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Abstract: We investigate the solubilization of 2-nitrodiphenylamine, a hydrophobic but polar dye molecule,
in aqueous solutions of polystyrenesio-b-poly(acrylic acid)s; micelles. The solubilization capacity of the
micelles, which consist of a polystyrene core and poly(acrylic acid) corona, and the micelle—water partition
coefficient are evaluated as a function of the solubilizate concentration. The solubilization isotherm shows
a nonlinear behavior, and the partition coefficient, instead of being constant, is strongly dependent on the
dye concentration. These results are explained by treating solubilization as a binding process, and by
fitting the data to a Langmuir adsorption model. In addition, we examine the locus of solubilization of
2-nitrodiphenylamine using its solvatochromic properties and solubility in model solvents, and we identify

the micellar interface as the solubilization site. Confirmatory studies,

including the dependence of

solubilization on the interfacial area of the aggregates, the role of the poly(acrylic acid) corona chains in
stabilizing the solubilized molecules, and the effect of the solubilizate structure on the extent of incorporation,
were also conducted. The results, consistent with surface localization, show that solubilization is dependent
on the interfacial area of the aggregates, and on the affinity of the solubilizate for the micellar interface.

1. Introduction

It is well known that amphiphilic block copolymers, when

media, the micelle hydrophobic core provides a microenviron-
ment suitable for the incorporation of nonpolar, poorly water-

soluble compounds. On the other hand, in nonpolar solvents,

dissolved in a solvent selective for one of the blocks, can self-
assemble into aggregates of various morphologies, including
spherical micelle$-1° If prepared in an aqueous medium, block

copolymer micelles consist of a hydrophobic core surrounded
by a hydrophilic corona. Reverse micelles, on the other hand,

the hydrophilic core solubilizes polar molecules such as water,
proteins, and amino acid&1° The incorporated molecules are
called solubilizates, and the related phenomenon is known as
solubilization7-20

can be prepared in nonpolar solvents,

in which case the.
hydrophilic chains constitute the micelle core, and the hydro-
phobic chains form the corona. An important property of
micelles is their ability to enhance the solubility of insoluble,

The process of solubilization has been studied extensively
in aqueoud—2” and nonaqueo#é%?® solutions of conventional
surfactants, as well as in solutions of block copolymer
aggregate¥-3>and has found a number of practical applications

solvophobic small molecules, by trapping them in energetically (17) Nagarajan, RCurr. Opin. Colloid Interface Scil996 1, 391—401.

compatible microenvironment&1” For example, in aqueous
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in fields such as drug delivedf, %% separation, toxic waste  Table 1. Structure and Properties of the Two Dyes Used
removal, and other®. Experimental and theoreti¢&t43
studies have focused on determining the factors that control the 'I" NO,
solubilization capacity?2%44which is frequently expressed in N

terms of the micellewater partition coefficient. Several factors O’ 0’

have been identified, including the compatibility between the NO
solubilizate and the core forming polyntet&-46the solubilizate
molecular volume, and the interfacial tension between the
solubilizate and wate®®45in addition to factors that affect the
micelle size and aggregation number, such as the block Water solubility = 1.42 x 10° M Water solubility = 1.97 x 10° M
copolymer compositioft-42:46-48 molecular weight?4647and

the solution temperatuf@4959A brief discussion of these factors ~ phenol28601aniline, or anilinium iong® the interfacial region

is given in the Supporting Information. is, generally, the solubilization site. The corona, on the other

In addition to identifying factors that control the solubilization "and, is rarely involved in the solubilization of hydrophobic
capacity, several studies were dedicated to the determinationmolecules. Mukerj€€ has proposed one of the few theoretical

of the solubilization site. The location of incorporated molecules Models to predict the distribution of hydrophobic solubilizates
within a micelle determines the extent of solubilization, the (S€veral benzoic acid derivatives) between the core and the

corona of alkyl-oxyethylene micelles. It was assumed that the

amount incorporated in the core, and in the corona, is propor-
g tional to the number of equivalents of the surfactant alkyl chain,
and the surfactant oxyethylene group, respectively. Webber et
al.5* who investigated the solubilization and release of pyrene
and phenanthrene from block copolymer micelles, concluded
that a significant fraction of the probe is present in an inner
corona region, consisting of hydrophilic chains swelled with
water, yet not accessible to ionic quench@rs.

Although the process of solubilization has been studied
extensively in surfactant and block copolymer micelles, very
few investigations were conducted as a function of the solubi-
lizate concentration. In fact, most measurements were obtained
in the presence of excess solubilizate, that is, at a single
concentration corresponding to the maximum solubilization
capacity of the micelles. Determining the extent of solubilization,

- or the micelle-water partition coefficient at different solubilizate
(36) Kabanov, A. V.; Batrakova, E. V.; Melik-Nubarov, N. S.; Fedoseev, N. . . . .
A.: Dorodnich, T. Y.: Alakhov, V. ¥.: Chekhonin, V. P. Nazarova, |. R..  concentrations, is essential for the fundamental understanding

