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ABSTRACT: The controlled radical polymerization (CRP) technique reversible addition—fragmentation
chain transfer (RAFT) has potential for preparing functional (co)polymers directly in an aqueous
environment. Hydrolysis and aminolysis can eliminate the active end groups necessary for maintaining
“livingness” in water. These reactions have not previously been evaluated with respect to their effect on
aqueous RAFT polymerizations. Herein we determine rate constants of hydrolysis and aminolysis for
representative water-soluble chain transfer agents (CTAs) cyanopentanoic acid dithiobenzoate (CTP) and
the macro-chain-transfer agents (macro-CTAs) of poly(sodium 2-acrylamido-2-methylpropanesulfonate)
(AMPSy) and poly(acrylamide) (AMy) at selected pH values. Rates of hydrolysis and aminolysis both
increase with increasing pH and decrease with increasing molecular weight of the dithioester. On the
basis of these rate constants, mathematical relationships have been developed to predict the number of
living chain ends and the molecular weight with competitive hydrolysis. Utilizing this approach, predictions
of molecular weight at specific conversions are in agreement with experimental values determined by
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Introduction

Of the polymerization techniques commonly used for
the polymerization of vinyl monomers, free radical
polymerization has long been recognized as the most
robust.l As a result, a wide variety of functional
monomers have been successfully polymerized over a
range of reaction conditions. The recent advent of
controlled radical polymerization? (CRP) techniques
including atom transfer radical polymerization,3* ni-
troxide-mediated polymerization,>® and reversible ad-
dition—fragmentation chain transfer (RAFT)7~10 polym-
erization has greatly expanded the utility of radical
polymerization. Utilizing these techniques, it is possible
to prepare polymers of controlled molecular weight and
molecular weight distribution as well as advanced
architectures such as block, comb, and star copoly-
mers.'! The RAFT process, in particular, is distin-
guished by its versatility with respect to both monomer
choice and polymerization conditions. This control is
achieved through a complex series of reactions and
intermediates, which must be understood in order to
select the appropriate combination of monomer(s), chain
transfer agent (CTA), and polymerization conditions.

For successful homogeneous aqueous RAFT polym-
erization,2726 an additional layer of complexity must
be addressed. Water may promote undesirable side
reactions!” including hydrolysis of the CTA, thereby
diminishing the control of a polymerization. Thiocarbo-
nyl compounds have long been known to be thermody-
namically unstable toward hydrolysis. The difference in
energy between the C=O functionality and the C=S
functionality has been calculated to be 180 kJ mol—1.27
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The Kinetic barrier to hydrolysis, however, is significant.
Accordingly, a strong temperature dependence is ob-
served in the hydrolysis rates of dithioesters.2® Levesque
et al. found that at 20 °C 5—25% hydrolysis was
observed in 24 h while at 35 °C 40—60% hydrolysis was
observed over the same period depending on pH.

Recently, a second deleterious side reaction, aminoly-
sis of the dithioester, was proposed as the failure
mechanism in the aqueous RAFT polymerization of
acrylamide at pH = 7.17 The reaction of dithioesters with
primary and secondary amines has been known for more
than 50 years?°~3! and has recently been demonstrated
to be an effective method for the modification of proteins
through thioacylation.2® The reaction is known to be first
order with respect to dithioester concentration with a
low energy of activation.® Amines are also known to
catalyze the reaction, resulting in a second-order de-
pendence on amine concentration.?832 Further, only
unprotonated amines react with dithioesters, causing
the aminolysis rate to be a strong function of solution
pH.2833 Primary and secondary amines react rapidly
with dithioesters at pH values above 7 but are es-
sentially unreactive below pH = 7.

