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ABSTRACT: The reversible addition-fragmentation chain transfer (RAFT) polymerization of acrylamide
(AM) was studied in order to establish reaction conditions which would provide optimal rates of monomer
conversion and to determine reasons for deviation of theoretical and experimental molecular weights,
the former predicted from current models. To this end, chain transfer agents (CTAs) and initiators were
selected and experiments performed in water and in dimethyl sulfoxide (DMSO) at specified CTA/initiator
ratios and temperatures. Higher apparent rates of polymerization were achieved utilizing CTAs with
higher intermediate fragmentation rates, larger initiator concentrations, and higher temperatures. For
RAFT polymerization of acrylamide under these experimental conditions, a continuing supply of radicals
was required in order to achieve reasonable conversions. The deviations of experimentally measured
molecular weights from those theoretically predicted are a function of the CTA utilized and parallel the
extent of rate retardation. The deviations are, at least in part, consistent with significant early radical
coupling of stable intermediate species during the preequilibrium period (or the recently proposed CTA
“initialization” period). These effects are apparent in both aqueous buffer and DMSO. The retardation
effects and eventual loss of linearity of the first-order kinetic plots at extended times are also consistent
with termination processes although these experiments alone do not rule out alternative mechanisms of
reversible termination or slow fragmentation of intermediate species. For RAFT polymerizations in DMSO
mediated by the trithiocarbonate CTA, reaction rates are significantly faster, and near quantitative
conversions can be reached with proper initiator choice.

Introduction

Polymers with predictable molecular weights, narrow
molecular weight distributions, and controlled archi-
tectures (block copolymers, star polymers, etc.) continue
to be of considerable interest in research laboratories
since they are excellent model systems for establishing
structure-property-performance relationships. Tradi-
tional synthetic routes to such polymers, including
anionic, cationic, and group transfer polymerizations,
require stringent control over reagent purity and reac-
tion conditions. In recent years, however, controlled
radical polymerization techniques,1 including atom
transfer radical polymerization,2,3 nitroxide-mediated
polymerization,4,5 and reversible addition-fragmenta-
tion chain transfer (RAFT) polymerization,6-8 have
shown great promise as robust routes for advanced
macromolecular synthesis. In our hands the RAFT
process has proved to be particularly versatile in terms
of reaction conditions and monomer selection.

Our earliest RAFT polymerizations utilized both
cationic and anionic styrenic monomers for formation
of pH-responsive diblock copolymers.9 More recently, we
have focused on the controlled polymerization of indus-
trially important acrylamido monomers,10 including
anionic,11,12 cationic,13 zwitterionic,14,15 and neutral
derivatives.16-18,19 In these studies, we found the RAFT

process to be very well suited to the controlled polym-
erization of N-substituted and N,N-disubstituted acryl-
amido monomers in both organic17,19 and aqueous
media.11,15,16,20

In an initial communication,18 we reported the con-
trolled RAFT homopolymerization of acrylamide in an
aqueous environment and subsequent chain extension
of the macro chain transfer agent (macroCTA). Most
significantly, moderately acidic conditions were neces-
sary to avoid hydrolytic loss of thiocarbonylthio end
groups and thus allow the successful controlled polym-
erization of acrylamide in water. Subsequently, we
determined rate constants for hydrolysis and aminolysis
of a representative chain transfer agent and two mac-
roCTAs at selected pH values.21 On the basis of these
rate constants, mathematical relationships were then
developed to predict the number of living chain ends
and molecular weights at specific conversions. Experi-
mental molecular weights from SEC/MALLS analysis
of polyacrylamide and poly(2-acrylamido-2-methyl pro-
panesulfonate) prepared using CTA 3 (Figure 1) were
in reasonable agreement with our hydrolysis/aminolysis-
modified predictions.

However, there were unresolved issues in these
aqueous polymerizations of acrylamide mediated by
dithioesters. Though showing linear growth of molecular
weight with conversion, the disparity between predicted
and theoretical molecular weights remained consider-
able, despite utilizing conditions virtually eliminating
aminolysis and greatly limiting hydrolysis of the CTA.
Also, the slow rate of acrylamide polymerization under
these conditions limited conversion to <28%.
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In earlier work, we measured molecular weight values
30-50% higher than those predicted by theory and
observed severe rate retardation in dithioester-mediated
polymerizations of N,N′-dimethylacrylamide.16 Similar
observations have been reported for the polymerization
of N-acryloylmorpholine.22 Most recently, we have mea-
sured molecular weights for zwitterionic15 and cationic
methacrylamido13 polymers to be significantly larger
than those theoretically predicted. In these latest cases,
the molecular weights were determined directly by SEC/
MALLS rather than by comparison with GPC stan-
dards. Therefore, we concluded mechanisms other than
hydrolysis/aminolysis were operative, at least in acry-
lamido monomer polymerization.

In this paper we report (a) RAFT conditions for
attaining higher rates of polymerization and higher
conversion while maintaining macroCTA functionality
and (b) possible reasons for the experimentally mea-
sured molecular weight “overshoot” observed for acryl-
amido systems. Herein we examine factors affecting
both kinetics and control of molecular weight and
polydispersity of acrylamide polymerization in the
organic solvent dimethyl sulfoxide (DMSO) considering
initiator, CTA, and temperature.