NO,

Z—I

2

2-nitrodiphenylamine 2.4-dinitrodiphenylamine
MWt = 214.22 g/mol MWt =259.21 g/mol

chemical reactivity of the solubilizatéas well as the rate of
their release from the micell€s.It is also a measure of the
strength of specific interactions between the solubilizate an
the micelle (hydrophobic, hydrogen bonding, van der Waals,
etc). Several experimental methods such as NRRUV —vis
spectroscop$? >4 fluorescencé?>1555phosphorescenééand
solubility in model solvent§? as well as a few theoretical
models”%8 have been employed to determine the locus of
solubilization in surfactant and block copolymer micelles. The
micelle can provide at least three thermodynamically distin-
guishable microenvironments for solubilization: the micelle
core, the corona, and the cereorona interface. The highly
nonpolar core is considered as the locus of solubilization for
nonpolar molecules, such as alkaRé$* For more polar
solubilizates, such as ketorn@slcohols?®5°phenols, substituted

Kabanov, V. A.J. Controlled Releas@992 22, 141~157. of the physicochemical aspects of the process of solubilization
(37) Kwon, G.; Naito, M.; Yokoyama, M.; Okano, T.; Sakurai, Y.; Kataoka, K. R . . .

J. Controlled Releas&997 48, 195-201. and, in many instances, for the accurate determination of the
(38) Jones, M.; Leroux, Eur. J. Pharm., Biopharm1999 48, 101-111. ili i i i idi
(39) Allen. C.. Han. 3: Yu. ¥.. Maysinger. D.- Eisenberg. A Controlled solub|I|zat_|on site. Also, such data ar(_e_req_uwe_d to test the validity

Release200Q 63, 275-286. of theoretical models that treat solubilization in block copolymer
(40) gfs\llc, R.; Luo, L.; Eisenberg, A.; Maysinger, 8cience2003 300, 615— aggregates.

(41) Nagarajan, R.; Ganesh, Klacromolecules1989 22, 4312-4325. In the present study, we investigate the solubilization of
(42) ';g’”sesrég_'g'ébfc“e”“ens' J. M. H. M.; Hatton, T.Macromoleculed.993 2-nitrodiphenylamine, a hydrophobic but polar dye molecule,
(43) Nagarajan, R.; Ganesh, B. Colloid Interface Scil996 184, 489-499. in aqueous solutions of polystyreagb-poly(acrylic acid);

44) Allen, C.; Maysinger, D.; Eisenberg, £olloids Surf., BL999 16, 3—27. : : : : : :
e R B it e e 1 micelles, at various dye concentrations. 2-Nitrodiphenylamine
(46) Gadelle, F.; Koros, W. J.; Schechter, R.Macromoleculesl995 28, 8, was chosen as a model solubilizate because in preliminary
(47) ﬁgﬁf’;r“spgz,;,_. Hatton, T. ALangmuir 1992 8, 12911299, experiments we found it to be solvatochromic; therefore, the

(48) Kozlov, M. Y.; Melik-Nubarov, N. S.; Batrakova, E. V.; Kabanov, A. V. sensitivity of its wavelength of maximum absorptidmax to
Macromolecule200Q 33, 3305-3313.

(49) Saito, Y.; Kondo, Y.; Abe, M.; Sato, TChem. Pharm. Bull1994 42, the microenvironment in which it is residing can be used to
1348-1350. ) obtain information about its solubilization site. In addition, being
(50) Kabanov, A. V.; Nazarova, |. R.; Astafieva, I. V.; Batrakova, E. V.; h hobi | | ith | .. | .
Alakhov, V. Y.; Yaroslavov, A. A.; Kabanov, V. Avlacromoleculed995 a hydrophobic molecule with polar moieties (Table 1), its
28, 2303-2314. chemical structure resembles that of many drugs and biologicall
(51) Teng, Y.; Morrison, M. E.; Munk, P.; Webber, S. E.; Prochazka, K. . Y 9 . .g R Y
Macromolecules1998 31, 3578-3587. active molecules, such as hormones and steroids, making it an
(52) ggli%gbaei%aMé;i—ﬁBegno' L. A Rennwantz, E...Colloid Interface interesting model for drug-delivery applications. The micelles
(53) Goto, A.; Endo, FJ. Colloid Interface Sci1979 68, 163-172. used are multimolecular, have an average aggregation number
(54) Sabate, R.: Gallardo, M.; de la Maza, A.; Estelric.ahgmuir2001 17, of ca. 260 chains/micelle, and a critical micelle concentration,
(55) Bromberg, L.; Temchenko, M.angmuir1999 15 8627-8632. cmc (estimated from similar systenfd)of ca. 3x 107%° (%
(56) fo%”lgs' H. Brace, D. D.; Fayer, M. D. Phys. Chem. 8001, 105 10007~ w/w) in water. The solubilization capacity of the micelles and
(57) Mukerjee, PJ. Pharm. Sci1971 60, 1528-1531.
(58) Nagarajan, R.; Chaiko, M. A.; Ruckenstein,JEPhys. Chem1984 88, (60) Bunton, C. A.; Sepulveda, LJ. Phys. Chem1979 83, 680-683.
2916-2922. (61) Lee, B. H.; Christian, S. D.; Tucker, E. E.; Scamehorn, J.&hgmuir
(59) Nguyen, C. M.; Scamehorn, J. F.; Christian, SCBlloids Surf.1988 30, 199Q 6, 230-235.
335-344. (62) Shen, H.; Eisenberg, A. Phys. Chem. B999 103 9473-9487.
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0.95 characterized by a high slope in the solubilization curve, occurs
2 o0 over a region where the aqueous dye concentration ranges
i between ca. 3x 10°° and 7 x 10°° mol/L. At higher
5 085 concentrations, the extent of solubilization increases only slightly
3 with the dye concentration and reaches a plateau. The maximum
S 0804 solubilization capacity of the micelles (at mole fractier0.90)
E 075 | corresponds to 60 mg of dye per gram of polymer. It should be
2 noted that, because the molecular weight of the polymer is much
2 0701 higher than that of the dye, the numerical value of the mole
Z fraction is high, but the weight fraction of the dye solubilized
§ 0651 in the micelles is considerably lower.
2 060 If the solubilization of hydrophobic molecules into micelles
= present in an agueous solution is treated as the partitioning of
055 5 . ] 8 0 12 14 16 the solubilizate molecules between two phases, an aqueous phase

