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Abstract
Solubilization of various polycyclic aromatic hydrocarbon (PAH) probes by arborescent polystyrene-graft-poly(2-vinylpyridine) unimolec-
ular micelles of different structures in aqueous solutions was investigated by UV and fluorescence spectroscopies. The micelleewater partition
coefficient Kw and the solubilization capacity kG both increased with the polystyrene content of the copolymers for all probes, but the increase
was less significant for the less hydrophobic probes. The Kw values obtained correlated well with the octanolewater partition coefficient and the
boiling point of the more hydrophobic probe molecules, but no clear trend was observed for kG. The results obtained suggest that highly
hydrophobic probes are solubilized mainly in the non-polar polystyrene core. A significant portion of the least hydrophobic probes resides
in the ionic shell, while probes of intermediate polarity appear to remain in the palisade (interfacial) region. The branching functionality of
the micelles played an important role in the solubilization process: for copolymers of similar composition, the solubilization capacity and
rate were lower for higher generations, presumably due to the more rigid structure of the molecules. The results obtained show that arborescent
polystyrene-graft-poly(2-vinylpyridine) copolymers can be designed to solubilize compounds of different polarities at controllable rates.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers containing covalently bonded hydrophilic and
hydrophobic chain segments can self-associate into micelles
when dissolved in solvents selective for one of the compo-
nents. This phenomenon has sparked interest in the application
of amphiphilic copolymers in different areas including the fab-
rication of nanoscale assemblies, the aqueous solubilization of
hydrophobic compounds, drug delivery, and environmental
remediation [1]. Most solubilization studies have used block
copolymers, and it has been established that the solubilization
behavior is affected by the composition, molecular weight, and
concentration of the copolymer, as well as by solvent compo-
sition [2,19]. Because solubilization by block copolymers is
based on their ability to form micelles via dynamic
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equilibrium with unassociated species at concentrations above
the critical micelle concentration (CMC), solvency conditions
have a strong influence on micelle structure and stability. This
limits their usefulness as drug delivery and environmental
decontamination agents.

Certain amphiphilic copolymer architectures incorporating
a branched component, such as the dendritic-linear block
copolymer hybrids, have been shown to form multimolecular
micelles analogous to block copolymer micelles by self-as-
sembly [3]. In contrast, amphiphilic dendritic polymers with
polar groups on their periphery often behave like unimolecular
(non-associated) micelles, maintaining their overall shape
irrespective of their environment, and displaying no CMC. Be-
cause of these remarkable characteristics the past decade has
witnessed a surge of interest in the synthesis and characteriza-
tion of dendritic polymer micelles, particularly in relation to
biomedical applications [4]. These nanoscale molecules, char-
acterized by the presence of monomeric branches (dendrimers
and hyperbranched polymers) or polymeric branches
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(dendrigraft polymers) emanating from a central core, may
potentially be useful to replace block copolymers in applica-
tions such as drug delivery systems, microencapsulation, and
catalysis.

One drawback of dendrimers and hyperbranched polymers
is their small size (1e10 nm), making them less efficient than
block copolymer micelles in certain applications. For example,
micelles and liposomes with a size in the 100e200 nm range
have a long blood circulation time and are able to penetrate
tumor cells by different mechanisms, and are therefore poten-
tially more useful than dendrimers and hyperbranched poly-
mers to target certain tissues with drugs [5].

Arborescent polymers are a family of dendrigraft polymers
obtained from successive grafting reactions of polymeric
building blocks in a generation-based scheme analogous to
dendrimer syntheses [6]. Arborescent polymers have a highly
branched architecture, a narrow size distribution (Mw/
Mn< 1.1), a very high molecular weight (Mw¼ 104e108),
and a hydrodynamic diameter of 10e200 nm attained in
only a few reaction cycles. These molecules have the addi-
tional advantage that many of their structural parameters could
be varied to tailor their micellar properties to meet specific
requirements. For example in a good solvent, the degree of
swelling of arborescent micelles could be controlled by vary-
ing either the branching functionality, the molecular weight of
the chains in the core and the corona, or through the genera-
tion number. In a previous paper [7] we reported a procedure
for the synthesis of arborescent polystyrene (PS) grafted with
poly(2-vinylpyridine) (P2VP) segments, using acetyl function-
alities as coupling sites on the PS substrates. Dynamic light
scattering measurements revealed that while copolymers
derived from linear polystyrene associated into micellar super-
structure when dissolved in aqueous HCl, copolymers incorpo-
rating branched (generations G0eG2PS) substrates remained
unassociated as unimolecular micelles under the same
conditions.

