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The interfacial localization and the ion pair formation of the positively charged dye crystal violet (CV) in sodium
bis(2-ethylhexyl)sulfosuccinate reverse micelles (AOT RMs) were studied by several structural and spectroscopic
techniques and by quantum chemical calculations. The size and shape of the AOT RMs in the presence of CV were
investigated by small-angle X-ray scattering, showing that CV does not significantly change the RM structure. CV
localization as a function of the water to surfactant molar ratio (w0) was characterized by H1 and13C NMR, indicating
the close proximity of CV to the sulfosuccinate group of AOT at small and largew0 values. These results were
confirmed by calculation of magnetic shielding constants using the gauge-independent atomic orbital method with
the HF/6-31G(d) basis set. Two different types of ion pairs between AOT and CV, i.e., contact ion pair (CIPs) and
solvent-separated ion pair (SSIPs), were characterized by UV-vis spectroscopy and quantum chemical calculations
using the semiempirical ZINDO-CI method. In nonpolar isotropic solvents CIPs are formed with an association
constant (KASSOC) of 2 × 104 mol-1 L in isooctane and 750 mol-1 L in chloroform. In AOT RMs at loww0, CV-AOT
CIPs are also formed. By increasingw0, there is a sharp decrease in the CIP association free energy, and SSIPs are
formed. (CV+)(H2O)(AOT-) SSIPs are stable in the AOT RM up to the largestw0 tested (w0 ) 33).

Introduction
Ion pairs are formed between two species with opposite charges

that are not totally separated from each other in solution.1,2They
are almost always present in charged surfaces and interfaces,
and therefore, they are widespread in several fields of science.3-5

Chemical reactivity and photoreactivity of molecules are related
not only to the formation of ion pairs but also to the presence
or absence of solvent molecules between the two species that
form it.4-8 In areas such as medicinal chemistry and new materials,
ion pairs play important roles. The partition of drugs in
membranes, its pharmacokinetics distribution, and consequently
its efficacy are dependent on the presence of ion pairs.9 Spatial
control and novel properties are observed in nanostructured thin
films, which are frequently constructed on the basis of ion pair
formation.9,10

In terms of biochemistry and biology, ion pairs are important
counterparts of the structure and functionality of membranes,

proteins, and DNA. Some fundamental questions in biochemistry,
i.e., the actual charge of a DNA molecule in aqueous solution,
how ions such as calcium affect the structure and dynamics of
membranes, and the role of ion pairs in keeping the protein
native conformation, have not been completely answered.11-13

The formation of ion pairs is related to several forces that
affect the chemical potential of the solvated free species and the
ion pairs themselves.4 Small soluble charged species usually
form ion pairs in low dielectric constant solvents. In polar solvents,
such as water, solvation interactions greatly overcome ion pair
interactions.1,2,4,5

In surfaces and interfaces there is a competition between the
entropically driven counterion dissociation and the enthalpic
changes due to ion-ion and ion-induced dipole interactions.
Depending on the charge density of the surface and the strength
of the ion-surface interaction, ionic condensation may be
extremely large.14 However, the development of accurate
theoretical models able to predict ion binding in surfaces has
proven to be a difficult task. Surfaces and interfaces are complex
regions where, in a spatial range of a few angstroms, there are
strong differences in solvation forces and dielectric constants,
which affect the interaction of ions and consequently the dynamics
and structure of the surface.3,14-17

An interesting example of the importance of ion condensation
in shaping superstructures of molecules is the sphere-to-rod
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transition in cationic micelles. This transition has a remarkable
dependence on the type of surfactant counterion.18-20 The
stabilization of rod-type micellar aggregates has been related to
the formation of ion pairs between the headgroup and the
counterions, which is accompanied by a decrease in the surface
hydration.18-20

Although other classifications have already been presented,
it is possible to classify the ion pairs into two kinds: contact ion
pairs (CIPs) and solvent-separated ion pairs (SSIPs).1-4,21-23

The difference between them is that the SSIPs have at least one
solvent molecule between the ionic counterparts, whereas contact
ion pairs do not. Several methods have been used to characterize
ion pairs, including Raman, fluorescence, NMR, and UV-vis
spectroscopy and ionic conductivity.1-4,21However, distinguish-
ing the ion pairs from their separated counterparts as well as
characterizing the ion pair species as CIPs and SSIPs is not
trivial. New theoretical models have made important contributions
to the understanding of ion pairs in surfaces.22,23Nevertheless,
the experimental characterization of the type of ion pairs present
in interfaces and membrane mimetic systems is still elusive.3,17,19

Micelles and reverse micelles are supramolecular aggregates
that have been widely used to mimic the properties of surfaces
and membranes.6,7,22When one is interested in studying the water
structure or solvation properties close to the interface, reverse
micelles are especially useful. By varying the water to surfactant
molar ratio (w0 ) [water]/[surfactant]), they provide a well-
controlled system to study surface properties, including the
curvature, amount of interfacial water, and charge density.6,16,22

In this work we characterized the formation and the type of
ion pairs between crystal violet (CV) and sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) in isotropic solutions and in
the negatively charged surfaces of AOT reverse micelles (RMs).
The effect of CV on the structure of the AOT RM was studied
by small-angle X-ray scattering (SAXS). The CV localization
in the AOT RM was characterized by using1H and13C NMR
spectroscopy. The ion pair formation in isotropic solvents as
well as in AOT RMs and the effect of the amount of water in
the type of ion pair formed between AOT and CV were studied
by UV-vis spectroscopy. Furthermore, quantum chemical
calculations were performed to help the rationalization of the
results obtained.

