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ABSTRACT: The effect of solvent composition on the partition coefficient (Ky) of pyrene between the
crew cut micelles formed from highly asymmetric block copolymers of polystyrene (500)-b-polyacrylic acid
(60) and an H,O/DMF solvent mixture was studied using a fluorescence method. The total number of
pyrene molecules incorporated per micelle was also determined as a function of polymer concentration
and solvent composition. The relationship between the partition coefficient (Ky) and the mass equilibrium
constant (K) was obtained, and the free energy of transfer of pyrene from the solvent mixture to the
micelle was calculated in terms of K. The results suggest that a gradual change in the solvent composition,
which makes it increasingly incompatible with the solubilizate, may be a good method of loading

hydrophobic materials into micelles.

Introduction

Self-assembling colloidal carriers have been receiving
much attention as potential drug delivery systems.1=5
Such systems include micelles formed either from small-
molecule surfactants or from amphiphilic block copoly-
mers. Low molecular weight surfactants are frequently
considered for pharmaceutical use due to their low
toxicity.67 However, their application in drug delivery
is restricted due to their relatively low capacity for drug
loading.1%12 Similar to surfactants, amphiphilic block
copolymers with hydrophobic and hydrophilic segments
are generally self-assembled in the form of micelles in
aqueous media. In these micelles, the hydrophobic
blocks constitute the core and the hydrophilic blocks,
along with the solvent (which can have a variable water
content), form the corona. Some block copolymer mi-
celles have been studied for drug delivery; these include
poly(aspartic acid)-b-poly(ethylene glycol),’® poly(3-ben-
zyl L-aspartate)-b-poly(ethylene oxide),* poly(oxyethyl-
ene)-b-poly(isoprene)-b-poly(oxyethylene),> poly(oxy-
ethylene)-b-poly(oxypropylene)-b-poly(oxyethylene),'6 and
many others.

Several laboratories have recently studied the incor-
poration of model hydrophobic materials by the block
copolymer micelles.1’~1° Nagarajan et al.1’2 compared
the solubilization of aromatic and aliphatic hydrocar-
bons in poly(ethylene—propylene oxide) and poly(N-
vinylpyrrolidone—styrene) block copolymer micelles.
They found that the solubilizate which is more compat-
ible with the core-forming block is solubilized to a
greater extent. A thermodynamic treatment of hydro-
carbon solubilization was presented by the same group
for both diblock and triblock copolymer molecules.17®
Their results demonstrated that the core radius, the
corona thickness and the aggregation number for the
diblock copolymer micelles are much larger than those
for the triblock copolymer micelles of identical molecular
weights and block compositions. Tian et al.’® deter-
mined the solubilization of organic substances by sty-
rene—methacrylic acid block copolymer micelles using
light scattering measurements and suggested that the
compounds which interact favorably with polystyrene
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are solubilized to a much larger extent than the
compounds which interact less favorably.

Solubilization within the core is controlled by the
partition coefficient of the material between the hydro-
phobic micellar core and the hydrophilic aqueous phase.
The pharmacokinetic behavior of the system in terms
of controlled release will also depend upon this parti-
tioning. Therefore, the partition coefficients of hydro-
phobic materials within micellar systems of both sur-
factant molecules and block copolymers have been
studied by various groups. A fluorescence quenching
technique developed by Auger et al.8 enabled measure-
ment of the napthalene partition coefficient in aqueous
solutions of nonionic surfactant micelles. One signifi-
cant benefit of using this technique is that the parti-
tioning of napthalene can be determined for both
saturated and unsaturated solutions. Itoh et al.® used
fluorescence measurements to determine the partition
coefficient of pyrene in aqueous solutions of n-g-octyl-
glucoside micelles. They also calculated the free energy
of transfer of pyrene from the solvent water phase to
the micellar cores.

Moroi et al.1° compared the solubilization of several
cyclic aromatic hydrocarbons in 1-dodecanesulfonic acid
micelles. They found that the first stepwise association
constant increased in order from benzene to naphtha-
lene to anthracene to pyrene. These studies clearly
indicate that control over solubilization is largely ex-
erted by hydrophobic interactions between the solubi-
lizate and the micelle core.