The impact of dithioester hydrolysis and/or aminolysis
on aqueous RAFT polymerizations is a particularly
important issue because both result in loss of active
chain ends, diminish control, and increase polydisper-
sity; however, these have not been specifically addressed
in prior literature. In fact, the only publication that
specifically discusses CTA stability as it relates to
polymerization control is concerned with photolysis of
the dithioesters.3*

In this contribution, we seek to better quantify the
effects of hydrolysis and aminolysis reactions on aque-
ous RAFT polymerizations. The most widely utilized
water-soluble CTA, sodium 4-cyanopentanoic acid
dithiobenzoate (CTP), and macro-chain-transfer agents

© 2004 American Chemical Society

Published on Web 02/07/2004



1736 Thomas et al.

o CH3
+Na -0-C— CHy CHp C—$~ c—@

CN
CTP

CHs
CHy CH4> @
o

+Na -0 c CHy CHZC
HaC— clz CH;

CN
¢
SO3” Na*
AMPSy

CHs
ongryes-O)

HO- c CHyCHy- c
o
NH,

N
AMy

Figure 1. Dithioester compounds: 4-cyanopentanoic acid
dithiobenzoate (CTP) and macro-CTAs of sodium 2-acrylamido-
2-methylpropanesulfonate (AMPSx) and acrylamide (AMy).

(macro-CTAs) of poly(sodium 2-acrylamido-2-methyl-
propanesulfonate) (AMPSx) and poly(acrylamide) (AMx)
have been studied under aqueous conditions similar to
those used for polymerization (Figure 1). Specific goals
of this work include the development of an understand-
ing of the effects of molecular weight and solution pH
on the rate of CTA hydrolysis and quantification of the
relative importance of aminolysis and hydrolysis under
specified conditions. Given relative rates of hydrolysis
and aminolysis, it is now possible to the predict molec-
ular weight of polymers produced under aqueous RAFT
conditions.

Experimental Section

Materials. All chemicals were purchased from Aldrich at
the highest purity available and used as received unless
otherwise noted. 4-Cyanopentanoic acid dithiobenzoate (CTP)
was prepared according to a published proceedure.*? Deionized
water (DI H20) was obtained from a Barnstead NANO-Pure
reverse osmosis filtration unit (resistivity >18 MQ). Buffers
(0.02 M, pH =5.5, 7.0, 9.0, 10.0) were prepared by dissolving
the tetrasodium salt of ethylenediaminetetraacetic acid (EDTA)
in DI H,O and adjusting the pH with concentrated HCI. A
buffer solution of pH = 2.0 was prepared by diluting concen-
trated HCI to a concentration of 0.01 M with DI H,O. Macro-
chain-transfer agents (macro-CTAs) of poly(sodium 2-acryla-
mido-2-methylpropanesulfonate) (AMPSx)'322 (M, = 8900, M/
M, = 1.11; M, = 2400, M,,/M, = 1.20) and poly(acrylamide)?®
(M, =58 000, Mw/M, = 1.17; M, = 1200, M/M, = 1.20) were
prepared according to published procedures.

Hydrolysis Solutions. A stock solution of CTP was first
prepared by dissolving 505.3 mg (1.8 mmol) of CTP in diethyl
ether and adding DI H,O so that a phase-separated mixture
resulted. Small amounts of 6 M NaOH were then added at 0
°C with frequent agitation until all of the red color was in the
aqueous phase. The solution was then purged with N; for 30
min to remove the ether, resulting in a final stock solution of
9.11 wt %, pH = 7. An appropriate amount of the stock solution
was diluted with the buffer of the appropriate pH so that the
final concentration of CTA in solution was 5.0 x 107° M.
Solutions of AMPSx and AMx were prepared from the freeze-
dried polymer by direct dissolution in the appropriate buffer
so that the final concentration of end groups was 5.0 x 1073
M. All solutions were placed in septa-sealed vials and purged
with N for 20 min prior to reaction at 70 °C. Aliquots were
removed at selected times for analysis.

Aminolysis Solutions. Samples were prepared in the same
manner as the hydrolysis solutions, except that ammonium
hydroxide was added to the buffered solutions (pH = 5.5 and
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7.0) such that the final ammonia concentration was 5.0 x 1072
M. The pH of the solution was then adjusted one last time by
addition of 0.1024 N HCI. All solutions were placed in septa-
sealed vials and purged with N for 20 min prior to reaction
at 70 °C. Aliquots were removed at selected times for analysis.