and a micellar phase, then, and similar to the case of partitioning
between two bulk solvents, the partition coefficient should be
constant and independent of concentration. Therefore, one would
expect a plot analogous to that shown in Figure 1 to be linear.

the micelle-water partition coefficient are evaluated as a However, treating solubilization as a simple partitioning between
function of the solubilizate concentration. The shape of the tWO phases is not always a valid approach, because specific
solubilization isotherm and the strong dependence of the interactions between the micelles and the solubilizate can
partition coefficient on the dye concentration are explained by dominate the process of solubilization and result in a nonideal
treating solubilization as an adsorption process, and by fitting Pehavior, similar to the one reported above. Among the
the data to a Langmuir adsorption model. To the best of our Numerous studies that investigated the solubilization of hydro-
knowledge, this is the first study that applies such a treatment Phobic molecules in block copolymer micelles, only few
to interpret solubilization in block copolymer micelles, and to €valuated the partition coefficient as a function of the solubilizate
explain the concentration dependence of the partition coefficient. concentration. Schechter et*dlinvestigated the solubilization

In addition, we examine the locus of solubilization of the dye Of toluene in poly(ethylene oxide)-poly(propylene oxide)-poly-
within the micelle using UV-vis spectroscopy and solubility ~ (ethylene oxide) micelles and reported a strong dependence of
in model solvents, and we identify the interfacial region as the the partition coefficient,K, on the toluene concentration.
solubilization site. The incorporation of 2-nitrodiphenylamine Initially, K increases with the solubilizate concentration because
is also studied using aggregates of different diameters to the addition of toluene promotes aggregation, and solubilization
determine the effect of the interfacial area on the amount is correspondingly promoted. With a further increase in the
incorporated, and in the presence of different concentrations of toluene concentratiol reaches a maximum and then decreases.
NaOH and HCI to evaluate the role of the poly(acrylic acid) The incorporation of toluene is considered to occur through the
corona chains in stabilizing the solubilized molecules. Finally, replacement of the water molecules present in the poly-
because the chemical structure of the solubilizate is expected(propylene oxide) core. As more toluene is solubilized, it
to affect its affinity for the micellar interface and, consequently, becomes more difficult to displace the remaining water from
the extent of its incorporation, we compare the maximum the core; therefore, solubilization becomes more restricted, and
solubilization capacity of the micelles for 2-nitrodiphenylamine the partition coefficient decreases. Using surfactant micelles,
to that for 2,4-dinitrodiphenylamine, which is similar in Rouse et at®and Christian et &#%51%4studied the solubilization
structure, except for an additional nitro group present at the of slightly polar molecules as a function of the solubilizate
para position (Table 1). concentration and showed that the partition coefficient decreases
as the mole fraction of the solubilizate present in micelles
increases. The moderately polar solubilizates investigated, which
Experimental details are given in the Supporting Information. include hexanol and chloro-substituted phenols, fill sites in the
palisade layer of the micelle in a fashion similar to surface
adsorption. As the concentration of the incorporated solubilizate

Dye Concentration in Aqueous Phase (mol/L) / 10°

Figure 1. Solubilization isotherm of 2-nitrodiphenylamine in 0.26% w/w
solutions of P ob-PAA47. The line is drawn only to guide the eye.