In this study, we focus our attention on the aqueous solubi-
lization of polycyclic aromatic hydrocarbons (PAHs; Fig. 1)
by PS-g-P2VP arborescent unimolecular micelles. This is the
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Fig. 1. Structure of polycyclic aromatic hydrocarbons used.
first systematic investigation of the solubilization properties
of amphiphilic dendrigraft copolymers for a range of hydro-
phobic probes as a function of copolymer structure. The
probes were selected not only to clarify the influence of probe
hydrophobicity, size, symmetry, and physical state on micellar
loading and the rate of solubilization, but also to determine the
location of the probes within the micelles. While the arbores-
cent copolymers used are not biocompatible, they serve as
model compounds to demonstrate the ability to control the
solubilization characteristics (capacity and kinetics) of these
micelles through structural variations. The understanding
gained will be useful in tailoring the properties of these and
other biocompatible dendrigraft polymers for controlled drug
delivery applications.

2. Experimental
2.1. Sample preparation
Anthracene (An, 99þ%), 1-bromonaphthalene (NapBr,
99%), 1-methylnaphthalene (NapMe, 99%), naphthalene
(Nap, 99þ%), phenanthrene (Phe, 99þ%), pyrene (Py,
99%), and 1-pyrenemethanol (PyM, 98%) were obtained
from Aldrich. Py and PyM were recrystallized twice from eth-
anol; NapBr and NapMe were distilled under reduced pres-
sure. An, Nap, and Phe were used as-received. Milli-Q water
was used to prepare all samples. The arborescent PS-g-P2VP
copolymers used were synthesized by anionic grafting of
P2VP chains onto acetylated polystyrene substrates of differ-
ent generations [7]. All samples had a narrow molecular
weight distribution (Mw/Mn< 1.1) and a polystyrene weight
fraction of at most 20%. Micellar solutions (1.5 mg/mL)
were prepared by dissolving 75 mg of arborescent copolymer
in 50 mL of 0.05 M HCl. After complete dissolution, 75 mg of
PAH was added to each solution. The samples were left to
equilibrate in the dark without stirring, to avoid breakup of
the crystals complicating their removal by filtration. Micellar
copolymer solutions (1.5 mg/mL) without PAH were also pre-
pared to serve as blank solutions for the UV measurements.
2.2. Fluorescence and UV measurements
Aliquots (3 mL) of the micellar solutions were withdrawn at
predetermined time intervals and filtered using a 0.22 mm pore
size mixed cellulose ester (Millipore AAWP) membrane filter.
Hellma quartz cells (1.0� 1.0 cm2) were used for the fluores-
cence and UV measurements. The UV measurements were
carried out on a HewlettePackard 8452A Diode Array Spectro-
photometer after dilution of the samples to obtain absorbance
readings below 1.5. Normalized absorbance values were calcu-
lated to report the results by multiplying the actual absorbance
reading by the dilution factor necessary to bring the absorbance
below 1.5. Hydrophobic probe uptake was monitored until the
readings became constant. Steady-state fluorescence studies
were carried out using a Photon Technology International LS-
100 spectrometer with a pulsed xenon flash lamp light source.
The samples were deoxygenated for 20 min by bubbling with



Fig. 2. Structure of arborescent PS-g-P2VP5 copolymers of different generations.
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nitrogen. Dilution was necessary in most cases to reduce the op-
tical density of the solutions to 0.3 or less before the fluorescence
measurements, to minimize inner filter effects. For both Py and
PyM fluorescence emission spectra the excitation wavelength
was set at 344 nm. To avoid inconsistencies due to lamp inten-
sity variations, the fluorescence intensity of a Py standard was
measured to allow the normalization of each spectrum.

The solubility of PyM and Py in 0.05 M HCl was estimated
from a calibration curve obtained in pure water from fluores-
cence measurements following the protocol of Kwon et al.
[8]. A stock solution of each compound was prepared by first
dissolving 2.40 mg of PAH in HPLC grade acetone, after
which acetone was evaporated. Milli-Q water (250 mL) was
added and the solution was stirred overnight for equilibration.
The solution was then filtered through a 0.22 mm mixed cellu-
lose ester filter to remove residual crystals. The concentration
of the saturated aqueous solution was confirmed by UV ab-
sorption measurements. Sample solutions of different concen-
trations were then prepared by dilution of stock solution
aliquots with Milli-Q water. Steady-state measurements were
carried out on the solutions and the intensity of the emission
peak at 373 nm (I1) was used to establish calibration curves
for both PyM and Py.