The reason for the choice of CV is two-fold. The formation
of CV ion pairs (CIPs and SSIPs) affects its internal structural
symmetry and its electronic energy levels, and therefore, it can
be easily visualized and quantified by UV-vis spectroscopy.24

Consequently, it was possible to visualize the effect that the
amount of interfacial water has on the formation of CIPs and
SSIPs. The second reason for the choice of CV is that it is being
considered as a drug for use in photodynamic therapy.25-27 Its
mechanism of action is related to targeting of the mitochondrial
internal membrane and the photoactivated formation of radicals

and singlet oxygen.25-27These photoactivated chemical reactions
of CV may be affected by the formation of ion pairs.6-8,28

Experimental Section

Materials. CV was recrystallized from methanol. AOT purification
followed previously published procedures.29 Briefly, it was purified
through reflux in methanolic solution with activated coal. The mixture
was filtered and the solvent extracted by vacuum. AOT was dried
and stored in vacuum over phosphorus pentoxide and calcium
chloride. The limiting amounts of water solubilized by AOT were
measured by Karl Fischer titration.30 In a 0.2 mol L-1 AOT solution
in isooctane, the water content was determined to be 1× 10-3 mol
L-1. Chloroform was refluxed and distilled over P2O5. The other
solvents used were spectroscopy grade from Aldrich. Demineralized
water was used throughout (18 MΩ, Milli-Q, Millipore).

Sample Preparation.The AOT RM was prepared in isooctane.
The solutions were translucent and were prepared and used on the
same day. A specific volume of water was added in the solution to
prepare the RM with a defined molar ratio of water to surfactant
(w0). The CV concentration was determined on the basis of the value
of its molar extinction coefficient (0.95× 105 mol-1 L cm-1) in
water.24-26 To obtain an RM solution with a specific CV concentra-
tion, a CV stock solution was prepared in water and a specific volume
of this solution was added to the RM. For the experiments whose
w0 was altered, aliquots of CV aqueous solution, which had the same
CV concentration as in the RM, were added to the micelle solution,
so thatw0 could be altered without changing the CV concentration.
All solutions were agitated for 5 min to achieve a homogeneous
ternary mixture.

UV-Vis Spectrophotometry. The absorbance spectra were
recorded using a Shimadzu UV-2401PC UV-vis spectrophotometer
interfaced to a microcomputer. All experiments were made atT )
25°C. The ion pair equilibrium constants were obtained by calculating
the concentration of associated ([CV-AOT]) and free ([CV]) CV
by the changes in the UV-vis spectra.24 The plot of [CV-AOT]/
[CV] as a function of AOT concentration allows the calculation of
KASSOC. Next,KASSOCas a function ofw0 was obtained by calculating
the values of CV-AOT and CV concentrations at eachw0 value.
In these experiments the AOT concentration was kept constant.∆G
values were calculated directly fromKASSOC (eq 3).

NMR Spectroscopy.Samples in the presence or absence of CV
at low and highw0 were prepared as described above, with the
exception that deuterated water was used to changew0. The organic
phase used was also isooctane. The peak identification of the1H and
13C NMR spectra was based on the previously published AOT
spectra.31,32 NMR spectra were obtained with a Bruker DRX 500
spectrometer operating at 500 MHz.

SAXS. Small-angle X-ray scattering curves were obtained by
using a small-angle setup coupled to a Rigaku-Denki (18 kW) rotating
anode with a line beam transmission geometry and X-ray wavelength
Cu KR radiation (graphite monochromator,λ ) 1.5418 Å). The
scattering intensity was corrected by the solvent contribution, taking
into account the attenuation of the sample.
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The scattering intensity from a set of monodisperse particles with
electron densityF randomly distributed in a medium of electron
densityF0 is given by33-35

whereq ) (4π sinθ)/λ is the scattering vector and 2θ the scattering
angle,γ is a factor related to the instrumental effects,np corresponds
to the particle number density,∆F ) F - F0 is the electron density
contrast between the scattering particle and the medium,V is the
scattering particle volume,P(q) is the normalized particle form factor
(P(0) ) 1), andS(q) is the interparticle interference function. For
systems with small polidispersity (<20%), the deviation corresponds
to a diffuse background scattering36 that is accounted for in the data
treatment.

In the case of noninteracting systems,S(q) f 1, a Fourier transform
connectsI(q) to the pair distance distribution function,p(r), the
probability of finding a pair of small elements at a distancer within
the entire volume of the scattering particle as:33-35

This function provides information about the shape of the scattering
particle as well as its maximum dimension,Dmax, accounted for at
a certainr value wherep(r) goes to zero. For spheres,p(r) is
symmetrical with a maximum value atr ) R, the particle radius
(Dmax ) 2R). Moreover, the particle radius of gyration,Rg, can be
evaluated through:35-38

In particular for spheres,R2 ) (5/3)Rg
2. In this work, we make use

of the indirect Fourier transform process37 developed by O. Glatter
et al. by means of a software package (Generalized GIFT38) to
calculatep(r) from the SAXS curves. Such a procedure takes into
account the smearing effect caused by the incident X-ray line beam
(negligible width).

