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ABSTRACT: It is known that the zwitterionic diblock copolymer, poly(4-vinylbenzoic atig)ely(N-
(morpholino)ethyl methacrylate) (VBA-MEMA), exhibits interesting “schizophrenic” micellization behavior
(see: Liu, S.; Armes, S. R.angmuir 2003 19, 4432-4438). The kinetics of the pH-induced formation and
dissociation of VBA-core micelles, the salt-induced formation and dilution-induced dissociation of MEMA
core micelles at pH 10, and the pH-induced micellar inversion between-vV&#d MEMA—core micelles in the
presence of 0.8 M N&O, were studied in detail using stopped-flow apparatus equipped with a light scattering
detector. A pH jump from 12 to 2 in the absence of salt leads to the formation of\@#Fe micelles; upon a

pH jump from 2 to 12, the breakup of VBAcore micelles into unimers occurs within the dead time of the
stopped-flow apparatus{(2—3 ms). At pH 10, addition of N&O, (> 0.6 M) induces the formation of MEMA

core micelles. Compared to the pH-induced formation and dissociation of\®#e micelles, the salt-induced
formation of MEMA—core micelles is faster, while the dilution-induced dissociation of MEMAre micelles

into unimers is considerably slower. This partially reflects the block length asymmetry of this&REMA
copolymer and also the fact that the MEM#&ore micelles are denser and larger than the Vi88re micelles.

The structural inversion from VBAcore micelles to MEMA-core micelles upon a pH jump from 2 to 12 in the
presence of 0.8 M N&O, proceeds first with the fusion of VBAcore micelles into lose aggregates due to the
insolubility of MEMA shell immediately after pH jump, then the dissociation of \\Béore micelles into unimers

and partial disintegration of initially formed loose aggregates, which is followed and/or accompanied by the
reaggregation of unimer chains into MEMA core-micelles. The structural inversion from MEddfe micelles

to VBA—core micelles on jumping from pH 12 to 2 in the presence of 0.8 M3®a exhibits different kinetics.

The scattering intensities decrease monotonically with time and then stabilize out. All the relaxation curves at
different copolymer concentrations can be well-fitted using a single-exponential function and the characteristic
relaxation time for the structural inversion of the micelle$ is ~0.3 s, which slightly decreases with increasing
copolymer concentrations. We tentatively propose that the structural inversion from MEMA to VBA—core
micelles proceeds first with the splitting of large MEM&ore micelles into small VBA-core micelles, followed
and/or accompanied by the redistribution of unimer chains between appearing smaticéBAmicelles.

Introduction (r1) is associated with the redistribution of the aggregation

Like small molecule surfactants, amphiphilic block copoly- number of each micelle without changing the total number of

mers can form both conventional micelles and so-called “in- Micelles. This is followed by a slower process)( in which

verted” micelles in aqueous and organic solvents, respectively. the final equilibrium structure is approached by simultaneous
In the past few years, increasing attention has been paid to theMicelle formation and breakup whereby the micelle number
so-called “double hydrophilic” block copolymers (DHBCs} density changes. This is the well-knowr-AV theory proposed
Moreover, given judicious adjustment of the solution pH, by Aniansson and Wall (AW).2426 An important assumption
temperature, or ionic strength, certain DHBCs can self-assemblein this theory is that all changes are due to an elementary process
in aqueous solution to form two types of micelfed417.19-23 of insertion/expulsion of individual chains (“unimers” ) into/
We have described such DHBCs as having “schizophrenic” out of the micelle. For the slower process)( i.e., micelle
charactef? However, nearly all reports of stimuli-responsive  formation and breakup, it has been postulated that micelle
micellization and micellar inversion of DHBCs focus on the f,sion—fission may also be involved, especially at higher
characterization of thequilibrium micelle structureg:-23 concentrations or in the presence of €& Strong evidence
Theoretical and experimental studies of the dynamics of for a micelle fusion-fission mechanism comes from the
micellization are quite mature and well-developed for conven- decreasing, with increasing concentration.
tional surfactantd*3° It is generally accepted that a small
perturbation leads to relaxation from the initial equilibrium state  For block copolymers, the characteristic relaxation time for
to the final state via two successive processes. A fast processa copolymer chain to escape from the micelles has been
theoretically discussed by Halperin and Alexander on the basis

*To whom correspondence should be addressed. E-mail: sliu@ustc.edu.cnof scaling analysis within the context of the-AV theory3!
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Unimers

pH jump from 2 to 12

H

in the presence of 0.8 M Na, SO,

VBA-core micelles
Figure 1. Schematic illustration of the “schizophrenic” micellization behavior of VBMEMA diblock copolymer.

assumpution is only valid for small deviations from the initial
equilibrium state. Extensive temperature jump (typicaly =
1-2 °C) experiments conducted opR&E, triblock copolymers
(where & = poly(ethylene oxide) and = poly(propylene
oxide)) using light scattering detection have partially verified
the proposed micellization dynamigs:38 However, there exist
evidences that micelle fissietfusion may also play an impor-
tant role3>-38 which is contrary to Halperin and Alexander's
predictions®!