2. Experimental Section

3. Results and Discussion

3.1. Solubilization of 2-Nitrodiphenylamine in Micelles. increases, the availability of such adsorption sites decreases,
The incorporation of 2-nitrodiphenylamine into micelles of causing a decrease in the partition coefficient.
polystyrene;¢-b-poly(acrylic acid); was carried out as a func- In the next section, we evaluate the miceligater partition

tion of the solubilizate concentration. Figure 1 shows the results coefficient and analyze its dependence on the dye concentration.
of solubilization into 0.26% w/w micellar solutions. The range The nonlinear behavior of the solubilization isotherm shown in
of dye concentrations investigated was limited at the lower end Figure 1 and the resulting dependence of the partition coefficient
by the detection limit of the UV-vis spectrophotometer and at  on the solubilizate concentration are explained by treating the
the upper end by the maximum solubilizing capacity of the solubilization of 2-nitrodiphenylamine as an adsorption process,
micelles. As shown in Figure 1, the dependence of the degree
of incorporation on the dye concentration is nonlinear, meaning (63) Rouse, J. D.; Sabatini, D. A.; Deeds, N. E.; Brown, R. E.; Harwell, J. H.

i H i A H ; Environ. Sci. Technol1995 29, 2484-2489.
that the SO|Ub|“2atlor? efficiency is not umfo'fm thr_OUQhOUI the (64) Uchiyama, H.; Tucker, E. E.; Christian, S. D.; Scamehorn, J. Phys.
examined concentration range. The most efficient incorporation, Chem.1994 98, 1714-1718.
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Figure 2. Partition coefficient of 2-nitrodiphenylamine between micelles  Figure 3. Langmuir adsorption isotherm for 2-nitrodiphenylamine in 0.26%
of PS10b-PAA47 and water. wiw solutions of P&ig-b-PAA47.

and by fitting the solubilization data to a Langmuir-type other adsorption models is given in the Supporting Information.

adsorption isotherm. The general equation for a Langmuir-type adsorption can be
3.2. The Micelle-Water Partition Coefficient. The partition expressed &

coefficient is a thermodynamic parameter that represents the

affinity of a given solubilizate to the micellar phase, relative to X _ KadC

the aqueous one. For practical applications, such as drug Xmax_ 1+K,C

delivery, the micelle-water partition coefficient is used to

determine the amount of drug molecules solubilized by the wherex, Xmax Kag, andC are the solubilizate mole fraction in

micelles, and to define the stability of the drugpicelle complex the micellar phase, the maximum of that mole fraction, the

against dilution. In the present system, the partition coefficient, adsorption constant, and the molar concentration of free,

K, was evaluated for a series of f28b-PAA4; micellar unbound dye molecules, respectively. Upon rearrangement, the

solutions, solubilizing different concentrations of 2-nitrodiphe- above equation becomes

nylamine. The results, summarized in Figure 2, show that the

partition coefficient is strongly dependent on the solubilizate c__1 c

concentration. The decrease of the partition coefficient with the X KoXnax  Xmax

dye concentration indicates that solubilization is a competitive . o o .

process that becomes progressively more difficult as the atmountThe plot of C/x versusC., given in Figure 3 IS .|n fact I|m_aar,

of the dye incorporated into the micelles increases. This behaviorVith R* = 0.993, showing that the solubilization data fit the

is consistent with an adsorption-like phenomenon, which is J@nhgmuir adsorption model. The values &hax and Kag
possible considering that 2-nitrodiphenylamine is a polar determined from the slope and intercept of the plot are 03

molecule, capable of adsorbing at the micellar interface. Some 0-03 and (5.7 1.0) x 10° L/mol, respectively. Reported values

researchers who studied solubilization in surfactant micelles used®f e Langmuir adsorption constant vary depending on the
an adsorption approach to interpret the solubilization &8 nature of the substrate and the adsorbate. For example, the values
For example, Patel and Kostenbautfewho evaluated the reported for the adsorption of cationic surfactant molecules on
degree of association between metpytlydroxybenzoate and pon(agyhc acid) brushes range from ¥ 1( to 3 x 10P
Tween 80 molecules (polyoxyethylene 20 sorbitan monooleate), L/mol,*® and for the adsorption of benzoic acid to micelles of
concluded that the solubilization of methyhydroxybenzoate polyoxyethyf;ene glycol monoalky! ethers, they range from 18
by Tween 80 occurs through binding and used a Langmuir- to 34 L/mol: _ . .

type adsorption model to interpret the data. Donbrow et al., who 3-3- The Locus of Solubilization within the Micelles.
investigated the solubilization of hydroxybenzoic aéldsnd ~ Although the applicability of a Langmuir-type treatment to the
benzoic aciéf in micelles of polyoxyethylene glycol monoalkyl ~ Solubilization of a hydrophobic yet polar molecule such as
ethers, also treated the solubilization as the binding of solubi- 2-Nitrodiphenylamine implies surface localization, itis important
lizate molecules to specific sites in the micelles. They used at_o F:onflrm th's, assignment using |ndept.ande.nt methods. P.re—
Langmuir isotherm to fit the dat&5” and concluded that the liminary experiments §h0wed that 2-n|trod!phenylam|ne. IS
micelle interface is the adsorption site in the case of benzoic Slvatochromic; that is, its wavelength of maximum adsorption
acid® while in the cases of meta- and para-hydroxy acids, it is is sensitive to the microenvironment in which it is residing.
the polyoxyethylene cororfd For the present system, we fitted Therefore, information about the locus of solubilization can be

the solubilization data to several adsorption models and found obtajned by comparingmax Of the dye in m.icellar. solutions to
that the data best fit a Langmuir adsorption isotherm. The fit to thatin mgdel solvents Fhat mimic the po!arlty of dn‘fergnt regions
of the micelle. In addition, by calculating the total interfacial