Pyrene partitioning between the poly(styrene—ethyl-
ene oxide) block copolymer micellar phase and the water
phase was studied by Wilhelm et al. using fluorescence
measurements.’® The partition coefficient of pyrene was
found to have a value of the order of 105. In a previous
paper from this laboratory, the partition coefficient of
pyrene between the polystyrene-b-poly(acrylic acid)
block copolymer micelles and water phase was also
reported to be on the order of 10520 Hurter and
Hatton?! examined the partitioning of three polycyclic
aromatic hydrocarbons, naphthalene, phenanthrene,
and pyrene, between water and micelles formed by poly-
(ethylene oxide—propylene oxide) block copolymers. The
micelle—water partition coefficient was found to in-
crease with both an increase in the polypropylene oxide
content of the copolymer and with an increase in the
molecular weight. Kabanov et al. suggested an ap-
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proach for the calculation of the partition coefficient
from the emission spectrum of pyrene between Pluronic
micelles of poly(oxyethylene-b-oxypropylene-b-oxyeth-
ylene) triblock copolymers and bidistilled water.16

Crew cut micelles have recently been the subject of
extensive research in this laboratory.22=26 The crew cuts
are formed from amphiphilic block copolymer chains
with long hydrophobic core forming blocks and short
hydrophilic blocks.22 The long hydrophobic blocks make
it impossible to prepare micelles by simply dissolving
the block copolymer in water. Therefore a method of
preparation is adopted which involves dissolving the
block copolymer in a common solvent for both blocks
(e.g. DMF) and then slowly adding a precipitant for the
hydrophobic block (e.g. water). The crew cut micelle
earned its name due to its thin hydrophilic brushlike
shell which surrounds a large hydrophobic core. The
crew cut micelles as a drug delivery system may have
an enhanced capacity for the solubilization of nonpolar
drugs due to their large hydrophobic cores. In this
study, the polystyrene-b-polyacrylic acid micelles serve
as a model crew cut system and pyrene as the model
for a hydrophobic drug.

In this communication we report on the calculation
of the partition coefficient (Ky) of pyrene between crew
cut micelles of polystyrene-b-polyacrylic acid and an
H,O/DMF solvent mixture. We examine the effect of
water content in the solvent mixture on both the total
amount of pyrene incorporated into micelles and the
number of molecules incorporated per micelle. The
relationship between the partition coefficient (Ky) and
the mass equilibrium constant (K) is obtained, and the
free energy of transfer of pyrene from the solvent
mixture to the micelles is given in terms of K.

Theoretical Aspects

1. Fluorescence. Wilhelm et al.’® and Kabanov et
al.18 suggested different fluorescence methods to calcu-
late the partition coefficient for pyrene in micellar
solutions. The approach described by Wilhelm et al.1®
is based on monitoring changes in the intensity ratio
l33s/l3325 in the excitation spectrum of pyrene. The
method proposed by Kabanov et al.1® involved examina-
tion of the fluorescence emission intensity of pyrene at
A = 395 nm. Our fluorometric approach is a hybrid
version of these methods with a few minor modifica-
tions. We monitor changes in the intensity of the third
vibrational band and the first vibrational band (13/1,)
in the emission spectrum of pyrene in various DMF/
H,0 solvent mixtures. The I3/l; ratio is used to calcu-
late both the amount of pyrene absorbed into the micelle
cores, the number of pyrene molecules per micelle and
the partition coefficient of pyrene. The partition coef-
ficients determined this way are then used to recalculate
the 13/1; ratios, the amount of pyrene absorbed and the
number of pyrene molecules per micelle. A comparison
of the experimental and recalculated I3/1; ratios will
enable a check of the self-consistency of the approach.
This will also enable any shortcomings or breakdowns
which may arise through the use of this fluorescence
method to be revealed.

