. The particular SFPLP—NIR experiment il-
lustrated in Figure 4 thus is carried out on a system that contains
57% of the initial monomer, which corresponds to an AMPS
concentration oty® = 1.6 motL~! at timet = 0 when the
excimer laser pulse hits the sample. The horizontal pre-trigger
region indicates that changes in monomer concentration due to

the action of the preceding laser pulse have ceased. About 0.15

s after firing the laser pulse, relative AMPS concentration has
decreased by about 1%, ¢g/cv® = 0.99, as a consequence of
PLP.

The experimental trace in Figure 4 is fitted to eq 1, which
refers to idealized single pulse kineficsn the basis of the
termination rate lawr; = —2kcg2. Termination occurs between
two radicals of almost identical sizewith i increasing linearly
with time t after applying the laser pulse &t 0. To indicate
that termination kinetics is chain length dependénin eq 1
has been replaced b¥[] The expression for the change of
relative monomer concentration with timeeads:

CM—(? = (2K [Ge’t + 1) 72 1)

M

in which cg? is the radical concentration generated by in-

advantageous, because the ratio of AMPS to water absorbancetantaneous photoinitiator decomposition due to the action of

is enhanced and the signal-to-noise quality of the-BBP—

the excimer laser pulse; is the monomer concentration pri&rDV
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Figure 5. Dependence dk;[Zk, on monomer conversion deduced from
SP-PLP-NIR experiments on 2-acrylamido-2-methylpropanesulfonic
acid (AMPS) in aqueous solution of initial monomer concentration of
2.79 molL~* and initiator concentration @hbarocur=5 x 1073 mol-L~*

at 40 °C and ambient pressure. The open symbols refer to four
independent experiments in solution of® whereas the filled squares
refer to SP-PLP—NIR experiments on AMPS in solution of,D.

to laser pulsing at = 0. Fitting of experimental monomer
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agreement ofk,llk, data obtained in solution of 4 and of
D,0 supports the expectation that this kind of solvent change
does not affect polymerization rate coefficients. Up to 90%
monomer conversion[KZk, decreases only by about 0.2
logarithmic unit. A steeper decrease is seen above 90%, where
a lowering of K[k, by about 1 order of magnitude is found.
The variation with monomer concentration(&fZk, for AMPS
polymerization in aqueous phase is minor, if compared with
methyl methacrylate bulk polymerization whekgZk, and &[]
decrease by several orders of magnitéid&/ith dodecyl acrylate
and dodecyl methacrylate bulk polymerizations, on the other
hand, k[Jstays constant within the entire conversion range
studied so far, that is, up to about 80%. This type of behavior
has been assigned to segmental diffusion control of termi-
nation kinetics®22 Slight reductions ink[toward higher de-
grees of monomer conversion occur in systems whers
controlled by reaction diffusion (R e.g., in the bulk
polymerizations of ethene and of butyl acrylétdJnder RD
control, center-of-mass termination essentially occurs via mono-
mer addition (propagation) steps in conjunction with reorien-

concentration vs time traces yields the kinetic parameters tational motions of chain segments of the two macroradicals.

ko/lCand (&[eR%. If either k, or cg? is known, individuallkO
values may be calculated froky/(k.Cor [&[dg°, respectively.
Mostly, k, is accessible from PLPSEC experiments, for which
reason the coupled parametgiilk, is of particular interest.

The solid line in Figure 4 represents the fit of the measured

The expression for a RD-controlled termination rate coefficient,
kirp, reads*

k=Krp= CRka(l —X) (2)

AMPS conversion vs time data to eq 1. As can be seen from in which x is monomer conversion an@rp is the reaction

the plot of residuals in the lower part of Figure 4, a very
satisfactory fit is obtained within the time interval up to 0.2 s,

diffusion constant which is obtained from an experimental
K[k, value measured under RD controllefat any precisely

in which free-radical chain length increases up to about a few known monomer conversioxaccording to eq 3:

thousand monomer units. A single valuel®&fthus affords a

reasonable representation of the measured data. This observation
should, however, not be taken as proof of ideal polymerization

kinetics with KO(and k) being independent of chain length.
Explanations for the apparent chain-length independentilof

K rp
Cro= 7T o

Ck(1-X)

Analysis of the conversion dependencellqflk, (Figure 5)