3. Results and discussion

It has been shown that amphiphilic dendrimers are capable
of greatly enhancing the aqueous solubility of hydrophobic
molecules [9]. Encapsulation by these unimolecular micelles
may rely on physical entrapment of the guest molecules, the
formation of non-covalent interactions between the guest mol-
ecules and the carrier, or hydrophobic interactions [4f]. For
dendrimers the absorption capacity is simply a function of
the number of internal cavities available for entrapment, which
depends on the generation number. The situation becomes
more complex when dealing with charged micellar systems
[10]. For example block copolymer micelles with a polyelec-
trolyte shell have a larger size than non-ionic copolymer
micelles, despite their smaller aggregation number. The micel-
lar properties of such systems are strongly influenced by the
nature of the corona that, in turn, is sensitive to the pH and
ionic strength of the solution [11]. Arborescent PS-g-P2VP co-
polymers have been found to expand upon ionization with
HCl, in analogy to polyelectrolyte micelles [12]. In the present
study we examined the solubilization of a series of PAHs by
arborescent PS-g-P2VP copolymers in acidified aqueous solu-
tions. The influence of probe size, symmetry, and substituents
on the solubilization process has been examined. Two funda-
mental parameters used for this purpose are the solubilization
capacity kG (expressed as mg probe/g micelle) and the parti-
tion coefficient Kw [13].

kG ¼ SG
tot� SG

s

CG
mic�CMCG ð1Þ

Kw ¼
Smic

Ss

ð2Þ
where SG
tot is the total concentration of the probe in the micellar

solution (mg/mL), SG
s is the concentration of the probe in the

solvent (mg/mL), Smic is the number of moles of probe solubi-
lized per gram of micelles, and Ss is the number of moles of
probe dissolved per gram of solvent. In the present case the
micelle concentration CG

mic (g/mL) is set to the copolymer
concentration, since the critical micelle concentration CMCG

(g/mL) is zero for unimolecular micelles. The architecture of
some copolymers of the type used in the study is compared
in Fig. 2. These copolymers were obtained from successive an-
ionic grafting reactions as described previously [7]. The char-
acteristics of the copolymers used are summarized in Table 1.
The nomenclature used for arborescent copolymers identifies
their composition and structure. For example, G1PSe
P2VP5e13 refers to a graft copolymer synthesized from
a G1 polystyrene core (Mw z 5000 linear PS grafted twice
with Mw z 5000 PS side chains), coupled with Mw z 5000
P2VP side chains in a third grafting reaction, with a PS content
of 13% by weight.

The branching functionality of the core and the whole mol-
ecule, defined as the number of side chains added in the last
grafting reaction, was calculated from the equation:

fw ¼
MwðGÞ �MwðG� 1Þ

Mbr
w

ð3Þ

where Mw(G), Mw(G� 1) and Mbr
w are the absolute weight-

average molecular weights for graft polymers of generation G,
of the preceding generation, and of the side chains, respec-
tively, and obtained either from size exclusion chromatogra-
phy using a multi-angle laser light scattering detector (SEC-
MALLS) or from batch-wise light scattering measurements.
3.1. Equilibrium probe uptake
One important parameter affecting probe uptake in solubi-
lization experiments with block copolymers is their hydropho-
bic component content. For example, Hurter and Hatton [2b]
found that the partition coefficient for naphthalene in solutions
of Pluronic� copolymers varied as a function of the poly(eth-
ylene oxide)epoly(propylene oxide) ratio. They further deter-
mined that for micelles obtained from copolymers of identical
composition, copolymers with a higher molecular weight had
higher solubilization capacities and partition coefficients. Cao
et al. [2a] compared absorption capacity values for their



Table 1

Characteristics of arborescent PS-g-P2VP copolymers used

Sample P2VP side chains Graft copolymers

Mw
a Mw/Mn

a Mw
a Mw/Mn

a fw(core) fw(copol) Wt% PSb

G0PSeP2VP5e12 5100 1.06 4.7� 105 1.08 11 82 12

G1PSeP2VP5e13 5200 1.08 3.7� 106 1.07 84 630 13

G1PSeP2VP5e20 5200 1.09 2.4� 106 1.09 84 370 20

G2PSeP2VP5e18 5300 1.07 2.2� 107 NA 690 3400 18

G0PSeP2VP30e3 32 000 1.07 2.2� 106 1.07 11 67 3

G1PSeP2VP30e4 32 000 1.07 1.1� 107 1.08 84 330 4

a Absolute values determined from SEC-MALLS or laser light scattering measurements; G2PSeP2VP5e18 retained on column in SEC analysis.
b PS content determined by 1H NMR spectroscopy.
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poly(methacrylic acid)-block-polystyrene-block-poly(meth-
acrylic acid) copolymer micelles to those reported by Dowling
and Thomas [14] for micelles obtained from acrylamideesty-
rene copolymers with a ‘‘blocky’’ microstructure. The high
pyrene absorption capacity (kG¼ 32 mg/g) of the methacrylic
acid micelles as compared to the acrylamide micelles of
kG¼ 1 mg/g was attributed to their higher polystyrene content.
More recent studies [9] have shown that pyrene uptake by den-
drimers is a direct function of generation number, and there-
fore molecular size. It was argued that higher generation
dendrimers were able to solubilize more pyrene specifically
because they contained more microcavities for encapsulation.

