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ABSTRACT: Poly(tert-butyl acrylate)-block-poly(2-vinylpyridine), PBA-b-PVP, was prepared by living
anionic polymerization. Polymolecular spherical micelles with compact hydrophobic PBA cores and
protonated PVP shells in acid water were prepared by a dialysis from organic—aqueous mixtures and
are stable if the pH is less than pH 4.8. The stretching of the PVP blocks in shells depends on pH and
ionic strength of the solution and decreases significantly in a narrow pH region below 4.8. Small
hydrophobic molecules, such as benzene, may be solubilized into micellar core swelling the core and
releasing the segmental mobility of core-forming blocks. Two fluorimetric techniques for determination
of pyrene partitioning between micelles and the aqueous phase were used. The first method is based on
measurements of the ratio of intensities of the first and third vibrational bands, 1.i/l5, in the emission
spectra of pyrene solubilized in a micellar solution as a function of micellar concentration. The second
method is based on the quenching of fluorescence from solubilized pyrene by thallium salts. The two
experimental techniques yield close values of the apparent partition coefficient, Kopp = 1.3 x 10° and 1.1

x 105, respectively.

Introduction

Block copolymers containing strongly hydrophobic
and strongly hydrophilic blocks form multimolecular
micelles in water and in aqueous buffers in a relatively
broad range of pH and ionic strengths, copolymer
concentrations, and temperatures.l=3 A typical water-
soluble copolymer micelle (e.g., polystyrene-block-poly-
(methacrylic acid) micelle) consists of a very dense and
compact core formed by several tens to few hundreds
hydrophobic insoluble blocks and of a soluble shell
formed by partially ionized and fairly stretched poly-
electrolyte blocks.2 Despite extensive experimental data
on micellization of nonpolar block copolymers in organic
selective solvents,* only a few micellizing systems of
polyelectrolytes in water and aqueous buffers have been
studied systematically and in detail.23

Micellar cores formed in water by typical hydrophobic
polymers that cannot swell in water are very dense and,
if the glass-transition temperature of the core-forming
blocks is higher than the ambient temperature, the core
is in the glassy state. Micellization equilibrium of such
copolymers is kinetically frozen and this is the reason
why amphiphilic high-molar-mass copolymer chains do
not dissolve in aqueous media. Micelles usually have
to be prepared by a continuous or stepwise dialysis from
miscible organic solvent—water mixtures in which the
samples undergo a reversible closed association.?2 In
this paper we will use the term “micelle” to denote a
spherical core/shell structure whether or not they are
at thermodynamic equilibrium.

Because only a few systems of amphiphilic micellizing
copolymers in water have been studied so far, a reliable
general description of the micellization of block poly-
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electrolytes in water is still missing. A systematic
search for new micellizing systems and studies of their
behavior are therefore needed. Micellizing block co-
polymers containing poly(2-vinylpyridine) blocks have
been studied by only a few groups.3P Poly(2-vinyl-
pyridine) (PVP) is protonated and soluble in aqueous
solutions at low pH and is deprotonated and insoluble
at a pH higher than 5. The solubility of PVP at low pH
offers the possibility to prepare micelles with hydro-
phobic cores, e.g., polystyrene, or poly(tert-butyl acry-
late) cores and PVP shells from the corresponding
diblock copolymers.

In this paper we study the behavior of micellizing
poly(tert-butyl acrylate)-block-poly(2-vinylpyridine)
sample (PBA-b-PVP). In the next paper® we describe
the complex pH-controlled formation of colloid particles
with the three layer onion-type structure from PBA-b-
PVP and poly(2-vinylpyridine)-block-poly(ethylene ox-
ide) copolymer during pH-titration.

Experimental Section

(a) Materials. Purification of Tetrahydrofuran (THF).
THF was predried by stirring with CaH; overnight. It was
then cryodistilled to another flask, where it was treated with
and twice distilled from a green sodium/naphthalene complex.
This flask was kept under vacuum on the vacuum line until
needed for polymerization.

tert-Butyl acrylate was passed through an Al,O3 column
to remove the inhibitor. Then it was predried over CaH; for
several hours. It was cryodistilled into another flask, where
it was treated with diisobutylaluminum hydride and triethyl-
aluminumé (both 1.0 M in hexane) slightly above —78 °C. It
was then cryodistilled again into a modified, pressure equal-
izing, dropping funnel (an ampoule) where it was stored under
carefully dried nitrogen until it was eventually added to the
polymerization reactor.

2-Vinylpyridine was passed through an Al,O3; column and
predried over CaH; overnight. Then it was cryodistilled into
another flask covered by a sodium mirror. After a slight purple
color developed (indicating end of consumption of impurities
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and the first occurrence of carbanions) it was quickly cryo-
distilled into an ampule.

1,1-Diphenylethylene (DPE) (Aldrich) was purified by
vacuum distillation from sec-butyllithium. When sec-butyl-
lithium is added to impure DPE, a green color appears first
which is due to benzophenone impurity. Upon further addition
the red/orange color appears that indicates the presence of the
adduct of sec-butyllithium and DPE.