®3)

are the following: (i) the chain-length dependence is rather weak according to eq 2, under the assumption Bap andk, are

and thus is difficult to detect within the limits of experimental

independent of monomer conversion, tells that the decrease of

accuracy; (ii) chain transfer to monomer is fast, which rapidly log(fZk) up to 90% monomer conversion is too small to be
transforms the narrow chain-length distribution of radicals, assigned to RD control. Equation 2 predicts a lowering by 1
which is characteristic of a perfect single laser pulse experiment, order of magnitudeAlog(k(Zk,) = —1) between 0 and 90%
into a broad chain-length distribution that is adequately repre- monomer conversion. On the other hand, the significantly larger

sented by a single averad& value; (iii) frequent intramolecular

decrease in experimentd[Zk, data above 90% conversion is

hydrogen transfer, such as backbiting via a six-membered not in conflict with assuming RD control df, as eq 2 is
transition structure, takes place, which process would also resultassociated with a lowering ink(Zk, by another order of
in a broad size distribution of radicals and in a single average magnitude between 90 and 99% monomer conversion.

k. Ovalue being suitable for describing termination kinetics. The
difficulties met in PLP-SEC investigations inté, of AMPS
indicaté® that arguments (ii) and (iii) may indeed play a major
role.

Satisfactory representations of measured—BPP—NIR

a. Temperature Dependence oflk[k, SP-PLP—NIR
experiments with an initial AMPS concentration of 2.79 rhoft
have also been carried out at 10 and 5 The resulting
Kk, values are presented in Figure 6, which also contains the
data points measured in,8 solution at 40°C (see Figure 5).

traces by eq 1, similar to the one demonstrated in Figure 4, areThe data for 25 and 40C sit on top of each other and are in
obtained for the entire set of experiments carried out at other close agreement with the values for 1Q. Because of the
polymerization temperatures, other AMPS concentrations, andenhanced scatter of the @€ data, but also because of the

other degrees of monomer conversion and pH values. Thus, nonarrow experimental temperature range, it cannot be decided
reason is seen for using more refined kinetic models, e.g., whetherlkk, is independent of temperature, which has been
expressions that include chain-length-dependent termination, toidentified as a signature of termination under RD control in

fit the SP-PLP—NIR traces. Equation 1 has been used for ethene and butyl acrylate polymerizatin.

representing AMPS conversion vs time traces throughout this  b. Influence of pH on [k k,. In contrast to the weak acids

study.

The variation oflk(Zk, with the degree of monomer conver-
sion, as obtained from a series of-SPLP—NIR experiments
at 40°C with an initial AMPS concentration of 2.79 mai 1,

acrylic acid and methacrylic acid, the strong sulfonic acid AMPS
is completely deprotonated in aqueous solution at its natural
pH. Neutralization does not increase the degree of ionization.
Thus pH variation is not expected to result in similarly large

is depicted in Figure 5. The open symbols refer to experiments effects on rate coefficients, as have been observed for acrylic

in H,O, whereas the filled squares are data from~8BP—
NIR experiments on AMPS dissolved in,D. The close

acid'® and methacrylic acid homopolymerizations. The pH of
an aqueous 2.79 mdal~* AMPS solution is below 0, and pH ZIDV
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Figure 6. Dependence on monomer conversiorilgilk, for aqueous
2-acrylamido-2-methylpropanesulfonic acid polymerizations at initial
monomer concentration of 2.79 mbt: (a) experimental data for 25
and 40°C; (b) experimental data for 10 and 4Q.
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Figure 7. Dependence on monomer conversiorilgfk, for homopo-
lymerizations in aqueous 2.79 mbf? solutions of 2-acrylamido-2-
methylpropanesulfonic acid (AMPS) and sodium salt of AMPS
(NaAMPS) at 40°C.

is found for the aqueous solution of the sodium salt of AMPS
(NaAMPS). Moreover, as also poly(AMPS) is a strong poly-
electrolyte?6 the charges of all three relevant species of AMPS
polymerizatior-monomer, macroradical, and polymeare not
effectively screened by counterions up to very high salt
concentrations.
Figure 7 showsk(k, data for NaAMPS and for AMPS

polymerizations, both at 2.79 mai! and 40°C. As with
AMPS, the aqueous solution polymerization of NaAMPS may
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Figure 8. Dependence on monomer conversiorkik, for 2-acry-
lamido-2-methylpropanesulfonic acid (AMPS) polymerizations at 40
°C and two initial AMPS concentrations: 2.79 miot?! (dissolved in
H,0) and 1.04 moL™' (dissolved in BRO). The photoinitiator
concentration Wasparocur = 5 x 1073 mol-L~% The line represents a
fit of the data at lower AMPS content (1.04 miot?) to eq 2.