Quantum Chemical Calculations.Molecular geometries were
calculated by means of the semiempirical PM3 method.39 At first
we calculated the optimized structure of a free CV, constrained to
a D3 symmetry. Next, we calculated the equilibrium location of a
counterion, namely, chloride or AOT, initially positioned 4 Å above
the central carbon in CV. The AOT structure was obtained by means
of a conformational search starting from the two enantiomeric forms
of AOT, obtained by varying the chiral center at the carbon bonded
to the sulfonate group. The lowest energy resulting conformers were
selected and the structures compared with that suggested by
interpretation of 2-D NMR data.40 All stationary points were
confirmed as minima via vibrational frequency calculations.

The polarized split-valence double-ú basis set 6-31G(d) was used
in calculating magnetic shielding constantsσ by the gauge-
independent atomic orbital (GIAO) method. NMR13C and 1H
chemical shiftsδ were obtained by subtracting the calculated magnetic
shielding calculated with reference to tetramethylsilane (TMS).

Because of the high computational expenditure in calculating
UV-vis spectral features by high-level correlated ab initio methods,
organic compounds were studied by the semiempirical ZINDO-CI

method. Furthermore, this method needs no parametrization in
excited-state calculations and is applicable for the main groups of
elements of the periodic table. The geometries of the CV+Cl- and
CV+AOT- ion pairs were separately optimized at the PM3 level,
the chloride and AOT were deleted, and the resulting CV was
submitted to ZINDO-CI molecular orbital calculation. All calculations
were performed using the Gaussian 03 suite of programs on an HP
cluster of AlphaServers at the Laborato´rio de Computac¸ ão Cientı́fica
Avançada (LCCA), Universidade de Sa˜o Paulo.41Three-dimensional
chemical structures were obtained using ArgusLab 4.0.1 software.42

Results

Effect of CV on the AOT RM Structure. There have been
several reports in the literature showing how additives dissolved
in the water core of the AOT RM could modify its structure.36,43

To study the effect of the CV on the structure of the AOT RM,
SAXS experiments were carried out with samples composed of
AOT/isooctane/water atw0 ) 0.9, 10.6, and 20.0 in the absence
and presence of increasing CV concentrations ([CV]) 4.5, 22,
and 150µmol L-1).

SAXS data and analysis of AOT RMs in the presence of 150
µmol L-1 CV atw0 values of 0.9 and 10.6 (identical for the other
CV concentrations) are shown in Figure 1. As can be observed,
the scattering is typical of spherical droplets with core radii (Rc)
of 11.6( 0.6 and 34.0( 1.0 Å atw0 ) 0.9 (Figure 1A) and 10.6
(Figure 1B), respectively. Such values were evaluated from the
maximum dimension valuesDmax (associated with the sphere
diameters) and radii of gyrationRg (eq 6) obtained from the pair
distance distribution functionp(r) curves (insets in Figure 1).
These SAXS curves and, hence, the parameters obtained from
them are identical to those found in AOT RMs without CV (data
not shown) and are equivalent to other published data.36,43Similar
results were observed forw0 ) 20; i.e., the SAXS curves were
identical in the presence and absence of CV. Therefore, the
addition of CV to RMs does not promote any significant change
in their size and shape, and the data presented below can be
analyzed in such terms.

Localization of CV in AOT RMs by NMR. NMR spec-
troscopy has become an important tool to characterize the normal
and RM structure and dynamics.44-46 The structure and state of
the water in AOT RMs were investigated by1H, 23Na, and13C
NMR.47,48 The solubilization of dyes49,50 and ions46 and their
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interactions with micellar structures were also studied by this
technique. The effect of the addition of CV molecules on the1H
and13C chemical shifts of the AOT molecule can be analyzed
considering three effects: (i) ring shift effect, i.e., shielding of
aromatic rings in the surroundings protons and carbons, (ii) effect
of the charge of CV, (iii) changes in AOT headgroup solvation
related to the presence of CV in the interface.51-53

Shown in Table 1 are the absolute (∆ν) and the relative (∆ν/
∆ν0; see below) variations in1H chemical shifts of AOT RMs
observed upon adding CV (see Scheme 1 for the AOT proton/
carbon designation). The absolute variation in the chemical shift
(∆ν) is defined as the chemical shift of a specific AOT proton
or carbon in the presence of CV subtracted from the chemical
shift of the same proton obtained in the absence of CV. The
results show that all protons have significant∆ν values (Table
1 and Scheme 1A). To visualize protons that presented the largest
variations,∆ν values were divided by the∆ν experienced by the
terminal methylene group (∆ν0), i.e.,∆ν/∆ν0. Note that, at low
w0, protons grouped as D have relative variations as high as
500% (∆ν/∆ν0 ) 5.3), protons F around 50-60% (∆ν/∆ν0 )
1.6), and protons C around 30% (∆ν/∆ν0 ) 1.3) (Table 1). The
protons that presented the largest variations (D and F, Table 1)
are the protons nearest to the negatively charged sulfosuccinate

group (SG) of AOT. The protons grouped as C are ca. 6 Å from
the carbon bonded to the sulfonate group. This distance is
equivalent to the distance of the amine-aromatic ring of CV
from its central carbon, suggesting that the central positively
charged group of CV is on average located in close proximity
to SG, and some of its aromatic rings and the amine groups
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Figure 1. (A) Small-angle X-ray scattering data (s) of AOT/
isooctane/water at (A)w0 ) 0.92 and (B) 10.65 in the presence of
150µmol L-1 CV. The SAXS curves of RMs in the absence of CV
are identical and hence not shown here. The insets display the
corresponding distance distribution functions,p(r).

