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A Luminescence Quenching Study on the Localization Problem of Ru(bpy),2* in

Micelles and Hemimicelles
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Quenching studies on the luminescence emission of Ru(bpy);>* with ferrocyanide ion, 9-methylanthracene, and doxylstearic
acids have been carried out in hemimicellar and micellar aggregates to gain insight into the location of this Raman and
luminescence probe. Ru(bpy),** is bound to a more noapolar hemimicellar hydrophobic region as evidenced from the observed
larger Stokes shift in this case than in the case of a micellar environment. Stern—Volmer constants for the doxylstearic acid
quenching of Ru(bpy),** luminescence in micelles indicated that the optical electron in the MLCT state of the probe molecule
resides in a bipyridyl ring which appears to be close to position 7 of the stearic acid chain.

Introduction

Determination of the exact location of probe molecules in or-
ganized assemblies is essential in interpreting the results of
spectroscopic studies with those probes. Spectroscopic methods
(luminescence, ESR, etc.) using probes have been applied in
understanding the interior structure and dynamics of micelles,
vesicles, microemulsions, etc.;! a variety of tailor-made probes,
chiefly of aromatic hydrocarbon types and their derivatives,? are
successfully employed for this purpose.

In a recent study we reported the use of Ru(bpy),?* (bpy =
2,2"-bipyridyl) as a Raman® and luminescence* probe to study the
structure and evolution of anionic surfactant aggregates in solution
and in the adsorbed state on solids. (These aggregates are referred
to as hemimicelles or more appropriately by the generic term
solloid *® Shifts in frequencies and enhancement in intensities
of the excited-state Raman spectra of Ru(bpy);?* in sodium
dodecyl sulfate (SDS) micelles and ALO,;/SDS hemimicelles were
remarkable responding to the general course of the aggregation
process.

Ru(bpy);** has been the focus of many studies owing to its
projected potential in solar energy conversion.® A few studies
address the problem of localization of Ru(bpy),?* in micellar
solutions: Meisel et al.® inferred that Ru(bpy),2* in SDS micelles
is embedded in a highly negatively charged microenvironment;
Warr and Grieser’ observed that the alkylbipyridy! derivatives
of Ru(bpy),?* are effectively quenched in SDS micelles only if
the alkyl chain length is 12 carbon atoms or fewer; Colaneri et
al® studied the ESR spectra of alkylviologen monocation radical
formed by the quenching of Ru(bpy);?* and inferred that the
binding site of the ruthenium complex at the micellar interface
depends on the alkyl chain length of the viologen and ruthenium
complex. Another study® indicated that Ru(bpy);2* is less hy-
drated in SDS micelles than in water.

It is, thus, generally recognized that both electrostatic and
hydrophobic factors play a role in deciding the binding site of
Ru(bpy);** in SDS micelles. This study seeks answers to the
question of the location of this probe in micelles with a special
reference to the nature of its excited state in a micellar environment
and to throw light into this problem in the context of hemimicelles.
We employ the luminescence quenching method for this purpose
with a variety of quenchers. The quencher molecules chosen were
potassium ferrocyanide, 9-methylanthracene, and a series of
isomeric doxylstearic acids.

Experimental Section

Sodium dodecy! sulfate (SDS) was obtained from Biorad
Lal?oratories, 9-methylanthracene (9-MA) and tris(2.2’-bi-
pyridyl)ruthenium(ll) chioride were obtained from Alfa Products,
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and 5-, 7-, 12-, and 16-monosubstituted isomeric doxylstearic acids
(5-D, 7-D, 12-D, and 16-D) were from Molecular Probes. Linde
A alumina (particle size 0.3 um; surface area 15 m?/g) from Union
Carbide was the substrate. All of these materials were used
without further purification. Aqueous samples were prepared in
triply distilled water.

The adsorption samples were prepared by shaking alumina
preconditioned in water at a pH of 6.5 and a NaCl concentration
of 0.1 M with an appropriate SDS solution as described earlier.!
The integrity of the isotherm was checked by tracing the ad-
sorption isotherm in the presence of 5.3 X 10~ M Ru(bpy);**.
For quenching studies with ferrocyanide, fresh solutions of po-
tassium ferrocyanide werc prepared and mixed thoroughly with
SDS micellar solution or Al;0;/SDS hemimicellar slurry im-
mediately before the luminescence measurements. Stock meth-
anolic solutions of 9-MA (for micelles and hemimicelles) and
doxylstearic acids (for micelles) were used as quenchers; the
methanol content of the samples did not exceed more than 1%
of the total volume. In this concentration level, methanol does
not have any serious interference with the micellar’ and hemi-
micellar'! properties.