The solubility of PyM in aqueous solutions was strongly
enhanced by arborescent copolymers containing either short
(P2VP5) or long (P2VP30) poly(2-vinylpyridine) side chains,
but the effect was more pronounced for the copolymers with
shorter polyelectrolyte chains. The influence of copolymer
structure and composition on solubilization is illustrated in
Fig. 3 for PyM with UVabsorption spectra obtained for copoly-
mer solutions (1.5 mg/mL) equilibrated with the probe. Simi-
lar measurements for 0.05 M HCl solutions saturated with
PyM in the absence of copolymer yielded a barely detectable
signal on the UV spectrometer used. The UV absorption spec-
tra in Fig. 3 indicate that PyM micellar loading for arborescent
Fig. 3. UV equilibrium absorption spectra for PyM solubilized by arborescent

copolymer samples. The curves, from top to bottom, are for G1PSeP2VP5e

20, G2PSeP2VP5e18, G0PSeP2VP5e12, G1PSeP2VP5e13, and G0PSe
P2VP30e3.
PSeP2VP copolymers correlates approximately with the PS
content of the micelles, as solubilization increases with the
PS content of the copolymers. Based on the above discussion
regarding the influence of dendrimer size, micelles of G1PSe
P2VP5e13, with a PS content comparable to G0PSeP2VP5e
12 but larger in size, would be expected to have a higher
solubilization capacity. The opposite result was observed ex-
perimentally, as the UV absorbance for G0PSeP2VP5e12 in
Fig. 3 is significantly higher than for G1PSeP2VP5e13.
One important characteristic of arborescent polymers is their
increasing segmental density for higher generations, because
of their increasingly hard sphere-like character [15]. This is
partly a consequence of the larger number of branching points
in G1PSeP2VP5e13 ( fw¼ 630) than in G0PSeP2VP5e12
( fw¼ 82). The solubilization of hydrophobic probes in the
non-polar PS core may become more difficult due to increased
segmental density in copolymers with a higher branching
functionality fw. On that basis, lower generation arborescent
copolymers may be able to solubilize a larger amount of
hydrophobic guest compounds than higher generation copoly-
mers of similar composition.

For copolymers with long branches (P2VP30), solubility
enhancement for PyM was minimal (Fig. 3, bottom curve).
Though the longer P2VP chains of the P2VP30 copolymers
might have hindered the diffusion of PyM molecules to the
PS core, the much lower polystyrene content of the P2VP30
copolymers is likely the main reason for lower PyM uptake.
Because of their very low absorption capacity, investigations
of copolymers based on P2VP30 side chains were more
limited.
3.2. Micellar uptake kinetics
The kinetics of the absorption process were investigated by
monitoring PyM uptake as a function of time. Equilibration
was assumed when a plateau was reached in the absorbance
versus time plot (Fig. 4). Composition and branching function-
ality have a significant influence on the equilibration time of
the P2VP5 copolymer samples: copolymers with higher PS
contents and fw have longer equilibration times (25e35
days) than copolymers with lower PS contents and fw (8e20
days). Quantitative information on the rate of solubilization
was obtained using the first-order kinetic equation [16]:



Fig. 4. Time dependence of PyM uptake by arborescent micelles: (-) G0PSe

P2VP5e12; (:) G1PSeP2VP5e13; ( ) G1PSeP2VP5e20; � G2PSe

P2VP5e18.
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½PyM�t¼ ½PyM�eqð1� expð � ktÞÞ ð4Þ

to fit our data, where [PyM]eq is the equilibrium concentration
of PyM in the micelles, and [PyM]t is the concentration of
PyM in the micelles at time t. With this expression, it was pos-
sible to quantify the uptake rate in terms of the rate constant k.

Fig. 5 is a plot of ln([PyM]eq� [PyM]t) versus time, corre-
sponding to the logarithmic form of Eq. (4). The rate of PyM
uptake depends on both branching functionality and copoly-
mer composition, as seen from the different rate constants
(slopes) observed for the copolymers. The lower solubilization
rates observed for higher generation arborescent copolymers
are attributed to the higher branching functionality of the
micelles making it more difficult for the probe to diffuse in-
side, as outlined above. If this hypothesis is valid, decreasing
the branching functionality of the copolymer micelles should
enhance the uptake rate. The branching functionality of a co-
polymer sample was decreased by lowering the acetylation
level of the G1PS substrate used in its synthesis. Samples
Fig. 5. Analysis of micellar uptake kinetics. The following rate constants were