Table 1. Absolute (∆νNMR) and Relative (∆ν/ν0) Change of the
Chemical Shift of 1H NMR of the AOT Reverse Micelles atw0

) 0.1 and 20.0 in the Absence and Presence of CV

w0 ) 0.1 w0 ) 20.0

a, b
∆νNMR

c

(Hz) ∆ν/ν0
d a, b

∆νNMR
c

(Hz) ∆ν/ν0
c

A (1.1) 3.9 1.0 A (1.0) -58.1 1.0
4.0 -51.4
4.0

B (1.3) 3.9 1.0 B (1.2) -52.7 0.9
3.9 1.0
3.9 1.0

C (3.5) 5.3 1.3 C (3.3) -58.8 1.0
5.3 1.3 -75.9 1.3

-73.4 1.3
-69.4 1.2
-64.1 1.1
-69.6 1.2

D (4.2) 12.4 3.2 D (4.1) -85.8 1.5
12.1 3.1 -89.0 1.5
20.7 5.3 -85.9 1.5
20.8 5.3

E (4.4) 2.2 0.6 E (4.3) -60.3 1.0
2.4 0.6 -60.4 1.0
2.7 0.7 -60.3 1.0

-63.5 1.1
-64.8 1.1
-70.5 1.2

F (4.6) 6.1 1.6 F (4.4) -59.1 1.0
6.5 1.7 -59.0 1.0
6.1 1.6 -59.0 1.0
6.1 1.6 -59.0 1.0

a [AOT] ) 0.4 mol L-1, and [CV] ) 4.0 mmol L-1. b The letters
correspond to the protons that present variations inν upon adding CV,
and the values in parentheses represent the actual chemical shift obtained
(ppm). See Scheme 1A for the1H NMR designation.c ∆νNMR ) relative
variation of the chemical shift, with and without CV atw0 ) 0.1 and
20, in Hertz.d ∆ν/ν0 ) percentage of the variation;ν0 is the chemical
shift of the terminal methylene group (A).

Scheme 1. Chemical Structure of the AOT Moleculea

a The letters correspond to the peaks obtained in the spectra of
(A) 1H and (B)13C NMR. Protons and carbons that experienced the
highest shift upon addition of CV are in bold and underlined.
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localize in the AOT side of the interface, interacting with the
protons C and carbons F′ (Scheme 1).

At w0 ) 20, there are large shifts to high field upon addition
of CV (∆ν is negative). The reason the chemical shift is toward
high field atw0 ) 20 is probably related to the release of water
molecules from the RM interface; i.e., water interacts strongly
through hydrogen bonds with the SG of AOT, and breaking the
hydrogen bond network results in high-field shifts.54,55The values
of ∆ν/∆ν0 are smaller compared to those observed at loww0

values (Table 1). However, at thisw0 it is also possible to observe
that protons D and C present the largest∆ν/∆ν0, suggesting that
although the magnitude of the interactions between the CV and
AOT is smaller at thisw0, the CV localization is also in close
proximity to SG.

Similar results were observed in the13C NMR experiments
(Table 2). Note that, by adding CV,∆ν is either negative or
positive (variations toward high or low field, respectively). The
understanding of the sign of∆ν is difficult because it may be
caused by interactions of CV with the AOT carbon atoms or
changes in AOT solvation. By looking at the magnitude of∆ν/
∆ν0, it is possible to observe that the largest variations are in
carbons F′, H′, J′, L′, and M′. As can be observed in Scheme 1,
these carbons are also located in close proximity or are ca. 6 Å
from the SG group, in agreement with the1H NMR results. The
higher effect observed in theâ-chain carbons F′, J′, and M′ when
compared with theR-chain carbons F′, I′, and L′ can be explained
by the fact that theR-chain is more restricted (i.e., rigid) than
theâ-chain, being responsible for the thickness of the hydrophobic
core.40 Thus, it is likely that theâ-chain takes adequate

conformations to fill the grooves among the AOT RMs, resulting
in higher interaction with CV.

At w0 ) 20 the magnitude of the variations observed is lower
than atw0 ) 0.1. However, the carbons that exhibit the largest
variations (F′ and H′) identify the same interfacial region for the
CV localization. Therefore,1H and13C NMR experiments show
that CV is located in the interface of AOT RMs in close proximity
to the SG group at low and highw0 values.