Experimental Section
Materials. All chemicals were purchased from Fisher or

Aldrich at the highest available purity and used as received
unless otherwise noted. 2,2′-Azobis[2-methyl-N-(2-hydroxy-
ethyl)propionamide] and 4,4′-azobis(4-cyanovaleric acid) (gifts
from Wako Chemicals USA Inc.) were recrystallized from
dioxane and methanol, respectively. Sodium dithiobenzoate,9
cumyl dithiobenzoate,23 4-cyanopentanoic acid dithiobenzoate
(3),9 cumylphenyl dithioacetate (4),23,24 and 2-(1-carboxy-1-
methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid
(5)25 were prepared according to previously reported proce-
dures. Acrylamide was recrystallized three times from acetone.
N,N-Dimethylacrylamide (DMA) was vacuum-distilled im-
mediately prior to use.

Sodium 2-(2-Thiobenzoylsulfonylpropionylamino)-
ethanesulfonate (1) (Figure 1).26 Sodium 2-(2-bromopropio-
nylamino)ethanesulfonate was prepared by first dissolving
2-aminoethanesulfonic acid (25.6 g, 205 mmol) and NaOH
(16.4 g, 410 mmol) in deionized water (20 mL). 2-Bromopro-

pionyl bromide (44.0 g, 204 mmol) dissolved in dichlo-
romethane (50 mL) was then added dropwise at 0 °C over 30
min. During the addition, a large quantity of solid was
produced, requiring occasional manual mixing. After 1 h at
ambient temperature, the mixture was filtered and the solid
washed with a small amount of absolute ethanol (∼10 mL)
followed by diethyl ether (∼50 mL) and then dried in vacuo.
Compound 1 was prepared by dissolving freshly synthesized
sodium dithiobenzoate (9.12 g) in 1 mL of water, to which
sodium 2-(2-bromopropionylamino)ethanesulfonate (8.5 g dis-
solved in 6 mL of water) was added. Immediately upon mixing,
a precipitate formed accompanied by a strong exotherm. After
24 h at room temperature, the solid was filtered and washed
with 2 mL of water. The filtrate was precipitated in acetone,
yielding a pink powder that was isolated by centrifugation.
The precipitate was washed with acetone and dissolved in
water, and acetone was added to the point of incipient
precipitation. Dark red needles (mp 215-218 °C) were ob-
tained by cooling this solution at 4 °C for an extended period.
1H NMR: δ ) 1.22, 1.45 (2d, 3H), 2.92 (d, 3H), 3.44 (d, 3H),
4.35 (q, 1H), 7.29 (q, 2H), 7.44 (d, 1H), 7.76 (d, 2H). 13C NMR:
15.77, 35.55, 49.59, 50.08, 126.81 (CH), 128.82 (CH), 133.39
(CH), 144.30 (C), 173.71 (CdO), 228.95 (CdS). Crystals
contained 1.68 wt % water. Analysis for CNS Calculated: C,
38.0%; N, 3.69%; S, 25.3%. Found: C, 37.9%; N, 3.58%; S,
25.3%. IR (cm-1): 3438 (m), 1648 (s), 1554 (m), 1210 (s), 1037
(s). UV-vis: ε(483 nm) ) 135 L mol-1 cm-1.

General RAFT Polymerization Procedure. All polymer-
izations were carried out at a 2.0 M monomer concentration
in individual, septa-sealed vials that were purged with nitro-
gen for at least 20 min prior to reaction. The monomer to CTA
ratio [M]/[CTA]0 was held constant at 800/1 while the initial
CTA-to-initiator ratio ([CTA]0/[I]0) was varied in order to assess
control of conversion and molecular weight. Aqueous polymer-
izations were carried out in buffer solutions (pH ) 5.0)
containing 0.272 M acetic acid and 0.728 M sodium acetate
with 1 as the CTA and 7 as the initiator. Polymerizations in
DMSO were performed with 2, 3, 4, or 5 as the CTA and 6 or
7 as the initiator.

MacroCTA of Acrylamide. Acrylamide (15.4 g, 0.217 mol),
2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-me-
thylpropionic acid (76.6 mg, 0.271 mmol), and V-501 (15.2 mg,
0.0542 mmol) were added to a 250 mL, round-bottom flask
equipped with a magnetic stirring bar. Dimethyl sulfoxide was
added until the total solution volume was 108.5 mL. The flask
was sealed with a rubber septum, and the contents were
purged with nitrogen for 60 min. The flask was subsequently
immersed in a water bath preheated to 70 °C, and the
polymerization was allowed to proceed for 4 h before being
quenched by rapid cooling with liquid nitrogen. MacroCTA
AM5 was then purified by direct precipitation into a 20 times
excess of acetone.