(65) Patel, N. K.; Kostenbauder, H. B. Am. Pharm. Assoc., Sc. BE858 47,

289-293. (68) Thomas, W. J.; Crittenden, BAdsorption Technology and Design
(66) Donbrow, M.; Rhodes, C. T. Chem. Soc., Supfl964 6166-6171. Butterworth-Heinemann: Oxford, 1998.
(67) Donbrow, M.; Molyneux, P.; Rhodes, C. J. Chem. Soc. A967, 561— (69) Pyshkina, O.; Sergeyeyv, V.; Zezin, A.; Kabanov, V.; Gage, D.; Stuart, M.
565. C. Langmuir2003 19, 2000-2006.
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12 one representing the absorption in the micelle core, which is
°  micelles (hmax =430 nm) PAA ag. soln (Mmax =440 nm) = an ethylbenzene-like environment, and the second representing
1.0 4 — the absorption in an aqueous poly(acrylic acid)-like environment,

4 EB(Amax =422 nm) ‘:p water (Mnax =444 nm) ©
()

which represents the micelle corona. This possibility is elimi-

-;‘; 0.8 1 o nated because the values of fwhh indicate that the absorption
5 $ peak in the micellar solutions is not sufficiently broad to be
= 067 considered a superposition of the peak in ethylbenzene and that
= in aqueous poly(acrylic acid) solution. In addition to the
E 044 information obtained from the fwhh, the first derivative of the
=] . . . . .
z absorption spectrum in micellar solution was determined and
0.2 compared to that in ethylbenzene and in an aqueous solution
of poly(acrylic acid) (Figure 1 in the Supporting Information).
00 The shape of the first derivative curve was identical in the three
450 500 550 . . . . . L . .
systems, with a single inflection point, indicating that absorption
‘Wavelength (nm)

_ _ o ~inmicellar solutions is, in fact, a single peak. The dye molecules,

Figure 4. N(_)rmallzed absorption spectra of 2-nitrodiphenylamine in therefore, once solubilized by the micelles, are residing in a

different solutions. . . . . .
single environment, and the polarity of such an environment is

Table 2. The Wavelength of Maximum Absorption, and the intermediate between that of ethylbenzene, on one hand, and
FullWidth at Half-Height of 2-Nitrodiphenylamine in Different aqueous poly(acrylic acid), on the other. These results suggest

the micellar interface as the most reasonable solubilization site
for the hydrophobic, but polar, molecules of 2-nitrodipheny-

poly(acrylic acid)

ethylbenzene micelles aqueous solution water . . . .
lamine. Solubilization at the interface would allow the polar
?\;V"gxh(”m) 4522 4833 4;';) 49%4 groups of the dye molecules to interact with the exterior aqueous

solution, and possibly with the acrylic acid chains, while at the
same time maintaining the possibility of hydrophobic interac-
tions between the nonpolar parts of the dye molecules and the
polystyrene core of the micelles.

area of the micelles, one can determine if sufficient area is
available for the surface localization of the solubilized dye
molecules. Finally, using model solvents, we could estimate the ) ) ] ]
possible solubilizing capacity of the micelle core and corona. ~ 3-3-2- Total Interfacial Area of the Micelles.In this section,

By comparing these capacities to the experimentally determinedVe (_ieterm|_ne if suf_ﬂue_nt micellar surf_a_lce area is available for
solubilization capacity of the micelles, we can determine if the the interfacial localization of the solubilized dye molecules. To
micelle core or corona can accommodate the amount of dyedo SO, we estimate the area of one dye molecule (using a
found to be incorporated in the micelles, and, therefore, if they Molecular model) and compare the area required to accom-

are possible solubilization sites. The results of these investiga-modate all of the dye molecules incorporated at saturation to