Hydrolysis Solutions for NMR Spectroscopy. A sample
of CTP in EDTA/D,O was prepared by dissolving 11 mg (0.029
mmol) of ethylenediaminetetraacetic acid, tetrasodium salt
(EDTA), in 1 mL of D,O and adjusting the pH to ~7 with DCI.
CTP (80 mg) (0.286 mmol) was then added to the solution with
rapid stirring. Small amounts of NaOD were added to main-
tain the pH ~7 as the CTP dissolved. Finally, the solution pH
was adjusted to 9.0. A sample of macro-CTA was dissolved
directly in the EDTA/D,O buffer at pH = 9.0. The samples
were then purged with N for 15 min, transferred to an NMR
tube, and sealed under a N, atmosphere. The samples were
heated at 70 °C, and 'H NMR spectra were obtained at 0, 2,
4, and 6 h.

Aqueous Size Exclusion Chromatography (ASEC).
Absolute molecular weights and polydispersities of the
polymers were determined by ASEC using Viscotek TSK
Viscogel (G3000PWy,, 200 A) and TosoBiosciences TSK-GEL
(G2500PWy,, <200 A) columns and 0.05 M Na,SO./acetoni-
trile, 80/20 (v/v), as the eluent at a flow rate of 0.5 mL/min.
Detection was achieved via a Polymer Labs LC1200 UV/vis
detector, a Wyatt Optilab DSP interferometric refractometer,
and a Wyatt DAWN EOS multiangle laser light scattering
detector (A = 690 nm). The dn/dc values were determined using
a Wyatt Optilab interferrometric refractometer and the Wyatt
ASTRA SECI/LS software package at 690 nm and 25 °C in the
above eluent. AMPSx and AMx hydrolysis samples were
analyzed directly utilizing ASEC to separate the polymer from
any small molecules in solution. The fraction of the dithioester
functionality that remained on the chain end was determined
by comparison of the area of the UV signal of the polymer (1
= 300 nm) at t, to that at t = 0.

Other Analytical Techniques. CTP hydrolysis and ami-
nolysis aliquots were separated by high-pressure liquid chro-
matography (HPLC) using YMC-Pack ODS-AI (250 x 4.6 mm)
and Agilent ZORBAX Eclipse XDB-C8 (150 x 4.6 mm) columns
with methanol as the eluent at a flow rate of 0.15 mL/min.
The disappearance of CTP was followed by monitoring the
integrated intensity of the UV signal (300 nm) and comparing
the area at t, to that at t = 0. NMR spectra were obtained on
a Varian 200 MHz (CTP) or 500 MHz (macro-CTA) spectrom-
eter using D,0 as the solvent and the residual solvent peak
as the internal reference.

Results and Discussion

Our recent efforts to polymerize acrylamide and N-[3-
(dimethylamino)propyllmethacrylamide directly in aque-
ous media clearly highlight the importance of pH in
aqueous RAFT polymerizations and acrylamido poly-
merizations in particular.17182425 |t was of interest,
therefore, to examine more closely the hydrolytic stabil-
ity of dithioesters useful in RAFT polymerization as a
function of solution pH and molecular weight. Further,
the comparison of the rates of hydrolysis to those of
aminolysis (the proposed failure mechanism in the
polymerization of acrylamide at ambient pH)” would
allow the evaluation of the relative importance of these
two processes in aqueous RAFT polymerization. Finally,
we desired to develop a model to predict the effect of
dithioester hydrolysis on the resultant polymer molec-
ular weights and polydispersities. To this end, we
studied the most widely used water-soluble chain trans-
fer agent, CTP, as well as representative water-soluble
macro-CTAs, AMPSyx and AMx (Figure 1), at selected
pH values. EDTA was selected as the buffering species
due the large number of ionizable moieties, allowing
buffers to be prepared at pH = 5.5, 7.0, 9.0, and 10.0.
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Figure 2. (a) *H NMR spectra, (b) HPLC chromatograms, and
(c) the pseudo-first-order rate plots for the hydrolysis of CTP
at pH = 9.0.