0.2

0.0

points fork(Zk, at 1.04 moiL L illustrates the fit to eq 2, which
provides a remarkably good representatioriigilk, over the
extended experimental monomer conversion range from 27 to
92%. Thus termination rate control by reaction diffusion may
be operative at this lower AMPS content. The associ&gsl
value is slightly above 1000, as may be read from the
intersection point of the fitted line with the ordinate in Figure
8 (see eq 3 fok = 0). Crp values of this size have been found
for RD-controlled termination in acrylate homopolymerization
at ambient pressuf@.Despite this agreement, thkllk, data

for an AMPS content of 1.04 mdl~! provide no proof for
termination by RD. The data in Figure 8, however, demonstrate
that RD according to eq 2, with a single RD const@ab, is

not capable of adequately representing termination at both
AMPS contents, 1.04 and 2.79 miotl. This is seen by
inspection of the effect of changing AMPS content and AMPS
conversion onlk(Zk, At low initial AMPS concentration a
steady decrease ak![k, with conversion is seen, which is
consistent with termination being determined by RD: due to
the lowering of AMPS concentration with conversion, the
propagation rate is lowered, which affects termination via RD.
On the other hand, increasing the AMPS concentration, by
choosing the initial AMPS content to be 2.79 miot!, also
reducediZk, and does so to a significant extent, which is not
what one expects in case of RD control. In addition, up to a

. oot . b, .
be run in homogeneous liquid phase up to almost complete monomer conversion of 90%, only a minor decreas

monomer conversion. Within experimental accuracy#iék,

with conversion occurs at 2.79 mblL. These findings suggest

values for NaAMPS and for AMPS at the same monomer that k; is not controlled by RD at this higher initial AMPS

conversion are identical, which is most likely due to the fact

that the same monomer and radical species occur in both

concentration.
In situations where RD control does not apply, the correlation

systems. This agreement of kinetic data for acid and salt forms of (kOandk,, via eq 2, is lost and both rate parameters need to
seems to indicate the strong polyelectrolyte character of poly- be treated as independent quantities. Under such conditions
(AMPS) since no screening effect of sodium counterions at the particular interest focuses on the individual rate coeffici€is

relatively high concentration of 2.79 mal? is present.
c. Influence of Monomer Concentration on [&;[Zkp. Using
D,0 instead of HO as the solvent allows for SFPLP—NIR

andk,. Application of PLP-SEC conditions similar to those
used in our previous work on ionized acrylic d8idid not result
in structured molecular weight distributions suitable fqr

experiments at lower AMPS concentrations. Shown in Figure evaluation, although temperatures, monomer concentrations, and

8 arelkllk, data measured during an AMPS polymerization at
40 °C and 1.04 moL ™1 initial monomer concentration. The
data taken on the 2.79 mbl! aqueous AMPS solution are

photoinitiator concentrations were varied over a wide range and
different photoinitiators were used. As for PEBEC experi-
ments of acrylic acid or acrylate monomers, these problems may

presented for comparison. Throughout the experimental mono-be due to the occurrence of chain-transfer evéhits addition,

mer conversion range up to 90%kZk, for 1.04 motL~1 is
above the values measured on the 2.79-ndl solution for
identical monomer conversion, by a facter= 6.5 at 30%
monomer conversiorl; = 5.1 at 70% conversion, ariel= 4.5

at 90% monomer conversion. The solid line through the data values.

the EPR spectroscopic method fiy determinatiof’ is not
easily applicable in aqueous phase. Therefore, chemically
initiated polymerizations of AMPS in agueous solution have
been carried out to provide access to individiaand ky

Ccbv
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Chemically Initiated AMPS Polymerization. Using SP- 24
PLP—NIR in conjunction with chemically initiated polymeri- — A 1.04mol'L” AMPS
zation for deducing®Uand k, from the coupled parameters < a6} © 2.79mol'L" AMPS
&k, and K[Zk,? runs into problems when the average size E .
and size distribution of radicals are significantly different within = 2s8l%
the two types of expt_arlmen%@.”Thls effect may at least partly o °8 oo ba
contribute to the wide scatter in tabulatégl and [k data =" ol °d omy B
reported for one and the same monomer under ostensibly the A-
same polymerization conditioR8A detailed discussion of this Y
topic is beyond the scope of this paper, and the reader is referred & 320
to the literature?2"-31 In AMPS polymerizations, differences

