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ABSTRACT: The effect of solvent polarity and micellar
headgroup on a newly designed imidazolium based ionic liquid
(IL) conjugated with naphthalene, 1,2-dimethyl-3-((6-
(octyloxy)naphthalen-2-yl)methyl)-1H-imidazol-3-ium chlor-
ide (IN-O8-Cl), was studied using steady state and time-
resolved fluorescence techniques. We observed that the dipole
moment in the excited state is remarkably higher than the
ground state. The effect of micellar surface charge on the
photophysics of IN-O8-Cl in aqueous phase at room
temperature was investigated. Formation of premicellar
aggregates in sodium dodecylsulfate (SDS) was perceived;
further the microenvironment of IN-O8-Cl was examined

POST MICELLAR CONCENTRATION
SDS/CTAB/TX-100

ELECTROSTATIC INTERACTIONS HYDROPHOBIC INTERACTIONS

using steady-state fluorescence spectroscopy. Micropolarity of the micellar environment of SDS was found to be lower than that
of cetyltrimethylammonium bromide (CTAB) and triton X-100 (TX100) following the order SDS < TX-100 < CTAB. The
binding constant (K;,) and edge excitation red shift (EERS) from the emission maximum suggest that the probe binds strongly to
the micelles. Multiexponential behavior was observed in time-resolved fluorescence lifetime studies in all micellar environments.
We have observed an increase in rotational correlation time as we move from pure aqueous phase to solution containing
surfactants of different head charge. Varieties of spectral parameters were used to justify the region in which the probe is present.
The experimentally obtained dipole moment data were justified and explained by the DFT calculations of the electronic
properties of IN-O8-Cl molecules in gas phase and in selected solvents.

1. INTRODUCTION

Fluorescence techniques have been successfully employed for
the investigation of different fundamental processes in
biological systems due to their capability for rapid, precise,
conscientious, and reproducible detection of proteins and
biomolecules at the single-molecule level."” Concrete efforts
have been devoted to fluorescence labeling, sensing, and
quantification of proteins and other biomolecules by
fluorescent organic dyes and their derivatives.”” It has been
attributed to the diversified spectral properties possessed by
mentioned fluorescent probes and the ease of their structural
modification. Although, a variation in fluorescence intensity or
a deviation in the fluorescence band is usually accompanied by
interaction of a fluorescent probe with a protein or
biomolecule, irreversible photobleaching during prolonged
illumination and lack of photostability reduces effective sensing
of these organic molecules.” A large number of fluorescein and
rhodamine dyes, most cyanine dyes, and 4,4’-difluoro-4-bora-
3a,4a-diaza-s-indacene dyes possess comparatively exiguous
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absorption and fluorescence bands and also minor Stokes shift
to change in solvent polarity, high molar-absorption coefficient,
and modest quantum yield* In addition, with very few
exceptions, such as acridone dye,” the fluorescence decay
lifetime is in the range of about S ns in the visible region and
around 1 ns in the infrared region for numerous organic dyes
and usually is short-lived for efficient temporal discrimination
from cellular autofluorescence and scattered excitation light by
isolation or temporarily blocking a portion of time, thereby
lowering the sensitivity.” Also, the function of biomolecules
might get influenced due to structure, charge, and hydro-
philicity of organic dye. In addition, complex and tedious
preparation and workup methodologies, low yields, and poor
water-solubility limit the practical applicability of these
fluorescent probes for sensing proteins and biomolecules in
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Scheme 1. Synthesis of 1, 2-Dimethy1—3-((6-(octyloxy)naphthalen-Z-yl)methyl)-1H-imidazol-3-ium Chloride (IN-O8-Cl).
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real biological environments.”” Hence development of alternate
fluorescence probes for sensing in water or biological
environment is highly desirable.

Efforts toward improving the water solubility of these organic
molecules have led to design of ionic liquid-based fluorescent
probes.* ™'’ More specifically, the use of room-temperature
ionic liquids (RTILs) is more favorable due to their large size,
excellent thermal stabilities, conformational flexibility of the
ions, and controllable ?hysmal and chemical properties'" that
favor the liquid state.” In addition acting as environmentally
benign solvent systems, ionic liquids have been utilized recently
as desisgner substrates for preparing functionalized materi-
als.">™"> The physical chemistry of imidazolium-based ionic
liquids have been investigated due to their particular dimen-
sional heterogeneity emerging from the internal polar/nonpolar
segregation. These molecules exhibit fluorescence when they
are excited in the ultravoilet or initial visible region, and the
excitation wavelength plays a crucial role in the fluorescence
behavior due to the existence of analytically different correlated
forms of the fundamental jons of the ionic liquids that prolong
the relaxation of the excited state in these solutions.'®"” Chen
and co- workers reported the use of ILs as potential fluorescent
probes'®"” for the sensmg of biomacromolecules."” Sub-
sequently, Liu et al.”® studied a novel functional fluorescent
imidazolium-based IL probe for detecting superoxide anion
radicals. Recently, Galpothdeniya and co-workers reported a
fluorescein-based IL sensor for label-free detection of serum
albumins.”’ IL-based materials have also been utilized for
detection of vapors and for estimation of the pH value.””**

Despite the significant potential of imidazolium-based ILs for
sensing of biomolecules, their use as fluorescence probes is still
limited due to their low fluorescence efficiency. To the best of
our knowledge, the fluorescent efficacy of imidazolium-based
fluorescent probes has not been much explored in different
micellar environments. In the context of the above discussions,
we herein report the synthesis of a highly fluorescent
naphthalene-appended imidazolium-based IL, whose fluores-
cent intensity could be significantly increased or quenched
upon addition of surfactants. The hlgh fluorescence efficiency
imparted by the naphthalene moiety”* and the hydrophilic
nature of the IL makes it a favorable fluorescent probe
candidate for effective sensing of proteins and biomolecules in
different well-known biomimicking environments of micelles.