(1,1-Diphenyl-3-methylpentyl)lithium was synthesized
directly in the addition ampule. sec-Butyllithium 1.0 mmol,
in a dilute cyclohexane solution was added to an ampule
containing 25 mL of THF and 2.0 mmol of purified DPE.

Solvents. Spectral UV grade organic solvents (Aldrich)
were used in this study as purchased. Deionized water was
used to prepare the aqueous solutions.

Fluorophores. Recrystallized analytical grade fluoro-
phores (Aldrich) were used.

Synthesis and Characterization of Poly(tert-butyl
acrylate)-block-poly(2-vinylpyridine) (PBA-b-PVP). The
copolymer was synthesized by a living anionic polymerization
technique utilizing a vacuum line and an apparatus described
previously.?d An amount of LiCl that corresponded to about
a twofold excess of the initiator to be added later was
introduced first into the polymerization reactor. Then the
reactor was flame-treated and the polymerization solvent
(THF) was cryodistilled into it. The impurities in the solvent
capable of reactions with the initiator were titrated first by
the initiator, (1,1-diphenyl-3-methylpentyl)lithium. Then a
precalculated quantity of the initiator was introduced and the
reactor was cooled to —78 °C. 2-Vinylpyridine was added
dropwise and was allowed to react for 1 h. The presence of
LiCl slowed down the reaction but it prevented the complex-
ation of lithium counterions with the penultimate pyridine
moiety. Complexation would increase the reactivity of the
growing anion and cause it to attack the ester function of tert-
butyl acrylate.” An aliquot of the reaction mixture was
withdrawn from the reactor and terminated by methanol and
then tert-butyl acrylate was added dropwise and allowed to
react for 45 min. The reaction was terminated by methanol
and the copolymer was recovered by precipitation into 40%
methanol in water.

The polymers were characterized by gel permeation chro-
matography (polystyrene calibration). The poly(vinylpyridine)
block had molecular weight My = 27 000 and Mw/My = 1.07.
The copolymer was rather polydisperse with My = 79 000 and
Mw/Mn = 1.27, evidently from the poly(tert-butyl acrylate)
block. The monomer composition of the copolymer was
obtained by NMR analysis (from the ratio of aromatic and
methyl hydrogens). The weight fraction of poly(vinylpyridine)
was 0.50.

Preparation and Characterization of Poly(tert-butyl
acrylate)-block-poly(2-vinylpyridine) Micelles. Multi-
molecular micelles of PBA-b-PVP were prepared as follows.
The copolymer sample was dissolved in 1,4-dioxane (70 vol %)/
methanol mixture, typically with 10 mg/mL of mixed solvent.
This mixture is a very good solvent for both blocks and a rapid
and complete dissolution of the copolymer occurs. After
dissolution, methanol was slowly added with vigorous stirring
to 50 vol % content. This mixture is still a fairly good solvent
for the sample studied. Then the aqueous 0.1 M HCI solution
was very slowly added under a vigorous stirring up to a total
water content of 50 vol %. Micelles first appear at the 12 vol
% water content in the solvent mixture. The micellar solution
was dialyzed against 0.1 M HCI water solution. The concen-
tration of the copolymer in the water (50 vol %)/organic solvent
mixture before dialyzing into 0.1 M HCl was 5 x 1072 g/mL.
The volume of the solution increased during the dialysis and
the final copolymer concentration was ca. 2.7 x 1072 g/mL.
During the micelle preparation various hydrophobic com-
pounds may be loaded into micellar cores up to a fairly high
content. However, we believe that the low molecular weight
solvents are fully removed by the extensive dialysis due to
their distribution coefficient between the micellar core and
huge excess of water.

Solubilization of Benzene into Micelles. Solubilization
of benzene was performed as follows: Volume additions of 0.5
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uL of benzene were slowly added to 3 mL of a stirred acid
micellar solution directly in the cell. The solution was stirred
for 5 min and then was left to equilibrate without stirring for
another 5 min after each addition. A gas-tight cell was used
to prevent benzene evaporation. We have found that the
evaporation from the cell closed by an ordinary Teflon stopper
is significant. The solution was stirred vigorously before QELS
and fluorescence measurement to check for the phase separa-
tion. The stirring of a two-phase mixture causes a pronounced
turbidity observable for a relatively long time until the two
phases fully separate into two layers. Therefore it is relatively
simple to obtain an acceptably precise estimate of the maxi-
mum amount of benzene which may be solubilized in the
aqueous micellar solution.