in size and size distribution of radicals may not pose severe B T o 05 os o7
problems. This is indicated by the rather satisfactory representa-
tion O.f the SP_PLP._NI.R trace in Flggre 4 by eq 1, Wr."Ch Figure 9. Dependence on conversion @fZk,? for chemically initi-
uses just one termination rate coefficient to f't_ CONVErsIoN VS ated polymerizations of 2-acrylamido-2-methylpropanesulfonic acid
time traces referring to a wide range of chain lengths. An (AMPS) dissolved in water at two AMPS contents: 2.79 rhot
advantage of using SFPLP—NIR in conjunction with chemical (circles) and 1.04 mel~* (triangles). The polymerizations were carried
initiation, rather than with PLPSEC, relates to the fact that Out at 40°C, ambient pressure, and initiator concentrations of 0.02
both experiments may be carried out over an extended monomer™°" '

conversion range. P-PSEC only deliversk, for low degrees

of monomer conversion. This value is used for kinetic analysis
over the entire conversion range for which information from
SP-PLP-NIR is available.

Chemically initiated polymerizations were carried out at
40 °C and ambient pressure on aqueous solutions at initial
AMPS concentrations of 1.04 and 2.79 mhoi'. The concentra-
tion of the initiator NaS,0s was chosen to be 0.02 mbl.

monomer conversion

tions, whereask(k, significantly differs for these two con-
centrations, as can be seen from Figuré&glk, was higher at
lower AMPS concentration by a factdf, which slightly
decreased toward higher monomer conversion, e.g., fom

6.5 at 30% conversion t& = 4.5 at 90% conversion (see
above). For a given degree of monomer conversion the
observations from Figures 8 and 9 may be expressed by

Monomer conversiorgy, as a function of polymerization time &,0 K,0
was monitored via in-line FT-NIR spectroscopy. The resulting T T2 (5)
cu(t) data were analyzed according to eq 4: kp,I2 kp,zz
dcy, fkyC |05 and
L CM%(ED @
LYY ©
with the initiator decomposition rate coefficieky the initiator kp,l kp.z

concentrationc;, and the initiator efficiencyf, which latter

quantity characterizes the fraction of the radicals from initiator Where the subscripts “1” and “2” refer to AMPS concentrations
decomposition that adds to a monomer molecule and thus start®f 1.04 motL™* and 2.79 molL.~*, respectively. Combining
macromolecular growth. Inspection of eq 4 tells that deducing €ds 5 and 6 yields

’[9-%k, (or (k(k,?) from chemically induced polymerization

experiments requiresandky or the productky to be known. kp,1= ka,z (7)
For experiments that have been carried out over a range of

monomer conversions, it further needs to be known whether and

and to what extent varies with monomer conversion. Within

the present study it is assumed thestindependent of monomer k.= Fz[ktqzlj (8)
conversion, at least within the intermediate monomer concen-

tration range from 25 to 70%. This assumption is supported  With F being well above unity, eqs 7 and 8 indicate that for
by studies into the conversion dependence of the efficiency the specific situation of aqueous-phase AMPS polymerization,
that yield almost constarftup to at least 80% conversion in  upon increasing monomer concentratiéndrops by a factor
bulk homopolymerizations of styrene and methyl methacry- of F and k, by a factor of F2. This observation may be

late32:33 understood as resulting from reaction diffusion contrdkgéee

For deducingk[3-%k, from the chemically initiated AMPS  eq 2;k = kiro = Croko(1 — X)). ki scales with botrk, and
polymerizations, thef and kg values reported for N&,Og- with the reaction diffusion constafirp, which both appear to
induced heterogeneous polymerization of styrene and methylbe lowered as a consequence of restricted chain mobility toward
methacrylate were adopté#i?>f = 1 andkg = 2.3 x 1077 s ™1, increasing AMPS concentration (and thus decreasing water
These values refer to neutral conditions, whereas the AMPS content), as will be discussed in more detail below.
polymerizations reported here were carried out atH The Combining &Zk,? and k[Zk, values measured for identical

results forlk(Zk,? are plotted vs monomer conversion in Figure AMPS content, AMPS conversion, temperature, and pH yields
9. Data at lower conversion have not been included in Figure the individualk, and&k[values for 40°C plotted in Figure 10.
9, as traces of impurities may affect polymerization kinetics in The data are presented as a function of monomer conversion
the early reaction period. The variationf#flZk,? with monomer for the two AMPS contents of 1.04 and 2.79 ntoil. Within
conversion is relatively weak. the 25-70% monomer conversion regiok, turns out to be