Emission and excitation spectra of Ru(bpy);?* in different cases
were recorded with a SPEX FLUOROLOG spectrofluorometer
at an excitation wavelength of 450 nm for the emission studies
and at an emission wavelength of 638 and 678 nm for the exci-
tation studies. The residual concentration of Ru(bpy);?* in the
supernatant was determined by measuring its absorption at 450
nm using a Beckman UV /vis spectrophotometer.

Results and Discussion

Figure 1 shows the adsorption isotherm of SDS on alumina in
the presence and absence of Ru(bpy);**. (The method of ana-
lyzing the adsorption samples for the residual surfactant con-
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Figure 1. Adsorption isotherm of sodium dodecyl sulfate on alumina with

and without Ru(bpy);**; pH = 6.5, [NaCl] = 10"' M, and [Ru(bpy),>*]
=53 % 10 M. (I, II, 111, and 1V are the different regions.)
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Figure 2. Emission spectra of Ru(bpy),?* in water (A), SDS micelles
(B). and Al,0,/SDS hemimicelles (C); [NaCl] = 10" M and [Ru-
(bpy);**) = 5.3 X 10 M; [SDS} = 10°2 M in micelles; excitation
wavelength = 450 nm. The intensities are normalized at the emission
maxima of the samples.

centration is detailed elsewhere.!®) The isotherm is not perturbed
by the presence of the probe in the level used by us. This isotherm
is characteristic of the adsorption of an anionic surfactant on oxide
minerals, and the significance of inflections (regions I, I1. 11, and
IV) in it has been interpreted earlier.’* Hemimicellization
(surfactant aggregation on the solid) occurs at the first sharply
increasing point (transition between [ and 1) of the isotherm, and
the continued surfactant adsorption takes place up to region IV,
which marks the onset of micellization in the bulk of aqueous
phase. Different points in these regions were chosen for the
quenching studies with ferrocyanide and 9-MA.

Figure 2 shows the emission spectra of Ru(bpy),2* in water,
SDS micelles ([SDS] = 1072 M), and Al,0,/SDS hemimicelles
in region I11. (In region {V, the probe partitions between micelles
and hemimicelles.) The emission intensities are normalized at
their maximum in each case. In fact, the emission intensity in
the micellar case at its maximum was ~35% more than the
aqueous case. It may be seen that the emission maxima and the
spectra themselves shift to longer wavelengths in micelles and
hemimicelles. The emission maxima in water, micelles, and
hemimicelles are 626, 638, and 644 nm, respectively. It may be
noted that the emission maxima reported in some of the earlier
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Figure 3. Excitation spectra (uncorrected) or Ru(bpy);?* in sodium
dodecyl sulfate micelles at emission wavelengths of 638 nm () and 678
nm (—); [Ru(bpy),**] = 5.3 X 107 M; [SDS] = 102 M, [NaCl) = 10
M.

studies® in water and micelles were ~ 10 nm blue-shifted, probably
due to differences in the correction factors applied. However, the
nature of Ru(bpy);** emission in hemimicelles is reported in detail
for the first time.

One interesting aspect of the shifts in the maximum of the above
spectra is that the probe senses a relatively more nonpolar en-
vironment in hemimicelles than in micelles. That a red shift in
the emission maximum of the phosphorescent triplet state of the
metal-ligand charge-transfer (MLCT, d transition) band of
Ru(bpy);?* indicates a nonpolar environment is documented
earlier.® Note that the micropolarities estimated earlier with
pyrene, based on changes in the intensities of the vibrational fine
structures (/, and [,) in micelles and hemimicelles, yielded almost
the same values.'® This suggests the potential of Ru(bpy),2* as
a reliable probe to monitor the changes in hemimicellar polarity.