2. Pyrene Monomer Fluorescence. Pyrene has
commonly been used as a hydrophobic fluorescence
probe, to evaluate the polarity of various environ-
ments.?2728  The fluorescence emission spectrum of
pyrene shows some vibrational bands which are affected
by the polarity of the surrounding environment of the
probe molecules. Specifically, changes in the relative
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Figure 1. Fluorescence emission spectrum of pyrene (1.5 x
10~° mol/g) in 85%/15% H,O/DMF at a copolymer concentration
of 5.6 x 107 g/g.

intensity of the first and third vibrational bands in the
pyrene emission spectrum have proven to be reliable
tools in examining the polarity of the microenviron-
ment'9,27,28

Figure 1 presents the monomer fluorescence spectrum
for pyrene in aqueous solution (pyrene concentration =
1.5 x 107° mol/g). The concentration is low to avoid
excimer formation. As is customary, the five predomi-
nant peaks or vibrational bands in the spectrum are
numbered from left to right as one to five. The first
vibrational band (0—0 band) shows a significant inten-
sity variation in response to changes in polarity; for
instance, considerable intensity enhancement is ob-
served in a polar solvent. The third vibrational band
demonstrates only a minimal intensity variation in
response to changes in microenvironment polarity.
Thus, the intensity ratio of vibrational band three to
vibrational band one, i.e., the intensity of peak three
normalized with reference to peak one, is strongly
related to the polarity of the surrounding medium of
the pyrene.

3. Calculation of the Amount of Pyrene Ab-
sorbed. The intensity of fluorescence emission (I) at
wavelength 4 may be written as

I = kp(1 — 107%™ = K_¢¢,[Py] (1)

where Ky = kl x In 10 k is an instrumental constant, |
is the cell path length, ¢, is the molecular decadic
extinction coefficient at wavelength 4, ¢ is the quantum
yield, and [Py] = the total concentration of pyrene =
[Pylw + [Pylv, where [Py]m is the concentration of
pyrene in micelles and [Py]v is the concentration of
pyrene in the solvent.

For pyrene in a copolymer micellar solution, the
fluorescence intensity of the third vibrational band is1619

|l3J = Ka(pvea v[PYLy + duesmlPYIm)

= Ky(pves vIPY] + (dmeam — dves)PYIW) 2

where the superscript U refers to the micellar solution.
For the same concentration of pyrene in the same
solvent mixture in the absence of copolymer, the emis-

sion intensity (I;’) may be described as:
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Ig = Kypves v[PY] (3

Thus

Ig - I;/ dmesm — Pveay [PYIu

1y bvesy [Py]

_ (¢M€3,M B 1) [PYlu

bvesy [Py]
_ |3,max _ [Py]M
B (|3,min 1) [Py] (4)

where I3 max IS the fluorescence intensity when all the
pyrene is in the micelle cores and I3 min is the fluores-
cence intensity when all the pyrene is in the solvent. If
both I3 max and I3 min are known, the absorbed amount
of pyrene in the micelles may be calculated.

4. Calculation of 13 from the Partition Coef-
ficient. Wilhelm et al.’® suggested that pyrene binding
to the micelles may be described as a simple partition
equilibrium between a micellar phase and a solvent
phase. They provided an equation to describe the
relationship between the partition coefficient (Ky) and
the ratio of pyrene in the micellar phase to pyrene in
the solvent phase

[PyIu _ KvxpsC
[Pyly Pps

®)

where yps is the weight fraction of polystyrene in the
polymer, pps is the density of the polystyrene core of
the micelle, and C is the concentration of polymer in
g/mL. In this expression, the measurements are as-
sumed to be insensitive to micellar association of
polymer molecules.

From eq 5, we get

[Pylm _ KuxtpsC ©)
[Pyl  pps T KyxpsC
Substituting into eq 4 and rearranging
I K C
Il3J — 3,max _ \ VXPS IV + I;/ (7)

I3,min }pPS + KyxpsC 3

In this way, we can theoretically calculate |;J from the
measured partition coefficient Ky. The absorbed amount
of pyrene can also be calculated in terms of the mea-
sured partition coefficient Ky using eq 6.

5. Relationship between Ky and K. Hunter?®
suggested a kinetic approach with

I\/Infi +tA= Mn (8)

to describe the distribution of probe molecule A between
the micelles and the solvent phase, where M, is a
micelle containing n probe molecules and A is a probe
molecule in the surrounding solvent. In the present
case, A = Py (pyrene).

