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ABSTRACT: A series of poly([3-(methacryloylamino)propyl]trimethylammonium chloride)-block-poly(2-(diethyl-

amino)ethyl methacrylate) (pMAPTACm–DEAEMAn) of different block lengths were prepared by controlled radical

polymerization based on reversible addition-fragmentation chain transfer (RAFT). The diblock copolymers have a nar-

row distribution in their molecular weights, the ratios of weight- and number-average molecular weights (Mw=Mn)

being in the range of 1.04–1.05. On the basis of 1H NMR, quasielastic light scattering (QELS), static light scattering

(SLS), and fluorescence probe data, these diblock copolymers exhibited reversible micelle formation and dissociation in

aqueous solutions induced by a pH change. The hydrodynamic radius (Rh) and apparent molecular mass for the diblock

copolymer increased abruptly near pH 7 with increasing pH, indicative of the micelle formation at basic pHs. Fluores-

cence spectra for N-phenyl-1-naphthylamine (PNA) probes suggested that hydrophobic molecules such as PNA were

incorporated into hydrophobic cores in the micelle. PNA probes were released into the bulk water phase when the

micelle was dissociated at pH � 7. The capture of the fluorescence probe at pH > 7 and its release at pH � 7 occur

reversibly as a result of the formation and dissociation of the micelle upon pH change.
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Controlled radical polymerization has been shown
to be of great use for the synthesis of polymers with
well-defined architectures. Several approaches have
been reported, which include nitroxide-mediated or
alkoxyamine-initiated polymerization (stable free rad-
ical polymerization, SFRP technique),1–3 atom trans-
fer radical polymerization (ATRP),4,5 and reversible
addition-fragmentation chain transfer (RAFT) radical
polymerization.6

(Meth)acrylamide-based monomers are important
materials for preparation of water-soluble polymers.
The controlled radical polymerization of acrylamide
derivatives by SFRP7,8 and ATRP9,10 is known to
be very difficult. On the other hand, RAFT methods
seem to be well suited for the polymerization of
acrylamide derivatives, e.g., polymerization of N,N-
dimethylacrylamide (DMA) and N-isopropylacryl-
amide (NIPAM) in organic solvents by the RAFT
process have been reported.11,12 Recently, McCormick
and co-workers reported that various acrylamide de-
rivatives can be polymerized in aqueous media by

the RAFT process.13–16

Water-soluble stimuli-responsive block copolymers
synthesized by controlled radical polymerization have
been the subject of increasing interest because they
may find practical applications such as nano-size vehi-
cles for drug delivery systems.17–19 Several stimuli-
responsive block copolymers prepared by controlled
radical polymerization have been reported. For exam-
ple, Laschewky et al.20 synthesized water-soluble di-
block copolymers of NIPAM and 3-[N-(3-methacryl-
amidopropyl)-N,N-dimethyl]ammoniopropane sulfo-
nate (SPP) by RAFT radical polymerization. These
block copolymers exhibit double thermo-responsive
behavior in aqueous solutions, i.e., the NIPAM block
shows a lower critical solution temperature, whereas
the SPP block exhibits an upper critical solution tem-
perature.
In our earlier paper, we reported on a well-defined

acrylamide-based diblock copolymer, poly(sodium
2-(acrylamido)-2-methylpropanesulfonate)-block-poly-
(sodium 6-acrylamidohexanoate) (pNaAMPS–AaH),
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prepared by RAFT radical polymerization.21 A similar
type block copolymer, diblock copolymer of NaAMPS
and 3-acrylamido-3-methylbutanoate (AMBA), has
been synthesized by McCormick and co-workers.22

