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ABSTRACT: Reversible addition-fragmentation chain transfer (RAFT) polymerization was used to prepare a
series of homo- and copolymers ofN-alkyl-substituted acrylamides. The acrylamide monomers have similar
chemical structures, but they all exhibit difference in reactivities, especially betweenN-monosubstituted and
N,N-disubstituted acrylamides during the RAFT process. Results from size exclusion chromatography and matrix-
assisted laser desorption ionization time-of-flight mass spectrometry indicate chain transfers to monomers are
easier to occur forN-monosubstituted polyacrylamides, with negative deviations of the molecular weights from
the theoretical values. The high transfer activity makes them good macro-chain transfer agents (CTAs). The
stronger electron-donating conjugative effect renders the disubstituted acrylamides more reactive, meaning that
they can react more readily with monosubstituted polyacrylamide-CTAs to form a sequent block. Tri- and
tetrablock copolymers with multiple thermosensitivity have been successfully prepared and tested following these
guiding principles.

Introduction

Thermosensitive polymers can manifest significant changes
in their properties at a lower critical solution temperature (LCST)
and have attracted much research interest because of their
rheological and technological importance and potential biomedi-
cal applications.1,2 N-Alkyl-substituted polyacrylamides are
representative of these polymers,3-6 and the structure of the
N-substitution groups and the molecular weight of the polymers
are important to determine the thermosensitivity and solution
behavior of the polymers.4,7,8 Chemical modifications of the
polymers can also lead to a change in their LCST behavior.9,10

We have shown previously that the LCST ofN-alkyl-substituted
acrylamide polymers can be easily tuned by a radical random
copolymerization of appropriate comonomers.11,12

TheN-alkyl-substituted polyacrylamides obtained from con-
ventional free radical polymerizations are usually polydispersed
with broadened thermal transitions.9,13 Polymers of a well-
defined structure and molecular weight are desired and can be
prepared by controlled radical polymerization methods, the most
used of which include nitroxide-mediated polymerization, atom
transfer radical polymerization, and reversible addition-
fragmentation chain transfer (RAFT) polymerization. Block
copolymers responding to multiple external stimuli may also
be obtained.14,15RAFT polymerization has a good tolerance for
functional groups of monomers and has been successfully
applied to the preparation of selectedN-alkyl-substituted poly-
acrylamides.16,17 The groups of McCormick and others have
reported the RAFT polymerization of several acrylamide
monomers under different conditions using various chain transfer
agents (CTAs).18-24 The polymerization ofN-isopropylacryla-
mide mediated by RAFT has been extensively studied.25-29

OtherN-substituted acrylamides have not yet drawn as much
attention. Most studies have focused on the reaction conditions
of RAFT techniques, including the adoption of different RAFT
reagents, initiators, and solvents.17-30

In this work, we intended to prepare multiblock copolymers
from various mono- and disubstituted acrylamides by the RAFT
technique. In a conventional radical polymerization, the differ-
ence in reactivity caused by the substitution groups in the
acrylamides may be negligible, but we found that the number
and nature of theN-alkyl substitution groups are important to
determine the reactivity of the monomers in the RAFT process
and the solution properties of the final polymers. The effect of
the substitution groups on the kinetics and the control in the
RAFT polymerization of these acrylamides have been studied
by analyzing the living degree of the polymerization and the
structure of the end groups.

Experimental Section

Materials. All chemicals were purchased from Aldrich (Mil-
wauke, WI) and were of analytical grade quality. They were used
without further purification unless otherwise stated. 2,2′-Azoisobu-
tyronitrile (AIBN) was recrystallized from methanol. Water was
purified with a Millipore Mill-Q system.N-Isopropylacrylamide
(iPA) was recrystallized from toluene/hexane (3:2, v/v).N,N-
Dimethylacrylamide (DMA) was vacuum-distilled prior to use.
N-tert-Butylacrylamide (tBA) (Aldrich, 97%) was used without
further purification. OtherN-substituted acrylamide monomers
including N,N-ethylmethylacrylamide (EMA),N,N-diethylacryla-
mide (DEA), N-n-propylacrylamide (nPA),N-n-butylacrylamide
(nBA), N-sec-butylacrylamide (sBA), andN-isobutylacrylamide
(iBA) were prepared from the corresponding alkylamines and
acryloyl chloride (analytical grade), according to a procedure as
reported by Shea et al.31 A trithiocarbonate (2-dodecylsulfanylth-
iocarbonylsulfanyl-2-methylpropionic acid, DMP) was used as the
RAFT reagent and prepared according to a previously reported
procedure.32

General RAFT Polymerization. With AIBN as the initiator and
DMP as the RAFT reagent, all polymerizations were conducted in
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dimethyl sulfoxide (DMSO) at 70, 80, or 90°C in septa-sealed
vials that were bubbled with nitrogen for 20 min before the reaction.
The typical [DMP]/[AIBN] ratio was 5:1. Samples were periodically
withdrawn from reaction mixtures for analyses. A typical procedure
(for nPA) is described here. DMP (0.284 g, 0.779 mmol), AIBN
(25.6 mg, 0.156 mmol), and nPA (13.2 g, 0.117 mol) were added
along with 30 mL of DMSO to a 100 mL flask equipped with a
magnetic stirring bar. After purging with N2 for 20 min, the flask
was immersed in a preheated oil bath at 70°C, and the polymer-
ization proceeded at 70°C for 50-60 min before the product
(PnPA) was purified by precipitation in distilled water (conversion
) 64.4%,Mn ) 8100, PDI) 1.07). The RAFT polymerization for
selected polymers such as PnPA, PiPA, and PDEA was repeated
several times (at least three times), and the results were reproducible
as long as the purity of the monomers was guaranteed.