A particularly remarkable observation from Figure 9 is that independent of conversion. On the other hakgljs clearly
[(’Uky? is more or less identical for the two AMPS concentra- different, by about a factor of 4, at the two AMPS content&.DV
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Figure 10. Dependence on monomer conversiotkoffilled symbols)
and[&[{open symbols) for 2-acrylamido-2-methylpropanesulfonic acid
(AMPS) polymerization at 40C, ambient pressure, and two initial
AMPS concentrations: 1.04 mal™? (triangles) and 2.79 mdl~?!
(circles).

Free-Radical Polymerization of AMPS in Solutiorb15

known overall monomer concentratiéhSuch arguments were
very helpful in interpreting the variation &, with monomer
concentration in (meth)acrylate€C O, mixtures3® The variation

of AMPS k, with monomer concentration depicted in Figure
10, however, appears to be too large for being essentially
assigned to such a “local” monomer concentration effect.
Another explanation assumes that, toward higher monomer
conversion, intermolecular chain-transfer processes produce
significant fractions of midchain radicals with the associated
propagation reaction from the midchain position being signifi-
cantly below thek, of radicals with the functionality at the chain-
end positior?” If this effect were the dominant one, a strong
dependence df, on monomer conversion would be expected,
as intermolecular chain transfer is enhanced toward higher
polymer content. No such dependence, however, can be detected
for the k, data in Figure 10. A third explanation is related to
the finding from a recent study by our group that revealed a
10-fold decrease iR, for nonionized methacrylic acid (MAA)

The propagation rate coefficients obtained as arithmetic meansin going from very dilute solution to the bulk systéhThe

of log k, are

log(k/L-mol s = 5.6+ 0.2
for 1.04 mol L't AMPS solution

and

log(k/L-mol *s™*) = 4.94 0.2
for 2.79 mol L'* AMPS solution

The [KOvalues for the lower AMPS content are significantly,

by more than 1 order of magnitude, above the ones at the higher.

AMPS content. Moreoverfkdecreases toward higher mono-
mer conversion, with this effect being larger for the 1.04
mol-L~! aqueous AMPS solution.

If the actual efficiency (or the produdity) differed from the

adopted value by a factor of 2, this would not result in major

changes of the log, and log&Oplots in Figure 10. Thus, if

the efficiency were 0.5 instead of 1.0, the resulting change would

be an increase in lok, by 0.3 logarithmic unit. If the actudl

and/orfky values differed from the adopted ones by as much as

a factor of 10, the resulting change lgfandk; would be by 1

logarithmic unit, with these changes occurring to higher rate

values in the case thé&tand/orfky drops. It should further be
noted that the uncertainty fiiy does not affect the relative size
of k, to k; for a given AMPS content, nor the relative sizekgf
and ofk; values referring to the two AMPS concentrations (in
the case thafiky is not dependent on AMPS content).

The AMPSK, values (Figure 10) are of the same order of
magnitude as the recently reportedralues for acrylic acitf14
and acrylamid® in aqueous solution. For example, for acrylic
acid polymerizations at 28 and a monomer concentration of
0.4 motL™%, ky values up to 180000 -mol st were
reportedt?14 With an activation energy of 12 kdol™%, a k,
value of 227 000 kmol~1-s™1 is estimated for 40C, which is
not too far from thek, values determined for AMPS in this
work. Rather highk, values were also reported by the group of