These anionic diblock copolymers show pH-respon-
sive properties, i.e., the polymers undergo micelliza-
tion in acidic solutions, AaH or AMBA forming dehy-
drated cores, whereas the polymers are molecularly
dissolved in basic solutions. Although several exam-
ples of anionic block copolymers are known, exam-
ples of cationic block copolymers having quaternary
ammonium cations are very few. Poly((ar-vinylben-
zyl)trimethylammonium chloride)-block-poly(N,N-di-
methylvinylbenzylamine) reported by McCormick
and co-workers23 is one of the example of such cation-
ic block copolymers synthesized by RAFT polymer-
ization. They have reported that poly((ar-vinylben-
zyl)trimethylammonium chloride)-block-poly(N,N-
dimethylvinylbenzylamine) (Mn ¼ 51;000; Mw=Mn ¼
1:37) forms micelles with Rh ¼ 38:0 nm at a high
pH whereas it exists as a unimer state with Rh ¼ 8:0
nm at a low pH because the dimethylbenzylamine
blocks are also ionized at acidic conditions. Diblock
copolymers prepared from two basic monomers of dif-
ferent basicities may be viewed as cationic block
copolymers depending on pH. McCormick and co-
workers have demonstrated that basic monomers such
as N-[3-(dimethylamino)propyl]methacrylamide,24 2-
vinylpyridine, 4-vinylpyridine,25 and N,N-dimethyl-
vinylbenzylamine23 can be polymerized by RAFT
methods. Armes et al.26–29 synthesized a series of
block copolymers of two basic monomers by group
transfer polymerization (GTP) and ATRP, including
diblock copolymers of 2-(dimethylamino)ethyl meth-
acrylate (DMAEMA) with 2-(diethylamino)ethyl
methacrylate (DEAEMA). DMAEMA homopolymers
are soluble in neutral pH or in acidic solution due to
the protonation of the pendent tertiary amine moieties.
DEAEMA homopolymer is insoluble in water at neu-
tral pHs, whereas the homopolymer is soluble in acid-
ic aqueous solutions due to the protonation of the
pendent tertiary amine moieties. In aqueous solution
at pH 7–8, these cationic diblock copolymers form
micelles, however at higher pHs, the micelles have a
tendency to aggregate and hence precipitate.29 At
pH 7–8, the DEAEMA block becomes hydrophobic
and forms micellar cores, solvated DMAEMA blocks
forming micellar coronas. For example, it is reported
that a DMAEMA–DEAEMA diblock copolymer
(Mn ¼ 11;400; Mw=Mn ¼ 1:10) forms micelles with
ca. 20 nm in diameter at pH 9.5.
Among cationic monomers, [3-(methacryloylami-

no)propyl]trimethylammonium chloride (MAPTAC)
is a most commonly used commercially available
monomer. Polymers of MAPTAC are expected to be

of use for various important applications such as tis-
sue engineering materials30 and pigment dispersants.31

To our knowledge, precisely controlled radical poly-
merization of MAPTAC is not known to date in the
literature. Therefore, our motivation of this work is
to examine if MAPTAC can be successfully used
for the synthesis of cationic block copolymers by
RAFT radical polymerization. Because MAPTAC
is a quaternary ammonium moiety substituted on a
methacrylamide monomer, an RAFT method, among
various controlled radical polymerization methods,
may be suitable for synthesis of its polymers in a
well-controlled manner.
In this paper, we report on the synthesis of diblock

copolymers of MAPTAC and DEAEMA by RAFT
polymerization and pH-dependent associative proper-
ties of the block copolymers in water. First, we pre-
pared a homopolymer of MAPTAC of well-defined
molecular weight by RAFT polymerization and subse-
quently used the MAPTAC homopolymer obtained as
a macro-chain transfer agent (macro-CTA) for block
copolymerization with DEAEMA. Above pH 7,
DEAEMA blocks are insoluble in water due to depro-
tonation of tertiary amine moieties26,27,32 whereas
MAPTAC blocks are soluble in water independent of
pH. We investigated pH-responsive micelle formation
of poly([3-(methacryloylamino)propyl]trimethylam-
monium chloride)-block-poly(2-(diethylamino)ethyl
methacrylate) (pMAPTACm–DEAEMAn) (Chart 1)
in aqueous solution by 1H NMR, quasielastic light
scattering (QELS), static light scattering (SLS), and
fluorescence probe techniques.

EXPERIMENTAL

Reagents
4-Cyanopentanoic acid dithiobenzoate was synthe-

sized according to the method reported by McCormick
and co-workers.23 [3-(Methacryloylamino)propyl]tri-
methylammonium chloride (MAPTAC) and 2-(di-
ethylamino)ethyl methacrylate (DEAEMA) were
passed through basic alumina columns to remove

Chart 1. Chemical structure of pMAPTACm–DEAEMAn.
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inhibitor. N-Phenyl-1-naphthylamine (PNA) was puri-
fied by recrystallization from methanol. Water was
purified with a Millipore Milli-Q system. Other re-
agents were used as received.