(b) Experimental Techniques. Static Light Scattering
(SLS). The apparent weight-average molar mass, Mw@"®), and
radius of gyration, Rg, of micelles in aqueous media were
measured by a modified FICA 50 apparatus and evaluated by
the Zimm plots as described elsewhere.® The value of the
refractive index increment was estimated as the weighted
average on the basis of the copolymer composition and
literature data for refractive index increments of homopoly-
mers® (for PBA dn/dc = 0.13 mL/g and for PVP dn/dc = 0.27
mL/g, so that the value for the sample studied is dn/dc = 0.20
mL/g). Since the particle molar mass of micelles is very high,
concentrations for light scattering measurement ranged from
107% to 10~* g/mL. Solutions for measurement were clarified
by centrifugation since we have found that adsorption of the
copolymer sample on filter material is facile (Acrodisc LC13
PVDF, Gelman) and changes in concentration may occur
during ultrafiltration. (See also the accompanying paper.5)

Quasi-Elastic Light Scattering (QELS). The apparent
hydrodynamic radii, Ry, of micelles were measured using a
Brookhaven Bl 2030 apparatus with a 72-channel correlator.
A He—Ne laser operating at 632.8 nm was used as the light
source. The temperature was 25 °C and the scattering angle
was 90°. The characteristic decay rate, (I'[Jwas obtained from
the first moment of the line-width distribution using the
cumulant method. The effective diffusion coefficient, Dy, was
calculated as Dy = T'llg?, where q is the scattering vector. Ry
was then evaluated using the Stokes—Einstein relation. The
polydispersity (PD) is given by u,/[T3.1°

Fluorescence Measurements. Steady-state fluorescence
spectra were recorded on a SPEX Fluorolog fluorimeter
described elsewhere.?® Polarization spectra were measured
using a PTI LS-100 luminescence system.

Results and Discussion

Physical Characterization of the Micelles. It has
been found by static and quasielastic light scattering
measurements that the micellar mass and size of the
PBA-b-PVP micelles prepared by the above described
procedure are fairly reproducible. The apparent molar
mass, radius of gyration, and the second virial coefficient
(measured by SLS in 0.1 M HCI) are M@ = 14.6 x
106 g/mol, R = 39.8 nm, and A, = 5.47 x 1075,
respectively. A typical Zimm plot of the light scattering
data for micelles (prepared at the concentration ¢ = 2.7
x 1073 g/mL) is shown in Figure 1. The concentration
dependence of the LS data, while unusual, is reproduc-
ible. We have found that neither the size nor the molar
mass of micelles depend on the copolymer concentration
used for preparation in the concentration region up to
8 x 1073 g/mL in the solution before dialysis into the
acid water. The apparent hydrodynamic radius and
polydispersity (measured by QELS in 0.1 M HCI) are
Rp = 58 nm and a PD value of ca. 0.06, respectively.
This value is based on 12 independent preparations of
micellar solutions. Variation of Ry was always less than
+2 nm.

We have shown in our previous paper that the ratio
Re/Ry is a very sensitive measure of the polydispersity
of micellar systems.2h The theoretical value of this ratio



6520 Prochazka et al.

1.6
107Ke/R
141
P daiel N
/f‘g’—v-‘%’s SRS Os.\
12+ TP =<2 PN 59 oS
. e e g 3] '~ < « J= Ny
9‘<t, -0 WL o’ N g
AP - AU VAN VL G |
o= o S~ gt T N AN
~4 Q\ Qe \,ooQ\\
1.0 -, NP Mo N
w e T
Pl \b’ AN
X \\\
0.8 N
0.6 s i y ' ) —

-2.0 -15 -1.0 0.5 0.0 0.5 1.0
-2000¢ + sin?(®/2)

Figure 1. Light scattering Zimm plot for PBA-b-PVP micelles
in 0.1 M HCL.

for homogeneous spheres is 0.775 and it increases
substantially for polydisperse solutes. For our micelles
we obtain 0.687, suggesting a low polydispersity. The
low value of the experimental ratio is also a consequence
of the fact that for inhomogeneous particles the meas-
ured gyration radius is only an apparent value. For
particles that have a spherical symmetry and are
composed of two separate entities, A and B, the appar-
ent radius of gyration, Rg app, is given by the following
relation

RZG,app = [RZGYAWA(dn/dC)A +
R, gWe(dn/dc)g]/[wa(dn/dc), + we(dn/de)g] (1)

where R%g;, w;, and (dn/dc); are the squared radius of
gyration, mass fraction, and refractive increment of the
ith component, respectively.

For our discussion to follow, the A designation will
represent the cores and B the shells. It is reasonable
to assume that the cores have a homogeneous segment
density. Then RZg 4 is related to the radius of the core,
Rc, as

Rs.a = 3R°./5 @)

We have evaluated Rc from the known micellar mass,
composition of the copolymer, and density of PBA
assuming no swelling of the core and found R¢c = 14.3
nm. When evaluating R?%g g for the shell we must take
into account the distribution of the segment density
within the shell. If we assume that the segment density
is constant throughout the shell, then R%g g is given by

R%s = 3R%,(1 —A%)/5(1 — AY) ©)

where A = Rc¢/Ry. Under this assumption we obtain
Reg,app = 37.7 nm and Rg app/RH = 0.650. Assuming that
the segment density is inversely proportional to the
square of the distance from the micellar center (this
corresponds to the model of completely stretched chains
in the shell), we find for R%g 5

