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ABSTRACT: Well-defined poly(sodium 2-(acrylamido)-2-methylpropanesulfonate-block-sodium 6-acryl-
amidohexanoate) (pbNaAMPS-AaH) was synthesized by reversible addition—fragmentation chain transfer
(RAFT) radical polymerization of sodium 6-acrylamidohexanoate (AaH) using the sodium 2-(acrylamido)-
2-methylpropanesulfonate-based macrochain transfer agent. The “living” polymerization of AaH was
evidenced by the fact that the number-average molecular weight increased linearly with monomer
conversion while the molecular weight distribution remained narrow independent of the conversion. pH-
induced association and dissociation behavior of the diblock copolymers was investigated by quasi-elastic
light scattering (QELS), static light scattering (SLS), *H NMR spin—spin relaxation time, and fluorescence
probe techniques. At pH < 4, the diblock copolymers exhibited large values of the hydrodynamic radius
and small values of the 'H NMR spin—spin relaxation time. These observations indicated that micellization
occurred to form polymer micelles comprising hydrophobic protonated AaH cores and hydrophilic NaAMPS
coronas at pH < 4. On the other hand, these diblock copolymers dissolved in aqueous solutions as a state
of unimer under high-pH conditions. 8-Anilino-1-naphthalenesulfonic acid, ammonium salt hydrate (ANS),
as a fluorescence probe could be incorporated into the protonated AaH core of diblock copolymer micelles
at low pH and released upon dissociation of the micelles at high pH, which was completely reversible.

Introduction

Amphiphilic diblock copolymers form micelles in
aqueous solutions in which hydrophobic blocks consti-
tute cores and hydrophilic blocks form coronas. The
amphiphilic block copolymer micelles are important in
many applications, including separation® and delivery
systems.? In recent years, external stimuli-responsive
block copolymers have attracted considerable interest.
Remarkable progress has been made in the development
of block copolymers responding to physical and chemical
stimuli such as heat, changes in pH, and added
electrolyte.3-5

Progress in polymer synthesis techniques makes it
possible to produce various water-soluble block copoly-
mers with controlled structures. Radical polymerization
methods that have been used to synthesize well-defined
polymers include nitroxide-mediated or stable free radi-
cal polymerization (SFRP),® atom transfer radical po-
lymerization (ATRP),”8 and reversible addition—frag-
mentation chain transfer (RAFT) methods.® Above
them, the advantage of RAFT polymerization is ap-
plicable to a wide range of monomers under a broad
range of experimental conditions. A number of external
stimuli-responsive block copolymers have been synthe-
sized via the RAFT process. For example, using sequen-
tial free radical polymerization via the RAFT process,
Laschewsky and co-workers'® synthesized switchable
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block copolymers with double thermoresponsivity, con-
taining two blocks, one presenting a lower critical
solution temperature (LCST) and the other an upper
critical solution temperature (UCST). McCormick and
co-workers!! synthesized poly(sodium 4-styrenesulfonate-
block-sodium 4-vinylbenzoate) (pNaSS-VB) via RAFT
radical polymerization. Armes and co-workers!? syn-
thesized pNaSS-VB with varying VB contents via
2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO)-mediated
living radical polymerization. These pNaSS-VB diblock
copolymers undergo reversible pH-induced micellization
in aqueous solutions, forming the hydrophobic micellar
core of the carboxylic acid blocks. From quasi-elastic
light scattering (QELS) studies, it was revealed that
pNaSS-VB forms polymer micelles with a hydrodynamic
diameter of 20 nm at pH 3.9.12

In this paper, we report on the controlled synthesis
of diblock copolymers of sodium 2-(acrylamido)-2-me-
thylpropanesulfonate (NaAMPS) and sodium 6-acryl-
amidohexanoate (AaH) in aqueous solutions by the
RAFT process using the NaAMPS macrochain transfer
agent (Chart 1). This diblock copolymer exhibits pH-
induced self-association due to selective protonation of
the carboxylate residues at low pH's. We mainly focused
on the pH-responsive association and dissociation be-
havior of the diblock copolymers in aqueous solutions
as characterized using QELS, static light scattering
(SLS), 'H NMR relaxation time, and fluorescence probe
techniques.