Synthesis of Poly(AM-b-DMA-b-AM). Dimethylacryla-
mide (10.0 g, 0.101 mol), macroCTA AM5 (36 200 g/mol, PDI
) 1.25) (4.56 g, 0.126 mmol), and V-501 (7.07 mg, 0.025 mmol)
were added to a 100 mL, round-bottom flask equipped with a
magnetic stirring bar. Aqueous acetate buffer solution (pH )
5.0) was added until the total solution volume was 50.4 mL.
The flask was sealed with a rubber septum, and the contents
were purged with nitrogen for 60 min. The flask was subse-
quently immersed in a water bath at 70 °C, and the polym-
erization was allowed to proceed for 4 h before being quenched
with by immersion in liquid nitrogen. The resulting solution
was purified by dialysis against deionized water, and the block
copolymer was isolated by lyophilization.

Block copolymer composition was determined using 1H NMR
spectroscopy by a comparison of peaks associated with the two
comonomers. The first signal, I1 (1.21-1.96 ppm), is comprised
of the methylene protons of the acrylamide and DMA residues
(2H/mol AM + 2H/mol DMA), and the second signal, I2 (1.99-
3.32 ppm), is comprised of the methyne protons of each
monomer residue plus the methyl protons from DMA (7 H/mol
DMA + 1 H/mol AM). The mole fraction of DMA residues,
XDMA, was then calculated according to the equation XDMA )
(2(I2) - I1)/(6(I1)).

Figure 1. Chain transfer agents: sodium 2-(2-thiobenzoyl-
sulfonylpropionylamino)ethanesulfonate (1), cumyl dithioben-
zoate (2), 4-cyanopentanoic acid dithiobenzoate (3), cumylphe-
nyldithioacetate (4), and 2-(1-carboxy-1-methyl-ethylsulfanyl-
thiocarbonylsulfanyl)-2-methylpropionic acid (5) and initiators
4,4′-azobis(4-cyanovaleric acid) (6) and 2,2′-azobis[2-methyl-
N-(2-hydroxyethyl)propionamide] (7) employed in the RAFT
polymerization of acrylamide.
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Instrumentation. Polymerization mixtures were analyzed
directly by aqueous size exclusion chromatography (ASEC),
using an eluent of 20% acetonitrile/80% 0.05 M Na2SO4(aq)
and a flow rate of 0.5 mL/min at 25 °C, Viscotek TSK Viscogel
columns (G3000 PWXL (<50 000 g/mol, 200 Å) and G4000 PWXL

(2000-300 000 g/mol, 500 Å)), with a Polymer Labs LC 1200
UV/vis, Wyatt Optilab DSP interferometric refractometer, and
Wyatt DAWN EOS multiangle laser light scattering detectors
(690 nm)). Conversions were determined by comparing the
area of the UV signal at 633 nm corresponding to monomer
at t ) 0 to the area at tx. The dn/dc of polyacrylamide in the
above eluent was previously determined to be 0.160 mL/g at
25 °C.27 Absolute molecular weights and polydispersities were
calculated using the Wyatt ASTRA SEC/LS software package.
IR spectra were recorded with a Nicolet Protégé 460 spec-
trometer. CHNS elemental microanalysis was performed by
Quantitative Technologies, Inc., in Whitehouse, NJ.

Design Criteria and Results

According to the currently proposed mechanism,
control in RAFT-mediated polymerizations is achieved
through the rapid degenerative transfer of a thiocarbo-
nylthio species (Scheme 1).8,31 When a propagating
radical (8) adds to such a transfer agent (9), an
intermediate radical species (10) is formed (II, Scheme
1). This intermediate may then fragment to produce a
new radical, R• (12), which in turn initiates a new chain
involved in establishing the main equilibrium (IV,
Scheme 1).

The theoretical molecular weight, Mn,th, at conversion
F may be predicted by eq 1

in which MMW and CTAMW are the formula weights of
monomer and CTA; [CTA]0 and [M]0 are the initial CTA
and monomer concentrations. The right-hand side of the
denominator accounts for radicals derived from initiator
with an initial concentration [I]0 at time t with a

decomposition rate, kd. The initiator efficiency is rep-
resented by f. In an ideal RAFT process, polymer
directly derived from the initiators is thought to be
minimal, and thus the second term in the denominator
becomes negligible.

Aqueous RAFT Polymerizations of Acrylamide.
CTA 1 was designed and synthesized in our laboratories
to act as a versatile agent for the RAFT polymerization
of a variety of monomers in aqueous media. This
dithioester, prepared by a two-step procedure outlined
in the Experimental Section, possesses a sulfonate
functionality allowing CTA-mediated polymerization
across a wide pH range. The secondary amide leaving
group was incorporated to closely match that of the
propagating chain end of acrylamido polymers. We have
previously employed this strategy to minimize polydis-
persity and to reduce or eliminate the initial induction
period.17

We have demonstrated that it is possible to signifi-
cantly reduce CTA degradation during polymerization
arising from nucleophilic attack of water and/or am-
monia, the latter a product of acrylamide monomer or
polymer hydrolysis.21 However, even under optimal
conditions (i.e., lowering the pH to 5.0 and conducting
the polymerization at 70 °C), the apparent rate of
monomer conversion remains within 1 order of magni-
tude of the rate for hydrolysis of the macroCTA end
group. Therefore, it is essential to accomplish the
polymerization in the shortest possible time in order to
maintain the thiocarbonylthio moieties during homo-
geneous aqueous RAFT polymerization.