For the unimer-to-micelle transition of block copolymers,
Mattice et al® performed computer simulations that suggest

pH jump from 12 to 2

MEMA-core micelles

vinylbenzoic acid)s-poly(N-(morpholino)ethyl methacrylate)
(VBA-b-MEMA).2! In the absence of salt, this copolymer
molecularly dissolves in water at high pH and forms VBA
core micelles at low pH. In the presence of 0.8 M:Sia,, well-
defined VBA—core and MEMA-core micelles are formed in
acidic and alkaline media, respectively. Figure 1 shows a
schematic illustration of this complex micellization behavior.
Herein we investigate the kinetics of pH-induced formation and
dissociation of VBA-core micelles, the salt-induced formation
and dilution-induced dissociation of MEMAcore micelles at
pH 10, and the pH-induced structural inversion between VBA

the presence of two processes with different time scales: thecore and MEMA-core micelles in the presence of 0.8 MNa
volume fraction of free chains reaches its equilibrium value very SOy using stopped-flow light scattering technique.

quickly in the fast step, followed by a slower step toward the
equilibrium state. Dormidontova and co-work¥rg$? further
proposed a micelle fusion/fissierunimer expulsion/entry joint
mechanism for the formation of block copolymer micelles
whereby rapid micelle fusion/fission dominates over unimer
entry/expulsion initially, while the latter (slow) process domi-
nates on longer time scales.

Experimentally, there are only a few reports of the micelli-
zation kinetics (unimer-to-micelle transition) of block copoly-
mers*3-47 A generally accepted mechanism for the micellization

process has not been established yet. Recently, we reported th%I

kinetics of pH-induced micellization of a stimulus-responsive
ABC triblock copolymer, namely poly(glycerol monomethacryl-
ate)block-poly(2-(dimethylamino)ethyl methacrylatéjeck
poly(2-(diethylamino)ethyl methacrylate) (GMB-DMA-b-
DEA).#” This triblock copolymer molecularly dissolves in
aqueous solution at pH 6. At pH > 7, it spontaneously forms
three layer “onionlike” micelles consisting of DEA cores,
solvated DMA inner shells, and GMA outer coronas. The
kinetics of micellization of this copolymer was investigated by
stopped-flow light scattering. On jumping from pH 4 to 12,

micellization occurred via two successive processes. The first

fast process1() is associated with the formation of quasi-
equilibrium micelles and the second slow process (s

associated with micelle formation and breakup, leading to the

formation of the final equilibrium micelles. In this case,is

Experimental Section

Materials. 4-Vinylbenzoic acid was synthesized from 4-car-
boxybenzyltriphenyl phosphonium bromide in 90% yield using
Wittig chemistry according to a literature proceddfe2-(N-
Morpholino)ethyl methacrylate (MEMA) (Polysciences Inc.) was
passed through a basic alumina column, then vacuum distilled over
CahH; and stored at-20 °C prior to use. Copper(l) chloride, copper-
(1) bromide, N,N,N,N",N"-pentamethyldiethylenetriamine (PM-
DETA), 2,2-bipyridine (bpy), 1,1,4,7,10,10-hexamethyltriethylene
tramine (HMTETA) and all other chemicals were purchased from
drich and used without further purification. The synthesis of poly-
(4-vinylbenzoic acid)s-poly(N-(morpholino)ethyl methacrylate)
(VBA-b-MEMA) was described in detail previousty.VBA-b-
MEMA block copolymer was obtained from the hydrolysis of the
precursor block copolymer, polgit-butyl 4-vinylbenzoatep-
poly(N-(morpholino)ethyl methacrylate} BuvVBA-b-MEMA). The
mean degrees of polymerization (DP) of VBA and MEMA blocks
are 66 and 123, respectively, as determined fromheNMR
analyses of the precursor block copolymer. THF GPC analysis of
this diblock copolymer gave aN, of 33 700 and arM,/M, of
1.08 compared against poly(methyl methacrylate) standards.

Laser Light Scattering (LLS). Dynamic LLS studies were
performed on a Brookhaven Instruments Corp. BI-200SM goni-
ometer equipped with a BI-9000AT digital correlator using a solid-
state laser (125 mW4A = 532 nm). The intensity-average
hydrodynamic radiugR,[] and polydispersity of the micelles were
obtained by a cumulant analysis of the experimental correlation

almost independent of polymer concentration, indicating that fynction.

the slow process of micelle formation/breakup proceeds mainly

through the insertion/expulsion of individual chaifis.
We have previously reported the “schizophrenic” micelliza-
tion behavior of a zwitterionic diblock copolymer, poly(4-

Static LLS was performed using a DAWN DSP laser photometer,
equipped wih a 5 mW He-Ne laser { = 633 nm) and eighteen
photodiode detectors at scattering angles ranging fronf 22 547.