3.3.1. Shift in the Wavelength of Maximum Absorption, average diameter of ca. 30 nm, as determined by transmission
Jmax. Block copolymer micelles can offer at least three different €lectron microscopy. This number includes both the polystyrene
sites for solubilization: the micelle core, its corona, and the core and the poly(acrylic acid) corona. The micellar surface area,
core—corona interface. Information about the solubilization site calculated on the basis of the radius of the polystyrene core, is
of 2-nitrodiphenylamine within the micelles was obtained by ca. 2.8x 10® nn¥/micelle, and the average aggregation number,
comparing its wavelength of maximum absorptidm4) in a estimated from the volume of polystyrene per micelle, is about
micellar solution to that in ethylbenzene, in an aqueous solution 260 chains/micelle. The details of these calculations are given
of poly(acrylic acid) and in water. Ethylbenzene was chosen to in the Supporting Information. Therefore, 1 g of a1.0% w/w
mimic polystyrene, the micelle core-forming block, because of solution of these micelles, the total number of micelles is ca.
the similarity in structure and polarity, while the aqueous 6.5x 10, and the total micellar surface area is ca. £.80'®
solution of poly(acrylic acid) was chosen to represent the nnmé. At saturation, the number of dye molecules solubilized
polarity of the micelle corona, which consists of poly(acrylic by the micelles was found to be ca. 1x410'® molecules/g of
acid) chains swelled with water. In Figure 4, we show the solution. Because the estimated area of one dye molecule is ca.
normalized absorption spectra of 2-nitrodiphenylamine in these 0.77 nn#, the incorporation of all of the dye molecules would
four different systems, and, in Table 2, the corresponding valuesrequire an area of 1.& 10'8 nn?, which corresponds to ca.
of the wavelength of maximum absorptiotiax and the full- 60% of the total micelle interfacial area. It should be recalled
width at half-height, fwhh, are given. When solubilized in the that the chains of acrylic acid extending from the surface of
micelles, 2-nitrodiphenylamine absorbslatx= 430 nm, which the micelles also occupy part of the surface area. We have
is intermediate in value betweépaxin ethyl benzenei(max = estimated the area per corona chain to be ca. 05(details
422 nm) and that in an aqueous solution of poly(acrylic acid) given in the Supporting Information). For an aggregation number
(Amax = 440 nm). Such a shift in the wavelength of maximum of 260 chains/micelle, the corona chains occupy ca. 26D5
absorption indicates that the solubilized dye molecules are x 6.5 x 104 = 8.4 x 10' nn¥/g solution, or ca. 5% of the
residing in a microenvironment of intermediate polarity as total surface area. These approximate calculations show that
compared to ethylbenzene and aqueous poly(acrylic acid).the micellar interface can, indeed, accommodate the number of
However, it is also conceivable that the absorption band in the dye molecules solubilized even at saturation, at which point the
micellar solution is a superposition of two unresolved peaks, surface is approximately 65% covered. Considering that the dye
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20 polarity is intermediate between that of ethylbenzene and

aqueous poly(acrylic acid), the above calculations show that

1] [ mmeetosh this environment is not likely to be the polystyrene core.
Considering that the polystyrene core has a certain affinity
12 4 for the dye molecules, the extent of which is reflected by the

value of the ethylbenzenevater partition coefficient, one might
expect the incorporation of the dye molecules to occur, in
i addition to the interface, inside the micelle core as well. For
instance, one can speculate that with increasing dye concentra-
tions, and as the micellar interface saturates its capacity for
incorporation, the polystyrene core would participate in the
oo — A~ solubilization of the dye molecules. This would be reflected by
a shift inAmax of the dye in micellar solution with the extent of
solubilization. In the present system, however, no such shift
Figure 5. Comparing the weight of 2-nitrodiphenylamine possibly present \yag observed, and the wavelength of maximum absorption of
in the core (calculated) to the experimentally determined weight solubilized the dye in micellar solution was independent of the dye

by the micelles. h R O -
concentration, indicating that solubilization occurs in the same

molecules are not expected to pack on the surface with a crystal-Sité for all of the examined degrees of incorporation. A similar
like precision, and that the emanating poly(acrylic acid) chains Pehavior was observed during the solubilization of anilinium
represent a significant perturbation to the packing efficiency, a cations in sodium dodecy! sulfate micelRsThe researchers

65% coverage at saturation does not seem unreasonable. ~ USed NMR spectroscopy to determine the locus of solubilization
3.3.3. Solubility in Model Solvents.The analysis of the and concluded that the anilinium ion is located at the micellar

absorption spectra discussed previously shows that the solubi-Ntérface and does not penetrate into the micellar core even at
lization of 2-nitrodiphenylamine occurs in a single site. The shift high conc_eqtranons. Such a behf';\wor was attributed to the polar
in Amax suggests the micellar interface as the locus of solubili- characteristic of the solubilized ion.
zation, and the calculations of the available micellar interfacial ~ The maximum solubilizing capacity of the micelle corona,
area show that the interface can accommodate the amount ofvhich consists of poly(acrylic acid) chains swelled with water,
dye molecules solubilized. In this section, we estimate the Was estimated using an aqueous solution of poly(acrylic acid)
solubilization capacity of the micelle core and corona using as @ model solvent. We have determined the amount of the dye
model solvents and show that neither one can accommodateSolubilized by a 9.5% w/w aqueous solution of poly(acrylic acid)
the total amount of dye incorporated, further supporting the at saturation, that is, when the aqueous dye concentration
proposed micelle interface as the locus of solubilization. corresponds to its solubility limit. The maximum weight of the
The solubilizing capacity of polystyrene, which constitutes dye interact_ing With acryli_c acid (caICl_JIated from th_e total weight
the micelle core, was estimated using ethylbenzene as a modef! the dye in solution minus the weight present in water) was
solvent. The ethylbenzensvater partition coefficient, calculated ~ @PProximately 4.2< 10~ g of dye/g of acrylic acid. Therefore,
using eq 2 of the Supporting Information Kgg/o = 1.3 x in a 1 gsolution of 0.26% w/w P§gb-PAA47, which contains