We also performed experiments to determine the direct ad-
sorption of Ru(bpy);?* on alumina {rom aqueous solution at
different surface charges. The test samples were prepared at
different pH values ranging from 4 to 10. The point of zero charge
of the mineral falls around a pH value of ~8.5.'2 The observation
that the probe did not adsorb directly on alumina even at negative
¢ potentials indicates the importance of hydrophobic factors in
its binding to hemimicelles also. The hemimicellar region chosen
in the present study corresponded to negative ¢ potential at the
interface. One of our recent studies* had clearly shown that the
binding of Ru(bpy);2* in hemimicelles takes place only after the
aggregation process on the surface reaches somewhere around
midway in region [l (Figure 1). This observation has been con-
sidered to be supportive of the adsorption of some of the surfactant
molecules in a reverse orientation on the already formed aggre-
gates. This results in the development of negative charge on the
aggregates, permitting the binding of the positively charged probe.
It may be argued that the probe senses a more nonpolar envi-
ronment in hemimicelles than in micelles, owing to the strong
hydrophobic interaction among the tail groups of the surfactant
molecules. High microviscosities in the hemimicelles as reported
by us earlier also corroborate this observation.'’

A further look at Figure 2 shows that the shifted emission
spectra in micellar and hemimicellar cases exhibit a broad shoulder
at ~678 nm. Such a distortion may be considered as a mani-
festation of the immobilization of the probe in surfactant ag-
gregates. To test the possibility of more than one type of bound
species being present in the above cases, the excitation spectra
of Ru(bpy);’* were recorded at the emission maximum in each
case and at 678 nm. The excitation spectra (uncorrected) in these
cases did not show any significant difference. The excitation
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Figure 4. Stern-Voimer plot for the quenching of Ru(bpy),** by ferro-
cyanide in (O) water, (a) SDS micelles, and (0) Al,0,/SDS hemimi-
celles; [NaCl] = 10~ and [Ru(bpy);2*] = 5.3 x 10~ M; [SDS] = 1072
M in micelies.

spectra are shown in Figure 3 for the micellar case. Even though
the shoulder at 678 nm is more prominent in hemimicelles than
in micelles, it does not suggest that Ru(bpy),?* is more strongly
bound to hemimicelles than to micelles; in fact, at higher surfactant
concentrations in the bulk, Ru(bpy),?* prefers to remain in the
micellar phase than in the hemimicellar phase.*

It is possible that the probe, a positively charged species, may
be bound to SDS micelles or to Al,0,/SDS hemimicelles as a
counterion in the electric double tayer. If it were so, the excited
state of Ru(bpy),** may be quenched by anionic ions like fer-
rocyanide. Protection from ferrocyanide quenching of the lu-
minescence of ruthenium polypyridyl complexes in the bound state
on DNA has been reported.'  Figure 4 shows the Stern-Volmer
plots for the quenching of Ru(bpy);2* by ferrocyanide in water,
micelles, and hemimicelles. The Stern-Volmer constant for the
ferrocyanide quenching in aerated aqueous 10~ M NaCl solution
is 7.4 X 10° dm® mol™'. While efficient quenching was observed
in aqueous solution, practically no quenching was observed in the
micellar and hemimicellar cases. This reinforces the earlier
suggestion that both the electrostatic and hydrophobic factors are
important in the binding of this probe. It is interesting to note
that the probe is embedded within the surfactant aggregates in
the hemimicellar case as well. However, it may be argued that
lack of ferrocyanide quenching alone cannot be taken as proof
to conclude that the probe is not surface bound since the negatively
charged quencher may be strongly repelled by the negative micelle
surface. But, other evidences to follow tend to suggest that hy-
drophobic factors also have a decisive role in holding the probe
in the aggregates. It was mentioned earlier that the probe did
not adsorb directly on alumina even at negative { potentials.

Ru(bpy);**/9-MA is a donor—quencher pair demonstrated to
be eminently suitable for determining the aggregation number
of anionic surfactants in micellar solutions.!> Though the same
quenching method may not be successfully applied to determine
the aggregation number of hemimicelles, the relative quenching
efficiency can help test the location of Ru(bpy),** in the hem-
imicellar aggregates. The location of aromatic hydrocarbons like
pyrene and dinaphthylpropane in the hemimicellar case has been
conjectured to be in its hydrophobic region.!® The same argument
may be extended to fix the position of 9-MA in hemimicelles. In
a typical set of experiments, the probe and the quencher were
incorporated in the hemimicellar aggregates at a fixed probe level
of 2 X 10~* M and varying quencher levels of 104105 M at an
adsorption density of ~107!! mol cm™2 of SDS on alumina under
the adsorption conditions described earlier.