obtained: (6) G0PSeP2VP5e12, k¼ (0.18� 0.01) d�1; (:) G1PSe

P2VP5e13, k¼ (0.13� 0.01) d�1; (,) G1PSeP2VP5e20,

k¼ (0.266� 0.006) d�1; (-) G2PSeP2VP5e18, k¼ (0.089� 0.007) d�1.
G1PSeP2VP5e13 and G1PSeP2VP5e20 were synthesized
from the same polystyrene core, using acetyl group (coupling
site) contents of 25 and 8 mol%, respectively. This explains
the lower branching functionality and higher PS content
obtained for G1PSeP2VP5e20. As can be seen from their
respective rate plots (Fig. 5), G1PSeP2VP5e20 has a signifi-
cantly higher rate constant (k¼ 0.27 d�1) than G1PSeP2VPe
13 (k¼ 0.13 d�1). The range of solubilization rate constants
obtained, 0.09e0.27 d�1 for the different samples, suggests
that it is possible to control the rate at which the hydrophobes
are solubilized in the micelles with proper design of the
copolymer architecture.
3.3. Determination of partition coefficient and
solubilization capacity
The partition of a hydrophobic probe between the bulk
aqueous phase and the micelles can be characterized by the
partition coefficient at equilibrium, Kw, and the solubilization
capacity, kG. Partition experiments were conducted to deter-
mine the influence of polymer as well as probe structure on
Kw and kG.

Preliminary measurements to determine the solubility of
PyM in acidified water (0.05 M HCl) showed that it was about
five times lower than in neutral water. Consequently, solubility
limits reported for the probes in the literature could not be
used for Ss in Eq. (2), but rather had to be determined under
the conditions described in Section 2. The aqueous solubility
of PyM and Py estimated by fluorescence is 1.8� 10�6 and
9.8� 10�8 M for PyM and Py, respectively. The solubility
of Nap (9.3� 10�5 M), 1-NapBr (2.6� 10�5 M), NapMe
(6.4� 10�5 M) and Phe (4.9� 10�5 M) in aqueous 0.05 M
HCl was sufficiently high to determine their concentration
from UV absorption measurements. Because of instrumental
limitations, the solubility of An in 0.05 M HCl could not be
determined. A literature value (2.8� 10�7 M) [17] for the sol-
ubility in pure water was used in this case, so the Kw values
determined for An are likely underestimated. Because of im-
portant differences in the behavior of highly hydrophobic
(Py, PyM, An, Phe) and less hydrophobic (Nap, NapBr,
NapMe) probes, the results obtained for each series of com-
pounds will be discussed separately.
3.4. Solubilization of highly hydrophobic probes
From Table 2 it was found that the partition coefficient for
PyM increases with the PS content of the copolymers, with
values ranging from 0.9 to 1.7� 105. For Py, a more hydro-
phobic probe than PyM, the partition coefficient is even
higher, ranging from 0.3 to 1.2� 106. An and Phe also have
higher Kw values for copolymers with a higher PS content.
Similar trends have been observed in other studies using block
copolymer micelles [2,8,18,19].

The octanolewater partition coefficient (Kow), as a measure
of probe hydrophobicity, and the boiling point (bp) of small
molecule hydrophobes have been correlated successfully
with Kw values for block copolymer micelles in the past



Table 2

Partition coefficient Kw for PAHs

Sample Kw PyM Kw Py Kw An Kw Phe Kw Nap Kw NapMe Kw NapBr

G0PSeP2VP5e12 9.6� 104 3.7� 105 1.2� 105 1.7� 105 8.7� 102 2.2� 104 5.0� 103

G1PSeP2VP5e13 8.9� 104 2.8� 105 8.1� 104 1.8� 105 9.5� 102 2.3� 104 9.7� 103

G1PSeP2VP5e20 1.7� 105 1.2� 106 3.1� 104

G2PSeP2VP5e18 1.5� 105 7.0� 105 3.1� 105 4.1� 105 2.1� 103 2.9� 104 1.5� 104

Abbreviations used: PyM, 1-pyrenemethanol; Py, pyrene; An, anthracene; Phe, phenanthrene; Nap, naphthalene; NapMe, 1-methylnaphthalene; NapBr,

1-bromonaphthalene.
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[1b,2b,20]. These properties are reported in Table 3 for the
probes used in the present study. The partition coefficients
reported in Table 2 indeed increase with the octanolewater
partition coefficients reported in Table 3 within the series
PyM< Phe z An< Py as expected, as the solubility of the
probes in water decreases with increasing hydrophobicity.
Almgren et al. [20] have successfully correlated the partition
coefficient for a series of arenes in alkyltrimethylammonium
bromide and sodium alkyl sulfate micelles to their boiling
points. For both types of ionic micelles, a linear relationship
was obtained between the boiling point and the partition coef-
ficient of the arenes. The correlation is likewise successful in
terms of boiling points of the probes in the limited series
Phe¼An< Py.