Aqueous polymerizations were conducted at a con-
stant CTA 1 to acrylamide (AM) ratio of 1/800 at pH
5.0. The ratio of CTA 1 to initiator 7 was maintained at
1.15 since higher ratios led to unacceptably low polym-
erization rate. Figure 2a shows the pseudo-first-order
kinetic plots for the polymerization of acrylamide at 70
and 80 °C. At 90 °C with the above conditions, the
polymerization was uncontrolled and the characteristic
CTA color was lost immediately (data not shown),
possibly due to hydrolysis. Only when the ratio of 1/7
was increased 5-fold was some degree of control at-
tained. However, the first-order kinetic plot (Figure 2a,
triangles) became increasingly nonlinear after 7.5 h. The
molecular weight (obtained from SEC/MALLS) vs con-
version plots for these aqueous polymerizations are
shown in Figure 2b along with that theoretically pre-
dicted.

RAFT Polymerizations of Acrylamide in DMSO.
The aqueous polymerization data clearly demonstrate
disparity between the experimental and theoretically
predicted molecular weights and a loss of linear pseudo-
first-order kinetic behavior at longer reaction times and
higher temperatures. We therefore conducted polymer-
izations in DMSO to preclude competing CTA hydrolysis
and thus allow extended polymerization times. CTAs 2
and 3 were chosen for study since they possess the same
Z group as 1, are more soluble in DMSO, and have been
used previously by our group for the RAFT polymeri-
zation of N,N′-dimethylacrylamide in organic solvents.
Moreover, this allowed us to evaluate the effect of CTA
structure and initiator half-life on the polymerization
kinetics.

We first investigated the effect of increasing the
initiator concentration at 70 °C maintaining a constant
800/1 acrylamide/CTA ratio. Figure 3a shows the an-
ticipated increases in magnitude of the slopes of the

Scheme 1. Proposed RAFT Mechanism

Mn,th )
MMW[M]0F

[CTA]0 + 2f [I]0(1 - e-kdt)
+ CTAMW (1)
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first-order rate plots as the initiator concentration
increases relative to CTA. The Mn vs conversion plots
(Figure 3b) are approximately linear in DMSO and
water. However, experimentally measured values are
higher than theoretically predicted at all conversions.

Another series of experiments utilizing CTAs 2 and
3 with stabilizing phenyl Z groups, but possessing
different R groups, was carried out in DMSO at 70 °C.
Kinetics of the polymerizations utilizing initiators 7 and
6 are shown in parts a and b of Figure 4, respectively.

CTA 2, possessing the cumyl R group, often exhibits
an induction period26 as shown in Figure 4a with
initiator 7. However, when initiator 6 is utilized at a
5:1 ratio, no induction period is observed for the polym-
erization of acrylamide with either CTA 2 or 3, and the
initial slope is slightly greater with the latter. Figure
4b shows a dramatic loss in linear first-order behavior,
with little or no conversion past 10 h (≈40-45% total
conversion) for the CTA/I ratio of 5/1. On the other hand,
polymerization occurs rather smoothly (Figure 4a),
obeying linear first-order kinetics up to 50 h for CTA 3
and 70 h for CTA 2 with a CTA:I ratio of 1.15. Parts a
and b of Figure 4 illustrate the differences in kinetic
profiles of acrylamide polymerization with CTAs 2 and
3 as dictated by initiators 6 and 7 with considerably
different half-lives at 70 °C. For comparative purposes,

theoretical cumulative concentrations of initiator radi-
cals (irrespective of their fate) vs time plots are shown
in Figure 5c.

Rate enhancement and reduction/elimination of the
induction period have often been demonstrated in RAFT
polymerizations utilizing less stabilizing Z groups, for
example benzyl vs phenyl.23,29,30,41 Therefore, we com-
pared acrylamide polymerizations in DMSO at 70 °C
utilizing CTAs 2 and 4 at a CTA/6 ratio of 5.0. Again,
nonlinear kinetic profiles (Figure 6a) are observed as
shown in the previous figure. Slower initial rates are
observed with 2 as compared to 4, as would be expected.
Mn vs conversion curves (Figure 6b) have different
slopes (and extrapolated y-intercept values) for the two
CTAs. In both cases, considerable discrepancy remains
between theoretical and experimental molecular weights;
PDI values are higher with CTA 4.

Results from the above studies suggested that, al-
though it might be possible to extend conversion and
enhance rate by proper initiator choice and/or increasing
the initiator to CTA ratio, it would be more effective to
substantially lower the activation energy for fragmenta-
tion of the intermediate 13, provided selectivity of the
propagating acrylamide species for the resulting mac-
roCTA could be maintained. Therefore, the trithiocar-
bonate CTA 5 was employed for acrylamide polymeri-

Figure 2. (a) Pseudo-first-order kinetic plot for the RAFT
polymerization of acrylamide in aqueous buffer (pH ) 5.0)
using 1 as the CTA and 7 as the initiator at 70 °C, 80 °C ([1]/
[7] ) 1.15), and 90 °C ([1]/[7] ) 5.88). (b) Molecular weight
and PDI (obtained from SEC/MALLS) vs conversion plots for
these aqueous polymerizations.