Experimental Section

Reagents. 4-Cyanopentanoic acid dithiobenzoate was syn-
thesized according to the method reported by McCormick and
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Chart 1. Diblock Copolymer Used in This Study
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co-workers.!! Sodium 6-acrylamidohexanoate (AaH) was pre-
pared as reported previously.’3 Methanol was dried over 4 A
molecular sieves and distilled. Water was purified with a
Millipore Milli-Q system. Other reagents were used as re-
ceived.

Preparation of NaAMPS Macro-Chain Transfer Agent.
A representative example for the preparation of NaAMPS
macro-chain transfer agent (macro-CTA) is as follows. 2-(Acryl-
amido)-2-methylpropanesulfonic acid (AMPS) (25.0 g, 121
mmol) was neutralized with NaOH (4.81 g, 121 mmol) in 60
mL of water, and 4-cyanopentanoic acid dithiobenzoate (232
mg, 0.829 mmol) and 4,4'-azobis(4-cyanopentanoic acid) (46.4
mg, 0.166 mmol) were added to this solution. The mixture was
degassed by purging with Ar gas for 30 min. Polymerization
was carried out at 70 °C for 4 h. The polymer was dialyzed
against pure water for a week and recovered by a freeze-drying
technique (conversion 83.9%). The obtained NaAMPS polymer
could be used as a macro-CTA.

Block Copolymerization. A typical procedure for block
copolymerization is as follows. NaAMPS macro-CTA (2.70 g),
AaH (1.70 g, 8.23 mmol), and 4,4'-azobis(4-cyanopentanoic
acid) (5.1 mg, 0.018 mmol) were dissolved in 15 mL of water.
The solution was deoxygenated by purging with Ar gas for 30
min. Block copolymerization was carried out at 70 °C for 4 h.
The diblock copolymer was purified by dialysis against a dilute
NaOH aqueous solution (pH 8) for a week, changing the dilute
alkaline aqueous solution twice a day. The diblock copolymer
was recovered by a freeze-drying technique. Gel permeation
chromatography (GPC) for the reaction mixture was measured
to estimate the molecular weight and molecular weight
distribution (My/M;). To investigate the relationship between
polymerization time and conversion, the conversion was
determined by *H NMR spectroscopy. Predetermined amounts
of AaH, NaAMPS macro-CTA, and initiator were dissolved in
D,0. The solution was added to an NMR tube and deoxygen-
ated by purging with Ar gas for 30 min. After deoxygenation,
the cap was sealed and the tube placed in the temperature-
equilibrated (70 °C) probe of a NMR spectrometer.

Measurements. Gel Permeation Chromatography
(GPC). GPC analysis were performed at 40 °C with a JASCO
GPC-900 equipped with a JASCO UV-975 UV/vis detector and
two Tosoh TSKgel a-M columns using a 0.1 M NaNO3; aqueous
solution containing 20 vol % acetonitrile as an eluent at a flow
rate of 1.0 mL/min. The GPC detectors included refractive
index (RI) and ultraviolet (UV) absorption at 304 nm. The
number-average molecular weight (M,), weight-average mo-
lecular weight (My,), and M,/M, of the sample polymers were
calibrated with standard sodium poly(styrenesulfonate) samples
of 11 different molecular weights ranging from 1.37 x 10° to
2.61 x 1068.

Quasi-Elastic Light Scattering (QELS). QELS data were
obtained at 25 °C with an Otsuka Electronics Photal DLS-
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7000DL light scattering spectrometer equipped with an ALV-
5000E multi- digital time correlator. An Ar* laser (50.0 mW
at 488 nm) was used as a light source.

The intensity—intensity time correlation g@(t) in the self-
beating mode was measured, and g®(t) is related to the
normalized autocorrelation function of the scattered electric
field g®(t):

9?1 = B(L + Blg®)?) ()

where B is a baseline, f is a factor which takes into account
deviations from ideal correlation, and t is the delay time. For
a polydisperse sample, g®(t) is related to the relaxation time
distribution, tA(r). To obtain 7A(z), the inverse Laplace trans-
form (ILT) analysis was performed using a constrained
regularization routine, REPES.'*15

g®t) = j TA(r) exp(—t/r) d In 7 2

Here, 7 is the relaxation time. The relaxation time distributions
are given as a 7A(7) vs log 7 profile with an equal area. The
translational diffusion coefficient (D) is calculated from D =
(T/g?)q—0, Where T is the relaxation rate and q = (42n/4) sin-
(6/2) with n being the refractive index of solvent, 4 being the
wavelength (= 488 nm), and 6 being the scattering angle. The
hydrodynamic radius (Ry) is calculated using the Einstein—
Stokes relation R, = kgT/67yD, where kg is Boltzmann's
constant, T is the absolute temperature, and 7 is the solvent
viscosity.