In contrast, no clear trends are observed when trying to cor-
relate the solubilization capacity kG (Table 4) to either Kow

values or boiling points. For example, An and Phe are tricyclic
isomers of very similar hydrophobicity, as indicated by their
log Kow values of 4.56 and 4.52, respectively (Table 3). These
two compounds might therefore be expected to have similar
kG values. While Kw is similar for both molecules, the solubi-
lization capacity for Phe is much higher than for An. Correla-
tion of kG with the boiling point of the probes used is likewise
unsuccessful. Molecular size arguments have been used in the
past to explain the decreasing solubilization capacity of Plur-
onic� block copolymer micelles for hydrophobes in the series
Nap, Phe, Py [2b]. As the number of benzene rings per mole-
cule is increased, solubilization should become energetically
more difficult because of the larger volume of the solute mol-
ecules. On that basis, higher kG values would be expected for
the solubilization of An and Phe by arborescent micelles than
for Py and PyM. Unfortunately the kG values observed for ar-
borescent copolymers are larger for Py than for An, and larger
for PyM than for An and Phe. The lack of trends in the current
investigation suggests that molecular size, hydrophobicity, and
soluteesolute interactions are not dominant factors determin-
ing (at least individually) the solubilization capacity of arbo-
rescent copolymer micelles.
Table 3

Physical properties of PAHs [17]

log Kow Bp (�C)

Naphthalene 3.34 217.9

1-Methylnaphthalene 3.87 244.7

1-Bromonaphthalene 4.35 281

Anthracene 4.56 339.9

Phenanthrene 4.52 340

Pyrene 5.08 404

1-Pyrenemethanol 3.99 dec
3.5. Solubilization of naphthalene and derivatives
Comparison of the Kw (Table 2) and kG (Table 4) values ob-
tained for the different copolymers reveals significant differ-
ences in behavior for Nap and its derivatives relative to the
larger probes. Nap is the least hydrophobic of all seven probes
investigated, and indeed it has the lowest overall Kw values in
the series. NapMe, with the second lowest log Kow in the series
(albeit close to PyM), ranks third for Kw, behind NapBr.
Finally NapBr, with the fourth lowest log Kow value, ranks
second lowest in terms of Kw.

A striking difference is observed for Nap and its derivatives
in terms of solubilization capacities (Table 4): the kG values
for NapMe and NapBr, in particular, are much higher than
for the other probes. The influence of branching functionality
and side chain molecular weight on the physical properties of
arborescent polystyrenes has been the object of a number of
investigations [21]. Arborescent polystyrene molecules resem-
ble nanonetworks in which they swell in good solvents. Once
it is inside the micelles, a liquid hydrophobic probe could be-
have like a solvent and swell the core to some extent. Naphtha-
lene, NapMe, and NapBr were investigated as probes of lower
hydrophobicity than the tri- and tetracyclic PAHs discussed so
far. Two of these (NapMe and NapBr) are liquids. It may be
tempting to attribute the much higher kG values observed for
these compounds solely to swelling of the PS micelle cores
by the liquid probes. In the following discussion, it will be
demonstrated that while core swelling may be of significance,
it is likely not the only reason for the higher sorption of the
naphthalene probes.
3.6. Location of the probes in the micelles
It has been suggested [13] that the morphology of poly-
meric micelles includes three regions: the hydrophobic core,
the hydrophilic shell (corona), and the so-called palisade,
which is the interfacial region between the core and the shell.
For a more complete understanding of a micellar system, it is
worthwhile to determine where the molecular solute is located
Table 4

Solubilization capacity kG (mg probe/g polymer) for PAHs

Sample kG PyM kG Py kG An kG Phe kG Nap kG NapMe kG

NapBr

G0PSeP2VP5e12 8.7 2.5 0.3 4.9 10 35 27

G1PSeP2VP5e13 8.1 1.8 0.2 5.5 11 39 53

G2PSeP2VP5e18 14 4.6 0.8 12 25 99 81

G1PSeP2VP5e20 15 8.0 120
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inside the micelles. Depending on the relative hydrophobicity
of a probe and the copolymer components, a probe can be lo-
cated in one or more of the three regions mentioned. Highly
hydrophobic solutes are typically solubilized in the micellar
core, while semipolar and polar solutes can be solubilized in
the palisade and/or the corona. It is well established that in-
creasing the hydrophobic phase content of micellar systems
greatly enhances the solubilization capacity and partition coef-
ficient for Py, a highly hydrophobic probe preferentially solu-
bilized in the core [2a,b,14]. In contrast, the solubilization of
semipolar solutes remains almost unaffected by the hydropho-
bic phase content [13,22]. In such situations, the semipolar
solutes are said to be associated with either the palisade or
the hydrophilic corona. For relatively polar solutes, solubiliza-
tion may even decrease with increasing hydrophobic phase
content, due to preferential sorption in the corona [23].