A typical procedure of the RAFT copolymerization of the second
block is quite similar and is described here for the addition of iPA
to a PnPA macro-CTA prepared above. The macro-CTA PnPA (3.0
g, 0.37 mmol), AIBN (9.14 mg, 0.056 mmol), iPA (6.28 g, 0.056
mol), and DMSO (40 mL) were added to a 100 mL round-bottomed
flask. The mixture was purged with N2 for 20 min, and the
copolymerization was allowed to proceed in an oil bath at 70°C
for 40 min before termination by exposure to air. The product was
then dialyzed in distilled water for more than 3 days and isolated
by lyophilization (for reaction time of 40 min: conversion) 85.8%,
Mn ) 20 900, PDI) 1.14).

Triblock and tetrablock copolymers were prepared similarly with
the diblock and triblock copolymers, respectively, as the macro-
CTAs to chain extend with the appropriate comonomers. The
products were purified by dialysis and then isolated by lyophiliza-
tion in the same way.

Polymer Characterization. The NMR spectra of the monomers
and polymers in CDCl3 were recorded on a Bruker-AV400
spectrometer operating at 400 MHz for protons. Monomer conver-
sions were determined by comparing the integration of the NMR
signals (5.0-6.5 ppm) of the protons of the vinyl group of the
residual monomers with the integration of the characteristic NMR
signals of the polymer.

The molecular weights and the polydispersity index (PDI) of
the samples were obtained by size exclusion chromatography (SEC)
on a Waters 1525 system equipped with three Waters Styragel
columns (HR3, HR4, and HR6; each 7.8 mm× 300 mm, 5µm
particle size, providing an effective molecular weight range from
500 to 107 g mol-1) equilibrated at 30°C and a refractive index
detector (Waters 2410). Tetrahydrofuran (THF) was used as the
mobile phase (1.0 mL min-1), and the system was calibrated with
polystyrene standards from 200 to 106 g mol-1.

Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) of the polymers was performed
on an AutoFlex MALDI-TOF (Bruker Daltonics) equipped with a
nitrogen laser (337 nm) and an accelerating potential of 20 kV.
Samples were prepared by mixing a solution of the polymer in THF
(10 mg/mL) and a solution of 3-â-indole acrylic acid (IAA) matrix
in THF (10 mg/mL) with a ratio of 1:20. Then, the resulting mixture
(1 µL) was deposited onto the sample plate, and the solvent was
evaporated at room temperature. Spectra were recorded in the
reflector mode with external calibration.

LCST was measured on a Cary 300 Bio UV-vis spectropho-
tometer equipped with a temperature-controlled sample holder. The
transmittance of the aqueous solution of the polyacrylamides was
measured at 500 nm at a heating rate of 0.1°C/min from 10 to
75 °C.7

Results and Discussion

RAFT Homopolymerization of N-Substituted Acryla-
mides. Scheme 1 shows the synthetic pathway for the RAFT
polymerization of all the momoners listed in Table 1. DMP is
a trithiocarbonate with very high chain transfer efficiency and
was selected as the RAFT reagent.29,32,33Table 1 shows a list
of N-substituted polyacrylamides prepared in this study and their

solution properties in water. The monomers include both
N-monosubstituted andN,N-disubstituted acrylamides. It is
known that the thermosensitivity and solution behavior of the
polymers depend on theN-alkyl substitution group of the
acrylamide monomers. For the acrylamide substituted with
methyl groups, the polymer (PDMA in Table 1) is freely soluble
in water, while polymers with more hydrophobic alkyl groups
(such asn-, iso-, sec-, andtert-butyl groups) are rather insoluble
in water at a molar mass of ca. 10 kDa.

Scheme 1. Reversible Addition-Fragmentation Chain Transfer
(RAFT) Polymerization of N-Alkyl-Substituted Acrylamides in

Dimethyl Sulfoxide (DMSO) with 2,2′-Azoisobutyronitrile
(AIBN) as the Initiator

Table 1. Chemical Structures and Aqueous Solution Properties of
Poly(N-alkylacrylamide)s

R1 R2 abbrev
LCST
(°C)a

poly(N,N-dimethylacrylamide) Me Me PDMA soluble
poly(N,N-ethylmethylacrylamide) Me Et PEMA 70
poly(N,N-diethylacrylamide) Et Et PDEA 32
poly(N-isopropylacrylamide) H iPr PiPA 36
poly(N-n-propylacrylamide) H nPr PnPA 25
poly(N-n-butylacrylamide) H nBu PnBA insoluble
poly(N-isobutylacrylamide) H iBu PiBA insoluble
poly(N-sec-butylacrylamide) H sBu PsBA insoluble
poly(N-tert-butylacrylamide) H tBu PtBA insoluble

a Measured by UV-vis spectrophotometry at 50% transmittance with a
heating rate of 0.1°C/min. Polymer molecular weight about 10 kDa, 1 g/L
solution in water.