In static light scattering, extrapolating the angular dependen(‘éD(\f/
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Table 1. Structural Parameters of VBA—Core Micelles and “Inverted” MEMA —Core Micelles Formed by VBAsz-b-MEMA 123 Diblock
Copolymers under Different Conditions

VBAgzb-MEMA 123 VBA —core micelles MEMA —core micelles
micelle parameters at pH 10, no NaSO2 at pH 2 and 0.8 M Nz5Oy atpH 10 and 0.8 M NaSOy
Muw,micelles 4.54x 10* 4.81x 1P 1.36x 107
RyInm 25
RyInm 4 14 3P
RyIR 0.76
Nagg 1-2 11 299
[pUg/cn?) / 0.07 0.15
scattering intensities (atu) 2.3 55 15.7

aDetermined by LLS in the presence of 0.01 M NaCThe R, values were obtained by extrapolation to zero angleetected at a scattering angle of
90°.

the excess absolute time-averaged scattered light intensity, knownlight scattering detection starts-B ms (i.e., the dead time) after
as the Rayleigh rati®,/(q), of a dilute polymer solutions to zero  the hard-stop, thus it is assumed that these shear forces do not

angle led to the apparent weight-average molar mdgs,, and influence the aggregation (or dissociation) process(es).

the root-mean square-average radius of gyratioriR?(Z/? (or

written as[R,[), whereq is the scattering vector. Thewdic values Results and Discussion

of diblock copolymer solutions comprising MEMAcore micelles The VBA-b-MEMA diblock copolymer exhibits intriguing

at pH 10 and VBA-core micelles at pH 2 were measured at20 tenhi T . . .
using an Optilab DSP interferometric refractometer633 nm). schizophrenic” micellization behavior upon dually playing with

Stopped-Flow Studies with Light-Scattering Detectiorf347 solution pH and salt (N&Qs) concentrations: In the absence
Stopped-flow studies were carried out using a Bio-Logic SFM300/s ©f salt, the copolymer chain unimolecularly dissolve at pH10
stopped-flow instrument. The SFM-3/S contains three stepmotor- 12 and form VBA-core micelles at pH 2. In the presence of
driven 10 mL syringes (S1, S2, S3) that can be operated 0.8 M N&SQO, VBA—core and MEMA-core micelles are
independently to carry out single- or double-mixing. The SFM- formed at pH 2 and pH 10, respectively (Figure 1). Table 1
300/S stopped-flow apparatus is attached to a MOS-250 spectrom-summarizes the structural parameters of unimers, VVBére
eter; kinetic data were fitted using a Biokine program supplied by micelles, and MEMA-core micelles at different conditions, as
Bio-Logic. For light scattering detection at a fixed scattering angle getermined by dynamic and static LLS. Also shown in Table 1
of 90°, both the excitation and emission wavelengths were adjusted 5.¢ the scattered intensities of unimer and micellar solutions at
to 335 nm with 10 nm slits. The dynamic trace at each composition a scattering angle of S0This can be used for reference in the

is averaged from 15 to 20 successive shots. Using FC-08 or FC-15 b st d-f . ¢ hich itor the i
flow cells, the typical dead times were 1.1 and 2.6 ms, respectively. subsequent stopped-Tiow experiments, which monitor the ime

The solution temperature was maintained at@5by circulating dependence of scattered intensities at a scattering angl€.of 90
water around the syringe chamber and the observation head. All  Starting from the unimer solution of the diblock copolymer
solutions prior to loading into the motor-driven syringes were at pH 10 and a concentration of 2 g/L, addition of,8@ to a
clarified by 0.45um Milliopore Nylon filters. After each day’'s  final concentration of 0.8 M or adjusting to pH 2 using HCI
experiments, the liquid paths of the stopped-flow were thoroughly leads to almost instant (within a few seconds) appearance of
flushed with water (45 times) and then ethanol. The absolute puish tinge in the solution, indicating the formation of MEMA
scattering intensities of pure water at a selected voltage (500 V) core and VBA-core micelles, respectively. It should be noted
applied to the photomultipli(_ar were recorded at the beginning of that the LLS measurements in Table 1 were conduet8ch
each day’s work. Over a period of 2 weeks, this value may vary after the micelle formation at selected conditions (pH;$@,

from 0.03 to 0.08 V, due to the contamination of the flow cell tration): ious| h d that after thi
presumably caused by the absorption of trace amounts of polymerConcen ration); previously, we have assume at arter this

or dusts. If the recorded value is above this range (6M@8 V), period of storage, equilibrium micelles ha_ve been_obt_a?ﬁed.
the flow cell need to be disassembled, flushed with concentrated Honda et af*4>and Nose et &° have studies the kinetics of
HNO; and thoroughly cleaned. Although the amplitudes of kinetic temperature-induced formation of block copolymer micelles, and
traces will partially depend on the applied voltages, the cleannessthey found that it takes several days for the micelles to reach
of the liquid paths and flow cell, we find that the reliability of  final equilibrium.
relaxation times obtained from kinetic traces is guaranteed, i.e., We then conducted dynamic LLS measurements immediately
the relative changes of scattering light intensities with time is gfter changing the solution pH to 2 or adding.8@ to a
repeatable. ) . L concentration of 0.8 M, which will induce the formation of
In principle, the stopped-fow experiment is quite simfAghe VBA —core and MEMA-core micelles, respectively. To avoid