Preparation of MAPTAC Macro-Chain Transfer
Agent (Macro-CTA)
The preparation of MAPTAC macro-CTA is as

follows. MAPTAC (50.0 g, 227mmol) was dissolved
in 67.8mL of water, and then 4-cyanopentanoic acid
dithiobenzoate (421mg, 1.51mmol) and 4,40-azo-
bis(4-cyanopentanoic acid) (84.6mg, 0.302mmol)
were added to this solution. The mixture was degassed
by purging with Ar gas for 30min. Polymerization
was carried out at 70 �C for 4 h. The polymerization
mixture was poured into a large excess of acetone to
precipitate resulting polymer. The polymer was puri-
fied by reprecipitating from methanol into a large
excess of acetone. The obtained MAPTAC homo-
polymer could be used as a macro-CTA to prepare
block copolymers.
To investigate relationship between polymerization

time and conversion, monomer conversion was deter-
mined by 1H NMR spectroscopy. Predetermined
amounts of MAPTAC, 4-cyanopentanoic acid dithio-
benzoate, and initiator were dissolved in D2O. This
solution was transferred to several NMR tubes and
deoxygenated by purging with Ar gas for 30min.
After deoxygenation, the cap was sealed and the solu-
tions were heated at 70 �C in a preheated oil bath for
varying lengths of time. The monomer consumption
was monitored as a function of polymerization time.
Monomer conversion was calculated from a decrease
in the area intensity of the vinyl protons at 5.5 and
5.8 ppm in the MAPTAC monomer. Polymerization
was terminated by rapid cooling with an ice bath.
Gel-permeation chromatography (GPC) for the reac-
tion mixture was measured to estimate the number-
average molecular weight (Mn) and molecular weight
distribution (Mw=Mn).

Block Copolymerization
A typical procedure for block copolymerization is

as follows. MAPTAC macro-CTA (2.93 g, 0.21mmol,
Mn ¼ 1:40� 104;Mw ¼ 1:44� 104;Mw=Mn ¼ 1:03),
DEAEMA (2.41 g, 13.0mmol), and 4,40-azobis(4-
cyanopentanoic acid) (11.8mg, 0.042mmol) were
dissolved in 20.5mL of water. The solution pH was
adjusted to 6.5 to add HCl (6.0M) to the solution.
The solution was deoxygenated by purging with Ar
gas for 30min. Block copolymerization was carried
out at 70 �C for 4 h. The diblock copolymer was puri-
fied by dialysis against pure water for a week, chang-
ing the pure water twice a day. The diblock copolymer
was recovered by a freeze-drying technique.

To investigate relationship between polymerization
time and conversion, predetermined amounts of
DEAEMA, MAPTAC macro-CTA, and initiator were
dissolved in D2O and pH was adjusted to 6.5 to add
DCl. This stock solution was transferred to several
NMR tubes and deoxygenated by purging with Ar
gas for 30min. After deoxygenation, the capwas sealed
and the solutions were heated at 70 �C in an oil bath
for varying lengths of time. Conversion and Mn were
characterized by 1H NMR and GPC, respectively.

Measurements
Gel-permeation chromatography (GPC) analysis

was performed using a refractive index (RI) detector
equipped with a Shodex Ohpak SB-804 HQ column
working at 40 �C under a flow rate of 1mL/min. A
0.3-M Na2SO4 aqueous solution containing a 0.5-M
acetic acid was used as eluent. Molecular weights of
the sample polymers were calibrated with standard
poly(2-vyniypyridine) samples of 6 different molecu-
lar weights ranging from 5:70� 103 to 3:16� 105.

1H NMR spectra were obtained with a Bruker
DRX-500 spectrometer operating at 500MHz. Chemi-
cal shifts were determined by using 3-(trimethylsilyl)-
propionic-2,2,3,3-d4 acid as an internal reference. The
sample solutions of the diblock copolymers at
Cp ¼ 10 g/L for 1H NMR measurements were pre-
pared in D2O containing 0.1M NaCl, and pD was
adjusted with a D2O solution of NaOD or DCl. The
final pD value was determined from the relation
pD ¼ pHþ 0:4.33