2. EXPERIMENTAL SECTION

2.1. Materials. Synthesis of 1,2-dimethyl-3-((6-(octyloxy)-
naphthalen-2-yl)methyl)-1H-imidazol-3-ium chloride (IN-OS8-
Cl) is presented in Scheme 1.

2.1.1. Synthesis of Ethyl 6-Hydroxy-2-naphthoate (2). To a
stirred solution of 1 (10.6 mmol) in ethanol, conc H,SO, (0.02
mmol) was added at 0 °C, and the reaction mixture was heated
at 80 °C for 12 h. After consumption of starting material as
determined by TLC, the solvent was evaporated under reduced
pressure, and 2 N NaHCO; (30 mL) solution was added at 0
°C. The precipitate was filtered under suction to yield product
(2) as an off white solid, which was used as such without any
further purification. Yield: 92% (2.11 g); mp 110—110.6 °C.

2.1.2. Synthesis of Ethyl 6-(Octyloxy)-2-naphthoate (3). To
a stirred solution of 2 (9.2 mmol) in acetone, K,CO; (20.2
mmol) was added at 0 °C. The reaction mixture was stirred for
15 min at 0 °C, after which 1-bromo octane (1.0 mmol) was
added and the reaction was refluxed for 12 h. After completion
of the reaction as determined by TLC, the solvent was removed
under high pressure. The reaction was quenched by adding
water (50 mL). The water layer was extracted using ethyl
acetate (20 mL X 2). The ethyl acetate layer was dried over
anhydrous sodium sulfate, and ethyl acetate was removed at
high temperature and low pressure to give product 3 as
colorless oil. Yield: 90.8% (2.75 g).

2.1.3. Synthesis of (6-(Octyloxy)naphthalen-2-yl)methanol
(4). To dry THF (20 mL), LAH (22.8 mmol) was added and
stirred at 0 °C for 15 min; to this, a solution of 3 (7.6 mmol)
was added. After 4 h of stirring, complete consumption of
starting material was observed by TLC. The reaction was
quenched by adding 1 N NaOH solution (30 mL) after cooling
the reaction mixture to 0 °C. Ethyl acetate (20 mL X 2) was
added to the reaction solution, and the mixture was filtered
through Celite. Subsequently mother liquor was separated into
organic layer and water layer, and finally the organic layer was
dried over anhydrous sodium sulfate, and ethyl acetate was
evaporated at low temperature and high pressure to give
product 4 as off white solid. Yield: 82.6% (1.80 g); mp 98.2—
99.0 °C. 'H NMR (400 MHz, CDCL,) § 7.76 (dd, J = 8.9, 4.7
Hz, 3H), 7.50 (dd, J = 8.5, 1.8 Hz, 1H), 7.25—7.20 (m, 2H),
477 (s, 2H), 4.11 (t, J = 6.6 Hz, 2H), 1.94—1.85 (m, 2H),
1.60—1.50 (m, 2H), 1.44—1.33 (m, 8H), 0.96 (t, ] = 6.9 Hz,
3H). C NMR (101 MHz, CDCl,) 6 151.27, 135.86, 134.17,
129.28, 128.68, 127.18, 125.81, 125.59, 119.34, 106.48, 68.06,
65.62, 31.85, 29.41, 29.28, 29.27, 26.14, 22.69, 14.14.

2.1.4. Synthesis of 2-(Chloromethyl)-6-(octyloxy)-
naphthalene (5). At 0 °C to a solution of 4 (5.9 mmol) in
toluene, SOCl, (89.0 mmol) was added. After 4 h, TLC
showed the complete disappearance of the starting material.
Toluene was removed under reduced pressure, and the reaction
was quenched by adding NaHCO; solution (40 mL) to
maintain the pH at 10, while cooling the reaction to 0 °C. The

DOI: 10.1021/acs.jpca.6b05864
J. Phys. Chem. A XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpca.6b05864

The Journal of Physical Chemistry A

sodium bicarbonate layer was extracted using ethyl acetate (20
mL X 2). Finally the ethyl acetate layer was dried over
anhydrous sodium sulfate, and the organic layer was
concentrated at high pressure low temperature to give product
5 as colorless oil. Yield: 95.8% (1.73 g). '"H NMR (400 MHz,
CDCly) 8 7.74 (d, ] = 8.3 Hz, 3H), 7.47 (dd, ] = 8.6, 1.2 Hz,
1H), 7.20—7.13 (m, 2H), 4.84 (s, 2H), 4.09 (t, ] = 6.6 Hz, 2H),
1.92—1.83 (m, 2H), 1.57—1.48 (m, 2H), 1.42—1.29 (m, 8H),
092 (t, ] = 6.9 Hz, 3H). *C NMR (101 MHz, CDCl,) 6§
157.73, 134.46, 132.38, 129.41, 129.08, 128.27, 127.51, 126.81,
119.63, 106.51, 68.11, 46.93, 31.89, 29.45, 29.33, 29.28, 26.17,
22.74, 14.19.