R = R%(1 — A%/3(1 - A) 4)
For this case Rg app = 32.1 nm and Rg app/RH = 0.553.
Finally for an intermediate case when the segment

density is inversely proportional to the distance from
micellar center, R%s g is given as

R’ = R7(1 — A")2(1 — A% 5)
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Figure 2. Hydrodynamic radius of PBA-b-PVP micelles as a
function of (a) pH at ionic strength I = 0.1 and (b) ionic
strength in HCI/NaCl mixtures at pH 2.3

and Rgapp = 35.3 nm and Rg app/RH = 0.609. All these
values are slightly lower than our experimental value
0.687. This result is compatible with our model of the
micelle. More elaborate models of the density profile
in spherical brushes have been proposed recently.l!
However, polydispersity of micelles (even a very small
one, as in our case) complicates the use of complex
theoretical models.

Figure 2a shows the hydrodynamic radius, Ry, meas-
ured by QELS as a function of pH for the constant ionic
strength 1 = 0.1 and Figure 2b shows the decrease in
Ry values with increasing ionic strength in aqueous
HCI/NaCl mixtures at constant pH 2.3. Both figures
suggest significant changes in the shell thickness due
to the changing degree of protonation of PVP chains and
to the electrostatic screening effect of small counter-
ions.11 The total hydrodynamic radius of PBA-b-PVP
micelles shrinks from ca. 63 nm at low pH and the
lowest ionic strength to 32 nm at the highest pH for
which micellar solutions are still thermodynamically
stable (pH 4.75 and | = 0.1). Thirty-two nanometers is
still much larger than the radius of the core (Rc = 14.3
nm), which suggests no significant collapse of the shell
at this pH. This finding correlates well with the good
thermodynamic stability of micelles up to pH values
very close to pH 4.8 and indicates that a massive
deprotonation of PVP blocks and collapse of micellar
shells occurs in a very narrow pH region close to pH
4.8. Micellar solutions with PVP shells can be regarded
as pH-buffers and this fact increases their stability in
the narrow pH region below pH 4.8. We note that the
glassy PBA core can be expected to remain intact for
all pH values such that Ry changes reflect the corona
only.
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Figure 3. Dependence of the hydrodynamic radius of PBA-
b-PVP micelles (filled symbols, curve 1) and of excimer to
monomer ratio of fluorescent intensities of pyrene solubilized
in their cores (open symbols, curve 2) on the amount of benzene
in the swollen cores. &g is the mass ratio of benzene to PBA,
corrected for the solubility of benzene in water (see text).

Swelling of the Micellar Core by Benzene: Ex-
cimer and Depolarization Studies. To probe the
rigidity and the properties of the micellar cores, the
following experiments were performed: Pyrene was
solubilized up to a very high loading into micellar cores
during micelle preparation. Typically 0.5 mL of 1 mg/
mL pyrene in methanol was added to 5 mL of the 70
vol % dioxane solution used in the earliest step of the
micelle preparation (see Experimental Section). The
concentration of pyrene was measured by UV absorption
in the region of low micellar concentrations and was
corrected for the light scattering from micelles. The
relative amount of pyrene in micelles was estimated as
ca. 400 pyrene molecules per micellar core. For micellar
cores with the radius Rc¢ ca. 14.3 nm, this represents a
molar concentration of 8.4 x 1072 mol/L. Despite the
small separation (ca. 1.9 nm) between individual pyrene
molecules at such a high concentration, no excimer
emission was observed. This indicates that the rota-
tional and translational diffusion of the pyrene molecule
is almost frozen on the 101-102 ns time scale and the
fraction of suitably oriented contact pairs prior to
excitation is very low. Similar behavior was observed
in our earlier studies?®¢ of micellization of polystyrene-
block-poly(methacrylic acid) copolymers with naphtha-
lene-tagged core-forming blocks. In those studies, a
short oligomeric poly(2-vinylnaphthalene) block was
attached at the beginning or the end of the PS block
and excimer fluorescence, which was very strong in good
solvents, disappeared in micellar systems in agueous
solution.

Swelling of the core by small molecules, such as
benzene, permits movement of the pyrene molecules and
diffusion-controlled excimer fluorescence. Figure 3
shows the effect of the core swelling on the total size of
micelles and on the fluorescence properties of solubilized
pyrene in micellar solutions in 0.1 M HCI. There is a
steady increase of Ry with increasing mass ratio of
solubilized benzene-to-PBA block of the copolymer, &g.
Values of &g are corrected for the benzene solubility in
0.1 M HCI. This value (1.6 g/L) was estimated by the
same procedure used to determine the solubilization
limit for micelles. The literature value of benzene
solubility in pure water (1.732 g/L) is in good agreement
with our estimate. For the evaluation of &g, the parti-
tion coefficient of benzene between micelles and the
aqueous phase is needed. We have estimated it from
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Figure 4. Fluorescence anisotropy of perylene solubilized in
the cores of PBA-b-PVP micelles as a function of the amount
of benzene in the swollen cores.

the difference in the amount of benzene needed to reach
saturation in the solvent and in the micellar solution
of known concentration. Then we evaluated &g from the
known addition of benzene assuming the standard
partitioning equilibrium. Values of Ry increase only
slightly with increasing content of the swelling agent,
since the size of the core represents only a small part
of the Ry values. The excimer-to-monomer fluorescence
intensity increases sharply above &g = 0.7 (monomer
emission was measured at 383 nm, the vibrational band
I3; excimer emission was measured at 430 nm). It is
evident that a relatively large quantity of benzene
(comparable with the mass of PBA) is needed to liberate
the motion of pyrene molecules in the cores and to
enable the formation of excimers.