Quasielastic light scattering (QELS) data were ob-
tained at 25 �C with an Otsuka Electronics Photal
DLS-7000DL light scattering spectrometer equipped
with an ALV-5000E multi-�digital time correlator.
An Arþ laser (30.0mW at 488 nm) was used as a light
source. Sample solutions for QELS measurements
were filtered with a 0.2mm pore size membrane filter.
To obtain the relaxation time distribution, �Að�Þ, the
inverse Laplace transform (ILT) analysis was per-
formed using the algorithm REPES.34,35

gð1ÞðtÞ ¼
Z

�Að�Þ expð�t=�Þd ln � ð1Þ

Here, � is the relaxation time and gð1ÞðtÞ is the normal-
ized autocorrelation function. The relaxation time dis-
tributions are given as a �Að�Þ versus log � profile with
an equal area. The average translational diffusion co-
efficient (D) is calculated from D ¼ �=q2, where � is
the inverse of �, i.e., the average relaxation rate, and
q ¼ ð4�n=�Þ sinð�=2Þ with n being the refractive index
of solvent, � being the wavelength (¼ 488 nm), and
� being the scattering angle. The intensity-average
hydrodynamic radius (Rh) is calculated using the
Einstein–Stokes relation Rh ¼ kBT=6��D, where kB
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is Boltzmann’s constant, T is the absolute tempera-
ture, and � is the solvent viscosity.
Static light scattering (SLS) measurements were

performed at 25 �C with an Otsuka Electronics Photal
DLS-7000DL light scattering spectrometer equipped
with an He–Ne laser (10mW at 632.8 nm). Sample
solutions for SLS measurements were filtered with a
0.2mm pore size membrane filter. The weight-average
molecular weight (Mw) and the second virial coeffi-
cient (A2) values were estimated from the relation36

KCp

R�

¼
1

Mw

1þ
1

3
hR2

giq
2

� �
þ 2A2Cp ð2Þ

where Cp is the polymer concentration, R� is the
Rayleigh ratio, Rg is the z-average radius of gyration,
and K ¼ 4�2n2ðdn=dCpÞ2=NA�

4 with dn=dCp being
the refractive index increment against Cp and NA

being Avogadro’s number. By measuring R� for a
set of Cp and �, values of Mw and A2 were estimated
from Zimm plots. Toluene was used for the calibra-
tion of the instrument. Values of dn=dCp were deter-
mined with an Otsuka Electronics Photal DRM-1020
differential refractometer.
Fluorescence spectra were recorded on a Hitachi

F-2500 fluorescence spectrophotometer. A 0.1-M
NaCl aqueous stock solution of PNA (1:0� 10�6M)
was prepared. For PNA fluorescence measurements,
the sample solutions were excited at 340 nm, and
excitation and emission slit widths were maintained
at 20 and 5.0 nm, respectively.

RESULTS AND DISCUSSION

Synthesis of MAPTAC Macro-CTA
In Figure 1a, a time-conversion plot is depicted

along with the pseudo first-order kinetic plot for the
RAFT polymerization of MAPTAC in D2O under an
Ar atmosphere. The linear increase of the first-order
plot indicates that the reaction is first-order and the
polymer radical concentration remains essentially
constant during the polymerization. A GPC elution
curve measured for each plot in Figure 1a is shown
in Figure 1b. The molecular mass increases progres-
sively with polymerization time, and the GPC elution
bands are unimodal with no sign of contamination
from uncontrolled polymerization. The GPC results
shown in Figure 1c indicate that Mn of MAPTAC
homopolymer increases with conversion while Mw=
Mn remains nearly constant at 1.04–1.05. Apparent
deviation of the conversion-Mn plot from a strait line
passing through the origin may be due to an unexpect-
ed interaction of the GPC column and the polymer
and a difference between the obtained polymer and
standard poly(2-vyniypyridine) samples. In a control
experiment, MAPTAC homopolymer was prepared

by conventional free radical polymerization under
the same conditions as those for the RAFT polymer-
ization except 4-cyanopentanoic acid dithiobenzoate
(CTA) was not added. The reaction mixture became
highly viscous within 30min. The values of Mn and
Mw=Mn for the MAPTAC homopolymer obtained in
the controlled experiment were found to be 2:11�
105 and 12.0, respectively. On the other hand, the val-
ues of Mn and Mw=Mn for the purified homopolymer
prepared by the RAFT process at a conversion of
41.2% are 1:40� 104 and 1.03, respectively. These
results indicate that the polymerization of MAPTAC

Figure 1. (a) Time-conversion ( ) and the pseudo first-order

kinetic plots ( ) for the polymerization of MAPTAC in the pres-

ence of 4-cyanopentanoic acid dithiobenzoate in D2O at 70 �C.