2.1.5. Synthesis of 1, 2-Dimethyl-3-((6-(octyloxy)-
naphthalen-2-yl)methyl)-1H imidazol-3-ium Chloride (IN-
08-Cl) (7). To a stirred solution of 1,2 dimethyl imidazole
(6.6 mmol) in ethanol (10 mL), 5 (5.5 mmol) was added, and
the reaction mixture was heated at 80 °C for 12 h. The
completion of the reaction was monitored by TLC. After the
completion of the reaction, the solvent was evaporated under
reduced pressure, and ethyl acetate (10 mL) was added to the
crude product and stirred overnight. This process was repeated
3 times to remove excess of 6, and finally the ethyl acetate was
decanted, and the product was dried to give colorless oil, which
became semisolid on standing. Yield: 92% (2.05 g). '"H NMR
(400 MHz, DMSO-d,) & 7.87—7.78 (m, 4H), 7.72 (d, J = 2.0
Hz, 1H), 7.42 (dd, J = 8.5, 1.6 Hz, 1H), 7.34 (d, ] = 2.2 Hz,
1H), 7.19 (dd, ] = 8.9, 2.4 Hz, 1H), 5.55 (s, 2H), 4.07 (t, J= 6.5
Hz, 2H), 3.78 (s, 3H), 2.65 (s, 3H), 1.80—1.73 (m, 2H), 1.47—
141 (m, 2H), 1.35—1.20 (dd, ] = 13.7, 6.8 Hz, 8H), 0.86 (t, ] =
6.6 Hz, 3H). ®C NMR (101 MHz, CDC,) & 157.27, 145.12,
134.52, 130.06, 129.83, 128.52, 128.04, 127.20, 126.38, 123.21,
123.15, 121.75, 11991, 107.02, 68.04, 5121, 35.31, 31.72,
29.23, 29.16, 29.09, 26.04, 22.57, 14.14.

2.2. Computational Details. The initial geometry of the
IN-O8-Cl molecule was built up using the ACD/ChemSketch
software. Before calculation of its electronic properties, the
geometry was optimized according to the energy minimization
procedure applying the density functional theory (DFT) with
DFT/B3LYP functional>>*® implemented in the Gaussian09
program package.”” It was performed for molecule in vacuum
using Berny algorithm™® in redundant internal coordinates. The
potential energy surface minimum was calculated by applying
the restricted Hartree—Fock (RHF) methodology with the 6-
31+G(d,p) basis set in Cl symmetry. The minimum of the
energy in molecular ground state was checked by the absence of
imaginary frequencies caring out the Hessian evaluation. It
ensures the thermodynamic equilibrium of the molecule.

Subsequently, taking the same level of theory””*" electronic
and optical properties of IN-O8-Cl molecule were calculated.
Namely, the HOMO and LUMO orbitals, as well as dipole
moment, of the molecule in gas phase and in different solvents
were evaluated. The solvent effect was taken into account usin
the polarizable conductor calculation model (CPCM)>"?
implemented under the self-consistent reaction field (SCRF)
approach.”** For the studied molecule, also time dependent
DFT (TD-DFT) calculations were curried out to investigate its
excited state properties.

3. RESULTS AND DISCUSSION

3.1. Effect of Solvent on Absorption and Emission
Spectra. Knowledge of the solvent effect on absorption and
emission spectra is important, because the spectral behavior of
molecules is related strongly to their electronic structure in the

excited and ground state. Thus, molecular changes in solvent
are accompanied by changes in their polarity and in
consequence by the evaluation of dielectric constant in the
surrounding medium. Hence F;(&,17) and F,(¢,n) are being used
to determine the ground and excited state dipole moments
from different organic solvents.

The molecular structure of the IN-O8-Cl molecule is shown
in Figure S1. The absorption and fluorescence spectra of IN-
08-Cl (10™* M) were measured at room temperature in various
solvents. The absorption spectrum recorded for IN-O8-Cl
dissolved in DMSO normalized to one is shown in Figure 1.
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Figure 1. Normalized UV—vis absorption spectra measured in DMSO
and normalized fluorescence spectra of IN-O8-Cl performed in
DMSO, acetonitrile, and isopropanol.

The absorption band shows very low sensitivity (~1 nm)
toward solvents with decreasing polarity. Hence one can
conclude that solvent effects are negligible in the ground state
of the molecule. The fluorescence emission spectra (see Figure
1 and Table S1) show one structured peak in all selected
solvents. When the solvent polarity is increased from that of
cyclohexane to that of water, the fluorescence peak is shifted
toward longer wavelengths. This is caused by the strong
intermolecular interactions occurring for the IN-O8-Cl being in
the excited state in polar solvent environment. Moreover, the
weak change in absorption spectra compared with that of the
emission spectra indicates that the molecule is less polarized by
the polar solvents in the ground state than in the excited state.
These results firmly suggest that the nonbonding electrons are
not involved in n — #* transition but involved in 7— #*
transition due to charge transfer.*”

3.2. Experimental Estimation of Ground and Excited
State Dipole Moment. To get further insight on the
solvatochromic behavior of the IN-O8-Cl, spectroscopic
properties are correlated with relevant solvent polarities scales.
Figure S2 shows 7, — T versus F,(g,7), while Figure S3 shows
F,(¢7) versus U, + Dy/2. The linear behavior of the solvent
polarity versus Stoke’s shift demonstrates solvent effects as a
function of refractive index and dielectric constant. The slopes
of the fitted lines from Figure S2 and S3 were found to be S, =
296 and S, = —363, respectively. With the methodology and
equations presented in our previous works,’*™** solute cavity
radius (a,) for IN—O8-Cl was found to be 5.75 A, and
calculated ground and excited state dipole moments of the
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molecule are y, = 2.53 D and p, = 24.95 D, respectively. All
data related to experimental dipole moment have been
summarized in Table 1.

Table 1. Solute Cavity Radius, Slope of the Stoke’s Shift
Dependence vs Solvent Polarity, and Dipole Moment Data
Measured for IN-O8-Cl in Ground and Excited States

20 N S, Hg Ap
molecule  (A)  (em™) (em™) (D) p (D) (D) ulu
IN-O8-Cl1  5.75 296 -363 2.53 24.95 22.42 9.86

The large increase in dipole moment of the excited state to
that of the ground state is due to the redistribution of charge
leading to conformational changes during excitation. This
demonstrates that the molecule is much more polar in the
excited state compared with the ground state. Also change in
dipole moments on excitation indicates twisted intramolecular
charge transfer (TICT) in the excited state. Due to ICT, the
planarity of the molecular structure increases on excitation,
leading to a high change in dipole moment. Seeing the change
in ground and excited state dipole moments and the sensitivity
of the emission spectra by varying the environment around the
IN-O8-Cl, we decided to study this molecule in a more
restricted environment using surfactants as an effect of head
charge.