Solutions at pH = 2.0 were prepared with HCI due to
the insolubility of EDTA at this low-pH condition.
The disappearance of dithioester with time was fol-
lowed with 'H NMR. No attempt was made to identify
the various hydrolysis and aminolysis products, since
the concentration of the dithioester remaining in solu-
tion was of primary concern. Successful quantification
of the amount of dithioester remaining necessitated the
separation of the dithioester from both the buffering
species and the reaction products. For CTP this was
achieved via HPLC using Ci3 and Cg functionalized
columns in series with methanol as the eluent. The
HPLC method was verified by comparison of the 1H
NMR spectra of a sample of CTP hydrolyzed in D,O
buffered at pH = 9.0 (Figure 2a) with the chromato-
graphs of a separate sample hydrolyzed at the same pH
(Figure 2b). In 'H NMR spectroscopy, the triplet at 7.12
ppm and the doublet at 7.63 ppm correspond to aromatic
protons in CTP.12 These signals proved ideal for follow-
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Table 1. Rates of Hydrolysis (knya) and Aminolysis (ka) at
70 °C for Different CTAs as a Function of pH

ka x 102

CTA pH Knya x 10% (s71) (L2 mol~2s71)
CTP 5.52 1.8+04 0
CTP 7.02 25+0.2 44+ 5
CTP 9.02 42+04
CTP 10.02 15+1
AMPSy 2.0° 0.15 £+ 0.03
AMPSgy 5.52 0.29 £+ 0.05
AMPSy 7.02 0.19 £+ 0.04
AMPSy 9.02 0.57 £ 0.04
AMPSy 10.02 1.1+0.1
AMPS3g 2.0° 0.15 4+ 0.03
AMPS3zg 5.52 0.14 £ 0.02
AMPS3zg 7.02 0.20 £ 0.03 06+0.3
AMPS3g 9.02 0.360 + 0.004
AMPS3zg 10.02 0.84 £ 0.06
AM17 5.5 0.88 + 0.03
AMgis 55 0.44 £ 0.03

a Buffered with EDTA. ? 0.01 M HCl(aq).

ing the disappearance of CTP due to the absence of any
overlapping signals from the reaction products. The
excellent agreement between the data obtained by NMR
and HPLC (Figure 2c) confirmed the efficient separation
of CTP by HPLC. The ASEC method to separate the
macro-CTAs from hydrolysis products was confirmed in
a similar manner.

CTA Hydrolysis. With the large excess of water
present under the experimental conditions, the hydroly-
sis reaction can be considered to be zero-order with
respect to water. The rate of CTA hydrolysis can,
therefore, be expressed in terms of an apparent rate
constant of hydrolysis, knyd, and the CTA concentration,
[CTA] (eq 1).

d[CTA
- A lCTA )

The pseudo-first-order rate plots for the hydrolysis of
CTP, AMPS35, and AMPSgy are presented in parts a, b,
and c of Figure 3, respectively. Reasonably good fits are
obtained, allowing estimates of the rate constants. The
rate constants for hydrolysis are compiled in Table 1.
It is apparent that both pH and CTA molecular weight
have a strong influence on the rate of hydrolysis.
Consistent with trends reported earlier,?® the magnitude
of knya for CTP increases by nearly 1 order of magnitude
from 2.5 x 1075 to 15 x 107® s7! as the pH increases
from 7.0 to 10. Also, very little change in knyg was
observed as the pH was reduced from 7.0 to 2.0.

The effect of degree of polymerization can be observed
by comparing the values of knyg for AMPSzs, AMPSg and
CTP. AMPSgg hydrolyzes much more slowly than CTP
and a little more slowly than AMPSg. At pH = 9.0 values
of knyg Were determined as 4.2 x 1075 s71, 0.57 x 107
s71, and 0.360 x 107> s~ for CTP, AMPSg, and AMPS3g
respectively. This behavior can be attributed to steric
hindrance to the attack of water molecules on the
dithioester, analogous to the well-known steric effects
observed for carboxylic ester hydrolysis.3®> Macro-CTAs
of acrylamide showed a similar trend in values of Knyq.