10%, was used to determine the amount of the dye molecules 25 10" g of acrylic acid, the maximum weight of the dye

that can possibly be present in the polystyrene core for a giventhat can be solubilized by acrylic acid corona is ca. .00~

amount of the dye present in the aqueous phase. Calculation$" H(O)wever, and as discussed previousiyail gsolutiorl of
were done for a series of 0.26% wiw micellar solutions of 0-26% P8icb-PAA47, the micelles incorporate 1.5 107 g

polystyrene:¢-b-poly(acrylic acid)s, solubilizing different con- of the_ _dye: Th_erefore, the contribution of poly(acrylic aci<_1|) to
centrations of 2-nitrodiphenylamine. In Figure 5, we summarize solubilization is small (ca. ,O;O,7%);, conseqqently, the m|cglle
the results of these calculations and compare the calculated®Oron2 cannot be the solubilizing site for 2-nitrodiphenylamine
weight of the dye possibly present in the polystyrene core to Mmolecules.

the experimentally determined weight solubilized by the mi-  Determining the solubility of 2-nitrodiphenylamine in model
celles. For example, at saturation (the far right in Figure 5), in solvents shows that neither the polystyrene core of the micelles
1 g of the 0.26% w/w micellar solution, the weight of nor the poly(acrylic acid) corona can completely accommodate
polystyrene is ca. 2.4 102 g, and the aqueous dye concentra- the amount of dye solubilized at any of the investigated degrees
tion is 1.4 x 1075 mol/L. Using eq 2, and the above value of ~Of loading. These results, coupled with the calculations of the
the ethylbenzenewater partition coefficient, the number of ~available micellar surface area and the shift in the wavelength
moles of the dye possibly present in the polystyrene phase isOf maximum absorption, indicate that the solubilization of the
ca. 4.4x 1077 mol (9.5 x 1075 g). However, experimentally, ~ dye molecules occurs at the micelle interface.

the micelles contain ca. 7.2 1077 mol (1.5 x 104 g) of 3.4. Solubilization as a Function of Interfacial Area.The
2-nitrodiphenylamine. This means that the weight of polystyrene interfacial solubilization of 2-nitrodiphenylamine would mean
present in the system cannot completely account for the amountthat the extent of incorporation is dependent on the total
of 2-nitrodiphenylamine solubilized by the micelles. As can be interfacial area of the aggregates, rather than the weight of
seen in Figure 5, this observation applies not only at saturation, polystyrene, which constitute the micelle core. To test this
but also for solutions solubilizing smaller concentrations of the hypothesis, we evaluate the maximum amount of dye solubilized
dye. Therefore, while the spectroscopic data suggest that the(i.e., solubilization at saturation) as a function of the interfacial
dye molecules are residing in a single environment where the area, while keeping the total weight of polystyrene in solution

[E:}

Weight of the Dve (g) / 10

0.4 4

Aqueous Dye Concentration (mol/L) / 106
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Table 3.~ Solubilization of 2-Nitrodiphenylamine (2NDPA) as a and in their basicity, which would influence the hydrogen
Function of the Aggregates’ Interfacial Area bonding between the amino group of the dye (the lone pair on
interf. area interf. area the nitrogen) and water.
avg. diam - (outer only) - (outer + inner) - 2NDPA As a measure of their affinity to the polystyrene core, the
polymer aggregates  (nm) (nm?) (nm?) (m+mol)

- ethylbenzenewater partition coefficient was evaluated for the
PS10b-PAAs; micelles 30 5.70< 107 5.70x 107 8.1x 1074 . )
PSugb-PAAss vesicles 100 1.5& 1017 1.79x 1017 5.8x 10°* two dyes. The results, given in Table 4, show that 2,4-
PSiob-PAAss vesicles 240 1.1k 104 1.76x 107 5.1x 1074 dinitrodiphenylamine is less hydrophobic than 2-nitrodipheny-
lamine. It is also a slightly weaker base, as indicated by its
weaker interaction with poly(acrylic acid) (Table 4). In addition

Table 4. Comparing the Solubilization of the Two Dyes in 0.26%

w/w Micellar Solution to its weaker affinity for the micellar core and smaller tendency
max it max it for hydrogen bonding, the location of 2,4-dinitrodiphenylamine

dyefwt. AA dyefwt. polym. at the micellar interface would expose the nitro group at the

Kesmzo (9l0) (mglg) para position to the nonpolar environment of polystyrene, a

2-nitrodiphenylamine 1.% 10" 4.2x 104 60.5 thermodynamically unfavorable situation not encountered during
2,4-dinitrodiphenylamine 5.6 108 3.4x 104 9.4 the solubilization of 2-nitrodiphenylamine. The smaller hydro-

phobicity and basicity of 2,4-dinitrodiphenylamine and its

. . . . weaker affinity for the micellar interface explain its lower degree
constant. The interfacial area was varied by preparing aggregates <o bilization