3.3. Computational Analysis. The properties of excited
states of molecules play an important role in their chemical and
physical behavior. As an example, many reactions can be
initialized by electronic excitation or proceed via the excited
state of the reactants. Excited states are important in many
chemical processes, including photochemistry and electronic
spectroscopy. Excitation of the molecule changes its charge
distribution causing conformational changes. Both of these
phenomena lead to alteration of dipole moment of the active
molecule. Dipole moment of the excited sate can increase or
decrease compared with ground state.

The optimized structure of the IN-O8-Cl is presented in
Figure 2. The molecule has a rod-like structure. One may see

Figure 2. Gas phase optimized structure of the IN-O8-Cl molecule at
B3LYP/6-31+G(d,p) level showing the overall dipole moment (red
arrow).

that the naphthalene group is planar and simultaneously it is
perpendicular to the imidazole group. The chlorine atom is
located in the cage formed by naphthalene and imidazole
planes. In Figure 2 is also presented location of the dipole
moment of the IN-O8-Cl calculated at the B3LYP/6-31+G-
(d,p) level in gas phase. One may see that the dipole moment
does not lie along the molecular structure but is positioned at
an angle to its plane, which is caused by twisting of the
imidazole group.

In Figure S4, the HOMO and LUMO orbitals of the ground
state of the IN-O8-Cl molecule calculated at the B3LYP/6-
31+G(d,p) level are presented. One may see that the HOMO
orbital of the molecule in the gas phase is located at the
chlorine atom and the electrons belonging to the naphthalene
group create the LUMO orbital. All selected solvents change
the nature of the HOMO orbitals leaving the LUMO orbitals
unchanged. The selected solvents decrease the energy of
HOMO and LUMO orbitals compared with the energies of
these orbitals in the gas phase (see Table 2). The HOMO—
LUMO energy difference forming the HOMO—LUMO energy
gap splitting (AEyomo-Lumo) for the molecule in different
solvents is unchanged and is equal to 4.43 eV. In the gas phase,
the AEyomo—rumo is equal to 3.70 eV. This means that all of
the selected solvents increase the AEyonvo_rumo of IN-O8-CL
The selected solvents also increase the ground state dipole
moment of the molecule. The level of growth of the dipole
moment depends on the dielectric constant of the solvent. The
higher the dielectric constant of the solvent, the greater is the
change of the dipole moment of the molecule.

The shapes of the molecular electrostatic potential (MEP) of
the IN-O8-Cl in ground state are reported in Figure S4. The
electron density (per unit volume) is the greatest at the
imidaloze group in all solvents. In the case of gas phase, the
electrons are more spread through the carbon chain. This
means that the solvents move the electrons to the imidaloze
group causing the increase of its donating character. One may
see that the more polar solvents more strongly move the
electrons to the imidaloze group. It is significantly seen in the
case of water and DMSO solvents.

In Figure S5, the UV—vis absorption spectra calculated for
the IN-O8-Cl molecule at B3LYP/6-31+G(d,p) level are
presented. The first absorption peak obtained for the
investigated molecule calculated in gas phase comes from
HOMO to LUMO electron transfer. The second peak occurs
from HOMO — 1 to LUMO electron absorption, while the
HOMO — 1 orbital is located at the naphthalene group.
Analyzing the UV—vis absorption spectra calculated in the
solvent environment, one may see that they slightly depend on
the solvent polarity. The investigated molecule demonstrates
the hypsochromic shift for all selected solvents. This means that
the IN-O8-Cl is negatively solvatochromic. The solvent

Table 2. Dipole Moment and HOMO and LUMO Energies Calculated for the IN-O8-Cl Molecule at the B3LYP/6-31+G(d,p)

Level of Theory in Gas Phase and Selected Solvents

ground state

first excited state

solvent dielectric constant Hg [D] Enowmo [€V]
gas phase 7.82 —4.58
DCM 8.93 13.62 —5.60
acetonitrile 35.69 15.09 —5.65
DMSO 46.83 15.30 —5.66
water 80.00 15.45 —5.66

Erumo [eV] llel [D] Eyomo [eV] Erumo [eV]
—0.88 4.29 —-2.93 —2.14
—1.16 12.69 -5.40 —-1.54
—-1.22 14.84 —-5.43 -1.59
-1.23 14.92 —-5.43 -1.59
—-1.23 15.02 —-5.44 -1.59

DOI: 10.1021/acs.jpca.6b05864
J. Phys. Chem. A XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b05864/suppl_file/jp6b05864_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b05864/suppl_file/jp6b05864_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b05864/suppl_file/jp6b05864_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.6b05864

The Journal of Physical Chemistry A

changes the intensity of the first absorption peak, because in the
solvent environment the HOMO orbital is located at the
naphthalene group. The obtained data are in agreement with
the experimentally measured spectrum presented in Figure 1.

It should be noted that the theoretical spectra are shifted in
relation to the experimental ones to the red wavelength side
due to the regularity of the DFT methodology, although the
shape of the calculated spectra is in agreement with the
measured one (see Figure 1 and Figure SS). The spectral shift
and apparent inconsistencies may be caused by ICT occurring
between IN-O8-Cl and the solvent molecules, as well as by
electron—phonon interaction present in the investigated
system, which was not taken into account during quantum-
chemical calculations. The HOMO and LUMO orbitals of the
molecule in the excited state have exactly the same shape as that
calculated for the molecule in ground state and presented in
Figure S4. The AEyopo-rumo Value calculated for IN-O8-Cl in
its excited state in the solvent environment decreases compared
with the values in the ground state. The AEyop0_rumo of the
IN-O8-Cl molecule in the gas phase excited state also
drastically decreases.