CTA Aminolysis. The fraction of CTP remaining
under aminolysis conditions as a function of time at pH
= 5.5and 7.0 is presented in Figure 4. It is important
to note that the decreasing concentrations of CTP result
from a combination of hydrolysis and aminolysis. This
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Figure 3. Pseudo-first-order rate plots for the hydrolysis of
(a) CTP, (b) AMPS3;, and (c) AMPS, at 70 °C.

is described in eq 2

- % = Kn,d[CTA] + K [CTAIINH]*  (2)

where K, is the third-order rate constant for aminolysis
and [NH3;] is the concentration of ammonia in solution.
(Here we use the order indicated in the literature report
of Levesque et al.?832) Applying the stoichiometric
condition used in the experiments, [CTA] = [NH3], and
integrating yields the relationship for k, in eq 3, where
[CTA]o is the initial concentration of CTA.

. -k [CTAJe?™" — [CTA], -
N (@™t — 1)[CTA]CTAT

At pH = 5.5, all of the loss of CTP can be attributed
to hydrolysis, but at pH = 7.0 aminolysis is also a
significant process. The rate of aminolysis on a poly-

Macromolecules, Vol. 37, No. 5, 2004

1.0 s m pH=55
[ S ® pH=7.0
4 L]
0.8 ° -
L4 n
& 0.6
o, .
& 0.4 °
Q,
0.2
0.0 T T T T T
0 2 4 6 8
Time (h)

Figure 4. Fraction of CTP remaining under conditions where
both hydrolysis and aminolysis may be significant.

Table 2. Kinetic Data from Aqueous RAFT
Polymerizations Performed at 70 °C with a
Dithiobenzoate as the CTA

monomer ting (Min) kp* x 105 (s71)
AMPS13 51 12
acrylamidel” 0 0.36

meric dithioester was determined in a similar manner
utilizing AMPS3s as the dithioester. The values of k, are
given in Table 1.

Effect of Dithioester Hydrolysis and Aminolysis
on Aqueous RAFT Polymerizations. Under aqueous
polymerization conditions, hydrolysis and aminolysis
combine to reduce the concentration of CTA in solution
below that which was originally introduced. The relative
importance of these reactions, however, depends on the
concentrations of monomer and amine as well as the
magnitudes of knyd, Ka, and the apparent rate constant
of propagation, kp*. Further, the length of the induction
period, ting, in aqueous polymerizations is obviously very
important because it extends the length of time that the
more hydrolytically susceptible, low molecular weight
CTA is exposed to the aqueous environment. Values of
ko* and ting obtained from the literature are compiled
in Table 2. In this section we develop the equations
necessary to quantify the effects of these various
processes in real aqueous RAFT polymerizations.

In an aqueous polymerization, the ammonia in solu-
tion arises from the hydrolysis of monomer and is
depleted by reaction with [CTA]. Under this condition
[NH3] = [CTA], but assuming a steady-state concentra-
tion of ammonia, the integrated form of eq 2 may be
written as eq 4, which describes the time dependent
concentration of CTA.

[CTA] = [CTA], e kmotkalNHalt 4)

However, the RAFT process is comprised of two
distinct phases (Il and 1V, Scheme 1). During the first,
termed the preequilibrium (I, Scheme 1), the low
molecular weight CTA is converted to macro-CTA.
Experimentally, this process may be observed in the
pseudo-first-order Kkinetic plot of the polymerization as
an induction period, ting.36-37 Values of ti,g ranging from
0 up to 10 h have been reported, after which successful
RAFT polymerization was possible.16:37:38 Since low
molecular weight CTAs are only present in the system
during this period, it is appropriate to use the value of
khyd and ka obtained for CTP (khyd,CTP and ka,CTP) and
ting iN eq 4 to describe the amount of CTA left at the



Macromolecules, Vol. 37, No. 5, 2004

Scheme 1. Proposed RAFT Mechanism
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end of the induction period, [CTA]ing (eq 5).
[CTA]q = [CTA], g~ (Knya.crptkacTpNHa)ting (5)