Figure 1. Size exclusion chromatographic traces of poly(N-n-propy-
lacrylamide) (PnPA) obtained by RAFT homopolymerization by the
use of 2-dodecylsulfanylthiocarbonyl-sulfanyl-2-methylpropionic acid)
(DMP) as the RAFT reagent, and 2,2′-azoisobutyronitrile (AIBN) as
the initiator, in dimethyl sulfoxide (DMSO) at different reaction times
at 70°C.
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Figure 1 shows the SEC elution curves for the homopolym-
erization of nPA at 70°C. The RAFT polymerization of nPA
was well controlled at this temperature with PDI values lower
than 1.2 (Figure 2D, though the PDI values showed an increase
at higher reaction temperatures). No shoulders or tails are
observed in the SEC traces until the reaction time reached 180
min. A small high-molecular-weight shoulder seems to appear
at a reaction time of 300 min. OtherN-alkylpolyacrylamides
prepared have shown similar results. For the samples of low
molecular weights, results obtained from MALDI-TOF agreed
well with the SEC results.

The Mn and PDI (Mw/Mn) of the polymers ofN-alkylacry-
lamides obtained under different reaction conditions have been
studied by the use of NMR, MALDI-TOF (for samples of lower
molecular weights), and SEC. The conversion of the monomers
was also obtained from NMR experiments as described in the
Experimental Section. In many cases, the reactions were
repeated to confirm the experimental data and to optimize the
reaction conditions. Typical examples of the polymers of mono-
and disubstituted acrylamides are shown in Figure 2, in which
the respectiveMn and PDI values are plotted as a function of
conversion for PDMA, PDEA, PiPA, and PnPA under different
reaction conditions (different temperatures and ratios of [DMP]/
[AIBN]). The RAFT polymerizations of DMA and DEA (Figure
2A,B) are quite well controlled. The PDI values throughout the
RAFT process are below 1.2, even at high conversions.
Changing the ratio of [DMP]/[AIBN] or reaction temperature
has little influence on the molecular weight of the polymers.
Elevated temperatures may cause a slightly broader distribution
of molecular weights (Figure 2B,D, PDI values are above 1.2
at 90°C). The observed molecular weights are consistent with
the theoretical values (solid line) initially, with a negative
deviation at high conversions. The theoretical molecular weight
(Mn,th) can be calculated from

whereMCTA andMmonomerare the molecular weights of RAFT
agent and monomers, respectively, and [monomer] and [CTA]
are the initial monomer and CTA concentrations. It is to be
noted thatMn,th was calculated from eq 1 without considering
the number of radicals derived from the initiator,16 which can
be a possible cause of the negative deviation (discussed in more
detail later).

Compared with PDMA and PDEA, PiPA (Figure 2C) and
especially PnPA (Figure 2D) have larger negative deviations
of molecular weight and larger PDI values at high conversions.
Changing the reaction conditions affected the RAFT polymer-
ization of iPA and nPA. Elevated reaction temperatures caused
more significant negative deviations of the molecular weights
as well as larger PDI values (over 1.3, Figure 2D). It is important
to mention that similar effects of temperature and of initiator
concentration were obtained with all monomers in the family,
although only specific examples are shown in Figure 2 for
selected monomers.

The reaction kinetics of the RAFT polymerization process
have been studied with the molecular weight data obtained at
various reaction times (and under different conditions), as
discussed above. The reactions with the monomers listed in
Table 1 all show a similar general trend. Typical examples of
a mono- and dialkyl-substituted acrylamide are shown in Figure
3. The kinetic data for the polymerization of DMA and nPA
under different reaction conditions are shown in parts A and B
of Figure 3, respectively. Linear plots are obtained at lower
conversions, but deviations from the linearity are observed at
long reaction times, especially for PnPA at higher temperatures.
Higher temperatures and higher initiator concentrations resulted

Figure 2. Number-average molecular weight (Mn) and polydispersity index (PDI) vs conversions for (A) poly(N,N-dimethylacrylamide) (PDMA),
(B) poly(N,N-diethylacrylamide) (PDEA), (C) poly(N-isopropylacrylamide) (PiPA), and (D) poly(N-n-propylacrylamide) (PnPA) prepared by RAFT
homopolymerizations: open symbols, [monomer]/[DMP]/[AIBN]) 400/1/0.2; closed symbols, [monomer]/[DMP]/[AIBN]) 400/1/0.1; squares,
70 °C; circles, 80°C; triangles, 90°C. Solid lines are the fitted theoretical values from eq 1.

Mh n,th ) MCTA +
[monomer]

[CTA]
× Mmonomer×

conversion (%) (1)
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in higher rates of polymerization. Under the same reaction
conditions, the polymerization rates of PDMA are much higher
than those of PnPA, indicating the higher reactivity of the DMA
monomers. It seems obvious that the RAFT polymerizations of
N,N-dialkyl-substituted acrylamides were better controlled than
those ofN-monoalkyl-substituted monomers. PDMA and PDEA
have lower PDI values, less negative deviations of molecular
weight, and faster polymerization rates. Compared withN-
monosubstituted acrylamides,N,N-disubstituted monomers may
have a higher reactivity and form more stable radicals because
of their stronger electron-donating conjugative effect in their
molecular structure, which also accounts for the diminished
influence of temperature on RAFT polymerization ofN,N-
disubstituted monomers.