In another experiment, a relatively small amount of
perylene was solubilized into micelles during their
preparation. The perylene concentration was then
further lowered by dialyzing the solution against 0.1M
HCI. The resulting micellar solution contained ca. 5
perylene molecules per micelle and was used for the
steady-state fluorescence anisotropy measurements. A
very low perylene loading of micelles is needed, since
the Forster radius of the perylene—perylene energy
transfer is very large,? R, ca. 3.5 nm, because of the
large overlap in absorption and emission spectra. An
efficient nonradiative excitation energy migration at
higher perylene loading would partially depolarize the
emission and interfere with depolarization mobility
studies. The intensity of perylene fluorescence from
micelles is high and the precision of the anisotropy
measurements is satisfactory. Perylene fluorescence
anisotropy, o= (I, — Ig)/(I; + 21g), was measured as a
function of the amount of the solubilized benzene, &g.
Perylene was excited at 436 nm using a vertically
polarized beam and the parallel and perpendicular
fluorescence intensities, I, and I, respectively, were
measured at 468 nm. The plot of [f0vs &g is shown in
Figure 4. The fluorescence anisotropy is quite high in
cores without benzene, (= 0.22, and decreases steadily
with increasing amount of solubilized benzene. This
behavior correlates well with the pyrene excimer-to-
monomer fluorescence intensity increase in Figure 3 and
demonstrates that complete rotation and diffusion oc-
curs within the ca. 6—7 ns lifetime of the perylene
excited state!® only when &g reaches a value of about
0.8. Note that under these conditions all perylene
remains segregated in the micelle core, as indicated by
a complete absence of TI* quenching (data not shown).
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Both experiments with pyrene and perylene indicate
that the nonswollen cores are compact and the relatively
immobile PBA blocks hinder translational and rota-
tional motion of solubilized fluorophores on the time
scale of excited state lifetimes, i.e., 101—10? ns.

Partition Coefficient of Pyrene between Mi-
celles and the Aqueous Phase. In the second part
of this paper we report our study of the distribution of
fluorophores between micelles and the aqueous phase.
It is convenient to introduce an apparent partition
coefficient, Kapp, describing the partitioning of pyrene
between micelles and the aqueous phase,

Kapp = Kc t bK(as/qc) (6)

where K¢ and Ks are the true partition coefficients of
pyrene between cores and the aqueous phase and
between shells and the aqueous phase, respectively, b
is the ratio of volumes of the shell and the core, and
(gs/qc) is the ratio of the pyrene fluorescence quantum
yields in the shell and the core. As shown in the
Appendix, this coefficient may be evaluated either from
the measurement of the ratio of the first and third
vibrational bands, li/l3, in the pyrene emission as a
function of the micellar concentration or from fluores-
cence quenching experiments. The pyrene emission I,/
I3 ratio is environment-sensitive and is often used to
probe the pyrene microenvironment polarity.1* It was
successfully used for studying associative processes in
polymer solutions and for determination of the distribu-
tion of pyrene derivatives in bulk block copolymers.®
Evaluation of K,pp based on the quenching experiments
is general and it may be used for fluorophores without
environment-sensitive vibrational structure.

We have measured the 11/13 ratio in PBA (l,/13 = 1.07),
PVP (1.46), and PBA-b-PVP (1.09) films. The films for
measurement were prepared by evaporating solvent
from 2 wt % solution in 1,4-dioxane deposited on a
quartz disk and by drying in vacuum. The weight ratio
of pyrene-to-polymer was 0.03. The value obtained for
PVP (1.47) is in a good agreement with the value
obtained by Winnik et al.1®> The I/13 value in the PBA-
b-PVP copolymer film is very close to that in PBA film
and suggests that pyrene is in this system confined to
the PBA domains. We note that Acree et al. have
argued that using just the ratio of peaks to assign
partitioning can be erroneous because of solvent-de-
pendent quantum vyields.’® Measurement of the I/I3
ratio must be performed very carefully with an ap-
paratus having a high spectral resolution and a constant
excitation intensity. All experiments have to be done
under the same conditions of spectral resolution. Thus,
values obtained using different fluorimeters may sig-
nificantly differ from each other. Using our fluorimeter,
we have measured the uncorrected 14/13 ratio in acid,
neutral, and basic water saturated by pyrene; the
experimental values were 1;/lI3 = 1.63, 1.75, and 1.73,
respectively. These values should be corrected for the
detector spectral sensitivity (Q273/Q2s2 ca. 0.9) to get the
true values which are higher (I1/13 = 1.90 in water4).
This apparatus correction factor cancels in the evalua-
tion procedure we use and does not have to be taken
into account.