of different diameters. The structures used for this experiment

include 30 nm diameter micelles of a&b-PAA;U, 100 nm 4. Summary and Conclusions

diameter vesicles of R&Grb-PAAss, and 240 nm diameter

vesicles of PS¢b-PAAss. Aqueous solutions of these three We have investigated the solubilization of 2-nitrodipheny-
systems containing the same weight of polystyrene, cax2.4 amine, a hydrophobic but polar molecule, in micelles of
103 g, were saturated with 2-nitrodiphenylamine, and the POlystyrengisb-poly(acrylic acid);. Using the equilibrium
maximum solubilization capacity was determined per gram of dialysis method and U¥vis spectroscopy, we determined the
solution. Note that, for vesicles, the interfacial area was €xtent of incorporation as well as the micetl@ater partition
calculated first for the external surface only, and second for coefficient as a function of solubilizate concentrations. The
both the external and the internal surfaces. The results, sum-Solubilization isotherm showed a nonlinear behavior, and the
marized in Table 3, show that the extent of solubilization is, in Partition coefficient, instead of remaining constant, decreased
fact, related to the total interfacial area of the aggregates. TheWith the solubilizate concentration, indicating that solubilization
amount of 2-nitrodiphenylamine incorporated decreases with OCCUTS in an adsorption-like manner. The solubilization data
decreasing interfacial area, although the total weight of poly- Were therefore treated using different adsorption models and
styrene remains constant. While the plot (not shown) is not showed a best fit to the Langmuir adsorption isotherm. To the
linear, the trend is clear. The dependence of solubilization on best of our knowledge, this is the first study that uses an
the total surface area of the aggregates further supports theddsorption approach to treat the solubilization of hydrophobic
results obtained from UMvis spectroscopy and solubility in ~ molecules in block copolymer micelles and to explain the
model solvents and indicates that solubilization occurs at the concentration dependence of the partition coefficient. While the

micelle core-corona interface. applicability of the Langmuir formalism for the solubilization
3.5. Effect of Additives on the Solubilization of 2-Ni- of such a hydrophobic molecule implies surface localization, it
trodiphenylamine. This work is presented in the Supporting Was important to confirm the locus of solubilization indepen-
Information. dently.
3.6. Solubilization of 2,4-Dinitrodiphenylamine. The chemi- Information about the solubilization site was obtained by

cal structure of the solubilizate is expected to influence its analyzing the absorption spectra of 2-nitrodiphenylamine in
affinity for the micellar interface and, consequently, the extent solutions that mimic the polarity of different parts of the micelle.
of its solubilization. Therefore, it was of interest to compare The results indicated that the solubilization occurs in a site of
the maximum solubilizing capacity of the micelles for 2-ni- intermediate polarity between ethylbenzene and agueous poly-
trodiphenylamine to that for 2,4-dinitrodiphenylamine. As shown (acrylic acid), consistent with interfacial localization. Evaluating
in Table 1, the two molecules have a similar chemical structure, the total interfacial area of the micelles showed that the interface
except for the presence of an additional nitro group at the paraCOU|d, indeed, accommodate the amount of dye solubilized, even
position in 2,4-dinitrodiphenylamine. Despite the structural at saturation. Finally, determining the possible solubilizing
similarity, the maximum solubilization of 2,4-dinitrodipheny- ~ capacity of the micelle core and corona using model solvents
lamine in PS1¢-b-PAA,4; micelles was approximately 10 mg of ~ showed that neither one can completely account for the amount
dye per g of polymer (Table 4), significantly lower than that of solubilized at any given degree of loading, further supporting
2-nitrodiphenylamine (ca. 60 mg/g). As discussed previously, the proposed interfacial solubilization.

the location of such polar molecules at the micellar interface  Solubilization at the micellar interface implies that the extent
allows their nonpolar moieties to interact with the polystyrene of incorporation is dependent on the interfacial area of the
core of the micelle and maintains, at the same time, a possibleaggregates, rather than the volume of the micelle core. To test
interaction between their polar groups and the external aqueoushis hypothesis, we determined the maximum solubilizing
solution. Therefore, to explain the observed difference in capacity of the block copolymer aggregates as a function of
incorporation, we consider the difference in the hydrophobicity their interfacial area, and the results, consistent with our
of the two dyes, that is, in their affinity for the micelle core, predictions, indicated that the extent of solubilization decreases
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with a decrease in the interfacial area, even though the weightfor the micellar interface, result in a significantly smaller degree
of polystyrene remained constant. In addition, we measured theof incorporation.

maximum solubilizing capacity of the micelles in the presence
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pendent of NaOH or HCI concentration, we concluded that the
interactions between the amine group of 2-nitrodiphenylamine
and the carboxylic acid groups of poly(acrylic acid), although
possible, are not a major contributor to the stabilization of the
dye molecules located at the interface. Finally, the solubilization
of 2-nitrodiphenylamine was compared to that of 2,4-dini-
trodiphenylamine to show that the affinity of the solubilizate
to the micellar interface can control the extent of solubilization.
The lower compatibility of 2,4-dinitrodiphenylamine with the
polystyrene core and its smaller tendency for hydrogen bonding
with the external aqueous solution, that is, its weaker affinity JA036667D

Supporting Information Available: A brief literature review
of the factors that affect the solubilization capacity, experimental
details, the fit to different adsorption isotherms, the calculations
of the micellar surface area, aggregation number and the surface
area of a poly(acrylic acid) chain, the plot of the first derivative
of the adsorption spectra of 2-nitrodiphenylamine, as well as
the section discussing the effect of additives on solubilization
(PDF) This material is available free of charge via the Internet
at http://pubs.acs.org.
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