The theoretically found values of excited and ground state
dipole moments in the gas phase as well as in four different
solvents are presented in Table 2. The calculated ground state
dipole moment is found to be higher than the experimentally
obtained one. This is usually the case in molecules having long
carbon chain. This could be attributed to the fact that in the
modeled system the inhomogeneous electronic distribution
through the molecule is overestimated compared with that of
the real structure. Also, the differences between theoretical and
experimental values of dipole moment arise due to the
incompleteness of the used basis set and inappropriate nature
of the chosen DFT functional. An appreciable change in dipole
moment has been observed when we move from gas phase to
solvent phase. In polar solvent, the solute is significantly
polarized compared with that of nonpolar solvent. One may
observe an increase in dipole moment moving from nonpolar
to polar solvents, and it complies with the experimental data.

Analyzing the data obtained theoretically for the excited state
dipole moment of the IN-O8-Cl, one may see that the first
excited state dipole moment is lower than the ground state
dipole moment. This means that in excitation process of the
IN-O8-Cl molecule charge transfer appears to occur between
molecules. The CPCM methodology used in presented work
does not take into account the mentioned processes. It may be
investigated by applying a discrete local field model
implemented in our previous work.”> The conformational
changes of the molecular structure during photoexcitation are
affected by the occurrence of the ICT which is not taken into
account using the CPCM model to investigate the solvent
effects. Even in the gas phase, the excited state dipole moment
is lower than the one in ground state. This confirms that the
IN-O8-Cl interacts with the other molecules exchanging
charges, which is not modeled in presented work.

3.4. Steady-State Results in Aqueous Micellar Envi-
ronment. The absorption spectra of IN-O8-Cl in aqueous
solution with varying concentrations of SDS, CTAB, and TX-
100 are shown in Figure 3. The IN-O8-CI exhibits broad low
energy absorption bands at 318 and 329 nm in bulk water. It is
observed that on addition of surfactants (studied in this paper)
there is an increase in absorbance along with a minor
bathochromic shift in the first absorption band ~2—3 nm in
the aqueous micellar environment indicating that the polarity in
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Figure 3. Steady state UV—vis absorption spectra of IN-O8-Cl in
aqueous solution with varying concentrations of (a) SDS, (b) CTAB,
and (c) TX-100.

the vicinity of the grobe is slightly lower than that of the pure
aqueous form.**”* Addition of SDS causes a minor enhance-
ment in both bands with a small red shift in the 329 nm band. A
similar change was observed for triarylmethane (TPM) dyes
bound to polyelectrolytes.** Similarly, a minor enhancement
was observed in CTAB and TX-100.

In aqueous solution, IN-O8-Cl shows a strong fluorescence
with emission maximum at 359 nm. With the addition of
surfactants, significant spectral changes are observed in all the
three environments as shown in Figure 4. The emission band
gets blue-shifted to 353 nm in SDS and 354 nm in TX-100
micelles. The enhancement is larger in the neutral TX-100
micelles compared with anionic SDS micelles. The increase in
fluorescence intensity along with the blue shift in the presence
of anionic and neutral micelles compared with that of bulk
water could be attributed to certain factors such as dipole
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Figure 4. Emission spectra of IN-O8-Cl in aqueous solution with
varying concentration of (a) SDS, (b) CTAB, and (c) TX-100.

moment and hydrogen bonding with water. The excited state is
more polar than the ground state. So the excited state is less
stable than the ground state in the less polar environment of
the micelles than in water. This causes an increase in energy
gap between the excited state and ground state, which would
hinder the rate of nonradiative deactivation, resulting an
increase in intensity with a consequent blue shift in emission in
SDS and TX-100 micelles.

The other attributing factor is the formation of hydrogen
bonds with water, which could quench the emission (as
observed in SDS at premicellar concentrations, Figure 4a) due
to an increase in nonradiative decay. But as the probe IN-O8-CI
moves from bulk water to micelles, the hydrogen bonding
reduces due to the less polar environment of the micelles,
thereby reducing the nonradiative transitions leading to the
enhancement in SDS micelles. As we have observed the initial
quenching followed by enhancement in intensity in SDS
micelles, we have calculated and determined the change in

fluorescence quantum yield with increasing concentration of
SDS, and variations in quantum yield along with nonradiative
decay are shown in Figure S6.

In CTAB, no perceptible change in intensity of the
fluorescent spectrum of IN-O8-Cl below CMC was observed.
However, beyond CMC, there is gradual decrease in
fluorescence intensity (Figure 4b) accompanied by a shift in
fluorescence emission maximum. The decrease in the
fluorescence intensity in the presence of CTAB micelles
could be attributed to Br~ induced fluorescence quenching.*
Hypsochromic shift of the fluorescence band along with an
enhancement or reduction (SDS or TX-100 vs CTAB) of
fluorescence intensity reflects that the microenvironment
around the probe in surfactant solution is quite different from
that in bulk aqueous phase. The hypsochromic shift indicates
that the polarity in micellar solutions is lower compared with
pure aqueous solution, and the variations in intensity suggest
incorporation of IN-O8-Cl to SDS, CTAB, and TX-100. This
change viewed in spectral properties can be attributed to overall
change in viscosity or polarity.*®

3.5. Edge Excitation Red Shift (EERS). In the present
study, the difference in the wavenumber (cm™') between the
emission maximum obtained with excitation at 300 and 350 nm
of the IN-O8-Cl in bulk and micellar solution is used to express
EERS. As seen from Table 3, the emission spectrum of IN-O8-