At polymerization times significantly longer than the
induction period, however, the hydrolysis of the macro-
CTA must also be considered. Since the rate of hydroly-
sis was found to decrease sharply as the CTA was
converted to a macro-CTA with 9-mer units, but much
more gradually between 9- and 38-mer units, the rate
constant of hydrolysis of the macro-CTA can be assumed
to be constant, Knydmacro- Similarly, the rate constant for
aminolysis of the macro-CTA, Kamacro, May be used. The
equation that describes the CTA concentration during
the main equilibrium (IV, Scheme 1) can be obtained
from eq 4 by substituting [CTA]ing for [CTA]o, Knyd,macro
for Knyd, Kamacro for Ka, and the time during the main
equilibrium, (t — ting), for t (eq 6).

[CTA] = [CTA]ind e_(khyd, macr0+ka,macro[NHs]z)(t_tind) (6)

Since the concentration of living chains is equal to
the concentration of CTA, eq 6 also represents the
concentration of living chains in the reaction. Accord-
ingly, the concentration of dead chains may be calcu-
lated from the difference between the CTA concentra-
tion at the start of polymerization, [CTA]ing¢, and the
time-dependent CTA concentration (eq 7).

[dead chains] = [CTA],,4 — [CTA] @)

The time-dependent concentration of CTA may also
be applied to describe the time-dependent molecular
weight, Mu(t), of the living chains in an aqueous RAFT
polymerization. The conventional equation used to
predict the molecular weight, My, of polymers produced
by RAFT depends on the molecular weight of the
monomer, Mmw, the initial monomer concentration,
[M]o, the conversion, p, the initial CTA concentration,
and the molecular weight of the CTA, Mcta, as described
by eq 8.

Myw[M
n=— lMloP + Mcra (8)
[CTA],

Substituting the time-dependent concentration of
CTA from eq 6 for [CTA]o and the pseudo-first-order
relationship for polymerization (eq 9) into eq 8 yields
an equation for the molecular weight of the living chains
as a function of time, My(t) (eq 10).

[M]op = [M], — [M], e~ tind (9)
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—kp*(t— in,
MMW([M]O - [M]oe Pt d))
[CTA] d ef(khyd,macro‘kka,macro[NH3]2)(t7tind)
n

M1, (1) = (10)

It is important to note that eq 10 is only valid when
(a) the RAFT mechanism is operational, (b) the rate of
polymerization is greater than the rate of hydrolysis
(Kp*[M] > Kknya[CTA]), and (c) ky* is constant. So long as
[MJ/[CTA] is not too great (here we limit [M]J/[CTA] <
2000) and monomer conversion is not too high, the first
two criteria may be met. The third criterion dictates that
eq 10 is only valid for real systems where the pseudo-
first-order kinetic plot is linear. With these restrictions
in mind, it was of interest to examine some experimen-
tal data from the literature in terms of these equations.

In our recent report of acrylamide polymerization, it
was found that at pH = 7 all visible color was bleached
from solution in 4 h, indicating the near-quantitative
loss of CTA.Y” Applying eq 4 to this situation (utilizing
the values of knyg and k, obtained for CTP at pH = 7.0)
indicates that 95% of the CTP is destroyed in 4 h when
the steady-state concentration of ammonia [NHz] = 0.02
M. This represents just 1 mol % of the total monomer
in solution and supports aminolysis as a reasonable
failure mechanism for acrylamide polymerization at pH
= 7. Further, the importance of performing the aqueous
polymerization of hydrolytically susceptible acrylamido
monomers in acidic conditions is underscored.”:24

Even when aminolysis is not a concern (e.g., when
low-pH conditions are utilized) dithioester hydrolysis
may seriously impact the control in an aqueous RAFT
polymerization. Here two specific cases, acrylamide
polymerization at pH = 5.5 and AMPS polymerization
at pH = 7.0 (both at 70 °C), are examined.