Static Light Scattering (SLS). SLS measurements were
performed at 25 °C with an Otsuka Electronics Photal DLS-
7000DL light scattering spectrometer equipped with an Ar*
laser (50.0 mW at 488 nm). M, z-average radius of gyration
(Rg), and the second virial coefficient (Az) values were esti-
mated from the relation?®

KC, 1 1
S 1 1lpoge
R, Mw(l + 3R, ) +2A,C, ©)

where C,; is the polymer concentration, Ry is the Rayleigh ratio,
and K = 4722n2(dn/dC,)2/Nai* with dn/dC, being the refractive
index increment against C, and Na being Avogadro’s number.
By measuring R, for a set of C, and 6, values of My, Ry, and
A, were estimated from Zimm plots. Benzene was used for the
calibration of the instrument. Values of dn/dC, were deter-
mined with an Otsuka Electronics Photal DRM-1020 dif-
ferential refractometer at 25 °C.

1H NMR Relaxation Time. 'H NMR spectra were obtained
with a Bruker DRX-500 spectrometer operating at 500 MHz
in D20. Chemical shifts were determined by using 3-(trimeth-
ylsilyl)propionic-2,2,3,3-d,4 acid as an internal reference. 'H
NMR spin—spin relaxation times (T,) were determined by the
Carr—Purcell-Meiboom—Gill (CPMG) method.*” A 90° pulse
of 13.85 us was calibrated and used for the measurement. Peak
intensities at 12 different numbers of the 180° pulse were
measured.

Fluorescence. Fluorescence spectra were recorded on a
Hitachi F-2500 fluorescence spectrophotometer. 8-Anilino-1-
naphthalenesulfonic acid, ammonium salt hydrate (ANS), was
used as a fluorescence probe. A 0.1 M NaCl aqueous stock
solution of ANS (1.89 x 10™* M) was prepared. Emission
spectra of ANS were measured with excitation at 350 nm.
Excitation and emission slit widths were maintained at 20 and
5.0 nm, respectively.

Preparation of Sample Solutions. The solution pH was
adjusted by adding a proper amount of aqueous NaOH or HCI.
All measurements were made with 0.1 M NaCl aqueous
solutions to avoid an effect of a small change in the ion
strength resulting from a small amount of NaOH or HCI added
to the solutions. For QELS measurements, polymer solutions
containing 0.1 M NaCl were employed to minimize interpoly-
mer electrostatic interactions. The polymer concentration was
10 g/L. SLS and dn/dC, measurements were performed at C,
ranging from 1.0 to 10 g/L in 0.1 M NaCl. Sample solutions
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for QELS and SLS measurements were filtered with a 0.2 um
pore size membrane filter. The sample solutions of the diblock
copolymers at C, = 10 g/L for 'H NMR measurements were
prepared in D,O containing 0.1 M NacCl, and pD was adjusted
with a D,0 solution of NaOD or DCI. The final pD value was
determined from the relation pD = pH + 0.4.18

Results and Discussion

Synthesis of NaAMPS—AaH Diblock Copoly-
mers. We performed polymerization of NaAMPS by
RAFT in aqueous solution at pH 7.5 following papers
by McCormick and co-workers'® who reported RAFT
polymerization of NaAMPS proceeded in a “living”
fashion in aqueous media. 4,4'-Azobis(4-cyanopentanoic
acid) and 4-cyanopentanoic acid dithiobenzoate were
used as an initiator and as a chain transfer agent (CTA),
respectively with a molar ratio maintained at 1/5. The
monomer concentration was 2.0 M. The M, value of the
polymer obtained was 1.91 x 10* with an My,/M,, ratio
of 1.26. Values of M, and M,,/M,, for polymers obtained
in a control experiment, where no CTA was added, were
found to be 2.10 x 10° and 9.67, respectively. These
results imply that the polymerization of NaAMPS by
RAFT proceeds in a “living” manner with a dithioester
moiety at one chain end and thus the yielded could be
used as a macro-CTA.