Table 3. Spectroscopic Data of IN-O8-Cl in Bulk Water and
Different Surfactant Systems

emission maximum (nm)

medium Aex = 300 nm Aex = 350 nm EERS (cm™)
bulk 359 366 533
75 mM SDS 353 365 916
10 mM CTAB 356 367 842
5 mM TX-100 354 365 931

Cl shows considerable dependence on excitation wavelength.
The EERS values obtained for IN-O8-Cl in bulk water and at
concentration higher than CMC for SDS, CTAB, and TX-100
surfactant systems are given in Table 3. The magnitude of
EERS of IN-08-Cl in bulk water solution is 533 cm™" and in
micellar environments is 916, 842, and 931 cm™! for SDS,
CTAB, and TX-100, respectively. The increase in magnitude of
EERS is due to decrease in the solvent reorganization rate in
response to the change in a concentration of ionic and neutral
surfactant in the solution, whereas the increase in magnitude of
EERS could be attributed to the fact that the viscosity around
the probe in micellar systems increases. The interfacial region
being the most viscous region is a suitable site for solubilization.
This suggests that IN-O8-Cl is restricted in an inhomogeneous
micellar environment, presumably at the water—micelle inter-
face or deeper, in all the three environments.

3.6. Microenvironment around and Probable Loca-
tion of the Probe Molecule. To further understand the
interactions between probe molecule and different micelles, we
have calculated the binding constant (Kj,) from the fluorescence
intensity plots. The method used for calculating the binding
constant in SDS and TX-100 has been discussed in our earlier
works.”” The binding for CTAB with IN-O8-Cl has been
calculated using the equation.***’

log(F, — F)/F = log K, + n log[Q] (1)
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where n is the number of binding sites and K, is the binding
constant, which can be determined from the slope and the
intercepts of log(F, — F)/F vs log[Q].

Table 4 gives the value of Kj, in all the three micellar
environments using these two methods. The high Kj, values in

Table 4. Different Solvent Parameters, Spectral Data,
Binding Constant, Change in Gibbs’ Free Energy of IN-O8-
Cl in Different Micellar Environments

U, — 7 K, (L AG (kJ
solvent € n Er(30)  (em™) mol ™) mol ™)
bulk 80.00 133 63.10 2521

‘water
SDS 10.9 1.41 37.67 1828 2.06 x 10° —30.52
CTAB 4491 1.33 51.40 2121 041 x 10° —14.94
TX-100 17.6 1.39 40.29 1883 9.43 x 10° —34.31

SDS and TX-100 could be considerable due to increase in the
fluorescence intensity of IN-O8-Cl along with a hypsochromic
shift upon addition of SDS and TX-100 and above CMC
(Figure 4a,c). In CTAB, we calculated the number of binding
sites (n = 1.09) between IN-O8-Cl and CTAB, which is
approximately equal to 1, indicating that there is only one
binding site. Arikan et al.°>*' and many others obtained a
similar order of binding constant for CTAB micelles. The
higher binding constant in nonionic micelles (TX-100) and
anionic micelles (SDS) could be due to stronger hydrogen or
electrostatic bonding at the micellar head in the palisade layer
compared with the hydrophobic binding in CTAB as it can be
seen in Figure 5. Furthermore, the higher value of the binding
constant for the probe in the nonionic TX-100 micelles is
reflective of the fact that in contrast to the ionic micelles,
hydrophobic interactions contribute to stronger binding of the
dye to the neutral micelles due to TX-100 having a chain like
structure with an iso-octyl phenyl group at one end. The Gibbs’
free energy changes for the probe—micelle binding process in
different micelles were calculated by the following equation at
room temperature:

AG = —RT In(K,) )

where R = 8.314 ] K™! mol™" is the universal constant, T is the
room temperature in kelvin, and AG is the Gibbs’ free energy

in kJ mol™. The Gibbs’ free energies for SDS, CTAB, and TX-
100 are tabulated in Table 4. The negative value indicates
spontaneous binding in general but more favorable binding for
inclusion in TX-100 micelles comparatively among all micelles.

Microenvironment such as polarity (E;(30)), dielectric
constant (¢), and refractive index (1) of biomimicking
environments could be determined using fluorescent
probes.”>*® By studying the spectral properties of IN-O8-Cl
in pure solvents of known polarities and comparing them with
spectral properties in micellar environments such parameters
could be estimated."***> The micropolarity is a solvent
parameter conveyed in equivalent scale of E(30) correlating
the fluorescence behavior of the probe in micellar systems to
that in homogeneous solvents of varying polarities.”***” The
procedure used to determine the microenvironment for various
micellar systems is given in our previous work."”>*

The plots of Stoke’s shifts of IN-O8-Cl in different
homogeneous solvents against Er(30), refractive index, and
dielectric constant are shown in Figure 6. Using this plot and
the Stoke’s shift values of IN-O8-Cl presented in Table S1,
microenvironment around the probe has been estimated by
interpolating the values of Stoke’s shift of IN-O8-Cl in different
micellar systems on the calibration curve, and the values are
tabulated in Table 4. We have also observed an increase in
refractive index and decrease in dielectric constant compared
with bulk water suggesting that the molecule is in restricted
environment.

It is observed that the micropolarity is very similar for IN-
08-Cl in the SDS and TX-100 micellar environments studied at
concentrations higher than CMC. The reported E1(30) values
of water, ethanol, and n-heptane are 63.1, 51.9, and 31.3 kcal
mol™!, respectively. Our estimated E1(30) values for TX-100
and SDS are lower than that of ethanol and higher than that of
n-heptane; our values being much higher than n-heptane rules
out the possibility of the probe penetrating into the core of the
micelles. Finally, we could conclude that SDS/TX-100
penetrates deeper into micelle, maybe between the headgroup
and first few carbons. In CTAB, it is at the water—micelle
interface.