If there is no limit to the number of solubilized
molecules per micelle, then the mass equilibrium con-
stant, K, of the distribution of pyrene molecules is
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P
K = o[ YIm
C°mlPyly
where [Py]m and [Py]v are the pyrene concentrations

in the micelle and in the solvent phase, respectively.
C°m is the micellar concentration, i.e.

9)

_ (C — cmc)

C°m N (20)
where C is the concentration of polymer, cmc is the
critical micelle concentration, and N is the aggregation
number. The cmc for this block copolymer is extremely
small, it has been reported to be on the order of 1077
with a 4.5 wt % water content.?° If the water content
is extrapolated to 15 wt % the cmc value at 25 °C is ca.
1 x 1072 M and will decrease further as more water is

added.?® Equation 10 thus becomes

o C
Cy=r (11)

Substituting both eq 11 and eq 5 into eq 9, we get

NK
K = vAPS

12
Pps 12)
From this equation, the mass equilibrium constant K
can be calculated through the partition coefficient Ky if
the aggregation number N is known.
6. Calculation of Free Energy of Transfer. From
the mass equilibrium constant K, we have

AG® = —RT InK (13)

where AG°® is the free energy of transfer of pyrene
molecules from the solvent phase to the micelles.

Experimental Section

Materials. The block copolymer used was polystyrene-b-
poly(acrylic acid) (PS(500)-b-PAA(60)) containing 500 styrene
repeat units and 60 acrylic acid repeat units. This block
copolymer was synthesized by sequential anionic polymeriza-
tion of styrene monomer followed by tert-butyl acrylate mono-
mer. The polymerization process was carried out in tetrahy-
drofuran (THF) at —78 °C under nitrogen gas. Before the
addition of tert-butyl acrylate monomer, an aliquot of the
reaction medium was withdrawn to obtain the styrene chain,
which had a polystyrene chain length identical to that in the
diblock copolymer which was to be synthesized subsequently.
A more detailed description of the procedures was given in a
previous communication.®* The block copolymer had a narrow
distribution of molecular weights, and the polydispersity index
(Mw/Mp), estimated by gel permeation chromatography (GPC),
was 1.04. The synthesized block copolymers were hydrolyzed
to the acid form (PS-b-PAA) in toluene at 110 °C reflux
overnight by using p-toluenesulfonic acid as the catalyst (5
mol % relative to the polyacrylate content). Pyrene was
purchased from Aldrich Chemical (USA) and was recrystal-
lized two times in ethanol.

Preparation of Solutions. Sample solutions were pre-
pared by adding known amounts of pyrene in acetone to each
of a series of empty flasks, after which the acetone was
evaporated. The amount of pyrene was chosen so as to give a
pyrene concentration in the final solution of 1.5 x 10™° mol/g.
Different amounts of polymer in N,N-dimethylformamide
(DMF) were then added. The initial volumes of the solutions
were ca. 2 mL. Micellization of the polymer was achieved by
adding water at a rate of 1 drop every 10 s. The addition of
water was continued until the desired water content was
reached. The polystyrene-b-poly(acrylic acid) block copolymer
used here was found to have a very low cmc and to form
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Figure 2. Intensity (I\3’) as a function of water content in the
solvent mixture in the absence of copolymer. Pyrene concen-
tration = 1.5 x 10~° mol/g.

spherical micelles with an aggregation number of 160 when
water content added exceeds 5%.243° All the sample solutions
were stirred overnight before fluorescence measurement.

Fluorescence Measurements. Steady-state fluorescent
spectra were measured using a SPEX Fluorolog 2 spectrometer
in the right-angle geometry (90° collecting optics). For the
fluorescence measurements, 3 mL of solution was placed in a
1.0-cm square quartz cell. All spectra were run on air-
equilibrated solutions. For fluorescence emission spectra, Aex
was 339 nm, and for excitation spectra, iem was 390 nm.
Spectra were accumulated with an integration time of 1 s/0.5
nm.