In Figure 1a, a time—conversion relationship is
depicted along with the first-order kinetic plot for the
polymerization of AaH in the presence of NaAMPS
macro-CTA (M, = 1.91 x 10% My/M, = 1.26) and 4,4'-
azobis(4-cyanopentanoic acid) at 70 °C in D,O under an
Ar atmosphere. The monomer consumption was moni-
tored by '™H NMR spectroscopy as a function of time.
There was an induction period of 13 min, which may
be due to a slow rate of the formation of the 4-cyano-
pentanoic acid radical fragment. A monomer conversion
of 86% was reached after 240 min. The Kinetic plot for
RAFT polymerization deviated significantly from the
first-order kinetics. The breakdown in the “livingness”
of the polymerization, like other controlled free radical
processes, is indicative of the presence of bimolecular
termination events.2%2! Similar observations of a induc-
tion period early in the polymerization and deviation
from the first-order Kinetics above 55% conversion were
reported by McCormick and co-workers?! for the RAFT
polymerization of N,N-dimethylacrylamide (DMA) in
benzene at 60 °C using 2,2'-azobis(isobutyronitrile) as
an initiator at a CTA/initiator ratio of 5/1.

In Figure 1b, a GPC elution curve (RI response) for
the NaAMPS and AaH diblock copolymer sample
(PNaAMPS-AaH) is compared with that for the NaAMPS
macro-CTA before block copolymerization. A significant
increase in the molecular weight occurs upon polymer-
ization of AaH in the presence of the NaAMPS macro-
CTA. Neither a new peak nor a shoulder due to AaH
homopolymers formed by homopolymerization was ob-
served. The polymers formed by the RAFT process show
UV absorption at 304 nm due to the 7—x* transition of
a dithiobenzoate moiety at the polymer chain end. GPC
elution traces detected by UV absorption at 304 nm were
virtually the same as those detected by RI.

In Figure 1c, values of M, and M,/M;, estimated from
GPC for the diblock copolymers in the polymerization
of AaH in the presence of the NaAMPS macro-CTA (M,
= 1.91 x 10% Mu/M, = 1.26) are plotted as a function
of the conversion of AaH determined by 'H NMR. The
M, value increases almost linearly with the conversion
while M,,/M,, remains nearly constant (M,/M, < 1.32)
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Figure 1. (a) Time—conversion and the first-order Kinetic
plots for the polymerization of AaH in the presence of NaAMPS
macro-CTA in DO at 70 °C. (b) GPC elution curves for a
sample of NaAMPS macro-CTA (M, = 1.91 x 10% Mu/M, =
1.26) (—) and corresponding diblock copolymer of NaAMPS and
AaH (M, = 3.39 x 10% My/Mp = 1.32) (- - -). (c) Dependence of
M, and My/M, on the monomer conversion in the polymeri-
zation of AaH in the presence of NaAMPS macro-CTA in D,O
at 70 °C. The broken line represents the theoretical line.

independent of the conversion. All the values of M,, are
close to the theoretical values predicted for a living
mechanism.

The same NaAMPS macro-CTA of M,, = 1.91 x 104
was used to prepare a series of NaAMPS-AaH diblock
copolymers with different AaH block lengths. Degrees
of polymerization (DP) for NaAMPS and AaH blocks
were calculated from GPC and *H NMR, respectively.
Table 1 lists molecular parameters for the diblock
copolymers together with M, and M\/M, values esti-
mated by GPC.

Quasi-Elastic Light Scattering (QELS). The for-
mation of polymer micelles from the diblock copolymers
under acidic conditions was observed by QELS. Relax-
ation time distributions at pH 3 and 9 were measured
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Table 1. Molecular Weights and Compositions of the
Diblock Copolymers

DP of
NaAMPS DP of AaH Mp2
sample code block 2 blockP x 107*  Mu/Mp2
pNaAMPSgszaHgo 85 30 3.02 1.21
pNaAMPSgs—AaH0 85 40 3.12 1.25

a Degrees of polymerization (DP) were determined by GPC
eluted with a mixed solvent of water and acetonitrile (80/20, v/v)
containing 0.1 M NaNOs. b Estimated by 'H NMR.
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Figure 2. Typical examples of QELS relaxation time distri-
butions for pNaAMPSgs—AaH4 at C, = 10 g/L in 0.1 M NaCl
aqueous solutions at pH 9 (a), 5 (b), and 3 (c) at 8 = 90°.