The effect of CV on the1H and13C chemical shifts of AOT
was also investigated using quantum chemical calculations. Since
AOT has a significant size, several conformational degrees of
freedom, and three asymmetric carbon atoms (H′, RF′, andâF′,
resulting in eight possible diastereoisomers), a minimum
theoretical model is proposed to reduce the computational costs,
as follows. The configuration of the chiral centers at carbonsRF′
andâF′ where both set asR and the two resulting enantiomeric
forms of AOT, obtained by varying the configuration of the
asymmetric carbon H′, where submitted to a full conformational
search (molecular mechanics). The lowest energy conformers
were selected and the structures compared with that suggested
by interpretation of13CT1 NMR, 1H NMR, NOESY, and ROESY
data, i.e., the best agreement with the following conditions: the
preferentially stabilized rotational isomer in the RM (Scheme 2),
showing the proximity of protons C of theR andâ chains and
dipole-dipole contact with1HRC and1HâB, 1HâC and1HRB,
and1HâC and1HRA (Scheme 1).40

The resulting single isomer was optimized at the PM3 level,
and the magnetic shielding constants were calculated using the
GIAO method with the HF/6-31G(d) basis set. The obtained
chemical shifts (with reference to TMS) were compared with
those presented in Tables 1 (1H) and 2 (13C), resulting in good
linear correlation coefficients (δH ) 0.073 + 1.03δH,Th, r )
0.95, andδC) 0.346+ 0.99δC,Th, r ) 0.99) (Table 3). Considering
that, in these calculations other AOT, solvent, and water molecules
are absent, we think that the linear correlation coefficients of
0.95 and 0.99 obtained respectively for1H NMR and13C NMR
shifts are good. One must also consider that AOT has 37 hydrogen
atoms and only 20 carbon atoms; therefore, a better correlation
between experimental and theoretical data is expected for carbon
than for hydrogen shifts.

The obtained AOT structure was put together with a CV
constrained to a propeller-like structure (D3 symmetry), with the
negatively charged oxygen of SG being 4 Å away from the
central carbon of CV. The resulting ion pair was submitted to
geometry optimization at the semiempirical PM3 level. Next, to
obtain the lowest energy rotational conformer, the CV counterpart
was submitted to a potential energy scan for the rotation of the
dihedral formed by C10

CV-C2
CV-OAOT-SAOT along thex axis.

The relative energies of 11 rotamers and the optimized structure
of the lowest energy one are depicted in parts A and B of Figure
2, respectively. One should notice in Figure 2B that the aromatic
ring is positioned along theR andâ chains of AOT, close to the
protons C and carbons F′. Although this calculation has been
done for a single molecular complex and not for an RM interface,
the relative positions of CV and AOT in the stabilized complex
are in agreement with the structural hypothesis used to explain
the NMR data.

(54) Novaki, L. P.; Correa, N. M.; Silber, J. J.; El Seoud, O. A.Langmuir2000,
16, 5573.

(55) El Seoud, O. A.; Correa, N. M.; Novaki, L. P.Langmuir2001, 17, 1847.

Table 2. Absolute (∆νNMR) and Relative (∆ν/ν0) Change of the
Chemical Shift of 13C NMR of the AOT Reverse Micelles atw0

) 0.1 and 20 in the Absence and Presence of CV

w0 ) 0.1 w0 ) 20.0

a, b
∆νNMR

c

(Hz) ∆ν/ν0
d a, b

∆νNMR
c

(Hz) ∆ν/ν0
d

A′ (11.2) 3.8 1.0 A′ (10.6) 144.7 1.0
3.1

B′ (14.3) 1.6 0.4 B′ (13.9) 146.3 1.0
2.7 0.7 147.6 1.0

C′ (23.4) 1.1 0.3 C′ (23.0) 144.1 1.0
D′ (23.8) 0.6 0.1 D′ (23.5) 146.7 1.0

0.5 0.1 146.5 1.0
0.5 0.1 142.5 1.0

E′ (29.4) 1.9 0.5 E′ (28.9) 147.8 1.0
0.5 0.1

F′ (33.5) 11.8 3.2 F′ (33.3) 156.0 1.1
G′ (38.2) 2.4 0.6 G′ (38.6) 145.6 1.0

2.8 0.8 144.4 1.0
0.6 0.1

H′ (61.7) 9.8 2.6 H′ (61.7) 152.1 1.1
I′ (67.2) 2.2 0.6 I′ (67.2) 147.2 1.0

147.8
J′ (68.6) -8.8 -2.4 J′ (68.3) 139.7 1.0

139.8
L′ (169.9) -17.5 -4.7 L′ (168.8) 131.5 1.0
M′ (171.7) -5.5 -1.5 M′ (171.4) 148.0 0.9

a [AOT] ) 0.4 mol L-1, and [CV] ) 4.0 mmol L-1. a The letters
correspond to the carbons that present variations inn upon adding CV,
and the values in parentheses represent the actual chemical shift obtained
(ppm). See Scheme 1B for the13C NMR designation.c ∆νNMR ) relative
variation of the chemical shift, with and without CV atw0 ) 0.14 and
20, in Hertz.d ∆ν/ν0 ) percentage of the variation.ν0 is the chemical
shift of the terminal methylene group (A).