A plot of the partition coefficient Kw versus PS weight frac-
tion is used in Fig. 6 to compare the behavior of three of the
probes used (Py, PyM, and NapMe). The partition coefficient
for Py increases sharply as the PS content of the copolymer in-
creases, in analogy to other micellar systems. This suggests
that Py is located predominantly in the core of the micelles.
In contrast, the relative increase in Kw is less significant for
PyM and minimal for NapMe. The insensitivity of Kw to com-
position for PyM and NapMe could be explained by preferen-
tial partition of these more polar compounds to the palisade
and/or corona regions of the micelles.

If the corona region contributes significantly to the solubi-
lization process, copolymers in the P2VP30 series, with a very
low PS content, should have a higher solubilization capacity
for the polar probes (Nap and derivatives) than for the hydro-
phobic probes. For both G0PSeP2VP30e3 and G1PSe
P2VP30e4, kG¼ 11 mg/g was determined using Nap as
probe. The same copolymers yielded kG¼ 17 and 21 mg/g, re-
spectively, for NapBr. In comparison, kG¼ 0.08 mg/g for PyM
in G0PSeP2VP30e3, and the amount of Py solubilized by the
same compound was too low to be detected. On the basis of
these results, the high kG values observed for the Nap
Fig. 6. Composition dependence of partition coefficient for (:) Py, (,) PyM,

and (-) NapMe.
derivatives are attributable at least in part to non-selective
sorption of the probes, beyond the core swelling effect already
discussed: a significant portion of these compounds must be
located inside the corona and/or palisade regions of the
P2VP-rich micelles, rather than preferentially in the core as
in the case of pyrene. The low sorption capacity observed
for PyM relative to the naphthalene derivatives is consistent
with its location in a restricted volume outside the core, i.e.
the palisade region.
3.7. Additional evidence in support of selective sorption
The intensity of fluorescence emission observed was com-
pared for PyM in 0.05 M HCl, in the presence of linear P2VP,
and with the arborescent copolymer micelles. The ratio of in-
tensities determined for the first vibronic band I1 (373 nm) of
PyM in acidified water, and in acidified solutions of linear
P2VP and G0PSeP2VP5e12 after attainment of equilibrium
conditions was 1:4:75. The large intensity difference observed
between linear P2VP and G0PSeP2VP5 confirms that the sol-
ubility of PyM in ionized P2VP is very low. The fraction of
PyM associated strictly with the P2VP shell of arborescent
PSeP2VP5 copolymers is therefore considered negligible
under the conditions used, and these probes must be located
predominantly in the palisade region.

A red shift in the UV absorption spectrum was observed for
PyM, as lmax shifted from 342 nm for the P2VP30 copolymers
to 348 nm for the P2VP5 copolymers (Fig. 7). A study of PyM
[24] has demonstrated that in a hydrophobic environment such
as PS, lmax is higher (346 nm) than in polar environments
(339 nm for MeOH). Red shifts have also been observed for
the fluorescence excitation spectrum of pyrene [3c,18,25]
and the UV absorption spectrum of a cyclic disulfide contain-
ing pyrene residues [26]. These effects have been linked sys-
tematically to the transfer of Py from water to a more
hydrophobic environment. The change in lmax observed for
PyM in the present study confirms that the small amount of
PyM solubilized by the long-branch (P2VP30) copolymers re-
sides mainly in a more hydrophilic (P2VP-rich) environment,
corresponding to the P2VP hydrophilic shell. It is interesting
to note that the peak at lmax¼ 342 nm for the P2VP30 copol-
ymers is somewhat distorted by a shoulder, suggesting a partial
contribution to the peak originating from core-solubilized
PyM. Considering the lower intensity of the shoulder and the
much lower solubilization capacity of the P2VP30 copolymers,
however, it is clear that the PyM solubilized by short-branch
(P2VP5) copolymers resides predominantly in a more hydro-
phobic region such as the core and/or the palisade.