Figure 5 shows the 11/1; ratio for highly pyrene-loaded
micelles (ca. 250 pyrene molecules per micelle) as a
function of polymer concentration. When the total
pyrene concentration is significantly higher than its
water solubility, the measured values are low and
almost constant, 1,/13 = 1.18, and it is almost impossible
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Figure 6. Correlation of the I,l; data for the evaluation of

Kapp (See text for details). The value of (Vu/Ve)[ (1/13)n — (14/
I3)] is plotted on the y axis.

to quench the fluorescence by TI* (see later discussion).
For low concentrations, the measured values rise quite
steeply with dilution. Both observations are under-
standable as the consequence of the equilibrium distri-
bution of pyrene between micelles and the aqueous
phase at different micellar concentrations. We have
found that the re-equilibration of pyrene in the system
after dilution is fairly fast and it is completed on the
timescale of tens of minutes. These observations indi-
cate that pyrene diffusion out of these micelles is much
faster than in the case of micelles with polystyrene (PS)
cores that we have studied earlier.l” Studies of the
release Kinetics leading to the evaluation of diffusion
coefficients of various fluorophores in micellar PS, PBA,
and PVP cores are in progress.

As shown in the Appendix, the linearized plot of (Vi/
Vo)l(1/13)n — (1/13)] vs 14/13 is useful for evaluation of
the apparent partition coefficient, Kypp. Values plotted
on the y-axis are very sensitive even to small experi-
mental errors and a good linear plot is a severe test of
the quality of the data. The plot shown in Figure 6
suggests that the correlation is fairly good. For evalu-
ation of the apparent partition coefficient, Kspp, the
relative quantum yield of pyrene fluorescence in water
to that in micellar cores has to be known. We have
estimated this quantity from independent measure-
ments. We have measured the fluorescence intensity
for a relatively concentrated solution of micelles (ca. (2—
8) x 10~* g/mL) with a fairly high pyrene loading. The
concentration of pyrene was estimated using UV ab-
sorption. Saturated pyrene solutions in acid, neutral,



Macromolecules, Vol. 29, No. 20, 1996

and basic water were measured under the same experi-
mental conditions. For concentrated micellar solutions,
only a negligible fraction of the fluorescence emission
comes from the pyrene molecules located outside the
core, since pyrene is accumulated mostly in the cores.
The solubility of pyrene at 25 °C was evaluated in acid
(0.1 M HCI), neutral, and basic water (0.1 M NaOH)
using the published value of the extinction coefficient,
€334 = 5.4 x 10* L/(mol-cm)*3 to be 3.3 x 10~7 mol/L in
pure water, 3.5 x 1077 mol/L in basic water, and 2.5 x
1077 mol/L in acid water. The values obtained in this
study agree well with the literature solubility data on
pyrene in pure water (3.8 x 1077 mol/L).18

In our study, we have been using solutions containing
the equilibrium concentration of dissolved oxygen for
the following reasons: (a) Repeated freeze—pump—thaw
cycles that guarantee quantitative suppression of oxygen-
guenching runs the risk of inducing micelle aggregation,
although these micelles appear to be quite rugged (for
example, they can be redistributed in water after being
freeze-dried). Bubbling with Ar does not remove all
oxygen and the quantum yields by this method are
rather irreproducible. (b) Evaluation of K,y does not
require the removal of oxygen since we only need to
know the relative quantum yield of pyrene fluorescence,
gu/gc, under the conditions of the I1/13 measurements
or quenching experiments only. (c) Our experiments
allow for a straightforward comparison with the kinetic
dilution-quenching experiments that are in progress,
which also require knowledge of the gu/qc value. We
have estimated the ratio qu/qc = 0.55 under given
conditions. Measurements of the I;/13 ratio give the
apparent partition coefficient Kapp = 1.3 x 105 This is
very similar to the value of 4 x 105 for phenanthrene!?
or 2.2 x 10° for pyrene and 1.1 x 10° for 9,10
diphenylanthracene?? reported earlier for micelles com-
posed of polystyrene-block-poly(methacrylic acid) diblocks.

Measurements of pyrene fluorescence in a water—
methanol mixture in the presence of protonated PVP
indicate that fluorescence is strongly quenched by
protonated PVP such that we can assume that qs is
small. The second term in the definition of Ky, (eq 6)
is therefore small and we can assume that values of Kapp
and K¢ are quite close to each other. The large value
of this coefficient indicates that at high micellar con-
centrations most pyrene is solubilized in the micellar
cores and its fluorescence cannot be efficiently quenched
by water-soluble quenchers, such as TI*, as was ob-
served experimentally.