at different scattering angles (30°, 50°, 70°, 90°, 110°,
and 130°) at C, = 10 g/L, and the relaxation rate (I') at
each peak top was plotted against the square of the
scattering vector (g?) (data not shown). These plots
yielded a straight line passing through the origin. Thus,
the observed relaxation times are attributed to a dif-
fusive mode. Values of D estimated from the slope of
the T'—g? plots were found to be in good agreement with
those calculated from I at the peak top of the relaxation
time distribution obtained at a fixed 6 of 90°. Therefore,
we used D values calculated from I' at the peak top. The
Rn values were estimated from the Einstein—Stokes
equation using the D values. Figure 2 compares QELS
relaxation time distributions for pPNaAMPSgs-AaH,o at
varying pH in 0.1 M NaCl aqueous solutions at C, =
10 g/L observed at a 6 of 90°. The distributions are
unimodal at pH 9 and 3 with different relaxation times.
A faster relaxation mode at pH 9 attributed to a single
polymer (i.e., a unimer with R, = 3.6 nm) whereas the
slower relaxation time at pH 3 to polymer aggregates
with Ry, = 15.7 nm. Considering the chemical structure
of the block copolymer, the polymer aggregates may be
expected to be a core—corona type micelle with proto-
nated AaH blocks forming a core and charged NaAMPS
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Figure 3. Concentration dependence of the diffusion coef-
ficient of pPNaAMPSgs—AaH,0 in 0.1 M NaCl aqueous solutions
at pH 9 (») and 3 (O) at 6 = 90°.

blocks forming a corona layer. At pH 5, the relaxation
time distribution was found to be bimodal with the fast
and slow relaxation modes. The relaxation time for the
fast mode is slightly faster than that at pH 9, indicative
of a smaller unimer size at pH 5 because the AaH units
are partially protonated. At pH 4.5 or lower, QELS
distributions are unimodal corresponding to micelles.
Remarkably, the Ry values for the polymer micelle
decreased with decreasing pH from 5 to 3, presumably
because at pH 5 the AaH units are partially deproto-
nated, and thus the AaH core may be swollen with
water at this pH.

In general, D depends on C,. The concentration
dependence of D for pPNaAMPSgs—AaH, at varying pH
is shown in Figure 3. The concentration dependence of
D is given by

D = Dy(L + ksC,) (4)

where Dy is the infinite dilution diffusion coefficient and
kq is the diffusion second virial coefficient. The kg is in
part related to the hydrodynamic interactions in the
solution by kg = 2A>,M,, — ki — 2v,, where k; is the
concentration dependence of the friction coefficient and
v, is the partial specific volume of the solution. The
dependences of D on C, for the micelle at pH 3 and the
unimer at pH 9 are very small; i.e., kq values for the
micelle at pH 3 and the unimers at pH 9 estimated from
the plots in Figure 3 are 32.6 and 36.8 mL/g, respec-
tively. Thus, apparent Ry, values estimated at one finite
concentration of the polymer (C, = 10 g/L) in this study
can be regarded as true Ry values.

Figure 4a compares variations of scattering intensi-
ties for solutions of the pNaAMPSgs—AaH3; and pNa-
AMPSgs—AaH4o diblock copolymers plotted against
solution pH. The scattering intensities for both the
polymers increase rapidly as the solution pH is de-
creased from 5 to 4, implying that micelles are formed
at pH < 5. The scattering intensity corresponds to an
increase in the micellar mass.

Figure 4b compares the intensity-average hydrody-
namic radii (IRy0) as a function of pH. The symbol “[07
is used because [Ry0is an average value of the fast and
slow relaxation modes obtained from the ILT analysis.
Above pH 5.5, the [Rn[values for pNaAMPSgs—AaH30
and pNaAMPSgs—AaH,o block copolymers are on the
order of 2—3 nm, suggesting that the polymers are in
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Figure 4. Scattering intensity (a) and intensity-average
hydrodynamic radius (IR0} (b) at C, = 10 g/L for pNaAMPSgs—
AaHzo (2) and pNaAMPSgs—AaH 0 (O) as a function of pH in
0.1 M NacCl aqueous solutions at 25 °C.