Results and Discussion

1. Pyrene in the Solvent Mixture. The effect of
water content in the solvent mixture on the intensity
ratio of peak 3/peak 1 (i.e., I3 normalized to I;; here we
simply represent it as Iy, where V means solvent) in
the absence of polymer, is shown in Figure 2. With
increasing water content, I‘3’ is enhanced. Generally,
the peak ratio is affected by two factors: the dipole
moment of the solvent and its dielectric constant.?®
When the dipole moment of the solvent decreases, the
peak ratio increases, and for any two given solvents with
the same dipole moment, the one with the smaller
dielectric constant has the higher peak ratio. On the
basis of these premises, Kalyanasundaram and Tho-
mas2® gave a larger value for the Is/l; peak ratio in
water than in DMF, which is in agreement with our
result. In the present case, a linear relationship be-
tween Iy and water content was found over the range
of 20—85% water content (see Figure 2). At 90% water,
a sharp increase in I},’ was observed. The value in pure
water is 0.53, while that in pure DMF is 0.55.%7

2. Pyrene Partitioning in Micellar Solutions. It
should first be noted, that the experimental points in
Figures 3—5 will be discussed now in sections 2 and 3
while the lines found in these figures will be discussed
later in section 5. The experimental points in Figure 3
show the normalized Ig as a function of polymer
concentration. The measured values of I‘; (symbols)
reveal changes with both the polymer concentration and
the solvent composition. In all cases the polymer
concentration is far above that of the cmc for this diblock
copolymer.2 It is seen that with an increase in polymer
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Figure 3. Semilogarithmic plots of the fluorescence intensity
(|;J) as a function of polymer concentration in different sol-
vent mixtures. Symbols represent the experimental values for
the various solvent mixtures expressed as % H,O/% DMF: (#)
90/10, (O) 85/15, (@) 80/20, (») 70/30, (M) 60/40, (O0) 40/60, and
(a) 20/80. The curves were calculated using eq 7.

1.2

[Pylm / [Pyl

L . L L i L L L L | L L L n | N " L ]
) 5 4 -3 2

log Cpolymer (g/g solution)

1. 100% H,0

Figure 4. Semilogarithmic plots of [Py]m/[Py] vs copolymer
concentration in different solvent mixtures. Symbols represent
the experimental values for the various solvent mixtures
expressed as % H,O/% DMF: (#) 90/10, (O) 85/15, (®) 80/20,
(V) 70/30, (®) 60/40, (O) 40/60, and (¥) 20/80. The curves were
calculated using eq 6.

concentration, the 15 increases until it reaches a pla-
teau. In a micellar solution, the 15 reflects the com-
bined contributions of both the pyrene molecules in the
micellar cores and those in the solvent phase. Itis well
known that the peak 3/peak 1 intensity ratio has a
larger value for pyrene in a hydrophobic environment
in comparison to that in a hydrophilic one.?27.28 Thus,
the increase in I‘3J means that more pyrene molecules
are incorporated into the micelles with increasing
polymer concentration. However, I‘3J remains small
but almost constant over the range of low polymer
concentration, particularly in the solvent mixture with
low water contents.
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Figure 5. Logarithmic plot of the number of pyrene molecules
per micelle as a function of polymer concentration for the
various DMF/H0 solvent mixtures. Key: (— - —, ¢) 90% H0;
(+-+, O) 85% H,0; (- -, ®) 80% H,0; (— —, &) 70% H,0; (— —, W)
60% H-0.

At a constant concentration of polymer, |;’ increases
with increasing water content in the solvent mixture.
Solvent mixtures with higher water contents have a
significantly lower capacity to accommodate pyrene
molecules, and more solute is thus incorporated into the
micelle cores, leading to an increase in 13. This result
suggests that an increase in solvent polarity may be a
simple preparative method to achieve a high loading of
hydrophobic solubilizate.

3. Calculation of the Amount of Pyrene Ab-
sorbed. In order to calculate the amount of absorbed
pyrene using eq 4, the two parameters, I3 min and I3 max,
must first be obtained. Here we chose the Iy value
(Figure 2) measured in the solvent mixture with 1.5 x
1072 mol/g of pyrene in the absence of copolymer to be
equivalent to Iz min for the corresponding micelle solu-
tion.