Pyrene fluorescence from highly concentrated micellar
solutions may be quenched easily by solubilizing non-
polar quenchers (e.g., CCly) into micellar cores. Figure
7 shows the Stern—Volmer plot for the ratio of intensi-
ties, 13%13, without and with quencher, respectively, vs
weight fraction, &, of the solubilized CCl, (concentration
of micelles 2.5 x 1073 g/mL). The linearity of the plot
indicates complete accessibility of the quencher to all
pyrene molecules. Fluorescence spectra are reproduc-
ible and the ratio of I; and I3 intensities does not change
with &c if measurements are performed rapidly (less
than 1 min per spectra) and the system is kept in dark
between measurements for at least 30 min. Longer
exposure times result in changes of the fluorescence
spectra due to photoreactions of pyrene.

In highly diluted micellar solutions, a significant
fraction of pyrene resides in the aqueous phase and its
emission may be quenched by TI*. Figure 8 shows a
typical Stern—Volmer plot, 15913, for the TI* quenching
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Figure 7. Stern—Volmer plot for quenching by CCl, the
fluorescence of pyrene solubilized in the cores of PBA-b-PVP
micelles (&c is defined similarly to &g in previous plots).
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Figure 8. Quenching of pyrene in a solution of PBA-b-PVP
micelles (c = 6.4 x 1076 g/mL) by TI*. The Stern—Volmer plot
(curve 1); the dependence of I1l; on the molar concentration
of TI* (curve 2).

(curve 1) and 14/15 (curve 2) for the micellar concentra-
tion ¢ = 6.4 x 107% g/mL. The very pronounced
downward curvature in the Stern—Volmer plot and the
leveling off of 13915 at high quencher concentrations
provide a measure of the fraction of fluorophores in cores
that are inaccessible to the ionic quencher. When the
fluorescence from the water-dispersed fluorophores is
completely quenched, the measured /13 ratio equals
1.19, which roughly corresponds to the effective (11/13)m
ratio for micelles. The quenching experiments yield the
apparent partition coefficient, Kypp = 1.1 x 10° for
partitioning of pyrene between micelles and the aqueous
phase. This value is in good agreement with the value
based on the ratio of intensities of vibrational bands,
11/15 (1.3 x 109).

Summary

1. A living anionic polymerization procedure was
developed for the synthesis of a block copolymer of tert-
butyl acrylate and 2-vinylpyridine.

2. Spherical polymolecular PBA-b-PVP micelles with
compact PBA cores and protonated PVP blocks were
prepared in aqueous solution in the pH region below
4.8 and characterized by light scattering techniques. A
copolymer sample was dissolved in an organic solvent
mixture and the solution was titrated by acid water
until polymolecular micelles formed, then the resulting
solution was dialyzed into acid water. This procedure
yields micelles with a reproducible molar mass and size.
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3. The stretching of protonated PVP blocks that make
up micellar shells was studied by QELS as a function
of pH and ionic strength of the solution.

4. The swelling of micellar cores by solubilizing
benzene into micelles was studied using fluorimetric
techniques (excimer-to-monomer fluorescence intensity
and fluorescence anisotropy measurement for entrapped
fluorophores).

5. Fluorimetric techniques (measurements of intensi-
ties of the first and third vibrational bands in pyrene
emission and the thallium quenching experiments) were
applied to estimate the apparent partition coefficient,
Kapp, = (1.1—1.3) x 10° of pyrene between micelles and
the aqueous phase.
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Appendix

1. Evaluation of the Apparent Partition Coef-
ficient, Kypp, from Quenching Experiments. (a)
General Case. Fluorescence intensity in a micellar
solution with a solubilized fluorophore is a sum of
contributions from fluorophore molecules in cores, Ic,
in shells, Is, and in the aqueous phase, 1. In the linear
region of low fluorophore concentrations each contribu-
tion, I;, may be expressed as a product, I; = kViciq;,
where V; is the volume fraction of the phase i, c; is the
fluorophore concentration, g; is the corresponding quan-
tum yield, and k is the apparatus constant. At equi-
librium, individual concentrations are not independent
but are determined by the total fluorophore concentra-
tion, ¢, and by the partition coefficients between the core
and aqueous phase, K¢ = cc/cy, and the shell and
aqueous phase, Ks = cs/cy. Mass balance in the system
may be expressed by the following equation

¢ =cy[Vce(Ke + bKg) + V] (Al)
where b is the ratio of volumes of the core and the shell,

b = Vs/Vc. The total fluorescence intensity, I, may be
expressed as follows

I = key[Ve(Kede + bKgas) + Viyau] (A2)
Combination of egs Al and A2 gives
Ke + bKS(Zs)

o o
(V

—C)(KC +bKg) + 1
Vi

I = ke (A3)

Due to the presence of the instrumental constant in
eq A3, it is impossible to obtain any information on
partition coefficients from a single measurement of the
fluorescence intensity. However, it is possible to obtain
it from ratios of intensities measured at different
conditions.