the state of unimers at pH > 5.5 in 0.1 M NaCl aqueous
solutions. Upon decreasing pH, [RnOvalues for pNa-
AMPSgs—AaH3p and pNaAMPSgs—AaH,o start to in-
crease near pH 5 and 5.5, respectively, reaching maxi-
mum values near pH 4.5. These observations indicate
the formation of polymer micelles at acidic pH’s. The
RpCvalues for the pNaAMPSgs—AaH4o micelles at pH
< 4.5 are slightly larger than those for the pNaAMPSgs—
AaH3p micelles. It should be noted here that the differ-
ence in the scattering intensities for the two block
copolymer micelles (Figure 4a) is significantly larger
than the difference in the RpCOvalues. In other words,
there seems to be a larger difference in the scattering
intensities than in the RyOvalues between the two
polymers. These observations suggest that the micellar
masses or the aggregation numbers (Nagg) (i.e., the
numbers of polymer chains included in one micelle) for
the pNaAMPSgs—AaH 40 micelles are significantly larger
than those for the pNaAMPSgs—AaH3, micelles al-
though the hydrodynamic sizes for the two block co-
polymer micelles are similar. We will discuss this point
more in detail in the following subsection.

There is a tendency that the [Rp[values of the
micelles decrease with decreasing pH below pH < 4.5.
For example, the [RpCvalue for the pNaAMPSgs—AaH 0
micelle decreased from 17.1 to 15.7 nm as the solution
pH was decreased from 4.5 to 3, indicating that the
polymer micelle becomes more compact due to further
protonation of the carboxylate groups in the AaH block.
A similar tendency has been reported on other associa-
tive polymers. For example, Armes and co-workers??
reported that poly[ethylene oxide-block-2-(dimethylami-
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Figure 5. Zimm plots for pNaAMPSg—AaH3, (a) and
pPNaAMPSgs—AaH40 (b) in 0.1 M NaCl at pH 3 at angles from
30° to 130° with a 20° increment. The polymer concentration
was varied from 1.0 to 10 g/L. The Rayleigh ratio (Rs) was
determined by subtracting the solvent scattering from the total
scattering of the solutions.

no)ethyl methacrylate-block-2-(diethylamino)methacry-
late] (PEO—DMA—DEA) triblock copolymers dissolve
molecularly in acidic solution, but they form micelles
above pH 7.3 comprising hydrophobic DEA cores, DMA
inner shells, and PEO coronas; the hydrodynamic radius
of the micelle decreased as the solution pH was in-
creased from pH 7.3 to 9, the micelle becoming more
compact due to the deprotonation of the tertiary amine
residues in the DMA and DEA blocks.

Static Light Scattering (SLS). Zimm plots for the
diblock copolymer micelles obtained by SLS measure-
ments in 0.1 M NaCl aqueous solutions at pH 3 in the
Cp range 1.0—10 g/L are shown in Figure 5. Values of
dn/dC,, for the solutions of the pNaAMPSgs—AaH30 and
pNaAMPSgs—AaH 0 micelles at pH 3 were 0.162 and
0.164 mL/g, respectively. The SLS data for the diblock
copolymer micelles at pH 3 are presented along with
QELS data in Table 2. Values of M, for the micelles
were estimated by extrapolation of C, and 6 to zero, and
values of Ry and A, were estimated from the slope of
the angular and concentration dependence in the Zimm
plots, respectively. A value of Nagg was calculated from
the ratio of My, values for the micelle and its unimer.
My, for the unimer was determined by GPC using a
mixed solvent of water and acetonitrile (80/20, v/v)
containing 0.1 M NaNOs; as eluent. The My, value, and
thus Nagg, for the diblock copolymer micelle increases
with increasing AaH block length. A decrease in the A,
value observed for the micelle with increasing AaH block
length is indicative of a decrease in the solubility (i.e.,
contraction) of the micelle with increasing length of the
protonated AaH block. A similar trend in A; has been
reported for poly(styrene-block-sodium acrylate) in aque-
ous solution; A, for poly(styrene-block-sodium acrylate)
decreases with increasing the styrene block length.?
The Ry value for the micelle is practically independent
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Table 2. Quasi-Elastic and Static Light Scattering Data for Polymer Micelles Formed from the Diblock Copolymers at