Scheme 2. Newman Projection of the Most Stabilized
Rotational Conformer for AOT in the Reverse Micellar

State46
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CV-AOT Ion Pairs. When the structural symmetry of CV
is decreased, especially by the formation of solute-solute
interactions (ion pairs or aggregates), its UV-vis spectrum profile
changes.24 We have previously determined that two spectral
characteristics are modified: there are a splitting in the absorbance
band and a shift in the wavelength of the maximum absorbance
(λmax). We have also demonstrated that the only change
specifically related to the formation of ion pairs is the red shift

in λmax, since a blue shift inλmax takes place upon dimerization
(H-type dimers).24 Usually, ion pair formation is observed in
low dielectric constant solvents and aggregation in water.24 In
all experiments of RMs shown here, there is a large concentration
excess of AOT in comparison with CV, greatly disfavoring the
formation of CV-CV aggregates. Also, the spectral fingerprint
of CV dimers, i.e.,λmax ) 589 nm coupled with large band
splitting, was never observed.24

Typical spectral changes related to the formation of CV ion
pairs in chloroform are shown in Figure 3A. It can be noticed
that by increasing the CV concentration there is an increase of
absorption at 540 nm and a shift in the maximum wavelength
to the red. As has already been mentioned, these changes have
been characterized in detail before, being related to the formation
of CV+Cl- CIPs.24 It is possible to estimate the CIP formation
constant in chloroform as 1× 105 mol-1 L. The formation of
CV+Cl- CIPs is typical in solvents with low dielectric constants
(<5 D), and the equilibrium constant increases with a decrease
in the dielectric constant of the medium.24

Note that, by increasing the AOT concentration in a chloroform
solution with low CV concentration, similar spectral shifts are
observed, i.e., appearance of the shoulder at 540 nm and a red
shift of the maximum absorbance (Figure 3B). Because at this
CV concentration there is an extremely low concentration of
CV+Cl- ion pairs, it can be suggested that the ion pair is formed
between CV and the AOT molecule. To prove this point, the
solubility of CV in isooctane was measured as a function of
AOT concentration (Figure 4A). It is possible to observe that the
CV solubility increases with an increase in the AOT concentration,

Table 3. Comparison between Theoretical and Observed
Chemical Shifts (δ) for AOT

δH

(ppm)
δH,Th a

(ppm) 1Hb
δC

(ppm)
δC,Th a

(ppm) 13Cb

4.60 4.01 F 61.70 58.99 H′
4.20 4.22 D 38.20 32.22 G′
4.40 4.11 E 171.70 176.13 M′
4.40 4.40 E 169.90 171.76 L′
1.30 1.76 B 68.60 55.63 J′
1.07 0.92 A 67.20 59.65 I′
1.30 1.00 B 33.50 32.05 F′
1.30 1.15 B 33.50 33.01 F′
1.30 1.86 B 29.40 27.89 E′
1.30 1.87 B 11.20 9.83 A′
1.07 0.82 A 23.80 25.84 D′
1.30 0.73 B 23.40 25.99 C′
1.30 1.70 B 14.30 18.43 B′
1.30 1.17 B 29.40 17.06 E′
1.07 0.91 A 11.20 8.09 A′
1.07 0.93 A 23.80 26.49 D′
3.50 2.85 C 23.40 30.20 C′
3.50 2.34 C 14.30 24.92 B′

11.20 16.76 A′
11.20 18.30 A′

r 0.94945 r 0.99123

a GIAO/6-31G(d)/PM3 with reference to TMS (HF/6-31G(d), shield-
ing (1H) 32.5976, (13C) 199.9853).b See Scheme 1.

Figure 2. (A) Relative energy of 11 rotamers of the CV-AOT ion
pair obtained by varying the CCV-CCV-OAOT-SAOT dihedral angle
along thexaxis, calculated at the PM3 level. (B) Front and up views
of the PM3-optimized lowest energy CV-AOT ion pair rotamer.
One should notice the position of CV’s aromatic ring close to the
R and â chains of AOT. All hydrogen atoms were removed for
clarity.

Figure 3. (A) Absorbance spectra of CV at increasing dye
concentration in chloroform. From (a) to (b) [CV] (µmol L-1) ) 0.3,
0.9, 1.5, 2.1, 3.4, 4.0, 4.9, 6.1, 7.4, 8.6, 13.1, 16.7, 20.4, 37.3, 49.3,
72.8, 108.7, 178.1, 636.3, and 900.1. (B) Absorbance spectra of CV
at increasing AOT concentration in chloroform. From (a) to (b)
[AOT] ) 100µmol L-1, 1 mmol L-1, 7 mmol L-1, 10 mmol L-1,
50 mmol L-1, 70 mmol L-1, and 100 mmol L-1 and [CV] ) 1.2
µmol L-1.
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demonstrating that AOT and CV must form a neutral CIP
complex, being soluble in the nonpolar solvent. Using the
variations in the absorbance spectra as a function of AOT
concentration, the association equilibrium constants (KASSOC)
were calculated (eqs 1 and 2) as 750 mol-1 L in chloroform and
2 × 104 mol-1 L in isooctane (parts B and C of Figure 4,
respectively). As expected,KASSOC increases as the solvent
dielectric constant decreases.

The electronic spectrum of CV changes substantially as a
function of w0 in AOT RMs (Figure 5). The largeλmax value

(λmax ≈ 608 nm) (Figure 5A) observed at loww0 is the
spectroscopic fingerprint characteristic of CV ion pairs.24 This
λmax is larger than theλmax of CV in trichloroethylene, where
CV+Cl- CIPs are efficiently formed,24 indicating that CV CIPs
are formed in AOT RMs at loww0 values. Considering that the
AOT and chloride concentrations are, respectively, 0.2 and 1×
10-5 mol L-1, the ion pair in the AOT RM must be mainly
formed with the AOT headgroup.