Figure 3. Pseudo-first-order kinetic plots for the effect of
[CTA]:[I] ratio on the RAFT polymerization of acrylamide at
70 °C in DMSO with 3 as the CTA and 7 as the initiator.
Monomer/CTA was maintained at 800/1. [CTA]/[I] ratios were
1.15 (9), 0.575 (b), and 0.2875 (2) and (b) Mn vs conversion
plots for the [CTA]/[I] values shown in (a).
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zation in DMSO at 70 °C. Figure 7a indicates the fastest
rates of polymerization (8 times faster than with CTA
3, for example, under the same conditions) with ap-
proximately 75% conversion attained, well before the
radical supply from initiator 6 is exhausted. Molecular
weight and PDI vs conversion plots are shown in Figure
7b. Closer fits of theoretical and experimental molecular
weights are obtained throughout the conversion range
with PDIs well-controlled but increasing beyond 50%
conversion.

Discussion

Kinetics of Acrylamide Polymerization. The in-
herent rate of monomer conversion during CTA-medi-
ated RAFT polymerization is usually determined from
the slope (equal to kp[Pn

•]) of the first-order plot of ln-
([M0]/[M]t) vs time.31,33,34 For RAFT, the linear portion
of the plot presumably occurs after attaining the main
equilibrium (Scheme 1, step IV). Under RAFT condi-
tions, intermediate radicals cannot add monomer, so the
rate of monomer conversion is dependent on [Pn

•]. As
in conventional polymerization, processes of radical
generation, termination, and chain transfer can affect
the concentration and reactivity of the propagating
species and thus kinetic profiles.

The CSIRO group in early RAFT studies31 clearly
demonstrated that the rate of propagation after reach-
ing step IV is related to steric and electronic factors
operable during formation of the polymeric radical [Pn

•]
and to the ground-state stability of the intermediate 13.
It should be noted that in our case the polyacrylamide

Figure 4. Kinetic plots for polymerization of acrylamide
utilizing (a) initiator 6 and (b) initiator 7 with CTAs 2 and 3.
[CTA]/[I] concentrations: 9, [3]0/[7]0 ) 1.15; b, [3]0/[6]0 ) 5.0;
2, [2]0/[7]0 ) 1.15; 1, [2]0/[6]0 ) 5.0.

Figure 5. Pseudo-first-order kinetic plots of (a) 2- and (b)
3-mediated polymerization using 6 and 7 as the initiators. The
shapes of the kinetic plots follow (c) the production of radicals
as a function of time.
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radical is not an inherently good leaving group; though
stabilized by the amide group, relatively weak steric
effects (secondary carbon) and the strong Pn-S bond of
13 result in quite slow rates compared to many mono-
mers. The CSIRO group also demonstrated experimen-
tally that changes in the Z group greatly affect the
fragmentation rate and thus the equilibrium concentra-
tion of propagating (nondormant) chains.30 The nature
of the propagating chain also determines selectivity
toward macroCTA or monomer. Therefore, to control
polymerization of acrylamide, which has an inherently
high rate of propagation, relative rates of steps III
(propagation) and IV (transfer) shown in Scheme 1 must
be appropriately regulated.

As expected, values of the slopes from the first-order
kinetic plots reflect the reactivity order of the respective
intermediate radicals:

K* (κp[Pn
•]) values in Table 1 were determined early in

the RAFT process but after sufficient time for achieving
the “main” equilibrium (step IV, Scheme 1). By com-
parison, K* (Table 1) in water or DMSO at 70 °C for
initial acrylamide to CTA ratios of 800/1 increases from
1.3 × 10-2 to 5.0 × 10-2 h-1 with Z ) phenyl (entries A,
D, F, H-K, CTAs 1, 2, 3) to 1.7 × 10-1 h-1 with Z )
benzyl (entry L CTA 4). The trithiocarbonate (entry M,
CTA 5) results in the highest value of 3.3 × 10-1 h-1.

The approximate 4- and 8-fold increases in kp[Pn
•] with

CTAs 4 and 5, respectively (entries L and M), as
compared to CTAs 2 and 3 (entries J and K), are
consistent with higher ground-state energies and lower
fragmentation barriers of the respective symmetrical
intermediates (13, Scheme 1).32,35-37 As expected, values
of K* increase with increasing temperature for a given
Z group at the same CTA/initiator ratio.

The slopes of the linear first-order kinetic plots shown
in Figure 3 (entries D, H, and I in Table 1) increase from
3.1 × 10-2 to 4.9 × 10-2 to 7.9 × 10-2 h-1 as the initiator
concentration is increased at a constant acrylamide/CTA
ratio of 800/1. These increasing slopes are expected and
can be attributed to an increased number of active
kinetic chains participating in the RAFT process.

In several of our previous studies of RAFT polymer-
ization of acrylamido monomers in aqueous media,16,18

we noted substantial decreases in polymerization rate
at long reaction times. This behavior was attributed to
primary coupling reactions (V, Scheme 1) and should
not be due to CTA hydrolysis since the latter would lead
to reduced control and increasingly rapid monomer
conversion.