Negative deviations of molecular weight for RAFT polym-
erization ofN-alkyl-substituted acrylamides have been reported
previously.14,21 In the block copolymerization of acrylic acid
with iPA, the molecular weight of copolymers measured by
MALDI-TOF was somewhat lower than the theoretical values.14

According to the classic RAFT mechanism, the negative
deviations may be an indication of the existence of other sources
of radicals than the CTA-derived ones, such as initiator-derived
chains.16 McCormick and co-workers have reported the good
agreement between observed and theoretical molecular weights
for the RAFT polymerization of acrylamide in DMSO utilizing
a trithiocarbonate as the CTA, but theMn vs conversion plot
still showed a slight negative deviation of molecular weight at
higher conversions.22 The use of other trithiocarbonates as CTAs
also caused the negative deviation of molecular weights.34 Better
agreements between the SEC results andMn,th were obtained
when the RAFT reactions proceeded at room temperature.29 A
more precise form of eq 1 can be used by taking into account
the initiation of chains by the initiator:

whered is the number of chains produced from radical-radical

termination (1< d < 2), f the initiator efficiency (0< f < 1),
t the reaction time, andkd the decomposition rate constant for
the initiator (the value for AIBN is ca. 6.2× 10-5 s-1 in
dimethylformamide at 71.2°C). Since thekd value is usually
small, the second term in the denominator in eq 2 often becomes
negligible, even when the maximum values ford andf are taken
(d ) 2 andf ) 1, respectively). The consideration of the radicals
formed by the initiator and the initiator efficiency (taken as 0.5)
may help to explain the negative deviations to a certain
extent.16,22,35,36In our experiments, using a decreased amount
of AIBN (therefore lower [AIBN]) failed to correct the
deviations (shown in Figure 2A,C). This indicates that initiator-
derived radicals, if any, may not be the principal cause of the
molecular weight deviations in this case. For PiPA and PnPA
(Figure 2C,D), lower reaction temperature can correct this
negative deviations to a certain extent, indicating that a lower
temperature may decrease the number of other radicals formed.
In the cases ofN,N-disubstituted PDMA and PDEA, however,
changing the temperature had little effect on the molecular
weight of the polymers. Thus, the negative deviations of
molecular weight seem to be related to the structure of
monomers.

MALDI-TOF MS Analyses of the Polymers.MALDI-TOF
mass spectrometry was used to examine the end groups of the
polymers prepared including PnPA, PiPA, PDEA, and PDMA
to further deduce the causes of molecular weight deviations.
Figure 4 shows the MALDI-TOF spectra of PnPA and PDMA
obtained at different conversions (reaction times 40 min and 4
h), showing in general the distribution of the molecular weights
of the polymers. In Figure 4A (for PnPA with a conversion of
50.7%), each repeating sequence consists of four obvious peaks;
in Figure 4B (for PnPA with a conversion of 92.8%), each
repeating sequence consists of two extra peaks with a total of
six peaks (listed in Table 2). Figure 4A,B shows that the
expected dormant chains are CTA-derived (peaks 1-3) and are
more intense. Peak 3 (1646.8 g/mol in Figure 4A and 2891.4
g/mol in Figure 4B) may also be assigned to dead polymers
since the combined chains with methylpropionic acid groups
of AIBN have the same mass (1646.3 g/mol for sample A and
2891.1 g/mol for sample B) (Table 2). At the early stage of
polymerization (40 min), very few dead polymers were pro-
duced. The very intense signal of peak 3 may be assigned to
products of CTA-derived living chains ionized with K+. Peak
4 at 1672.5 g/mol (Figure 4A) or 2800.5 g/mol (Figure 4B)
may be assigned to disproportionation chains (transfer to
monomer nPA). This peak was observed on all MALDI-TOF
spectra for all samples and changed little even when the samples
were different or under different conditions. Moreover, consid-
ering the good control of molecular weight and high transfer
efficiency of polymers at the early stage of reactions, the
irreversible transfer and disproportionation reactions were not
likely to occur. Thus, the disproportionation products (peak 4)
are believed to be formed by fragmentation during ionization
inside the mass spectrometer, as reported previously.25,37

Peaks 5 and 6 were nearly undetectable in Figure 4A (PnPA,
conversion) 50.7%) but were prominent in Figure 4B (PnPA,
conversion) 92.8%). Similar results were observed for other
samples such as PiPA. The intensities of these peaks increased
for the samples with higher conversions or longer reaction times.
Therefore, with time, some living chains may have been
terminated by either disproportionation or transfer to monomers
to form dead chains. This should lead to a negative deviation
at the late stage of RAFT polymerization. The elevated
temperature may accelerate the monomer transfer, resulting in
larger deviations of molecular weights (shown in Figure 2C,D).