In the polymer micellar solutions, as previously
described, the total fluorescence intensity I3 is a result
of combined contributions of pyrene molecules in the
micelles and in the solvent mixture. Since the satura-
tion solubility of pyrene in water is very low (1.2 x 1077
M at 22 °C19), the contribution to the pyrene fluores-
cence in the aqueous micellar solution, at the highest
polymer concentrations, is predominantly due to pyrene
in the micelle cores. Therefore in order to obtain an
upper limit I3 max value the series of plateau values of
|;’ at the highest polymer concentrations were plotted
as a function of water content in the solvent mixture
and were then extrapolated to 100% water content. The
value of 0.83 was obtained as the present upper limit
for I3 max-

Figure 4 shows a semilogarithmic plot of the fraction
of pyrene incorporated in the micelles, expressed as
[PyIm/[Pyl], as a function of the logarithm of the polymer
concentration, for each solvent mixture. The experi-
mental data show that the absorbed amount of pyrene
increases for increasing polymer concentrations. Since
the solutions used are all above the cmc, increasing the
polymer concentration results in an increase in the
number of micelles in solution. Clearly, the total
number of pyrene molecules incorporated increases as
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Figure 6. Plot of [Py]m/[Py]v, obtained from fluorescence data,
vs copolymer concentration in g/mL for the 85%/15% H,O/DMF
mixture. From this plot the partition coefficient of pyrene
calculated by eq 5.

more micelles are present. However, as the number of
micelles is increased, the ratio of the total number of
pyrene molecules per micelle is decreased. This is
clearly seen in Figure 5, the logarithmic plot of the
number of molecules per micelle as a function of polymer
concentration for the various solvent mixtures. The
diagonal line (in Figure 5) represents the ratio of the
total number of pyrene molecules per micelle if one
assumes that all molecules are incorporated into the
micelles. The diagonal line shows that the maximum
possible number of pyrene molecules per micelle de-
creases linearly on a log—log plot as the polymer
concentration is increased. The experimental points in
Figure 5 show that each micelle solution reaches a
maximum number of molecules per micelle at a different
polymer concentration, depending on the water content
in the solvent mixture. The greater the water content
in the solvent mixture, the lower the polymer concen-
tration required to reach the maximum number of
molecules per micelle. Another phenomenon that is
worth noting is that the 60, 70, and 80% water content
solutions have a fairly wide plateau region over which
the number of molecules incorporated is independent
of the polymer concentration. This plateau extends over
one magnitude of polymer concentration (1 x 105to 1
x 107* g/g) and the plateau value increases with
increasing water content such that for the 60% solution
the plateau is seen at 10 molecules/micelle while for the
70% solution it is at 32 molecules/micelle and for the
80% it is at 100 molecules/micelle. This is quite
interesting when it is considered that over this concen-
tration range the number of micelles present in solution
has increased by an order of magnitude, yet the number
of pyrene molecules per micelle remains practically
constant.

4. Partition Coefficient. The [Py]uw/[Py]v values
for each solvent mixture were obtained from the fluo-
rescence data are plotted against copolymer concentra-
tion. Figure 6 shows the [Py]w/[Pylv vs copolymer
concentration plot for the 85/15% H,O/DMF solvent
mixture; such plots were made for each solvent mixture.
The slope of figure 6 is used in the calculation of the
partition coefficient Ky in terms of eq 5, as suggested
by Wilhelm et al.?® Figure 7 shows a semilogarithmic
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Figure 7. A semilogarithmic plot of partition coefficient (Ky)
vs water content in the solvent mixture.