The log (/1) vs [quencher] plot yielded linearity for the
hemimicellar case. The fluorescence intensity of 9-MA (/39 pm)
was determined in each adsorption sample to ensure that the
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Figure 5. Stern-Volmer plot for the nitroxide quenching of Ru(bpy),**
by doxylstearic acids in aqueous solution; [NaCl] = 10" M and [Ru-
(bpy);¥*] = 5.3 X 107° M; [SDS] = 102 M
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Figure 6. Stern—Volmer plot for the nitroxide quenching of Ru(bpy),**
by doxylstearic acids in SDS micelles; [NaCl) = 10" M, {Ru(bpy),**]
=4 X 10°M, and [SDS] = 102 M. At low concentration levels, there
was a great degree of scatter in the experimental data for the quenching
efficiency of all the four quenchers (not shown in the graph).

quencher is solubilized in the hemimicelles. The logarithmic
dependence of the ratio of the luminescence intensities with
quencher concentration is characteristic of the statistical distri-
bution of the probe and the quencher molecules in hemimicelles.
The ratio of luminescence intensities (//1y) with and without the
quencher Q is related to the surface aggregate concentration M
as

/1, = expl-[Q]/M}}

Here, the normal Stern—Volmer relation is no more valid. These
results may be taken as a direct evidence to infer that the probe
Ru(bpy);?* in hemimicellar aggregates also resides in the hy-
drophobic regiton. Attempts to calculate the aggregation number
of hemimicelles from the Ru(bpy);2*/9-MA quenching data re-
sulted in its gross underestimation compared to the numbers
reported from fluorescence lifetime studies with pyrene.'® The
aggregation number determined with Ru(bpy),**/9-MA was
about 10-20, which is less by an order of magnitude than the
solution case. Perhaps the assumptions concerning static
quenching may not be fully applicable in the hemimicellar case;
i.e., the rate constants for quenching and decay of luminescence
of Ru(bpy);2* in micelles may be of comparable magnitude.

Another aspect of the localization problem of Ru(bpy);** in
micelles that is of consequence to the nature of its excited state
is directed toward the distribution of excitation energy in the
bipyridine rings. Insight into this may be obtained from quenching
studies using fixed quencher centers on molecules similar to the
surfactant itself. A number of isomeric doxylstearic acids (5-D,
7-D, 12-D, and 16-D) were chosen for this purpose. Such mol-
ecules can form mixed micelles with the surfactant. The quenching
properties of these nitroxides were studied in aqueous and SDS
micellar solutions: Figures 5 and 6 show the Stern—Volmer plots
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Figure 7. Visualization of doxylstearic acid molecule and Ru(bpy),** in
water. Note that the actual molecules contain only one doxyl group as
substituent.

for the aqueous and micellar cases, respectively. The quenching
behavior of these molecules in homogeneous solution itself seems
to be interesting (Figure 5). The Stern-Volmer constants for 5-D,
7-D, 12-D, and 16-D cases in the aqueous case were 2.3 X 104,
1.4 X 104, 3.9 X 10% and 2.7 X 10° (+5%) dm? mol™' s, The
quenching efficiency in solution follows the order

5-D>17-D>16-D > 12-D

Such a sequence may be understandable by considering the
probability for the close proximity between the positively charged
probe and the carboxylic acid group (as is known in the case of
methylviologen/poly(acrylic acid) system'®) and the probability
of folding of the long hydrocarbon chain. This may be visualized
as shown in Figure 7. The bending of the hydrocarbon chain
explains the reversal in the sequence of quenching efficiencies of
12-D and 16-D doxylstearic acids.