Figure 3. Pseudo-first-order rate plot for the RAFT homopolymeri-
zation of (A) N,N-dimethylacrylamide) (DMA): (3) [DMA]/[DMP]/
[AIBN] ) 400/1/0.1, 70°C; (O) [DMA]/[DMP]/[AIBN] ) 400/1/0.2,
70 °C; (9) [DMA]/[DMP]/[AIBN] ) 400/1/0.2, 80°C; (B) N-n-
propylacrylamide (nPA) with [nPA]/[DMP]/[AIBN]) 400/1/0.2: (3)
90 °C; (9) 80 °C; (O) 70 °C. The solid lines show the general trends.

Mh n,th ) MCTA +
[monomer]

[CTA] + df [AIBN](1 - e-kdt)
×

Mmonomer× conversion (%) (2)
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Figure 4C is the MALDI-TOF mass spectra of PDMA
(sample taken at 40 min at 78.3% conversion). Peaks 1-4 are
ascribed to the similar structures in PnPA (shown in Table 2).
Peaks 1, 2, and 3 are attributed to the living chains with transfer
agent end groups as H+, Na+, and K+ adducts, respectively.
Peak 4 (2305.5 g/mol) is probably the result of fragmentation
inside the mass spectrometer. There are two more sets of peaks
with very low intensity in Figure 4C. They cannot be attributed
to disproportionation or transfer to monomers as in PnPA
samples. Peak 5, ascribed to combination with AIBN end
groups, has the lowest intensity, suggesting few dead polymers
were produced. Peak 6 corresponds to initiator-derived living
chains which are not observed in the spectra of PnPA and PiPA.
The PDMA sample taken at 4 h (99.6% conversion) was also
analyzed, which has a similar repeating sequence peaks with
higher intensity of peaks 5 and 6 (data not shown). PDEA has
a similar MS spectrum as PDMA (not shown). No evidence of
chain termination by disproportionation or transfer to monomers
was observed on the MS spectra of PDMA or PDEA. During
RAFT polymerizations, forN,N-disubstituted acrylamides, the
termination may be prone to combination, while forN-
monosubstituted acrylamides, disproportionation or transfer to
monomers may be their preferred termination modes. The
MALDI-TOF results show that most chains in the RAFT

polymerization of DMA or DEA are living products including
CTA-derived and initiator-derived chains, which demonstrates
their homopolymerizations are under good control.

Compared withN,N-disubstituted acrylamides, as mentioned
earlier,N-monosubstituted monomers are less reactive but form
more active radicals, which are easier to transfer to monomers.
As a consequence, PnPA or PiPA has significant negative
deviations from the theoretical molecular weight.N,N-Disub-
stituted monomers such as DMA and DEA are more reactive
but form more stable radicals, resulting in high polymerization
rates and high monomer conversions. But the stable radicals
may have difficulties to react with other monomers in subse-
quent copolymerizations, even in self-blocking experiments.

RAFT Copolymerization. Diblock copolymers can be made
by using the homopolymer as a macro-CTA to react with a
second monomer. PiPA was chain-extended with nPA to obtain
the corresponding diblock copolymer P(iPA-b-nPA), which
exhibits a monomodal SEC trace (Figure 5A). The clear shifts
of the copolymer peaks away from the peak of macro-CTA PiPA
(Figure 5A) confirm the formation of block copolymers.
Similarly, PnBA was chain-extended with iPA to obtain the
corresponding block copolymers. The copolymers P(nBA-b-
iPA) also exhibit monomodal SEC traces. However, with nPA
as the second comonomer, PnBA cannot convert completely

Figure 4. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra (reflector mode, IAA matrix) of poly(N-n-
propylacrylamide) (PnPA) and poly(N,N-dimethylacrylamide) (PDMA) obtained by RAFT homopolymerization at 70°C with [monomer]/[DMP]/
[AIBN] ) 30/1/0.1 under different conversions. (A) PnPA, conversion) 50.7%, reaction time 40 min,Mn ) 1750, PDI) 1.04; (B) PnPA,
conversion) 92.8%, reaction time 4 h,Mn ) 3030, PDI) 1.04; (C) PDMA, conversion) 78.3%, reaction time 40 min,Mn ) 2650, PDI) 1.02.
Spectrum C inset: peak 5: NC-C(CH3)2-DMA23-C(CH3)2-CN H+; peak 6: NC-C(CH3)2-DMA23-S-CSSR H+.
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to block copolymers during copolymerization (Figure 5B, trace
3). This indicates the reactivity difference among the acrylamide
derivatives although they have similar chemical structures.

We investigated the controlled nature of copolymerizations
using threeN-alkyl-monosubstituted polyacrylamides (PiPA,
PnPA, and PnBA) and threeN,N-disubstituted polyacrylamides
(PDEA, PEMA, and PDMA) as macro-CTAs to copolymerize
with nine acrylamide monomers as listed in Table 3 to prepare
diblock copolymers (including self-blocking experiments). In
all cases, we used the same polymerization conditions: the
polymerization of macro-CTAs proceeded at 70°C for 50-60
min, and the block copolymerization was allowed to proceed
for 2 h before termination. Obviously, polymers ofN-mono-
substituted acrylamides (PiPA, PnPA, and PnBA) are more
active macro-CTAs than theN,N-disubstituted ones (PEMA,
PDMA, and PDEA) and can chain extend with other acrylamide
monomers to form block copolymers, indicating their relative
high chain transfer constants. Among them, PiPA is the best
macro-CTA and can block copolymerize with all monomers on
the list.