Bio-Logic SFM300 stopped-flow uses the drive motor to rapidly L h L
fire two solutions, contained in separate drive syringes driven by large temperature variations, the sample preparation (by mixing

separate motors, into a mixing device. The solution mixture then Préfiltered solutions), immediate transfer the optical tube (10
flows into the observation cell, displacing the previous solution Mm diameter) into the LLS apparatus, and subsequent LLS
with freshly mixed solution. The volume of solution expended Mmeasurements were all done at room temperatuge (C, air-
during each experiment is limited by the drive motors. In addition, conditioned). The first reliable point of LLS measurements was
a hard-stop was used. The fresh reactants in the observation celbbtained~ 60 s after the micelle formation. LLS measurements
are irradiated by a light source and detectors are mounted eitheryere then conducted at extended times up to 4 h, it was found
perpendicular or parallel to the path of incoming light. The time  {hat for both the VBA-core and the MEMA-core micelles,

lqelgtende?tce_ of v?ri%qj_?ptif(lzal properties (at.’sotrbance'tﬂuorescegcescattered light intensities and micelle diameters fluctuate around
ight scattering, turbidity, fluorescence anisotropy, etc.) can be a constant value and remain essentially unchanged. This

measured. Regardless of the configuration of the stopped-flow cell,.” .
resolution is limited by the time required for the reactants to flow indicates that for the VBAcore and MEMA-core micelles,

from the final point of mixing to the observation cell. This is known ~the formation kinetics is apparently complete within the first 1
as the characteristic “dead time” of the instrument setup. The flow Min after changing the solvent quality.

of liquid was controlled by the three separate motors and the hard-  In the pioneering work of Tuzar et &f,they have studied
stop. Although the mixed solution is subject to large shear forces, the micellization kinetics of polystyrerie-poly(hydrogenate(%:DV
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Figure 2. (a) Time dependence of the scattered light intensities of
aqueous solutions of VBA-MEMA copolymer after a pH jump from
12 to 2 at 25°C. From bottom to top, the final copolymer concentrations
are 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 g/L, respectively.
Initially, the diblock copolymer stock solution was at pH 12. (b) Time
dependence of the scattered light intensity for a pH jump from 2 to 12
at 25°C. The final copolymer concentration is 1.0 g/L.

b
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isoprene) induced by a jump of the composition of mixed
solvents (1,4-dioxane/heptane), and reported that the micelli-
zation is almost complete within 0-0.5 s. In our case, it is
highly possible that during the final stages of micelle formation,
the chains in the micelles will rearrange and take up more
intertwined conformations in the micellar core. These confor-
mational changes may continue for a rather long time scale,
but would affect less the scattered light intensities and micelle
diameters. We are currently employing pyrene end-labeled
DHBCs to further probe this issue.

For the early stages of micelle formation, stopped-flow
provides to be a suitable technique with a time resolution down
to milliseconds®4” which was used in subsequent kinetic

Final copolymer concentration / g L'

Figure 3. Double-exponential fitting results obtained from the micelle
formation processes at different copolymer concentrations. The ex-
perimental conditions are the same as in Figure 2a.

most of the increase of scattered intensitie8(%) takes place
within the first 16 s. The small increase of scattered light
intensities at extended time period (180 s) is expected to be
complicated by the dehydration and compaction of the micellar
core, which will also lead to the moderate increase of scattered
intensities. To extract more reliable kinetic information from
the processes of unimer aggregation and micelle formation/
breakup, only the kinetic data at early stages of micelle
formation were analyzed, and the same principle was applied
to all subsequent kinetic studies.

The time dependence of the scattered light intensifycan
be normalized using§ — 1))/l vst, wherel,, is the value of
[; at infinitely long time. Such functions could only be well fitted
by a double-exponential function

(I~ 1), =ce "™ +c,e 1)

wherec; andc; are the normalized amplitudes andand z,
are the characteristic relaxation times for two processes such
thatty < 72. The characteristic time for the overall process of
micelle formation,z;, can be calculated as

)

Figure 3 shows the fitting results for the dynamic traces (final
copolymer concentration 0.3 g/L) shown in Figure 2a. Figure

T = Ci7y 1 Gy

studies. The time dependence of scattered light intensities atS1 in the Supporting Information shows the polymer concentra-

90° was recorded following the abrupt jump of solution pH or/
and salt concentrations via stopped-flow mixing.