(b) Evolution of GPC elusion curves during the synthesis of

MAPTAC homopolymer with polymerization time. (c) Depend-

ence of Mn ( ) and Mw=Mn ( ) on the monomer conversion in

the polymerization of MAPTAC.
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by the RAFT process follows a virtually ‘‘living’’
polymerization mechanism.

Synthesis of Diblock Copolymers of MAPTAC and
DEAEMA
We performed polymerization of DEAEMA in the

presence of MAPTAC macro-CTA (Mn ¼ 1:40�
104; Mw ¼ 1:44� 104; Mw=Mn ¼ 1:03) in D2O at
pH 6.5. Because the DEAEMA monomer is basic,
pH of its aqueous solution was adjusted to 6.5 to avoid
undesirable side reactions including hydrolysis of
macro-CTA.37 Thiocarbonyl compounds, such as
CTA used in the present work, are known to be un-
stable toward hydrolysis.38 Figure 2a shows a time-
conversion and the pseudo first-order kinetic plots
for the polymerization of DEAEMA in the presence
of MAPTAC macro-CTA. A high conversion of
DEAEMA (> 97%) was reached at a polymeriza-
tion time of 240min. It should be noted here that a
conversion of �51% is obtained for the homopoly-
merization of MAPTAC at the same polymerization
time (Figure 1a). It is known that the polymerization
rate and conversion of RAFT radical polymerization
are sensitive to a combination of CTA and monomer.
The first-order plots for the copolymerization of
DEAEMA are approximately fitted to a straight line.
In Figure 2b, a GPC elusion curve for the

MAPTAC-DEAEMA diblock copolymer is compared
with that for the MAPTAC macro-CTA before co-
polymerization. A clear increase in the molecular
weight occurs upon polymerization of DEAEMA in
the presence of MAPTAC macro-CTA. Neither a
new peak nor a shoulder due to DEAEMA homopoly-
mer formed by homopolymerization was recognized.
The GPC results shown in Figure 2c indicate that
Mn increases linearly with conversion. Taken together
with a narrow Mw=Mn, this result indicates that the
polymerization is well controlled.
We prepared a series of diblock copolymers of

different DEAEMA bock lengths using the same
MAPTAC macro-CTA (Mn ¼ 1:40� 104; Mw ¼
1:44� 104; Mw=Mn ¼ 1:03). The degrees of polymer-
ization (DP) of MAPTAC and DEAEMA blocks were
calculated from GPC and 1H NMR, respectively.
Table I lists some molecular characteristics of these
diblock copolymers.

Figure 2. (a) Time-conversion ( ) and the pseudo first-order

kinetic plots ( ) for the polymerization of DEAEMA in the pres-

ence of MAPTAC macro-CTA in D2O at 70 �C. (b) GPC elution

curves for a sample of MAPTAC macro-CTA (Mn ¼ 1:40� 104;

Mw=Mn ¼ 1:03) (—) and the corresponding diblock copolymer of

MAPTAC and DEAEMA (Mn ¼ 1:90� 104; Mw=Mn ¼ 1:06)

(- - -). (c) Dependence ofMn ( ) andMw=Mn ( ) on the monomer

conversion in the polymerization of DEAEMA in the presence of

MAPTAC macro-CTA.

Table I. Molecular weights and compositions of the block copolymers

Sample code
DP of MAPTAC

blocka
DP of DEAEMA

blockb
Mn,GPC � 10�4 Mw=Mn

pMAPTAC62–DEAEMA11 62 11 1.48 1.04

pMAPTAC62–DEAEMA28 62 28 1.61 1.04

pMAPTAC62–DEAEMA53 62 53 1.81 1.05

aDegree of polymerization (DP) determined by GPC. bDP estimated by 1H NMR.
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1H NMR
Figure 3 shows the 1H NMR spectra for