In most cases, the use of disubstituted PDEA, PEMA, and
PDMA as macro-CTAs often results in mixture products of
copolymers and unreacted homopolymers as exemplified by
SEC trace 3 in Figure 5B. Exceptionally, PEMA can react
successfully with DEA or DMA to form a diblock copolymer.
The disubstituted DEA and DMA monomers reacted easily with
other macro-CTAs to form a second block, but PDEA may be
the worst macro-CTA on this list. Self-blocking of PDMA and
PDEA may be successful with macro-CTAs of low molecular
weights but was unsuccessful under the conditions used in these
experiments (50-60 min reaction time during the preparation
of CTAs). It is clear from the results in Table 3 that the number
of N-alkyl substitution groups has a significant effect. The steric
effect of the alkyl groups (length or size) is of secondary
importance. For example, the RAFT polymerization of iPA
seems to be better controlled than that of nPA and nBA.

These results further indicate that difference of reactivity
exists among nearly allN-alkylacrylamide monomers due to
the differences in the number and structure of the substitution
groups. BetweenN-monosubstituted andN,N-disubstituted acry-
lamides, the difference of reactivity is more obvious. The
stronger electron-donating conjugative effect renders the disub-
stituted acrylamides more reactive, along with the formation of
more stable radicals, which are poor leaving groups with respect
to the propagating radicals ofN-monosubstituted ones. The
MALDI-TOF results demonstrate that PnPA or PiPA is easy to
chain transfer during RAFT polymerization. Thus, macro-CTAs
of N-monosubstituted polyacrylamides have relative high trans-
fer constants and are good leaving groups in the subsequent
step of copolymerization.

It was reported that PDMA could be used as a macro-CTA
for the RAFT polymerization of iPA.27,38Indeed, we found that
the block copolymerization could be improved if the reaction
time was shortened during the synthesis of the macro-CTAs.
Our kinetic data show that DMA has a fast polymerization rate.
At relatively long reaction times (50-60 min) for the samples
in Table 3, the macro-CTA of PDMA may include some dead
polymer chains, as shown by the MALDI-TOF mass spectrum
(sample taken at 40 min). All reasons mentioned above may
contribute to the problems (a mixture of copolymer and
homopolymer) encountered in the blocking experiments. Gener-
ally, in addition to the relative reactivity of macro-CTA and
the comonomer, other factors may also influence the success
of a RAFT blocking copolymerization, including the purity of
the monomer, the choice of CTA and initiator, the reaction
conditions (N2, temperature, reaction time), and even the process
of purification of the macro-CTAs such as the dialysis conditions

Figure 5. Size exclusion chromatographic traces for the macro-chain
transfer agent (CTA) and the corresponding chain-extended block
copolymers obtained by RAFT polymerization at 70°C in DMSO: (A)
trace 1: macro-CTA PiPA,Mn ) 9600, PDI) 1.10; trace 2: P(iPA-
b-nPA), Mn ) 17 200, PDI) 1.15; trace 3: P(iPA-b-nPA), Mn )
28 900, PDI) 1.17; (B) trace 1: macro-CTA Poly(N-n-butylacryla-
mide) (PnBA),Mn ) 9070, PDI) 1.11; trace 2: P(nBA-b-iPA), Mn

) 20 900, PDI) 1.15; trace 3: P(nBA-b-nPA); (C) SEC traces for
tetrablock copolymer poly(N-n-propylacrylamide-b-N-isopropylacry-
lamide-b-N,N-ethylmethylacrylamide-b-N,N-dimethylacrylamide) (P(nPA-
b-iPA-b-EMA-b-DMA)) and the corresponding macro-CTAs: trace
1: PnPA,Mn ) 14 600, PDI) 1.10; trace 2: P(nPA-b-iPA), Mn )
20 400, PDI) 1.12; trace 3: P(nPA-b-iPA-b-EMA), Mn ) 27 600,
PDI ) 1.16; trace 4: P(nPA-b-iPA-b-EMA-b-DMA), Mn ) 45 800,
PDI ) 1.25. The conversion of the last block was at 94% and of the
beginning blocks at 72-73%.

Table 2. Structures Corresponding to the Various MALDI-TOF MS
Peaks in Figure 4B
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(to avoid the possible hydrolysis of the trithiocarbonate group,
especially for the more hydrophilic polymers).

RAFT Synthesis of Multiblock Copolymers.Knowing the
difference of chain transfer efficiency ofN-alkylacrylamides and
the properties of the homopolymers, we can design and prepare
well-defined block copolymers, even multiblock copolymers.
We have synthesized ABC triblock copolymers, such as P(nPA-
b-iPA-b-EMA), by a three-step sequential RAFT polymerization.
As shown in Figure 5C, no obvious shoulders or tails were
observed on the SEC traces of triblock copolymers, and the
PDI is still low (1.16), suggesting most of triblock copolymers
retained the trithiocarbonate end groups. Therefore, we tried to
use this triblock copolymer as the macro-CTA to chain extend
further with a fourth comonomer DMA. The reaction time of
the first three steps of the RAFT process was limited to 50 min,
and the reaction time of the last step was about 2 h. As expected,
a tetrablock copolymer P(nPA-b-iPA-b-EMA-b-DMA) was
successfully synthesized with a large increase in the molecular
weight (45 800, PDI) 1.25) though there is a small low-
molecular-weight tail shown in SEC trace. In the preparation
of block copolymers, the conversion of the final block was
usually higher (over 90%, due to a longer reaction time) and
that of the beginning blocks much lower (72-73%). We have
calculated the average number of polymer chains ([monomer]0