Kinetics of the pH-Induced Formation and Breakup of
VBA—Core Micelles. Figure 2a shows the time-dependent
scattered light intensities obtained after stopped-flow mixing
of aqueous VBAb-MEMA copolymer solutions with HCI
(initial pH 10, final pH 2; final copolymer concentratiors
0.1 to 1.0 g/L). At copolymer concentrations of up to 0.2 g/L,

tion dependence of; and c,. Both 71 and 7, have positive
amplitudesz; is in the range of 0.30.5 s and decreases with
increasing copolymer concentratior; is ~3 s and is almost
independent of the copolymer concentration in the range studied.
The calculated; for the overall micellization process ranges
between 1.7 and 2.5 s, which decreases with increasing
copolymer concentrations. The pH-induced kinetics of micelle
formation of VBA-b-MEMA is quite comparable to that of

no relaxation was observed since rather flat dynamic plots were GMA-b-DMA-b-DEA triblock copolymer as reported previ-

obtained. This critical concentration should be ascribed to the
critical micellization concentration (cmc) for the VBAcore
micelles of VBAbH-MEMA diblock copolymer at pH 2 and in

ously?7 In the fast process{), unimers quickly associate into
small aggregates and fusion between these small aggregates
resulted in quasi-equilibrium micelles. The unimer concentration

the absence of salt. When the final copolymer concentrations decreased rapidly close to the cmc after the fast process. The

were>0.3 g/L, light scattering intensities first increased abruptly
with time and then gradually stabilized out afterB) s,
suggesting the formation of VBAcore micelleg! It should

concentration-independent naturergSuggests that relaxation
from quasi-equilibrium micelles to the final equilibrium micelles
proceeded via unimer insertion/expulsion. Some quasi-equilib-

be noted that at the longest measurement time of 16 s, scatteringium micelles dissociate, providing a reservoir of unimers. The
intensities still exhibit a small and gradual increase with time, overall effect is that the number density of micelles decreases
especially at higher polymer concentrations (Figure 2a). This and the average aggregation number per micelle increases until
indicates that the final state of true equilibrium micelles has the system reaches its final equilibrium state, in which the rate
not been reached yet during this time period. The scattered lightof unimer entry equals that of unimer expulsion.

intensities stabilize at certain values afte30—40 s, as revealed We then studied the kinetics of dissociation of VB&ore

by stopped-flow measurements at extended times. However,micelles into unimers when a micellar solution of VBA-CDV
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Figure 4. Time dependence of the scattered light intensities obtained
after mixing an aqueous solution of VBB-MEMA copolymer with
N&SO, using the stopped-flow technique at pH 10 and°25 From
bottom to top, the final N&8O, concentrations are 0.1, 0.2, 0.3, 0.4,
0.5, 0.55, 0.6, 0.65, 0.7, 0.75, and 0.8 M, respectively. The final
copolymer concentration is fixed at 0.2 g/L.

MEMA copolymer at pH 2 was subjected to a pH jump from
2 to 12. A typical dynamic trace is shown in Figure 2b,
scattering intensities remain as a flat line with time and no
relaxation was observed, indicating that the dissociation of
VBA —core micelles is complete within the dead time of the
stopped-flow apparatus-2—3 ms). This is somewhat different
from the kinetics of dissociation of GMA-DMA-b-DEA
micelles induced by a pH jump from 2 to #2where a small
decease in light scattering intensity was observed with a
characteristic decay time 6100 ms, although most of signals
were still lost within the dead time of stopped-flow apparatus.

Kinetics of the Salt-Induced Formation and Dilution-
Induced Breakup of MEMA —Core Micelles.Figure 4 shows
the time-dependent scattered light intensities obtained upon
stopped-flow mixing an aqueous solution of VBAMEMA
copolymer with NaSQ, at pH 10 and 25°C. The final
copolymer concentration was fixed at 0.2 g/L. If the final salt
concentration is less than 0.6 M, the relaxation curve remains
as a flat line, suggesting that the diblock copolymer chains are
still molecularly dissolved, i.e., no micelles are formed. At a
salt concentration of 0.6 M, the light scattering intensity
increased moderately. At salt concentratiet@s65 M, scattering
intensities abruptly increase and then reach a plateau within
~1—2s. This is due to the formation of MEMAcore micelles
and the time scale (42 s) is consistent with the almost
instantaneous appearance of bluish tinge after mixing. The
critical salt concentration needed for the formation of MEMA
core micelles is in excellent agreement with that obtained from
our previous dynamic LLS studi@s.