pMAPTAC62–DEAEMA53 (Chart 1), where the sub-
script represents the degree of polymerization of each
block, measured at Cp ¼ 10 g/L in 0.1M NaCl con-
taining D2O at different pH. At pH 3, the diblock co-
polymer chains are fully protonated and hence solvat-
ed, and all the signals expected for each block were
observed. Under these conditions, the diblock copoly-
mer is molecularly dissolved in water, i.e., a ‘‘unimer’’
state. The resonance bands in the 0.8–1.1 ppm region
and at 1.8 ppm are attributed to the �-methyl protons
and the main chain methylene protons, respectively.
The composition of the diblock copolymer was deter-
mined from the intensity ratio of the resonance bands
due to the methyl protons in the side chain of the
DEAEMA block at 1.3 ppm and the trimethyl amino
protons of the MAPTAC block at 3.2 ppm in D2O at
pH 3. Progressive deprotonation of DEAEMA units
leads to a small upfield shift in the signals due to
the pendent diethylaminoethyl groups at pH � 7.29

The DEAEMA homopolymer is weakly basic with a
pKa of ca. 7.3.39 Above pH 8, the resonance peaks
corresponding to the DEAEMA block disappear com-
pletely. The disappearance of the resonance signals
assigned to the DEAEMA block implies poor solva-
tion and reduced mobility of the DEAEMA block.
Considering the chemical structure of the block co-
polymer, one can expect that the polymer is likely

to form a core-corona type polymer micelle with
deprotonated DEAEMA blocks forming a core and
permanently charged MAPTAC blocks forming a
corona. When the solution pH was increased from 3
to 11 and subsequently decreased back from 11 to 3,
the original NMR spectrum was observed. Therefore,
this pH-induced association seems to be reversible.
Similar observations were reported by Armes et al.32

for the poly(ethylene oxide) (PEO)–DEAEMA di-
block copolymer micelle that includes fully dehy-
drated DEAEMA cores at pH 9.

Light Scattering
The pH-induced micellization of the diblock co-

polymer in aqueous solution was confirmed by QELS
measurements. The intensity-average hydrodynamic
radius (Rh) for the diblock copolymer was measured
in 0.1M NaCl aqueous solutions. The plots of the
inverse of average relaxation time (�) and the square
of magnitude of the scattering vector (q2) for the di-
block copolymers at pH 4 and 10 are linear relation-
ship passing through the origin was obtained (data
not shown). Thus, the measured relaxation time was
predominantly attributed to a diffusive mode. QELS
measurements were performed at a fixed scattering
angle of 90�.
Figure 4 compares relaxation time distributions for

pMAPTAC62–DEAEMA53 at pH 4 and 10 in 0.1M
NaCl aqueous solutions. The distributions are unimo-
dal at pH 4 and 10 with different relaxation times. The
fast relaxation mode at pH 4 is attributed to a unimer
with Rh ¼ 4:9 nm whereas the slow relaxation time at
pH 10 to the polymer aggregates with Rh ¼ 13 nm.
This observation suggests the formation of micelles
with a DEAEMA core and MAPTAC corona.
Figure 5a compares variation of scattering intensi-

ties for the aqueous solutions of the diblock copoly-
mers of different lengths of the DEAEMA block
plotted as a function of pH. The scattering intensities

Figure 3. 1H NMR spectra for pMAPTAC62–DEAEMA53 at

Cp ¼ 10 g/L in D2O containing 0.1M NaCl at varying pHs.

Figure 4. Typical examples of QELS relaxation time distribu-

tions for pMAPTAC62–DEAEMA53 at Cp ¼ 10 g/L in 0.1M

NaCl aqueous solutions at pH 4 ( ) and 10 ( ).
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for pMAPTAC62–DEAEMA53 and pMAPTAC62–
DEAEMA28 increase drastically as the solution pH
is increased from 7 to 8. This is a manifestation that
polymer micelles are formed at pH > 7. On the other
hand, the scattering intensity for pMAPTAC62–
DEAEMA11 remains essentially unchanged upon
a pH change from pH 3 to 11, suggesting that
pMAPTAC62–DEAEMA11 does not form polymer
micelle presumably because the hydrophobicity of
the shorter deprotonated DEAEMA blocks is not suf-
ficient enough to form a micelle core.
Figure 5b shows Rh for the diblock copolymers