× conversion× Mmonomer)/Mn) after the blocking experiment.
The number remained more or less the same as the number of
initial CTAs within experimental error at lower conversions and
showed a small increase at higher conversions, indicating a loss
of control when the conversion was high. For example, the
conversion of last step of the tetrablock copolymer was quite
high at 94%, and the number of polymer chains showed an
increase of ca. 15%. The PDI of the tetrablock copolymer was
correspondingly higher at 1.25.

Thermosensitivity of Multiblock Copolymers. These multi-
block copolymers would exhibit interesting multiple thermosen-
sitivity since the three blocks of nPA, iPA, and EMA present
different cloud points related to those of the corresponding
homopolymers. Results from the turbidimetry experiments of
copolymers P(nPA129-b-iPA52-b-EMA63) and P(nPA129-b-iPA52-
b-EMA63-b-DMA184) are shown in Figure 6. The triblock
copolymer showed a three-step phase transition at about 28.0,
47.5, and 63.4°C for each step, corresponding to the LCSTs of
each individual block. It can be expected that, when the
temperature rises above the first LCST, the copolymers may
aggregate to form micelles consisting of a core of the insoluble
block surrounded by a corona of the remaining soluble blocks.
When the temperature continues to rise, the other two blocks
become insoluble step by step to form the outer shell of the
aggregates. For tetrablock copolymers nPA129-b-iPA52-b-EMA63-
b-DMA184, however, only one LCST was observed. The
observation is somewhat surprising but quite understandable.
The long sequence of DMA added as the final block increased
the overall hydrophilicity of the whole copolymer and masked

the effect of the other blocks macroscopically. Because of this
increased overall hydrophilicity, the change in transmittance also
became much smaller when compared to the triblock copolymer
and indeed to other thermosensitive polymers in the family. It
shows that much care must be taken in the design of a
multiblock copolymer of this kind to obtain the desired solution
and physical properties.

Conclusion

RAFT polymerizations of variousN-alkyl-substituted acry-
lamides can be carried out by the use of a trithiocarbonate as
the chain transfer agent, but reactivity differences exist among
nearly all these monomers due to the number and type of the
N-alkyl substitution groups. It is important to notice the marked
difference betweenN-monosubstituted andN,N-disubstituted
acrylamides. RAFT polymerizations ofN,N-disubstituted acry-
lamides can be better controlled than those ofN-monosubstituted
monomers (lower PDI values, less negative deviations of
molecular weight from theoretical values and faster polymeri-
zation rates) because the higher reactivity of the monomers and
the formation of more stable radicals. The obvious negative
deviations of molecular weight ofN-monosubstituted polyacry-
lamides results from chain transfer to monomers or dispropor-
tionation with prolonged reaction times. Compared withN,N-
disubstituted acrylamides,N-monosubstituted monomers are less
reactive but, once reacted, form more active radicals, resulting
in high transfer constants of the propagating chains since they
are good leaving groups. In general, theN-monosustituted
polyacrylamides are better macro-CTAs. The stronger electron-
donating conjugative effect renders the disubstituted acrylamide
monomers more reactive, and they can react readily with macro-
CTAs ofN-monosubstituted polyacrylamides to form a sequent
block.

The understanding of the difference of chain transfer ef-
ficiency and radical stabilization ofN-alkyl-substituted acryla-
mides serves as a useful guide in the design of appropriate

Table 3. RAFT Block Copolymerization of N-Alkyl-Substituted Acrylamidesa

second comonmer

macro-CTA iPA nPA nBA EMA DMA DEA iBA sBA tBA

PiPA x x x x x x x x x
PnPA x x M x x x x x x
PnBA x M x x x x x x x
PEMA M M M b x x M M M
PDMA M M M M M x M M M
PDEA M M M M M M M M M

a The preparation of macro-CTAs: reaction at 70°C for 50-60 min in DMSO; block copolymerization: reaction at 70°C for 2 h in DMSO. x )
copolymerization occurs successfully; M) mixture of the copolymer and the homopolymer (macro-CTA).b Data not available.

Figure 6. Changes in spectral transmittance observed at 500 nm for
1 g/L aqueous solutions of the tri- and tetrablock copolymers at a
heating rate of 0.1°C/min: (1) P(nPA129-b-iPA52-b-EMA63) and (2)
P(nPA129-b-iPA52-b-EMA63-b-DMA184).
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sequence of monomers for the preparation of complicated and
well-defined block copolymers with multiple thermosensitivity,
even tetrablock copolymers. The detailed solution properties of
more-refined block copolymers are being studied, and the results
should appear in a separate report.
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(3) Platé, N. A.; Lebedeva, T. L.; Valuev, L. I.Polym. J.1999, 31, 21-
27.