Figure 4 also indicates that the MEMAore micelles are
formed much quicker at higher salt concentration. The dynamic
trace obtained in the presence of 0.65 M,8l@, can be fitted
with a single-exponential function. In the presence-6f65 M
NaSQ,, dynamic traces can only be well-fitted with double-
exponential functions. Figure 5 shows the fitting results;

72, and 7y all decrease with increasing p&0O, concentration.
The driving force for the formation of MEMAcore micelles
is the addition of NgSQy, thus it is quite understandable that
the larger the driving force, the faster the micellization kinetics.
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Figure 6. Time dependence of the scattered light intensities obtained
after mixing an aqueous solution of VBB-MEMA copolymer with
NaSO, using the stopped-flow technique at pH 10 and°25 From
bottom to top, the final diblock copolymer concentrations are 0.1, 0.15,
0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 g/L, respectively. The final
NaSQO; concentration is fixed at 0.8 M.
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Figure 7. Double-exponential fitting results obtained for the formation
of MEMA —core micelles at different copolymer concentrations. The
experimental conditions are the same as in Figure 6.

Figure 7 shows the double-exponential fitting results of the
dynamic traces reported in Figure 6. The polymer concentration
dependence of; and c; are shown in Figure S2 in the
Supporting Informationrz; is ~0.1 s and barely changes with
copolymer concentrations; is in the range of 0.81.6 s and
decreases with increasing copolymer concentration. The calcu-
lated 7; for the overall salt-induced micellization process is
~0.5-1.0 s. The salt-induced formation of MEM#Acore
micelles also proceeds via two successive steps. Dormidontova
et al*®*2 predicted that, in the first (fast) stage of micellization,

Figure 6 shows the time dependence of the scattered lightunimers quickly associate to form small nascent micelles, then

intensity upon stopped-flow mixing aqueous solutions of VBA-
b-MEMA copolymer at different concentrations with p&Os,
and the final NaSO, concentration was fixed at 0.8 M. If the
final copolymer concentration is0.1 g/L, the dynamic curve
remains linear, suggesting that no MEMA&ore micelles are
formed under these conditions (pH 10, 0.8 M,8@&y). When
the copolymer concentration is0.15 g/L, an increase in the
light scattering intensity can be clearly observed.

slow fusion between these nascent micelles results in the
formation of quasi-equilibrium micelles. During the initial fast
process, unimer insertion/expulsion contributes little toward
micellization, because the activation energy is relatively high
for unimer release from small micelles. They also predicted that,
in the second slow process, the unimer insertion/expulsion
mechanism would dominate. However, in our case, the decrease
of 7, with increasing copolymer concentration suggests @BK/



Macromolecules, Vol. 39, No. 21, 2006 Micelle Formation and Inversion Kinetics7383

0.4

> S 06F

7 B

2 w2

g 05

£ 037 £

<

2 5]

g %03

3 02r So. w

00 01 02 03 04 05 0 5 10 15 20
Time / sec Time / sec
Figure 8. Time dependence of the scattered light intensity obtained Figure 9. Typical time dependence of the scattered light intensities
after diluting an aqueous solution of VBBMEMA copolymer obtained for three aqueous VBAMEMA copolymer solutions after
(initially at 1.0 g/L with 0.8 M NaSQy) with an equal volume of water ~ & PH jump from 2 to 12 at 25C in the presence of 0.8 M N&Q,.
at pH 10. From bottom to top, the final copolymer concentrations are 0.2, 0.3,
and 0.5 g/L, respectively. Initially, the diblock copolymer stock solution

. . . . . . was at pH 2.
micelle fusion/fission mechanism also dominate during the

second slow process; this is probably due to the high concentra-pjcelles. One important question is as follows. Will the kinetics
tion of salt. For the micellization dynamics of small molecule of stryctural inversion between VBAcore and MEMA-core
surfactant in the presence of salt, micelle fusion/fission also picelles be different from that of the unimemicelle transition?
dominates during the slow process of micelle formation/ |5 principle, the pH-induced structural inversion between the
breakupz’28 two micelle states (i.e., VBAcore and MEMA-core micelles)

A comparison between the results shown in Figure 3 and can proceed via three possible mechanisms. The first involves
Figure 7 revealed that the formation of MEMAore micelles  micelle dissociation to give unimers (if the core becomes
is much quicker than that of the VBAcore micelles. This could hydrophilic before the coronal chains become hydrophobic),
be at least partially due to the chain length asymmetry of the followed by remicellization. The second involves micelle
VBA and MEMA blocks (Table 1). The dissociation of fiocculation (if the coronal chains become hydrophobic before
MEMA —core micelles into unimers can be conveniently the core chains become hydrophilic), followed by (or perhaps
induced by dilution with water, because no micelles exist at 25 5t the same time as) micelle inversion. The third possibility is
°C when the Ng&SO, concentration is less than 0.6 MFigure simply micelle inversion (i.e., the core chains become hydro-
8 shows a typical dynamic trace obtained when MEivbbre philic on the same time scale that the coronal chains become
micelles (1.0 g/L copolymer in 0.8 M N&Q) were diluted  hydrophobic, without any loss of micelle stability).
with an equal volume of water. The entire breakup kinetics  Figure 9 shows the typical time-dependent scattered light
MEMA —core micelles was observed, which is in striking intensities recorded during structural inversion from \/Béore
contrast to the pH-induced breakup of DEAore micelles of to MEMA—core micelles induced by a pH jump from 2 to 12
GMA-b-DMA-b-DEA triblock copolymet” or VBA—core mi- in the presence of 0.8 M N8O;. Interestingly, an initial rapid
celles of VBAb-MEMA. The dynamic traces shown in Figure  decrease in scattered light intensity occurrs within the fu812
8 can be readily fitted with a single-exponential function. This s; on longer time scales, the scattering intensities gradually
analysis yielded a characteristic relaxation timg 0f ~8 ms increase and then stabilize out. The initial decrease of scattered
and the micelle dissociation was complete within 50 ms. intensities should be due to the dissociation of \\Bore