plotted against pH. Below pH 7, the Rh values for the
diblock copolymers are on the order of 3–5 nm, sug-
gesting that all the polymers exist in a unimer state.
Upon increase in pH, the Rh values for pMAPTAC62–
DEAEMA53 and pMAPTAC62–DEAEMA28 com-
mence to increase at pH > 7. This indicates the for-
mation of polymer micelles under basic conditions.
The Rh values for pMAPTAC62–DEAEMA53 micelles
are slightly larger than those for the pMAPTAC62–
DEAEMA28 micelles. In the case of pMAPTAC62–
DEAEMA11, the Rh values are constant around 4 nm
in the whole range of pH examined, which indicates
that there is no interpolymer association. The pH de-
pendence of Rh is consistent with that of the scattering
intensity. The Rh values for the diblock copolymers at
pH 4 and 10 are summarized in Table II. When pH

was increased from 3 to 11 and subsequently decreas-
ed back to 3, completely reversible changes in the Rh

values without hysteresis were observed.
The Rh value is the sum of the radius of the core

(Rc) and the corona thickness (L). The Rc can be cal-
culated from the eq 340,41

Rc ¼ ½3Mw,micwDEAEMA=ð4�NA�DEAEMA�DEAEMAÞ�1=3

ð3Þ
where Mw,mic is the weight-average molecular
weight of micelle, wDEAEMA is the weight fraction
of DEAEMA in the diblock copolymer, NA is
Avogadro’s number, �DEAEMA is the density of
DEAEMA, and �DEAEMA is the volume fraction of
DEAEMA in the core of micelle. Using the values
of �DEAEMA ¼ 0:92 g/mL which is bulk density of
DEAEMA monomer and �DEAEMA ¼ 1, Rc can be
determined. The L value can also be calculated from
the difference of Rh and Rc. These Rc and L values
for pMAPTAC62–DEAEMA53 and pMAPTAC62–
DEAEMA28 micelles are summarized in Table III.
Typical examples of Zimm plots for pMAPTAC62–

DEAEMA53 obtained by SLS measurements in 0.1M
NaCl aqueous solutions at pH 4 and 10 are shown in
Figure 6. The apparent values of Mw for the unimer
and micelle were estimated by extrapolation of Cp

and � to zero, and A2 was estimated from the concen-
tration dependence in the Zimm plots. Unfortunately,
Rg values for the unimer and micelle are too small to
be determined by Zimm plots, i.e., Rg < 10 nm. The
Mw and A2 values determined from the Zimm plots
for the diblock copolymers at pH 4 and 10 are pre-
sented in Table II. The Mw value for pMAPTAC62–
DEAEMA11 at pH 10 is near the value estimated at
pH 4, which indicates that pMAPTAC62–DEAEMA11

does not form micelles at pH 10. The numbers of
polymer chains consisting of one micelle (i.e., aggre-

Figure 5. (a) Scattering intensity and (b) intensity-average

hydrodynamic radius (Rh) at Cp ¼ 10 g/L for pMAPTAC62–

DEAEMA53 ( ), pMAPTAC62–DEAEMA28 ( ), and

pMAPTAC62–DEAEMA11 ( ) as a function of pH in 0.1M NaCl

aqueous solutions at 25 �C.

Table II. Light scattering data for the block copolymers

Sample code pH
Rh

(nm)
Mw,SLS�10�4 A2 � 103

(molmL g�2)

pMAPTAC62–DEAEMA11
4 3.48 0.83 5.88

10 4.02 1.17 1.82

pMAPTAC62–DEAEMA28
4 5.28 1.14 5.68

10 10.3 11.7 0.37

pMAPTAC62–DEAEMA53
4 4.88 1.09 4.39

10 12.8 30.1 0.09

Table III. Characteristics of pMAPTAC–DEAEMA

block copolymer micelles

Sample code
Rc

(nm)
L

(nm)
Nagg

pMAPTAC62–DEAEMA28 2.39 7.91 10.3

pMAPTAC62–DEAEMA53 3.80 9.00 27.6
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gation numbers) (Nagg) for pMAPTAC62–DEAEMA53

and pMAPTAC62–DEAEMA28 micelles may be cal-
culated from the ratio of the Mw values for the micelle
at pH 10 and unimer at pH 4 estimated from SLS
data (Table III). The values of Mw and Nagg for the
block copolymer micelles increase with increasing
DEAEMA block length.