It is also observed in Figure 5 that with an increase inw0, λmax

of CV decreases, i.e., indicating that the initially formed CIP is
somehow absent with an increase inw0. At w0 values larger than
∼20 the values ofλmax are constant at∼598 nm (Figure 5B).
This λmax is larger than that of free CV in water, which is 590
nm (Figure 5B), and it is lower than theλmaxof CV CIPs (typically,
λmaxg 601 nm). Considering that the water concentration in the
interfacial region of the AOT RM is around 32 mol L-1 at w0

) 40,56 there is enough water to solvate the AOT headgroups
and the CV molecules, and therefore, the ion pair formed in this
condition, which has aλmax of 598 nm, must be the SSIP and
not the CIP. This conclusion is in accordance with the NMR
data, which show that CV stays in the vicinity of the interface
even at largew0 values. An alternative explanation for the large
λmax of CV (much larger than the value ofλmax of CV in water)
observed at highw0 values would be the solvatochromic effect

(56) Srilakshmi, G. V.; Chaudhuri, A.Chem.sEur. J. 2000, 6, 2847.

Figure 4. (A) Solubility of CV in isooctane. (B, C) Ratio of associated
and free CV molecules in (B) isooctane and (C) chloroform as a
function of the AOT concentration.

Figure 5. (A) Absorption spectra of CV in AOT RMs at increasing
w0 from (a) to (b): w0 ) 0.7, 1.1, 1.5, 1.6, 2.0, 2.4, 2.5, 3.4, 4.3,
5.2, 6.0, 7.0, 8.2, 10.0, 12.0, 13.4, 14.2, 15.0, 16.7, 21.4, 25.3, and
40.0. (B)λmax of CV in AOT RMs as a function ofw0. [AOT] )
0.2 mol L-1, and [CV] ) 5.9 µmol L-1. For comparisonλmax in
water is also shown. A break in they axis between 591 and 598 nm
was inserted for clarity.
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because the polarity of the interfacial region of the AOT RM is
smaller than the polarity of water. However, this explanation
does not proceed because, by decreasing the polarity of the
medium, there is a decrease and not an increase in the value of
λmax of CV (λmax in water is 590 nm and in ethanol 588 nm).

As mentioned earlier, the symmetry of CV is lowered as a
consequence of contact ion pair formation. It has been shown
that the solvation of CV by alcohols involves a change from a
high-energyD3 symmetry isomer (propeller-like structure) to a
lower energy pyramidal isomer (C3 symmetry).57 Here we have
investigated the effect of chloride and AOT on the maximum
absorption wavelength,λmax, of CV using a ZINDO-CI molecular
orbital calculation based on PM3-optimized structures of CV,
AOT, CV+AOT-, CV+Cl- and CV+AOT- CIPs, and (CV+)-
(H2O)(AOT-) SSIPs. As can be seen in Figure 6, in the absence
of a counterion, CV assumesD3 symmetry and aλmax ) 434.7
nm is observed, resulting from the HOMO-LUMO transition
(singlet, 72f 73, oscillator strength (f) 0.903). CV+Cl- hasC3

symmetry and aλmax ) 592.4 nm (HOMO-LUMO singlet, 72
f 73,f ) 0.503). The CV+AOT- ion pair hasC1 symmetry and
a calculatedλmax ) 599.3 nm ((HOMO- 1)-LUMO singlet,
71f 73,f ) 0.378); therefore, this low-symmetry pair is further
shifted to the red (ca. 7 nm), which is in accordance with the
large value ofλmax observed in CV-AOT solutions in hexane
and in AOT RMs. It is interesting to observe that theλmaxof the
SSIP ((CV+)(H2O)(AOT-)) is shifted to the blue in comparison
with the CV-AOT CIP, with aλmax of 596.4 nm ((HOMO-
1)-LUMO 71 f 73, f ) 0.495). This is in agreement with the
shift to the blue observed in theλmax of CV in AOT RMs upon
increasing the amount of water.

From these results, one can infer that the presence of both
chloride and AOT as counterions of CV causes a decrease in its
symmetry, which results in bathochromic shifts inλmax. The
reverse effect is observed when a water molecule is present
between the ionic counterparts, i.e., a blue shift in comparison

with the λmax of CV CIPs. These results corroborate the
interpretation that in AOT RMs at low and highw0 values CV-
AOT CIPs and SSIPs are, respectively, the major species present.

Discussion

The SAXS results show that the RM morphology is practically
unaltered in the presence of CV. We shall infer that in the
concentration range tested there is no kind of cooperative effect
that could disturb a perceptible amount of RM interfaces.36,43

The NMR data show the interfacial localization of CV in
close proximity to the SG group of AOT at low and highw0

values. The interfacial localization of other positively charged
molecules in AOT RMs had already been reported.59,60 It has
also been predicted in simulations by solvation dynamics in the
water pool of AOT RMs at increasing values ofw0.61

The UV-vis spectroscopy data show that CV forms ion pairs
with AOT in isotropic solution as well as in AOT RMs. The
association constant between CV and AOT decreases with an
increase in the solution dielectric constant, in analogy to other
systems.24,62-65In AOT RMs, at loww0 values CIPs were present
and at highw0 values SSIPs were present. The CV localization
and ion pair formation were also confirmed by quantum chemical
calculations.