The concentration of living and dead chain ends is
plotted as a function of time in parts a and b of Figure
5 for acrylamide and AMPS polymerizations, respec-
tively. For acrylamide, the apparent rate of RAFT
polymerization is quite low, necessitating long reaction
times (28% conversion was obtained in 1440 min).1”
During this time period, extensive CTA hydrolysis can
occur, resulting in only 68% of the chains in solution
retaining functional end groups. The polymerization of
AMPS, on the other hand, proceeds at a much greater
rate, reaching 76% conversion in just 250 min. During
this relatively short time period, only limited hydrolysis
occurs and 98% of the chains retain functional end
groups.

The molecular weight control for these polymeriza-
tions was also examined using eq 10. The predicted
molecular weights with and without hydrolysis are
plotted as a function of conversion in parts ¢ and d of
Figure 5 for acrylamide and AMPS polymerizations,
respectively. Once again hydrolysis has a greater effect
on the acrylamide polymerization due to the slow rate
of polymerization. At 27% conversion, the predicted
molecular weight with hydrolysis is 22 000, while in the
absence of hydrolysis the predicted molecular weight is
15 000. Further, it is clear from Figure 5¢ that disparity
between the two values only increases with increasing
conversion. For AMPS polymerization, on the other
hand, there is relatively little difference between the
two predicted values. At 76% conversion, molecular
weights of 29 000 and 26 000 are predicted in the
presence and absence of hydrolysis, respectively.

These predictions compare well with the experimental
results for acrylamide and AMPS polymerizations.
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Figure 5. Theoretically predicted concentrations of living and dead chain ends for (a) acrylamide polymerization at pH = 5.5, 70
°C, and (b) AMPS polymerization at pH = 7, 70 °C. Molecular weights as a function of conversion for (c) acrylamide polymerization
atpH = 5.5, 70 °C, and (d) AMPS polymerization at pH = 7, 70 °C. Molecular weights with and without hydrolysis were calculated
utilizing egs 10 and 8, respectively. (For acrylamide polymerizations ting = 0 min, kp* = 0.36 x 107 s7%, Kamacro = 0, [NH3] = 0.02
M, Knya.cte = 1.8 x 107% 571, and Knyd,macro = 0.44 x 1075 s7%; for AMPS polymerizations ting = 51 min, ky* = 12 x 107% 571, Kamacro
= 0.6, [NH3] =0, khyd,CTP =25 x10° Sfl, and khyd,macro =0.2 x 10° Sfl.)

Polymerization of acrylamide in water produces poly-
mers with molecular weights substantially higher than
predicted by eq 8. Further, the differences observed
between molecular weights predicted with egs 8 and 10
are in line with the differences observed in aqueous vs
organic RAFT polymerizations of acrylamide mediated
by a dithioester.?> At 24 h, values predicted by eq 10
are 46% higher than those predicted by eq 8, while
aqueous polymerizations produced polymers with mo-
lecular weights 38% higher than those in organic
polymerization. Likewise, aqueous RAFT polymeriza-
tions of AMPS yielded polymers with molecular weights
in reasonable agreement with values predicted by eq 8
(within 10%).131° The reader should note that the
molecular weights and conversions were obtained by
direct aqueous SEC analysis using Rl and MALLS
detection so deviations are not due to inaccuracies
common in utilizing SEC standards.

Conclusions

Clearly, hydrolysis and aminolysis can be important
issues in aqueous RAFT polymerization. Through care-
ful management of reaction conditions, however, it is
possible to minimize their effects. Maintenance of ap-
propriate solution pH is an important strategy. Hy-
drolysis may be minimized at neutral to moderately
acidic solution pH values. When aminolysis may be an
issue, however, acidic conditions are indicated. Also,
management of the reaction Kinetics is useful. Minimi-

zation of the induction period and maximization of the
polymerization rate greatly improve the retention of
chain end functionality. The rate constants and equa-
tions presented in this contribution should serve as a
useful guide for evaluating the importance of hydrolysis
and aminolysis in specific agueous polymerization sys-
tems. Herein we successfully utilized them to predict
molecular weights at specific conversions in aqueous
polymerizations of acrylamide and AMPS.
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