pH 3
sample code My 2 x 1075 A2 x 10* (mol mL g~?) Rg? (nm) Rp? (nm) Ry/Rn Nagg®
pNaAMPSgs—AaH3z0 4.85 2.27 17.2 135 1.27 13.2
pNaAMPSgs—AaH0 7.99 1.61 17.2 15.7 1.10 20.5

a Determined by SLS in 0.1 M NaCl agueous solutions. ? Determined by QELS in 0.1 M NaCl aqueous solutions. ¢ Apparent aggregation
numbers of the diblock copolymer micelles calculated from M,, of the micelles determined by SLS in 0.1 M NacCl at pH 3 and M,, of the
corresponding unimers determined by GPC eluted with a mixed solvent of water and acetonitrile (80/20, v/v) containing 0.1 M NaNOs.
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Figure 6. Spin—spin relaxation time (T,) for pNaAMPSgs—
AaHso (2) and pNaAMPSgs—AaH,0 (O) as a function of pH in
D,0O containing 0.1 M NaCl at C, = 10 g/L.

of the length of the AaH block (Table 2). The Ry/R, ratio
is a parameter that depends on the polymer chain
conformation and polydispersity. The theoretical value
of the Ry/Rn ratio for a homogeneous sphere is 0.778,
and it increases substantially for a less dense structure
and polydisperse solution.?4=27 The R¢/Ry ratios for
pNaAMPSgs—AaH3p and pNaAMPSgs—AaH 0 micelles
are 1.27 and 1.10, respectively. This observation sug-
gests that the protonated AaH block core of pPNaAMPSgs—
AaH,o is more dense than that of pNaAMPSgs—AaH3
in 0.1 M NaCl aqueous solution at pH 3.

IH NMR Relaxation Times. 'H NMR relaxation
times are influenced by changes in the dynamic motion
of protons. Spin—spin relaxation time (T,) decreases as
the molecular motion decreases. To obtain information
about motional restriction of the pendent alkyl chains
in the AaH block when the polymers form micelles, we
performed 'H NMR relaxation time measurements with
the diblock copolymers in D,O containing 0.1 M NacCl
under various pH conditions. In Figure 6, T, values for
the two diblock copolymers observed at 6 = 1.32 ppm
associated with the methylene protons in the pendent
alkyl chains of AaH blocks are plotted against pH. At
pH > 5, the T, values for pNaAMPSgs—AaH4 and
pNaAMPSgs—AaH3o are virtually constant at 74 ms.
Upon decrease in pH from 5 to 4, T, values sharply
decrease, reaching a constant value of 13 ms. These
observations indicate that transitions from unimer to
micelle, and vice versa, occur within a narrow range of
pH between 4 and 5. As far as the T, values tell about
the motional freedom of the pendent alkyl groups in the
AaH block, there seems to be little or no difference
between the two block copolymers with different lengths
of the AaH blocks for both the unimer and micellar
states.

Fluorescence. The fluorescence spectra of the ANS
probe indicate the microscopic polarity around the
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Figure 7. Relative fluorescence intensity (I/lo) (a) and wave-
length of emission maximum (b) in ANS (1.89 x 107* M)
fluorescence spectra as a function of C, for pPNaAMPSgs—AaH3o
(a) and pNaAMPSg—AaH4 (O) in 0.1 M NaCl aqueous
solutions at pH 3.

probe.28—31 ANS emits fluorescence strongly in nonpolar
media accompanying a significant blue shift while it
emits weakly in polar media. Therefore, an increased
fluorescence intensity along with a blue shift of the
emission maximum indicates that the probe is located
in less polar media. It is also known that fluorescence
intensity and emission maximum are not influenced by
changes in pH between 2 and 11.32

In Figure 7a, the relative fluorescence intensity (I/1o)
in ANS fluorescence spectra for ANS (1.89 x 107* M)
solubilized in 0.1 M NaCl aqueous solutions at pH 3 in
the presence of the diblock copolymers are plotted
against Cp, where I and Iy are the fluorescence intensi-
ties in the presence and absence of the diblock copoly-
mers, respectively. At pH 3, the I/l ratios in the
presence of pNaAMPSgs—AaH,, and pNaAMPSgs—
AaHzp are around 1 at C, < 0.1 and 0.5 g/L, respectively.
As C, is increased, the 1/1o ratios for the block copoly-
mers commence to increase near C, = 0.1 and 0.5 g/L,
respectively. These observations suggest that the diblock
copolymer micelles are able to incorporate ANS mol-
ecules into a hydrophobic environment formed from the
association of the AaH blocks. For the diblock copolymer
with a longer AaH chain, the onset for the increase in
the /1o ratio seems to shift toward lower C,, indicating
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Figure 8. Wavelength of emission maximum in ANS (1.89 x
10 M) fluorescence spectra as a function of pH in the
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that hydrophobic associations occur at lower C, with
increasing the length of the AaH block.