Additional evidence for partitioning of the hydrophobic
probes within the micelles was obtained from steady-state
fluorescence measurements using Py, since it is a widely
used polarity-sensitive probe. The intensity ratio for the first
vibronic band I1 (373 nm) to the third vibronic band I3

(383 nm) undergoes significant changes with solvent polarity,
as a result of coupling of the electronic and vibronic states,
and can serve to monitor the polarity of the microenvironment
surrounding the probe [27]. For G2PSeP2VP5e18, an I1/I3



Fig. 7. Red shift of UV absorbance for PyM in (a) P2VP5 and (b) P2VP30 samples. lmax¼ 342 nm for P2VP30 samples, 348 nm for P2VP5 samples; an absolute

absorbance scale is used for the P2VP30 samples.
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value of 1.03� 0.01 was obtained, and for G1PSeP2VP5e20,
the I1/I3 value was 0.97� 0.03. Literature values for I1/I3 in
water range from 1.6 to 1.96 [27a,28]. The ratio decreases
for increasing microenvironment hydrophobicity, to 0.95 in
PS films, for example [18]. The I1/I3 ratios obtained for the ar-
borescent copolymers are consistent with the concentration of
Py within the PS core of the micelles.

Finally, it is interesting to note the absence of the broad
PyM and Py excimer emission peaks for all the PSeP2VP co-
polymer micelle solutions investigated, even at very high
probe uptake. Excimer formation can result from a dynamic
process, whereby an electronically excited pyrene diffuses to
encounter a pyrene molecule in its ground state, or from
a static process involving the excitation of preassociated
ground state pyrene molecules. It was suggested that diffu-
sion-controlled excimer formation inside a hydrophobic do-
main depends on the microviscosity of the micelles [29].
According to this interpretation, the lack of an excimer peak
for Py and PyM is consistent with a very dense (collapsed)
core structure, making it almost impossible for two closely lo-
cated probe molecules to diffusionally encounter during the
lifetime of the excited molecule. While excimer peaks are ab-
sent, the possibility of probe aggregation cannot be excluded.
There are reports on the preassociation of pyrene and its deriv-
atives in molecular assemblies [24,30]. In some instances, ex-
tensive self-quenching due to the low quantum yield of these
aggregates has been reported [30,31]. In such situations the
broad peak at 485 nm in the fluorescence emission spectrum,
associated with excimer formation, decreases in intensity or
even disappears. The peak-to-valley ratio for the UV absorp-
tion spectrum of the most intense band of Py derivatives (ca.
348 nm) to that of the adjacent minimum at shorter wave-
length (ca. 338 nm) has been linked to preassociation in pyr-
ene-labeled polymers [31]. This method is convenient to
detect preassociation when no excimer emission peak is ob-
served. A peak-to-valley ratio greater than 3 indicates the ab-
sence of aggregation; the ratio decreases for increasing
preassociation. From the absorption spectra of PyM (Fig. 3)
and Py (not shown), the peak-to-valley ratio ranges from 1.6
to 2.86 for all micellar solutions, suggesting that some of
the probe molecules are aggregated in the ground state.
The preassociation of pyrene-labeled polymers is some-
times accompanied by a hypochromic effect (decrease in mo-
lar extinction coefficient) [32]. From Fig. 3 it was found that
PyM in G1PSeP2VP5e13 has the highest peak-to-valley ratio
of w2.69, and the hypochromic effect is therefore likely to be
minimal (least association) for this sample as compared to
PyM in the other copolymer solutions. If this is true, the sol-
ubilization capacity of G1PSeP2VP5e13 may be underesti-
mated, since the same molar extinction coefficient
(35 900 mol�1 cm�1, lmax¼ 346 nm in toluene) was used to
analyze all the micellar solutions. This observation has no
bearing on the fact that for copolymers of different generations
with similar compositions, the lower generation copolymers
have a higher solubilization capacity, however. Furthermore,
Py had similar peak-to-valley ratios for all copolymer solu-
tions investigated, and the solubilization capacity was greater
for G0PSeP2VP5e12 than for G1PSeP2VPe13.
4. Conclusions

Partitioning of hydrophobic solutes between arborescent
polystyrene-graft-poly(2-vinylpyridine) unimolecular micelles
and water depends on both the structure of the micelles and the
nature of the probes. Arborescent copolymers with a high PS
content are far better sorbents than samples with a low PS con-
tent. The structure of the solute also has a large effect on the
partition coefficients and micelle loadings observed. Pyrene
has partition coefficients reaching w106, however, probes
with a lower hydrophobicity give higher micelle loadings.
The generation number and hydrophobic content of the copol-
ymers have a significant influence on both uptake capacity and
kinetics. For samples in the P2VP5 series, the partition coeffi-
cient increases rapidly with the PS mole fraction of the copo-
lymers for highly hydrophobic probes, while only a minor
increase is observed for probes of lower hydrophobicity. For
copolymers of different generations with similar PS contents,
however, the solubilization capacity is higher for the lower
generation copolymers. Copolymers with a higher branching
functionality are also characterized by lower probe solubiliza-
tion rates. These results are consistent with the segmental
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density of arborescent polymer molecules increasing for
higher generations, as determined in previous studies.
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