During the pH-induced micelle breakup, the core block is micelles into unimers. In the absence of salt, the breakup of
instantaneously ionized, and the charge repulsion between chain/BA —core micelles into unimers upon a pH jump from 2 to
segments from the same or different polymer chains perhaps12 occurs within 223 ms. It seems that the presence of 0.8 M
contribute to the fast dissociation into unimers. In the dilution- Na,SQy significantly retards the kinetics of micelle dissociation.
induced breakup of MEMA-core micelles, the MEMA block The scattered intensity after the initial rapid decrease remains
in the core keeps neutral. We thus can imagine that its relatively high compared to that of the aqueous solution of
dissociation into unimers should be slower. The MEMeore individual VBA-b-MEMA chains at pH 12 in the absence of
micelles have an intensity-average diameter66 nm, with a salt. Moreover, the intensity at the starting point=(0, which
micelle aggregation numbel{yg of ~300; while the diameter  is actually 2.6 ms after pH jump) is also much larger than that
of VBA —core micelles i3~28 nm, with aNagq of ~11 (Table of the VBA—core micelles at the same concentration and pH 2
1). The MEMA—core micelles have a chain density of 0.15 (Figure 2a). The above observations indicate that the micelle
g/c?, which is almost twice as that of the VBAcore micelles inversion from VBA—-core to MEMA—core micelles is quite
(0.07 g/cni).?! The relatively slow breakup of MEMAcore complex.
micelles into unimers may also suggests interchain entangle- |Immediately upon jumping the solution pH from 2 to 12,
ments of the MEMA blocks inside the micelle core. This is instantaneous deprotonation of the MEMA block renders the
feasible given that the mean degree of polymerization of the MEMA shell of VBA—core micelles insoluble. Translational
MEMA block is 123. Chain entanglements inside the VBA cores diffusion of micellar particles will lead to intermicelle collisions,
are less likely given the much lower aggregation number of which will effectively lead to micellar fusion due to the
these micelles and the significantly lower mean degree of insolubility of the coronal MEMA chains. The characteristic

polymerization of the VBA block. time for diffusion-limited aggregation between VB#&ore
Kinetics of Structural Inversion from VBA —Core to micelles is given byragg~ YarDRc~ 3y/2cksT,>° wherec is
MEMA —Core Micelles.In the presence of 0.8 M salt, VBA the number of micelles per unit volume. The valueaian be

core micelles are formed at pH 2 and MEMA&ore micelles estimated from the total copolymer concentration and mean
are formed at pH 12, thus a convenient pH jump will lead to micelle aggregation number (Table 1). The translational diffu-
the structural inversion between VBAore and MEMA-core sion coefficient,D, is given by the StokesEinstein equatiorbDV



7384 Wang et al.

> 0.8
R
&
o 0.6
2
=
= b
E 0'4—&‘“\:_21
ot
] \ 06
bt 05
202 e ;
Q 3
N — 92
OO 1 1
2 4 6 8
Time / sec

Figure 10. Time dependence of the scattered light intensities obtained
after a pH jump from 12 to 2 at 28C in the presence of 0.8 M Na
SQO,. From bottom to top, the final copolymer concentrations are 0.1,
0.2,0.3,0.4,0.5, 0.6,0.7, 0.8, 0.9, and 1.0 g/L, respectively. Initially,
the diblock copolymer stock solution was at pH 12.

D = kgT/6tRy, wherekg is the Boltzmann constant, amdis
the solvent viscosity (which is 8.9 1072 P for water at 25
°C). At a final copolymer concentration of 0.5 gftaggis ~0.05
ms. This indicates that within the dead time of the stopped-
flow (2—3 ms), intermicelle collision of VBA-core micelles
will surely take place, a considerable fraction of this type of
collision will lead to partial fusion between VBAcore micelles
due to the insolubility of MEMA shell at pH 12 in the presence
of 0.8 M NaSO:. This well explains the relatively large
scattered light intensities at= 0 (2.6 ms after the pH-jump).
We can imagine that the initial fusion between VBgéore
micelles within the dead time of stopped-flow will lead to the

formation of loose aggregates. During the same time scale, they;EmA —core micelles is calculated to bel.5 mss0

VBA block in the micelle core will be ionized and become well-
solvated, leading to the dissociation of isolated \\Béore

micelles into unimers and the partial disintegration of the loose

aggregates resulting from the fusion of VB&ore micelles.