The most prominent feature of the first-order kinetic
plots of acrylamide polymerization in DMSO is the
nonlinearity at longer times (Figures 4b and 5a,b).
Complete cessation of polymerization is observed after
10 h with initiator 6 regardless of the nature of the
mediating CTA (2, 3, or 4). The rather abrupt slope
change in this case must be attributed to reduced
numbers of active radicals participating in the main
equilibrium (IV, Scheme 1) and/or to changes in the

Figure 6. (a) Kinetics plots for acrylamide polymerizations
in DMSO at 70 °C utilizing CTAs 2 (9) and 4 (b) at a CTA/
initiator ratio of 5.0 and (b) Mn and PDI vs conversion plots.

Figure 7. (a) Pseudo-first-order kinetic plot of the polymer-
ization of acrylamide in DMSO mediated by CTA 5 and
initiator 6 at 70 °C. (b) Mn and PDI vs conversion plots. [5]/[6]
) 5.0.
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propagation rate coefficient. The shapes of the kinetic
plots (Figure 6) arising from polymerizations with
initiator 6 mediated by CTAs 2 and 4 are similar to
those in Figure 4. Initially, monomer conversion is
steady with a 4.3 times greater slope for 4 (entries J
and L, Table 1); however, in the 8-10 h range slopes of
the first-order kinetic plots rapidly decrease, and even-
tually monomer conversion rates become zero.

The differences in decomposition rates for initiators
6 and 7 allow for a qualitative examination of the
relationship between the observed rates of polymeriza-
tion and the radical supply during the RAFT process.
Kinetic data for acrylamide polymerization mediated by
2 and 3 with initiators 6 and 7 are presented in Figure
5a,b for comparative purposes; here, the CTA concen-
trations are held constant relative to both initiators.
Although 6 produces an enhanced rate of reaction
initially with both CTAs 2 and 3, the polymerization
virtually stops after ∼10 h or between 40% and 45%
monomer conversion. Polymerizations with initiator 7
continue for 72 h, providing 79% and 80% monomer
conversion. These results can be correlated with the
respective time-dependent concentrations of radicals
generated from the two initiators. In Figure 5c, the
cumulative numbers of radicals produced from initiators
6 (solid line) and 7 (dashed line) are plotted vs time.
The values were calculated from the respective initiator
decomposition rate constants of 2.4 × 10-5 and 3.85 ×
10-6 s-1, assuming an initiator efficiency of 0.5 at a
temperature of 70 °C. Initiator 6 produces more radicals
in the very early stages of reaction, resulting in higher
rates of polymerization. After the first 10 h at 70 °C,
however, the number of new radicals provided by 6
drops rapidly, while 7 continues to generate radicals for
72 h. Regardless of the specific fates of these radicals,
the concentrations and predicted times to depletion of
initiator-derived radical species correlate in a qualita-
tive manner to the overall rates and eventual polym-
erization cessation.

One other feature of the plots in Figure 5a,b is
noteworthy. Induction periods are often observed with
CTAs in which R• (Scheme 1) may reinitiate slowly28,32,36

or preferentially add back to CTA. Such an induction
period, shown in Figure 4a for CTA 2 containing the
cumyl leaving group, can be reduced or eliminated by
choosing an initiator with a shorter half-life. Here,
values of the induction period (tind) decreased from 500

to 30 min and 60 min to 0 min at 70 °C when 7 and 6,
respectively, were utilized as the initiators (Figure 5a,b).
This would be anticipated on the basis of the elevated
number of radicals produced in the preequilibrium steps
of Scheme 1.

Molecular Weight Control in RAFT Polymeri-
zation of Acrylamide. The number-average molecular
weight vs conversion curves, along with PDI vs conver-
sion plots, for acrylamide polymerizations conducted
with the CTAs 1-4 and initiators 6 and 7 are shown in
Figures 2b, 3b, and 6b. In all cases, experimental Mn
values are larger than those predicted by eq 1. If we
follow the usual assumption that direct initiation is
minimal, this equation may be rewritten as eq 2.

Furthermore, since the slopes of the molecular weight
vs conversion plots are virtually linear for acrylamide
polymerization mediated by CTAs 2-4 in DMSO with
conversion, experimental data can be fit to (3), a
modified form of eq 2.

Here the simple parameter γ represents the extent of
CTA utilization (efficiency) on a mole fraction basis over
the measured conversion range for specified conditions;
values of B represent an extrapolated intercept value,
presumably due to monomer conversion (step III, Scheme
1) prior to the “main equilibrium”. These parameters,
derived from linear fits of the experimental data, are
listed in Table 1 and provide valuable information for
targeting molecular weight based on initial CTA con-
centration under controllable conditions of RAFT syn-
thesis. Obviously, values of γ near 1.0 and B approxi-
mating the molar mass of the CTA would reflect full
utilization of the CTA early in the RAFT process.