plot of the partition coefficient as a function of water
content in the solvent mixture. Ky increases with
increasing water content in the solvent mixture. The
dependence of log Ky on solvent composition is seen to
be linear. For pure water, Ky is 1.3 x 10° calculated
from this linear relationship. This value is close to that
reported by Wilhelm et al'® who suggested that the Ky
values range from 2 x 10° to 4 x 10° for pyrene
partitioning between the micelles of polystyrene—poly-
(ethylene oxide) diblock and poly(ethylene oxide)—
polystyrene—poly(ethylene oxide) triblock copolymers
and the water phase. We previously obtained similar
values for Ky, ranging from 1.9 x 10° to 2.5 x 105, for
pyrene partitioning between the micelles of polystyrene-
b-poly(acrylic acid) diblock copolymers and water.2°

In the solvent mixture of 50% water content. Ky
equals 4.2 x 102, which is 1000 times smaller than that
in aqueous solution. This again demonstrates the
strong influence of solvent environment on the parti-
tioning of pyrene between the micellar and solvent
phases.

5. Calculation of 13, [Py]lw/[Py], and Pyrene
Molecules/Micelle. Knowing the value of Ky as a
function of water content, we are now able to calculate
a priori the plots for |E;, [Pylm/[Py], and the number of
molecules/micelle for a range of polymer concentrations
(1 x 107% to 1 x 107?) in solvents of variable water
content. The calculations are described below and plots
are shown as the lines in Figures 3—5.

5.1. Calculated Values of |;J. Using the upper
limit value for I3 max and the respective values for I3 min,
the curves were calculated by eq 7 and are shown in
Figure 3. They are in good agreement with the experi-
mental data over the range of low and medium polymer
concentrations (1 x 107®to 1 x 107%). However, there
is a deviation in the plateau region found at high
polymer concentrations. One possible interpretation of
the deviation is given in section 5.1.2.

5.1.1. Low Polymer Concentration Region. At
low polymer concentrations, the calculated curves ob-
tained using eq 7 and the upper limit I3 nax value fit
the experimental points quite well. The calculated
values match the I‘3J experimental values which ap-
proach the I3 min values for each solvent mixture. The
agreement between the I3 min calculated and experimen-
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tal values at low polymer concentrations may be ex-
plained as follows: In the present case, the density of
polystyrene is close to 1 (ops = 1.04 g/mL). When the
polymer concentration is very low, the fraction term in
the right hand side of eq 7 may be simplified to

KvxpsC N KvxpsC
pps T KyxpsC Pps

(14)

Thus, since Kvxpsc < 1 and pps ~ 1, thus |3,max/|3,min
> 1, and 15 becomes

u o ~
|3 ~ I3,maxKV%PSC + I3,min ~ I3,mir1 (15)

As described above, the I;’ was adopted as the corre-
sponding I3 min. For solvents of low water content, when
the polymer concentration is very low, the majority of
the pyrene molecules remain in the solvent phase.
Thus, the contribution of pyrene to the fluorescence
intensity arises mainly from pyrene in the solvent
phase.

5.1.2. High Polymer Concentration Region.
When the polymer concentration is very high, the
fraction term

K C
vXPS ~ (16)
pps T KyxpsC
We therefore have
13~ 13 max (17)

Therefore, the calculated curves reach a plateau at
the value of I3max as shown in Figure 3. The l3max
plateau value describes the intensity of emission when
all of the pyrene is in the micelle core.

In Figure 3, the theoretical |;J curves were calculated
using 0.83 as the value for I3max, Which assumes no
DMF in the core. The calculated theoretical curves
deviate from the experimental points in the plateau
region. This deviation seems to increase with decreas-
ing water content. One possible explanation for this
deviation is based on the premise that the I3 max value
should not be the same for all solvent mixtures, since
in each case there will be a different amount of DMF in
the polystyrene core. With this in mind, the calculated
curves were then recalculated using I3 max values which
ranged from the individual plateau values for each
solvent mixture curve to the maximum extrapolated
value of 0.83. It was found (Figure 8) that the lower
limit I3max value yields a calculated curve that is in
agreement with the experimental points at higher
polymer concentrations. However, the calculated I3 max
curve recalculated using the upper limit I3 max value is
in good agreement with experimental points obtained
at lower polymer concentrations. Thus for each solvent
mixture, the experimental points are best fit by one
calculated curve at low polymer concentrations and
another at high polymer concentrations. However, the
polymer concentration at which point the crossover
occurs between the experimental data being best fit by
one calculated curve to another varies for each solvent
mixture. As the water content in the solvent mixture
is increased, the polymer concentration at which point
this change occurs is decreased. Interestingly, the
polymer concentration at this point of variation appears
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Figure 8. Semilogarithmic plots of the fluorescence intensity
(I;’) as a function of polymer concentration for the 80%/20%
H,O/DMF solvent mixture. Symbols represent the experimen-
tal values. The curves were calculated using eq 7, for a range
of values of I3 max.

to coincide with the polymer concentration at which the
experimental points approach the diagonal line in
Figure 5.