However, this process is complicated by the reassembly of

dissociated unimers into MEMAcore micelles.

Itis a good estimate that during the first 0.2 s after pH jump,
the breakup of the VBAcore micelles into unimers and the
partial disintegration of loose aggregates from micelle fusion
dominates over the reaggregation of unimer chains into MEMA
core micelles. Atfter this time period, the solvation of the VBA
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Figure 11. Single-exponential fitting results obtained for the micelle
inversion from MEMA—core micelles to VBA-core micelles at various

copolymer concentrations. The experimental conditions are the same
as those shown in Figure 10.

dilution at pH 10 have already been examined (Figure 8), and
this breakup process is almost complete witkiB0 ms.

All the dynamic traces shown in Figure 10 can be well fitted
with single-exponential functions, suggesting a different mech-
anism to that observed for unimer-to-micelle transitions (see
Figures 2a and 6). The characteristic relaxation time for micelle
structural inversioni) is ~0.3 s; this decay time decreases
slightly with copolymer concentration (Figure 11).

Upon jumping from pH 12 to 2, MEMAcore micelles
undergo structural inversion into VBAcore micelles. The
MEMA —core micelles are larger, denser, and scatter much more
light compared to VBA-core micelles (Table 1). The charac-
teristic time for diffusion-limited aggregatiorn,y, between
so the
micelle fusion between MEMAcore micelles due to the
insolubility of VBA shell at pH 2 is not prominent. We do not
observe an initial rapid decrease of scattering intensities as in
the case of structural inversion from VBAore to MEMA—
core micelles (Figure 9). This presumably suggests that the rapid
dissociation of MEMA-core micelles into unimer chains may
not take place. We then tentatively propose that the structural
inversion will proceeds first with the splitting of large MEMA
core micelles into small VBAcore micelles, followed and/or
accompanied by the redistribution of unimer chains between
appearing small VBA-core micelles.

core is almost complete. The structural rearrangement of loose

aggregate due to fusion of VBAcore micelles and the
reaggregation of unimer chains into MEM#Aore micelles then

become dominant in subsequent processes, leading to the gradu

Conclusions
In summary, the micellization kinetics of a “schizophrenic”

Qlwitterionic diblock copolymer, poly(4-vinylbenzoic acit)-

increase of scattered intensities. This explanation is thus poly(N-(morpholino)ethyl methacrylate) (VBA-MEMA), have

consistent with the relatively large scattered intensities im-
mediately after pH jump (at= 0), the rapid decrease within

been studied in detail. In particular, the kinetics of pH-induced
formation and dissociation of VBAcore micelles, the salt-

the first 0.2 s, and the subsequent gradual increase of thejny,ced formation and dilution-induced dissociation of MEMA

scattered light intensities.

Figure 9 also shows the dynamic traces of the micellar
inversion from VBA-core to MEMA—core micelles at different
polymer concentrations. It was found for all the 3 different

core micelles at pH 10, and pH-induced micellar inversion
between VBA-core and MEMA-core micelles in the presence
of 0.8 M N&SO, were examined by a stopped-flow light
scattering technique. A pH jump from 12 to 2 in the absence of

concentrations, the initial rapid decrease of scattered intensitiessg|t leads to the formation of VBAcore micelles from

takes place within almost the same time period-d.2 s. This

again confirms that the decrease is due to the VBA core-

solvating after pH jump, which should be independent of
polymer concentrations.

Kinetics of Structural Inversion from MEMA —Core to
VBA—Core Micelles. Figure 10 shows the typical time

individual copolymer chains. For the complementary pH jump
from 2 to 12, the dissociation of VBAcore micelles into
unimers occurs within the dead time for the stopped-flow cell
(~2—3 ms). At pH 10, addition of N8O, (>0.6 M) caused
the formation of MEMA-core micelles. The dynamic traces
obtained at=0.7 M N&SO, can be well fitted with double-

dependence of the scattered light intensity after stopped-flow exponential functions, leading to both fast)(and slow ¢,)

mixing an aqueous VBA-MEMA copolymer solution with
HCl at 25°C in the presence of 0.8 M N&O,. All the dynamic

relaxation timesz; is in the range 0.£0.4 s andr; is in the
range -2 s. Bothr; andt, decrease with increasing p&0,

traces exhibit negative amplitudes. The kinetics of dissociation concentration, providing a stronger driving force for salt-induced

of MEMA —core micelles into individual chains induced by

micellization. The copolymer concentration dependenceas gDV
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