A number of proposals have been put forward that
suggest ways in which thiocarbonylthio groups are lost
or stored during the RAFT process. The fate of inter-
mediate species 10 and 13 (Scheme 1), their lifetimes,
and concentrations as well as rates of fragmentation to
R• and Pn

• are subjects of intense debate.33,36-41,44-46

Table 1. Kinetic and Molecular Weight Parameters for the Polymerization of Acrylamide

entry CTA solvent I [CTA]0/[I]0 T (°C) K* × 102 a (h-1) tind(min)b γc Bd r2 valuese

A 1 buffer 7 1.15 70 1.3 ( 0.1 0 0.59 2100 0.992
B 1 buffer 7 1.15 80 9.9 ( 0.5 0 0.43 0 0.993
C 1 buffer 7 5.88 90 15 ( 1 0
D 3 DMSO 7 1.15 70 3.1 ( 0.2 30 0.81 4300 0.998
E 3 DMSO 7 5.88 90 9.9 ( 0.3 10 0.76 1400 0.989
F 2 DMSO 7 1.15 70 2.6 ( 0.2 500 0.77 7800 0.992
G 2 DMSO 7 5.88 90 2.7 ( 0.3 150 0.69 1800 0.990
H 3 DMSO 7 0.575 70 4.9 ( 0.5 10 0.83 3600 0.999
I 3 DMSO 7 0.288 70 7.9 ( 0.9 11 0.71 900 0.983
J 2 DMSO 6 5.00 70 4.0 ( 0.7 60 0.60 4300 0.987
K 3 DMSO 6 5.00 70 4.4 ( 0.8 0 0.65 0 0.979
L 4 DMSO 6 5.00 70 17 ( 6 0 0.77 12600 0.989
M 5 DMSO 6 5.00 70 33 ( 3 0 1.03 5000 0.999
N 5 DMSO 6 5.00 70 82 ( 5 0 1.28 6500 0.987
O 5 DMSO 6 5.00 70 33 ( 3 0 0.90 5900 0.999

a Determined from the linear portion of the pseudo first-order kinetic plot. K* ) kp[Pn
•] where kp is the rate constant for propagation

and [Pn
•] is the concentration of propagating radicals. b Determined from the x-intercept of the pseudo first-order kinetic plot. c Determined

from the slope of the Mn vs conversion plot and eq 3. d Intercept values from eq 3. e Correlation coefficients for fit of γ and B values
according to eq 3.

Mn,th )
MMW[M]0F

[CTA]0
+ CTAMW (2)

Mn,th )
MMW[M]0F
[CTA]0γ

+ B (3)
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However, our data clearly indicate that, regardless of
mechanism, the number of participating dithioester
groups has indeed been reduced, largely by a constant
factor in both water and DMSO.

Greater discrepancies between observed and theoreti-
cal molecular weights for aqueous vs DMSO polymer-
izations are apparent in the respective molecular weight
vs conversion plots and are reflected in the lower γ
values in the former. For example, 70 °C data utilizing
CTAs with the same Z group and with identical initia-
tors and CTA/monomer ratios indicate an increase of γ
from 0.59 in water (entry A, CTA 1) to 0.77 (entry F,
CTA 2) and 0.81 (entry D, CTA 3) in DMSO. A portion
of the loss of CTA (or macroCTA) effectiveness is likely
due to hydrolysis, even under the optimized pH 5
conditions we have recently reported for dithioester-
mediated acrylamide polymerization.18,21 Clearly though,
this contributes only to a part of molecular weight
“overshoot”.

Comparisons of acrylamide polymerizations mediated
by CTAs 2, 3, and 4 at 5/1 ratios with initiator 6 (entries
J, K, and L) indicate increasing γ values of 0.60, 0.65,
and 0.77, respectively. The first two CTAs would be
expected to have similar but higher transfer coefficients
when compared to the last since the phenyl Z group
stabilizes intermediate 13 (Scheme 1) more effectively
than the benzyl group.28,30,34 Thus, the activation energy
for bond scission of 13 to yield active chain ends is lower
for the benzyl Z group due to its higher ground-state
energy as compared to the phenyl group.35,36 Since CTAs
2 and 4 have the same leaving groups and reinitiation
efficiencies, it can be concluded that the greater frag-
mentation energy (longer lifetime at 70 °C) results in a
lower γ value.

Polymerization of Acrylamide in the Presence
of a Trithiocarbonate. Results from the acrylamide
polymerization studies utilizing dithioesters 1 through
4 indicated that it is possible to increase the rates of
polymerization, control molecular weight in a linear
fashion with conversion, and maintain dithioester end
groups for subsequent blocking. However, higher con-
versions and polymerization rates were desired. On the
basis of literature reports of rapid conversions with
xanthate and trithiocarbonate RAFT agents,8,30,47-50 we
used CTA 5 for controlled polymerization under the
same reaction conditions utilized with CTAs 2-4. As
expected, the less stabilized intermediate radicals (13,
Scheme 1) afford much faster polymerization rates
(Figure 7a, Table 1). The apparent rate of polymeriza-
tion with 5 is highest of all the CTAs, approximately 8
times that mediated by 3, as estimated from the slopes
of the respective first-order kinetic plots. In approxi-
mately 4 h (Figure 7a), 74% of the monomer has reacted,
long before the radical supply from 6 begins to diminish.
Furthermore, the Mn vs conversion plots (Figure 7b)
reveal the best agreement between observed and theo-
retical molecular weights utilizing CTA 5 with reaction
conditions shown in Table 1. PDI values throughout the
polymerization are quite low and in the controlled range,
never getting above 1.2 (Figure 7b) at nearly complete
monomer conversion.