3.7. Effect of lonic and Neutral Micelles on IN-08-Cl
Fluorescence Lifetime. Besides steady state studies, it is
important to get an idea about excited state photophysical

POST MICELLAR CONCENTRATION
SDS/CTAB/TX-100

TX-100

ELECTROSTATIC INTERACTIONS HYDROPHOBIC INTERACTIONS

Figure S. Illustration of electrostatic and hydrophobic interaction of IN-O8-Cl in different micellar environments at concentrations higher than

CMC.
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processes that can be understood using time-resolved
fluorescence measurements. Fluorescence lifetime measure-
ments not only serve as an excellent indicator to explore the
environment around the probe®**”%° but also locate the probe
in the micellar environment. Further, in order to determine the
interactions between the probe and micelle, the excited state
lifetimes of a fluorophore in micellar solutions have been
studied.” '~ In aqueous solution of IN-O8-Cl, the emission
decay (A, = 300 nm) monitored at different emission
wavelengths shows a biexponential behavior. Such biexponen-
tial behavior in micellar systems is due to the presence of
hydrogen bonds forming with surrounding solvent.”*
Multiexponential decay was observed with a longer lifetime
component depending upon the type of the surfactant on
addition of successive surfactants. Figure 7 depicts the
fluorescence decay profile of IN-O8-Cl in water and different
micellar environments at highest concentrations above CMC. It
is evident from Figure 7 that the fluorescent lifetime decay in
cationic CTAB is slower than that in anionic SDS and nonionic
TX-100. The lifetime in CTAB decreases to 4.73 ns compared
with 9.91 ns in aqueous solution; this is due to the presence of
heavy Br ion causing a decrease in the lifetime of IN-O8-Cl.
The lifetime of IN-O8-Cl with addition of SDS or TX-100 is
longer, due to the association of the fluorophore within SDS or
TX-100 micelles, also indicating that the probe molecule
resides inside the more viscous micelles. The decrease of
lifetime of IN-O8-Cl with CTAB occurs due to exit of the
probe molecule from inside the micelle to the surface at

10000 Bulk
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——CTAB
—— TX-100
1000 4
» ]
-
f=
=]
[«]
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Lo,
. -
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Figure 7. Time resolved fluorescent decay of IN-O8-Cl in bulk water
and aqueous micellar environments (4., = 30 0 nm and 4,,,, = 375 nm).

concentrations higher than CMC. The larger lifetime in anionic
micelles may be because the molecule resides deep inside SDS
micelles, which was also inferred from the steady state and
microenvironment measurements.

Decay of IN-O8-CI fluorescence in micellar systems exhibits
multiexponential fitting. Multiexponential fluorescence decay
for a probe is usually due to the presence of the probe in
different polarity regions. Drawing meaningful conclusions in
micellar systems often becomes tough when the fluorescence
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decays are found to be multiexponential in nature. We choose
to use the average fluorescence lifetime given by eq 2 of SI
because it is an important parameter for understanding the
dynamic motion of the probe in micellar systems, instead of
placing too much stress on the individual magnitudes of the
decay constants. The average lifetime values of IN-O8-Cl in all
the micellar environments, thus estimated, are tabulated in
Table S2. Fluorescence lifetime decays of IN-O8-ClI in aqueous
solution with varying concentrations of different surfactants
(SDS, CTAB, and TX-100) are shown in Figure S7.

Experimentally calculated values of lifetimes, taken at almost
10 times the CMC of SDS and TX-100, are significantly longer
than those observed in water, indicating that the probe is not
soluble in bulk water surrounding the micelles, but the longer
and shorter lifetime component could be attributed to the
presence of the probe in stern layer and water—micellar
interface in SDS or TX-100 micellar environments. The longer
lifetime component assumes values close to 14 ns, indicating
the suppression of nonradiative pathways of de-excitation when
IN-O8-Cl interacts with both anionic and neutral micelles.
However, for SDS, the occurrence of the third (lowest) lifetime
component could indicate that the probe could be partially
exposed to the aqueous environment, whereas for CTAB from
the pre-exponential factors it could be concluded that the
majority of the probe molecules (80—95%) are solubilized at
the water—micellar interface and only 5—20% are at the stern
layer.

The quantum yield QY (@) is calculated from the total
fluorescence emission area over the whole spectral range, using
quinine sulfate dication in bulk water as standard. The radiative
(k,) and nonradiative (k) rate constants were calculated from
the fluorescence quantum yield (¢) and average lifetimes (7)
using the relations

K, = @/(7) 3)

ke = (1 = 9)/(2) )
The parameters are tabulated in Table S.

Table 5. Quantum Yields and Radiative and Nonradiative
Rate Constants of IN-O8-Cl in Aqueous and Micellar
Environments

surfactant  concentration (mM) @ K, (10% s71) Kor (10% s71)

0 0.12 0.12 091

SDS 0.4 0.06 0.09 1.50
8.0 0.13 0.11 0.70

75.0 0.15 0.12 0.68

CTAB 0.1 0.11 0.11 091
1.0 0.09 0.09 0.98

5.0 0.04 0.07 1.60

TX-100 0.05 0.12 0.12 0.88
0.2 0.10 0.10 0.83

5.0 0.12 0.10 0.69

Initially at premicellar concentrations of SDS, formation of
nonfluorescent ion pairs causes a decrease in fluorescent
intensity, which is reflected in the decrease in QY compared
with that of bulk. The QY remains constant (~0.06) at
premicellar concentration of SDS, but at CMC, there is
remarkable increase in QY (~0.13), and it remains almost
constant as concentration of SDS increases. In TX-100 as the
concentration increases, the QY pretty much remains constant.