The calculated curves for the fraction of pyrene
incorporated into the micelles (Figure 4) were also
calculated by eq 6, from the obtained partition coef-
ficients (Figure 7). Naturally, these curves follow the
same pattern as the 15 calculated curves.

5.2. Calculated Number of Pyrene Molecules/
Micelle. From the partition coefficients, the number
of pyrene molecules incorporated per micelle in each
polymer solution has been recalculated using eq 6. The
recalculated values (shown as the lines in Figure 5) are
in good agreement with the experimental points at high
polymer concentrations (1 x 10™* to 1 x 1072 g/g).
However the recalculated values deviate from the
experimental points at low polymer concentrations (1
x 107% to 1.5 x 1074 g/g). This deviation is most
pronounced for the solutions having the 60% and 70%
water contents.

6. Mass Equilibrium Constant and Free Energy
of Transfer. In the present system, the aggregation
number of the micelles is known to be 160.24 The mass
equilibrium constant (K) can thus be calculated in terms
of eq 12, and is shown in Figure 9 as a function of water
content in the solvent mixture. From the equilibrium
constant, the corresponding free energies (AG®) of
transfer of pyrene from the solvent phase to the micelle
cores were calculated by eq 13 and are shown in Figure
9. AG° decreases linearly with increasing water content
and thus is driving the increased incorporation of pyrene
into the micelle cores. Moroi et al.1% indicated that the
solubilization was controlled mainly by hydrophobic
interaction between the solubilizates and the micellar
cores. An increase in the hydrophobicity of the blocks
which constitute the cores of micelles will generally
improve solubilization.32=3* The present results suggest
further that a change in solvent composition such that
it is made increasingly incompatible with the solubili-
zate will also enhance solubilization. This may be a
convenient method to maximize the loading of hydro-
phobic materials into micelle cores.
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Figure 9. Semilogarithmic plot of the mass equilibrium
constant (K) and the linear plot of the free energy (AG®) of
pyrene transfer from solvent phase to the micellar cores as
functions of water content in the solvent mixture.

Conclusions

The partitioning of pyrene between the crew cut
micelles of polystyrene-b-poly(acrylic acid) and the H,O/
DMF solvent mixture was studied as a function of both
polymer concentration and water content in the solvent
mixture. The fluorescence measurement of I3 enabled
determination of the amount of pyrene absorbed, the
number of pyrene molecules incorporated per micelle
and also Ky. It was found that since log Ky increased
linearly with increasing water content the total amount
of pyrene incorporated into micelles also increases. The
number of pyrene molecules per micelle was found to
vary with both solvent composition and polymer con-
centration.

In the second part of the paper using only the value
of Ky and its variation with water content, we calculated
a priori I‘3J the amount of pyrene absorbed and the
number of pyrene molecules incorporated per micelle.
The experimental values obtained were then compared
with the theoretically calculated values in order to
assess the overall consistency of the fluorescence method.
As described, deviations were found at the extreme high
polymer concentrations between the two sets of values
of I and at the extreme low concentrations for the
values of pyrene molecules incorporated per micelle.

In addition, Ky was used to calculate the equilibrium
constant (K), which in turn enabled the calculation of
the free energy of transfer (AG®) of pyrene from the
solvent phase to the micelle phase. The free energy of
transfer (AG®) was shown to decrease with increasing
water content in the solvent mixture as expected. It
thus appears that the loading of hydrophobic materials
into micelles may be enhanced by gradually changing
the solvent composition such that it becomes increas-
ingly incompatible with the solubilizate.
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