Fluorescence
It is known that steady-state fluorescence spectra of

pyrene provides information about microenvironmen-
tal polarity.42 We attempted to measure pyrene fluo-
rescence in the presence of our block copolymers,
however, pyrene fluorescence was found to be
quenched significantly with increasing Cp. It was con-
firmed, in a separate experiment, that pyrene fluores-
cence was not quenched by the homopolymer of
MAPTAC or DEAEMA prepared by ordinary radical
polymerization. Therefore, it can be concluded that
the dithiobenzoate group in the polymer chain end
of the diblock copolymer prepared by the RAFT proc-
ess is responsible for the fluorescence quenching.
Studies of the pyrene fluorescence quenching by poly-
mers synthesized by RAFT are currently under way in
our laboratory, and some results of these studies will
be reported elsewhere in due time.
It is known that the fluorescence of N-phenyl-1-

naphthylamine (PNA) is sensitive to its surrounding
polarity.43–45 As the emission maximum shifts toward
shorter wavelengths according to a decrease in the
polarity, PNA can be used as a probe for micro po-
larity. We confirmed that PNA fluorescence was not
quenched by 4-cyanopentanoic acid dithiobenzoate

and the diblock copolymers prepared by the RAFT
process. In Figure 7, emission maxima for PNA fluo-
rescence in the presence of the block copolymers are
plotted as a function of pH. For all the three block
copolymers shown in Figure 7, the emission maxima
are practically constant at 440 nm in a low pH regime
(pH � 7), indicative of the absence of hydrophobic
association of PNA with these block copolymers.
The emission maxima for pMAPTAC62–DEAEMA53

and pMAPTAC62–DEAEMA28 shifted from 440 nm
to 400 and 402 nm, respectively in a narrow pH
range of 7–8 as pH was raised from an acidic pH. This
blue shift indicates a transfer of PNA from the aque-
ous phase to a hydrophobic environment formed by
association of dehydrated DEAEMA blocks (i.e., mi-
celle core). When pH was raised from 3 to 11 and
subsequently reduced to 3, completely reversible
changes in the emission maximum without hysteresis
were observed for both pMAPTAC62–DEAEMA53

and pMAPTAC62–DEAEMA28. In the case of
pMAPTAC62–DEAEMA11, on the other hand, the
blue shift of the emission maximum is much less than
that of the other two block copolymers, the blue shift
saturating at 413 nm at pH � 10. These observations
are qualitatively consistent with the light scattering
data (Figure 5). For pMAPTAC62–DEAEMA11 the
deprotonated DEAEMA block may not be hydropho-
bic enough, relative to the much longer MAPTAC
block, to form a micelle core, although it provides a
hydrophobic microenvironment where PNA probes
are taken up to some extent at pH > 7.

CONCLUSIONS

A methacrylamide-based cationic monomer,
MAPTAC, was first polymerized in the presence of
4-cyanopentanoic acid dithiobenzoate in water. The
polymerization proceeded in accordance with a con-

Figure 6. Zimm plots analysis for pMAPTAC62–DEAEMA53

in 0.1M NaCl aqueous solutions at pH 4 (a) and 10 (b). The poly-

mer concentration was varied from 1.0 to 8.0 g/L at angles from

30� to 130� with a 20� increment.

Figure 7. Emission maxima in PNA fluorescence spectra

plotted as a function of pH in the presence of pMAPTAC62–

DEAEMA53 ( ), pMAPTAC62–DEAEMA28 ( ), and

pMAPTAC62–DEAEMA11 ( ) at Cp ¼ 10 g/L in 0.1M NaCl

aqueous solutions.
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trolled mechanism that was confirmed from the obser-
vation that Mn increased linearly with monomer con-
version whileMw=Mn remained to be ca. 1.0 independ-
ent of the conversion. A dithioester-capped MAPTAC
homopolymer thus prepared was used as a macro-
CTA, and block copolymers with DEAEMA were pre-
pared in aqueous media. The block copolymerization
of DEAEMA using the MAPTAC macro-CTA was
confirmed to proceed in accordance with a ‘‘living’’
polymerization mechanism. The pMAPTACm–
DEAEMAn block copolymers exhibited pH-induced
micelle formation and disruption, which was investi-
gated by 1H NMR, QELS, SLS, and fluorescence tech-
niques. These data indicated that pMAPTAC62–
DEAEMA53 and pMAPTAC62–DEAEMA28 formed
polymer micelles in 0.1M NaCl aqueous solution at
pH > 7. The pH-induced formation and dissociation
of micelle was completely reversible without hystere-
sis. There was a clear tendency that the number of
polymer chains forming one micelle increases as the
DEAEMA block length is increased.
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