Quenching of Ru(bpy),** by doxylstearic acids in SDS micelles
(Figure 6) shows the order

7-D > 5-D > 16-D > 12-D

The Stern-Volmer constants for the above sequence are 3.1 X
10%, 2.3 X 10%, 1.6 X 10%, and 1.4 X 10° (£5%) dm3 mol™!' 5!,
the slope being calculated from the tangents of individual curves.
Although the quenching efficiency of the different nitroxides is
different, saturation is reached at about the same quencher
concentration in all the cases. Here also a reversal in the
quenching efficiencies of 12-D and 16-D is observed, probably
due to the same reasons noted earlier. In addition, there is a
reversal in the quenching efficiencies of 5-D and 7-D. Such a
sequence points to the closeness of the excited state of Ru(bpy),**
to the nitroxide group of the quencher molecule. A static rather
than dynamic picture of the donor and quencher molecules in the
aggregates is assumed to be valid in the interpretation of the
quenching results. Even though the dynamic nature of the sur-
factants (both SDS and nitroxide quencher molecules) and the
probe is associated with a definite micellar exit/entry ratio, this
ratio may remain more or less the same for the quenching scenarios
in the individual SDS/Ru(bpy),?*/doxylstearic acid cases. In
other words, the quenching rate constants should indicate a mean
position between the excitation center in the probe and the ni-
troxide center of the quencher on a time-averaged basis. This
leads us to the question of distribution of the excitation energy
in the pyridine ring subsequent to the formation of the MLCT
state.

The luminescent state of Ru(bpy),?* has been a subject of much
controversy. Though various studies support models in which the
optical electron is delocalized'? or localized'® in bipyridine rings,
time-resolved resonance Raman'® and picosecond luminescence'®
studies are in favor of a localization model. The localization model
means that the optical electron in the charge-transfer state is
strongly localized in a single ligand rather than distributed in all
the three ligands equally. Quenching by nitroxide radical is shown
to be predominated by the electron-exchange-induced intersystem
crossing and/or vibrational deactivation mechanisms.? The
former mechanism necessitates in complex formation between the
excited state and the nitroxide doublet prior to quenching. The
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Figure 8. Visualization of the location of Ru(bpy),?* in AL,O,/SDS
hemimicellar aggregate. The probe is incorporated in the hemimicelle
after some of the surfactant molecules adsorb with a reverse orientation.
(The molecular structures are not drawn to scale.)

Figure 9. Visualization of Ru(bpy),** and doxylstearic acid in SDS
micelles. The MLCT state of the probe is assumed to be localized in the
bipyridine ring that is close to position 7 of doxylstearic acid quencher.
(The molecular structures are not drawn to scale.)

close proximity of the excited state with the quenching group would
determine the ease of such a complex formation. [In fact, an
interaction distance of 4-6 A is estimated to be necessary to attain
diffusion-controlled quenching rates.2!  The quenching results
described above imply that the excitation center in Ru(bpy);?*
is close to position 7 of the alkyl chain of the stearic acid. A
situation like this can be envisaged if a distorted ruthenium
complex is assumed to be formed in the bound state such that a
bipyridine ring “sees” position 7 of stearic acid closely. Evidently,
this bipyridine ring of Ru(bpy),** would be farther away from
the negative micellar surface, and the localization of the negative
electron must be strongly favored. It is debatable whether position
7 of stearic acid is the point of closest approach to the bipyridyl
ring localizing the excited electron in the MLCT state of Ru-
(bpy);?*, since we could not test the quenching efficiencies with
other isomers with doxyl substituents between positions 8 and 11.
However, the bimolecular quenching rate constant calculated for
7-D, assuming the luminescence lifetime value for Ru(bpy);** in
acrated solutions, approached diffusion-controlled limiting values.
This suggests that the position 7 may be close to the excitation
center in the ruthenium complex. Such an argument is also in
line with recently published results® from our laboratories in which
we observed enhancement in intensity and shifts in frequencies
of the excited-state resonance Raman spectrum of Ru(bpy),**
in SDS micelles relative 10 its aqueous spectra. [t is believed that
the changes in the total symmetry properties of the Ru(bpy),?*
molecule, rather than the differences in the micropolarity and
microviscosity of the medium, play a role in the observed spectral
changes. The distorted bipyridine suggested in this case may also
be like an earlier model proposed by Krenske et al.2? for Ru-
(bpy);* adsorption onto clay membranes where one of the pyridine
rings of the bipyridine ring is assumed to be in a twisted state
owing to the free rotation of the C-C bond joining the pyridine
rings. The location of the probe in the hemimicelles and micelles
may be represented as in Figures 8 and 9.
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In conclusion, while attempting to expose the location of the
probe, Ru(bpy),*, in micellar and hemimicellar environments,
our study has provided useful insights into the problem of
localization of excitation energy itself. In general, the bound probe
molecule resides within the surfactant aggregates rather than as
counterions, in both micellar and hemimicellar cases.
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