Gilbert for aqueous-phase polymerizations of acrylamide: e.g.,

k, = 104 000 L:mol~1-s~* at 40°C for a monomer concentration
of 0.32 motL~1.10

Also in agreement with results from studies into aqueous-

decrease ik, was assigned to a decrease in the preexponential
factor, A, of ky. The lowering ofA(ky) is due to intermolecular
interactions between the transition state (TS) structure for MAA
propagation and an MAA environment being significantly
stronger than the ones between the TS structure and,@n H
environment. In an MAA-rich environment the barrier to
rotational motion of the relevant degrees of motions of the TS
thus experiences enhanced friction, which is associated with a
lowering of the preexponential factor and thuskgf Such a
reduction of chain mobility toward higher monomer content also
seems to be the most likely explanation for the AMPS system.
In addition to a restriction of chain mobility by intermolecular
interactions, in the case of AMPS also intramolecular interac-
tions due to repulsion between the anionic moieties on the
polymer chain may play a role. AMPS polymerized up to high
conversions at the initial AMPS concentrations used in this work
leads to the formation of polyelectrolyte chains in concentrated
or even swollen solution regim&from the very beginning of
the polymerization. The experimental and theoretical work on
polyelectrolytes in solution has been mainly devoted to dilute
and semidilute regimes, which, depending on the molecular
weight, type of polymer, and ionic strength, range at most up
to a few weight percent of polyelectrolyte in solutitf! In
addition, these studies refer to binary systems of polymer and
water without monomer being present as cosolvent. An adequate
description of polyelectrolyte behavior in the higher concentra-
tion regimes and in the presence of salt, i.e., under realistic
polymerization conditions for the conversion ranges shown in
Figures 9 and 10 at both AMPS concentrations, is missing so
far. Thus, results from these studies cannot directly be trans-
ferred to our polymerization system.

The assumption of reduced mobility of polyelectrolyte chains
formed at the higher monomer concentration (2.79-bol),
associated with a 2.7-fold higher polymer content than is present
at the same conversion in the polymerization at the lower
monomer content (1.04 mdl1), also helps in qualitatively
understanding thks behavior of AMPS. At the lower monomer
contentk; is remarkably large, around 4 10° L-mol 1-s7%,
which favors termination by reaction diffusion (eq 2). Higher
chain mobility is also associated with a larger reaction diffusion
constantCrp, which additionally favors RD. The value Gk’

phase polymerizations of other water-soluble monomers is the= Crp/Camps” = 1130 L:mol™! (where cavps® is the initial

significant lowering ofk, toward increasing monomer concen-
tration. Effects onk, may be due to the “local” monomer

monomer concentration) that is obtained from fitting tké&k,
or [(k[data for 1.04 moL~1to eq 2, is in close agreement with

concentration at the free-radical site being dissimilar to the numbers obtained for acrylate termination under RD COﬁﬁ@DV
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Thus, it is not unexpected that the RD mechanism provides an (7) Smith, G. B.; Russell, G. T.; Yin, M.; Heuts, J. P. Bur. Polym. J.

adequate representation of tikgZk, data (Figure 8) and of the 2005 41, 225-230.

[k[Jdata (Figure 10) for the lower AMPS content of 1.04 ® %gjé_%g'z’_ Bitai, 1.; Hinkelmann, FMakromol. Chem1987 18§
mol-L~1. The lines through thé [k, and (kOdata points for (9) Ganachaud, F.; Balic, R.; Monteiro, M. J.; Gilbert, R.Msacromol-
1.04 motL~1 are fits according to the RD expression in eq 2. ecules200Q 33, 8589-8596.

; -1 1o ic dicti (10) Seabrook, S. A.; Tonge, M. P.; Gilbert, R. &.Polym. Sci., Polym.
At the higher AMPS content of 2.79 mal™, k; is distinctly Chem. E2005 43, 1357-1368,

lower (see Figure 10). If reduced chain mobility is the correct (11y kychta, F.-D.; van Herk, A. M.; German, A. Macromolecule€00Q
explanation for this decrease, alSgp should be significantly 33, 3641-3649.
lower (see Figure 8), as the free radicals are less capable of(12) Lack, |.; Beuermann, S.; Buback, MMacromolecules2001, 34,
rearrangement and of exploring their molecular environment, (13) ?_i?:’?(_?'zzB%uermann S.; Buback, Nacromol. Chem. Phy£004
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Whether termination at the AMPS content of 2.79 rhol (14) Lack, I.; Beuermann, S.; Buback, MViacromolecules2003 36,
should be assigned to a less efficient reaction diffusion, e.g., _ 9355-9363. o . . .
with Crp being dependent on monomer conversion, or to a ( Sond. J. %’_.E‘ijr:ﬁ)ka,\‘,'l"_ﬁj A pra, gd’@go?i‘tzaé S osaa, Y
different mechanism cannot be decided on the basis of the(16) Hesse, P. Diploma Thesis; @ingen, 2004.
presently available experimental material. Further experiments (17) Buback, M.; Gilbert, R. G.; Russell, G. T.; Hill, D. J.; O'Driscoll, K.
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and PhysicsHolzapfel, W. B., Isaacs, N. S., Eds.; Oxford University
Conclusions Press: Oxford, UK, 1997; p 151.
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