Block Copolymer Synthesis Utilizing an Acry-
lamide MacroCTA. To demonstrate livingness, poly-
acrylamide macroCTAs prepared from CTAs 3 and 5 in
DMSO were used to extend acrylamide and to prepare
block copolymers with a variety of monomers. Results
from that work51 will be presented in another paper to

follow. We find that the trithiocarbonate macroCTA
from 5 leads to best control. To illustrate, we present
in Figure 8 the SEC traces of a polyacrylamide mac-
roCTA from 5 of 36 200 g mol-1 and PDI ) 1.25 blocked
with N,N′-dimethylacrylamide (DMA). As a consequence
of the trithiocarbonate structure of this macroCTA, an
ABA triblock copolymer, poly(AM-b-DMA-b-AM), is
formed with a molecular weight of 174 000 g mol-1 and
PDI ) 1.06. From the molecular weights of the mac-
roCTA and the block copolymer, molar incorporation of
the two monomers was determined as 29:71 (AM:DMA),
which is in agreement with that determined by 1H NMR
spectroscopy.

Additional Considerations. After submission of our
original manuscript, McLeary et al.43 published results
of an NMR spectroscopic investigation of the early
kinetics of RAFT polymerization of styrene which may
bring into focus the key issues regarding CTA-mediated
control of polymerization rates and molecular weights.
Although their CTA/monomer ratios were much higher
than ours, an “initialization” period was identified
during which the addition-fragmentation process is
extremely selective toward formation of the single
monomer adduct species from the initial RAFT agent.
Accordingly in our work, species IM (Figure 9) would
be formed from the starting CTA dithioester after
addition of a single acrylamide monomer (step III,
Scheme 1). Thus, reactions leading to the “main” equi-
librium (step IV) would proceed through the intermedi-
ates I(1), I(2), I(3), and I(4) (Figure 9).

Figure 8. ASEC traces of the macroCTA and block copolymer
prepared (174 000 g mol-1 and Mw/Mn ) 1.06) using macro-
AM5-CTA (Mn ) 36 200 g mol-1, Mw/Mn ) 1.25) and DMA as
the second monomer.

Figure 9. Initialized single monomer CTA IM and expected
intermediates I(1)-I(4) produced during RAFT polymerization
of acrylamide.
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The asymmetric intermediate I(1) would preferen-
tially fragment to the right since scission of the tertiary
group is favored.28,36,50 Selectivity of various R groups
for initialized CTA or monomer would determine the
rate of formation of intermediate I(2), which might be
expected to be the most stable (longest lifetime) radical
of the four since fragmentation involves less sterically
strained and relatively strong acrylamido unimer-to-
sulfur bonds. Fragmentation of I(3) and I(4) should be
progressively faster due to scission of oligomeric radicals
as compared to unimeric species.36,50

The relative rates of fragmentation of intermediates
I(2), I(3), and I(4) and the related equilibrium constants
for transfer determine the efficiency of the RAFT agent
in the overall process and are greatly influenced by the
Z group and reaction conditions including CTA/initiator
concentration and temperature. Loss of efficiency from
a slow transfer process (not all leaving groups from IM
have reinitiated prior to step IV, Scheme 1) or from
irreversible coupling of long-lived intermediate species
would lead to higher than predicted molecular weights.
The inhibition period at higher CTA/initiator ratios
would also be expected from intermediate stabilizing Z
groups.

Conclusions

The RAFT polymerization of acrylamide was inves-
tigated employing five CTAs and two initiators, at
selected conditions. Higher rates of polymerization were
achieved with CTAs having higher rates of fragmenta-
tion, initiators with lower decomposition temperatures,
and higher initiator to CTA concentrations. High con-
versions, however, require a constant supply of initiator-
derived radicals. The use of online light scattering,
rather than standards, for the determination of molec-
ular weight by SEC allows direct comparisons of ex-
perimental molecular weights with those predicted by
theory. Molecular weight deviations for polymers pre-
pared in water can be greater than those synthesized
in DMSO. Adjustment of pH to values below 5.0 using
appropriate buffers greatly diminishes hydrolysis and
aminolysis of dithioesters; however, for increasingly
extended reaction times (retarded rates), loss of mac-
roCTA becomes an issue. Polymers produced under
conditions of lower CTA to initiator concentrations
exhibit greater deviations, while polymers prepared
with CTAs with faster rates of fragmentation have
molecular weights closer to those predicted by theory.
Efficiency factors for CTA utilization were determined
from linear fits of the experimental molecular weight
vs conversion curves. A recent report by McLeary et al.43

suggests that the polymerization behavior may be
explained by species generated during “initialization”
period during which the original CTA is converted to a
single monomer RAFT species. Loss of efficiency may
correlate with primary coupling of intermediate species
I(1) or I(2) early in the RAFT process. The best control
of conversion and molecular weight in the present study
was obtained with CTA 5 and initiator 6 in DMSO
(Table 1).
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