(4) Ito, S.Kobunshi Ronbunshu1989, 46, 437-443.
(5) Mueller, K. F.Polymer1992, 33, 3470-3476.
(6) Inomata, H.; Goto, S.; Saito, S.Macromolecules1990, 23, 4887-

4888.
(7) Liu, H. Y.; Zhu, X. X. Polymer1999, 40, 6985-6990.
(8) Seker, F.; Ellis, A. B.J. Polym. Sci., Part A: Polym. Chem.1998,

36, 2095-2102.
(9) Laschewsky, A.; Rekaı¨, E. D.; Wischerhoff, E.Macromol. Chem. Phys.

2001, 202, 276-286.
(10) Save, N. S.; Jassal, M.; Agrawal, A. K.J. Appl. Polym. Sci.2005, 95,

672-680.
(11) Avoce, D.; Liu, H. Y.; Zhu, X. X.Polymer2003, 44, 1081-1087.
(12) Zhu, X. X.; Avoce, D.; Liu, H. Y.; Benrebouh, A.Macromol. Symp.

2004, 207, 187-191.
(13) Xia, Y.; Yin, X.; Burke, N. A. D.; Stover, H. D. H.Macromolecules

2005, 38, 5937-5943.
(14) Schilli, C. M.; Zhang, M.; Rizzardo, E.; Thang, S. H.; Chong, Y. K.;

Edwards, K.; Karlsson, G.; Mueller, A. H. E.Macromolecules2004,
37, 7861-7866.

(15) Arotcarena, M.; Heise, B.; Ishaya, S.; Laschewsky, A.J. Am. Chem.
Soc.2002, 124, 3787-3793.

(16) Moad, G.; Rizzardo, E.; Thang, S. H.Aust. J. Chem.2005, 58, 379-
410.

(17) Perrier, S.; Takolpuckdee, P.J. Polym. Sci., Part A: Polym. Chem.
2005, 43, 5347-5393.

(18) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecules2002, 35, 4123-4132.

(19) Thomas, D. B.; Sumerlin, B. S.; Lowe, A. B.; McCormick, C. L.
Macromolecules2003, 36, 1436-1439.

(20) McCormick, C. L.; Lowe, A. B.Acc. Chem. Res.2004, 37, 312-
325.

(21) Convertine, A. J.; Lokitz, B. S.; Lowe, A. B.; Scales, C. W.; Myrick,
L. J.; McCormick, C. L.Macromol. Rapid Commun.2005, 26, 791-
795.

(22) Thomas, D. B.; Convertine, A. J.; Myrick, L. J.; Scales, C. W.; Smith,
A. E.; Lowe, A. B.; Vasilieva, Y. A.; Ayres, N.; McCormick, C. L.
Macromolecules2004, 37, 8941-8950.

(23) Perrier, S.; Takolpuckdee, P.; Westwood, J.; Lewis, D. M.Macro-
molecules2004, 37, 2709-2717.

(24) De Lambert, B.; Charreyre, M.-T.; Chaix, C.; Pichot, C.Polymer2005,
46, 623-637.

(25) Schilli, C.; Lanzendorfer, M. G.; Muller, A. H. E.Macromolecules
2002, 35, 6819-6827.

(26) Scales, C. W.; Convertine, A. J.; McCormick, C. L.Biomacromolecules
2006, 7, 1389-1392.

(27) Liu, B.; Perrier, S.J. Polym. Sci., Part A: Polym. Chem.2005, 43,
3643-3654.

(28) Savariar, E. N.; Thayumanavan, S.J. Polym. Sci., Part A: Polym.
Chem.2004, 42, 6340-6345.

(29) Convertine, A. J.; Ayres, N.; Scales, C. W.; Lowe, A. B.; McCormick,
C. L. Biomacromolecules2004, 5, 1177-1180.

(30) Favier, A.; Charreyre, M.-T.; Pichot, C.Polymer2004, 45, 8661-
8674.

(31) Shea, K. J.; Stoddard, G. J.; Shavelle, D. M.; Wakui, F.; Choate, R.
M. Macromolecules1990, 23, 4497-4507.

(32) Lai, J. T.; Filla, D.; Shea, R.Macromolecules2002, 35, 6754-
6756.

(33) Vasilieva, Y. A.; Scales, C. W.; Thomas, D. B.; Ezell, R. G.; Lowe,
A. B.; Ayres, N.; McCormick, C. L.J. Polym. Sci., Part A: Polym.
Chem.2005, 43, 3141-3152.

(34) Wang, R.; McCormick, C. L.; Lowe, A. B.Macromolecules2005,
38, 9518-9525.

(35) Yin, X.; Hoffman, A. S.; Stayton, P. S.Biomacromolecules2006, 7,
1381-1385.

(36) Moad, G.; Chong, Y. K.; Postma, A.; Rizzardo, E.; Thang, S. H.
Polymer2005, 46, 8458-8468.

(37) Favier, A.; Ladaviere, C.; Charreyre, M.-T.; Pichot, C.Macromolecules
2004, 37, 2026-2034.

(38) Convertine, A. J.; Lokitz, B. S.; Vasileva, Y.; Myrick, L. J.; Scales,
C. W.; Lowe, A. B.; McCormick, C. L.Macromolecules2006, 39,
1724-1730.

MA0628230

6488 Cao et al. Macromolecules, Vol. 40, No. 18, 2007