Quenching experiments are appropriate for this pur-
pose because they allow for determination of an appar-
ent partition coefficient (Kaypp = Kc + bKs(gs/gc)) be-
tween micelles and the aqueous phase. By using a
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strongly hydrophilic quencher, such as TI™, it is possible
to quench the fluorescence in the aqueous phase and
possibly also in the shell, without affecting the fluores-
cence quantum yield in the cores. The quantum yields
in the aqueous phase (q4') and in the shell (gs') are then
lower in the presence of the quencher than those in its
absence, i.e., g4’ < gy and gs' < gs, while the quantum
yield in the core is constant, gc' = gc. The ratio of
fluorescence intensities without and with the quencher,
I/lg, is given by the following equation

Ve
v et o
I Vi Ac Oc
- = (A4)
* el <)
K¢ + bKg + =
Vu Uc Uc
(b) Special Case. Hydrophobic Fluorophore in
Micelles with Positively Charged Shells—
Quenching by Positively Charged lons. In this
section we discuss the case of pyrene as a fluorophore
and TINOjz as a quencher. Pyrene fluorescence is
strongly quenched by TI*. If a relatively high concen-
tration of TINO3 (ca. 5 x 1072 M) is used, emission from
pyrene dissolved in water is quenched almost quanti-
tatively and we can assume, in the first approximation,
that gu' ~ 0. The shell of PBA-b-PVP micelles is formed
by protonated and positively charged blocks. A strong
electrostatic repulsion hinders the penetration of TI*
ions into this positively charged shell. Quenching of the
fluorescence from the shell-solubilized fluorophores is
in this case very inefficient, and it is reasonable to
assume that gs' ~ Qs.

Equation A4 is considerably simplified under the
aforementioned assumptions, and it reads

L:1+(QH H 1 (A5)

R

The sum in the square brackets of the denominator
of the second term of the right-hand side of eq A5 is the
apparent pyrene partition coefficient between micelles
and water, Kypp. It may be evaluated from quenching
experiments (in the case of pyrene quenching, we use
the intensity of the third vibrational band) as

K = qHVH\ 1
P \qeVe (/130 — 1)

In quenching experiments, all quantities in eq A6 are
known, except the relative water-to-core pyrene emis-
sion quantum yield, (gu/gc). This relative quantum
yield may be evaluated from independent measure-
ments.

2. Evaluation of K5pp from Measurement of the
Ratio of 11/1;3 as a Function of Micellar Concentra-
tion. The effective partition coefficient, Kapp, may be
also obtained from measurement of the ratio of intensi-
ties of the first and third vibrational bands, I/l3, as a
function of micellar concentration. The first vibrational
band is symmetry forbidden and its intensity depends
on interactions with the microenvironment. The (11/13)
ratio is often used to probe interactions of pyrene with
surrounding molecules.14.16

The intensity I3 in the micellar solution is given by
eq A2. The quantum yield of the first vibrational band,
i1, in microenvironment i (i.e., in the phase, i) may be

(A6)
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expressed by using gi = i3 and the corresponding
experimental value of (11/l3); to yield gi1 = (1:/13)iqi.
Therefore for the experimentally observed ratio, 11/l3,
we can write the following relation

Lo [fVe
I_ - [(V_)KC[(Illls)c + b(Ks/Kc)(lllls)s(qS/qc)] +
3 H

V,
(|1/|3)H(qH/qC)] / [(V_:)[Kc + bKs(as/dc)] + (a4/dc)

In the region of high micellar concentration, the (I1/
I3) ratio is virtually constant and it is equal to the
effective equilibrium (11/13)m ratio in micelles

(1,715 = [(1,/15)c + b(Kg/K)(1,/15)s(as/ag)l
[1 + b(Ks/K)(as/ac)] (A8)

Combination of eqs A7 and A8 with the definition of
the apparent partition coefficient, Kapp, yields a simple
equation for the evaluation of Kypp,

Kapp = @uViu/dcVol(1h /1)y —
(|1/|3)]/[(|1/|3) - (|1/|3)M] (A9)

From the experimental point of view, eq A9 is easy
to handle. The value of (11/13)m may be estimated quite
precisely either from the limiting behavior of 1,/ for
high micellar concentrations or from a linearized form
of eq A9

y = (VilVOIl(l/lg)y — (/1)) =
[(1:/135) = (1/1)m)(ac/a)Kap, (AL0)

If values of [(11/13)y — (11/13)](Vu/Vc) are plotted vs (11/
I3), the value y = 0 is attained for (11/13) = (I11/13)m and
the value of Ky, may be obtained from the slope. The
linear plot of experimental points indicates that the
system studied behaves according to the model and the
scatter in the experimental points allows for testing the
quality of the data. A similar approach based on (11/13)
measurements was used by Winnik et al.15 in the study
of the behavior of the micellizing system of polystyrene-
block-poly(ethylene oxide) in aqueous media. These
authors did not take into account solubilization of
pyrene into the micellar shell but the formal structure
of their equation is similar to eq A9.
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