In Figure 7b, the emission maximum wavelength for
the ANS fluorescence in the presence of the diblock
copolymer is plotted against C,. The maximum wave-
length in the presence of the diblock copolymers is
constant at 513 nm in a lower C, region, but the
emission maximum wavelength for pNaAMPSgs—AaH 40
and pNaAMPSgs—AaH3p begins to decrease in the Cp
region 0.005—0.05 g/L with increasing C,, reaching a
blue-shifted wavelength of about 465 nm at higher C,,.
This blue shift suggests that hydrophobic domains are
formed when C,; is higher than a certain level, in which
ANS probes are solubilized. Although the data in Figure
6a,b suggest the presence of a critical micelle concentra-
tion (cmc), we were unable to determine cmc because
the onset for the increase in the I/l ratio, and the
decrease in the emission maximum wavelength was not
well-defined. The increase in the /1y ratio (Figure 7a)
and the decrease in the emission maximum at C, > cmc
(Figure 7b) reflect an increase in the number of the
micelles with an increase in C,.

In Figure 8, the emission maximum wavelength for
ANS solubilized in 0.1 M NaCl aqueous solutions in the
presence of the diblock copolymers at C, = 5.0 g/L is
plotted against pH. In a high-pH region (pH = 6), the
emission maximum is practically constant at 518 nm,
which is almost the same as that for ANS in water. At
pH < 6, however, the emission maximum blue shifts to
470 nm with decreasing pH within a pH range of 6—4.
A pH value for the onset of the blue shift is slightly
higher for the pNaAMPSgs—AaH40 micelle than for the
pNaAMPSgs—AaH30 micelle. These observations agree
well with the observations in H NMR relaxation times
(Figure 6). When pH was decreased from 9 to 3 and
subsequently increased back to 9, pH-induced fluores-
cence spectral changes were found to be completely
reversible without hysteresis.

In an earlier paper, we reported pH-induced self-
association behavior of a random copolymer of NaAMPS
and 50 mol % of sodium 11-acrylamidoundecanoate
prepared by ordinary free-radical polymerization.33:34
This random copolymer in aqueous solution was proven
to exist as an open chain under basic conditions and as
a unimolecular micelle under acidic conditions, and thus
a conformational change from an open chain to unimo-
lecular micelle is induced by pH. The both the block and
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random copolymers exist as unimers at basic pH'’s and
form micelles at acidic pH’s. However, the types of the
micelles formed from the block and random copolymers
are completely different: unimolecular micelles in the
case of the random copolymer while multipolymeric
micelles in the case of the block copolymers. The pH-
induced transitions from unimers to micelles, and vice
versa, are completely reversible without hysteresis for
both the random and block copolymers.

Conclusions

The diblock copolymers of NaAMPS and AaH were
synthesized via RAFT polymerization. The polymeriza-
tion of AaH used by NaAMPS macro-CTA proceeded in
accordance with a “living” mechanism that was con-
firmed by the fact that M, increased linearly with the
conversion of the monomer. The molecular weight
distributions for the obtained diblock copolymers were
narrow (Mw/M, =< 1.32). The pH-induced association
behavior of the diblock copolymers in 0.1 M NacCl
aqueous solutions was preliminarily investigated by
QELS, SLS, 'H NMR relaxation, and fluorescence probe
techniques. These experimental data indicated that the
diblock copolymers formed polymer micelles in 0.1 M
NaCl aqueous solutions at low pH'’s whereas the micelle
was dissociated at high pH'’s. pH-induced association
and dissociation were found to be completely reversible
without hysteresis. Longer AaH block lengths lead to
increased Nagq for the micelles. We believe the RAFT
process will became one of the most important methods
to synthesize well-defined water-soluble polymers.
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