As water is added to the RM and starts to hydrate the interface,
it decreases the affinity between the SG group and CV. With an
increase inw0, there is a decrease in the concentration of CIPs
while the SSIPs seem to be stable tow0 values as large as∼30.

(57) Maruyama, Y.; Ishikawa, M.; Satozono, H.J. Am. Chem. Soc.1996, 119,
6257.

(58) Wittouck, N.; Negri, R. M.; Ameloot, M.; Deschryver, F. C.J. Am. Chem.
Soc.1994, 116, 10601.

(59) Raju, B. B.; Costa, S. M. B.J. Phys. Chem. B1999, 103, 4309.
(60) Liu, D.; Ma, J.; Cheng, H.; Zhao, Z.Colloid Polym. Sci.1998, 276, 610.
(61) Faeder, J.; Ladanyi, B. M.J. Phys. Chem. B2005, 109, 6732.
(62) Matsumoto, H.; Yamamoto, R.; Tanioka, A.J. Phys. Chem. B2005, 109,

14130.
(63) Fernandez, I.; Martinez-Viviente, E.; Pregosin, P. S.Inorg. Chem.2004,

44, 5509.
(64) Cembram, A.; Bernardi, F.; Olivucci, M.; Garavelli, M.Proc. Natl. Acad.

Sci. U.S.A.2005, 102, 6255.
(65) Korppi-Tommola, J.; Yip, R. W.Can. J. Chem.1981, 59, 191.

Figure 6. CV+, CV+Cl-, (CV+)(H2O)(AOT-), and CV+AOT- optimized structures at the semiempirical PM3 level. Point groups and
maximum absorption wavelengths (ZINDO-CI) are also shown. The calculated oscillator strength is shown in parentheses.
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However, a question remains: is there a clear-cut water
concentration in which the ion pairs change from CIPs to SSIPs
in the AOT surface?

The ratio between the Gibbs free energy of the CIP association
and the thermal energy atT ) 25 °C as a function ofw0 is
presented in Figure 7. It is clear that, with an increase inw0, there
is a sharp decrease in-∆G/RTat low w0 values (w0 close to 1)
whereas, for largerw0 values,-∆G/RTdecreases slightly. This
analysis suggests that there are major changes in the CV-AOT
interactions when the first water molecules are added to the
system. Note that, atw0 ) 5, i.e., there are five water molecules
per AOT headgroup, the water solvation is enough to weaken
the interactions between the ion pairs to a value equivalent to
the thermal energy. Therefore, water is indeed very efficient in
dissociating CV CIPs in AOT surfaces. Although the CIPs are
easily broken, CV molecules stay in the vicinity of the AOT
headgroups, forming SSIPs even at large water concentrations,
which is in agreement with the low values of the ionic dissociation
degree (R).47,56

The water inside an AOT RM can be well represented by three
water populations:16 trapped water molecules, localized up to 1
Å from the AOT interface, an intermediate layer of bound water,
localized from 3 to 6 Å from the AOT interface, and the free or
bulk water, localized at least 6 Å away from the AOT interface.
Faeder and Ladanyi were able to distinguish the type of Na+AOT-

ion pairs formed in the AOT interface as a function ofw0. They
calculated that, atw0 ) 1, 80% of the ion pairs are CIPs and,
at w0 ) 10, only 25% are still CIPs. Continuing these studies,

Faeder et al. were able to show that K+, because of its larger size
compared with Na+, is able to pack more efficiently in the RM
interface and form a larger percentage of CIPs at loww0values.22,66

Therefore, molecular simulation calculations show that, with an
increase in the value ofw0, there is a decrease in the amount of
CIPs giving place to the formation of SSIPs in AOT RMs. Similar
results were obtained by Chorny and co-workers, who found
that, in the presence of surfaces, SSIPs are more stable than
CIPs.23 In Monte Carlo simulations of NaI ion pairs in water
clusters, Peslherbe and co-workers observed that while CIPs are
present at small water/NaI molar ratios as low as 5, SSIPs are
stable in water clusters at ratios as large as 50.67

Our experimental and quantum chemical calculation results
are in agreement with those of the theoretical works cited above,
indicating that ion pairs are mostly SSIPs in surfaces or interfaces
at conditions in which the amount of water is larger than around
five water molecules per charged surface group. It is important
to notice that this condition includes all the surfactant aqueous
solutions, oil-in-water microemulsions as well as water-in-oil
microemulsions withw0 larger than 5.

The formation of ion pairs is an important factor to define the
structure and shape of supramolecular aggregates of amphiphile
agents.12,18-20 Geng and coauthors have precisely measured that
in the vicinity of the sphere-to-rod transition of a gemini
amphiphile solution there is a substantial increase in the surface
counterion concentration (from 2.3 to 3.6 mol‚L-1) and a
substantial decrease in the surface water concentration (from 35
to 17 mol‚L-1). On the basis of this and other data, they have
proposed a new model for the balance of forces controlling
morphological changes in colloids in which the aggregate
morphology depends on the balance of the hydrophobic effect
and hydration and ion pair formation. Formation of ion pairs and
release of water allow tighter packing and the formation of
cylindrical aggregates.67On the basis of our results, we conclude
that the ion pairs formed in such conditions are SSIPs.
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Figure 7. Gibbs free energy divided by the thermal energy atT )
25 °C (RT ) 2 kJ mol-1) as a function ofw0.
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