The QY values of SDS and TX-100 are in agreement with the
decrease in nonradiative relaxation and increase in the
fluorescence intensity at concentrations higher than CMC,
whereas in CTAB the QY remains constant in bulk and at
premicellar concentrations, but at and above CMC, a
continuous decrease in QY was observed, which is in concert
with the decrease in fluorescence intensity and increase in the
nonradiative relaxation

3.8. Time-Resolved Anisotropy Study. In order to
understand the effect of micellar environment on rotational
correlation time of the fluorophore in organized assemblies,*°
we have recorded fluorescence anisotropy time dependent
decay. In bulk water, the anisotropy decay is monoexponential,
and the time constant is 0.45 ns. In order to contrast the
constraint imposed on the probe in the micellar system relative
to bulk solution, rotational correlation times were calculated. In
SDS and CTAB, IN-O8-Cl shows single exponential anisotropy
decay. The observed single exponential anisotropy decay rules
out the probability of the probe rotating within or along with
the micelle in SDS and CTAB micellar media. In SDS and
CTAB micelles, monoexponential decays of IN-O8-Cl might
imply solubilization of the probe in a single region, either in the
head region or in the core region of the micelles. The decay in
TX-100 micelles follows a biexponential pattern. The
biexponential anisotropy decay r(t) in micelles can be
represented as follows

r(t) = rpla; exp(—t/7,,) + a, exp(—t/7,,)] (s)

where r; is the limiting anisotropy, 7), and 7,, are the two
reorientation times of the probe in TX-100 micelles, and 4; and
a, are the corresponding relative amplitudes.

The restriction imposed on the fluorophore in the micellar
systems relative to bulk aqueous solution can be compared by
calculating the average rotational correlational times using the
eq 2 (SI). The anisotropy decay parameters in bulk and
micellar systems are summarized in Table S3, whereas Figure 8
shows the anisotropy decay of IN-O8-Cl in SDS, CTAB and
TX-100 micellar solutions.

An increase in the sternness of the nearby environment of a
probe results in a slower rotational correlation time. The
average rotational times of IN-O8-Cl in all micellar environ-
ments, SDS (790 ps), CTAB (1280 ps), and TX-100 (2740 ps),
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® @ TX-100]
034 ©
®
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Figure 8. Time resolved fluorescence anisotropy decay profiles for IN-
08-Cl in bulk, 75 mM SDS, 50 mM CTAB, and 5 mM TX-100
micellar solution, 4., = 300 nm, 4., = 360 nm.
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are slower compared with pure aqueous solution, suggesting
that the probe is restricted motionally in the micellar
environment compared with bulk water.

In micelles, biexponential decays of IN-O8-Cl might imply
two different distributions of the fluorophore. Biexponential
anisotropy decay in the case of TX-100 implies that the
coefficients a4, and a, amount to the possibility of finding the
probe in the headgroup region and the core region. The
possibility of finding the probe is low in the core region because
it does not satisfy the condition a, > 4, in agreement with our
investigation described in section 3.5. Hence, the biexponential
decay in TX-100 is not because of the probability of the probe
being solubilized either at the head or in the core but because it
experiences different kinds of motion.’*"®" The probe
molecule, depending on its position, undergoes fast wobbling
motion in an imaginary cone described by semiangle 6 and also
slow lateral diffusion at or near the interface of the micelle.
These two motions are coupled to the rotation of the micelle.
The fast and slow reorientation times are related to the time
constants for wobbling motion, 7y, lateral diffusion, 7, and
whole rotation of the micelle, 7y, by the following relations,
assuming that the fast and slow motions are separable,

1/7y,, = 1/7, + 1/17y (6)

1/Tfast = 1/TW + l/TsIow (7)

where 7, and 7, are the observed slow and fast components.
The time constant for the overall rotation of the micelle has
been obtained using Stokes—Einstein—Debye (SED) hydro-
dynamic theory with the stick boundary condition,*®

oy = 1/ (KT) (8)

where 7 is the viscosity of the medium and V} is the
hydrodynamic volume of the micelle obtained from hydro-
dynamic radius (ry) of the micelle (calculated from eq 9). K
and T are the Boltzmann constant and absolute temperature,
respectively,

e = (3N,

(274 + 269n)/(4))' "3 ©)

and n is the number of carbons of the surfactant’s alkyl chain.
The hydrodynamic radius of TX-100 micelle in water is
calculated to be 2.73 nm. The calculated 7); value is of much
higher magnitude compared with that of 7, and 7, values,
thereby proving that the decay is not due to the overall rotation
but attributed the fluorescence depolarization becoming
negligible due to the long reorientation time for the overall
rotation of the micelles. In order to get a fair interpretation
about the possible location of the probe the order parameter
(S) has been calculated. The value of S is obtained from the
relative amplitude of the slow component by using the equation

§* =g (10)

The magnitude of the S is a measure of spatial restriction. The
value of S obtained is 0.68; this high value of order parameter
indicates restricted motion. Compared with that of bulk water,
the anisotropy decay of IN-O8-Cl bound to SDS, CTAB, and
TX-100 micelles is found to be slower. The motional restriction
of IN-O8-Cl molecules follows the order TX-100 > CTAB >
SDS. It can be thus concluded that IN-O8-CI is bound to the
ionic and nonionic micelles. The fluorophore is restricted more
motionally in TX-100 environment of micelles, which could be
due to TX-100 having a chain like structure with an iso-octyl

phenyl group at one end; this chain structure facilitates better
binding of the probe with TX-100 micelles.

4. CONCLUSIONS

In this paper the values of the ground and excited state dipole
moment of IN-O8-Cl molecule were determined. The excited
state dipole moment is much higher than that of ground state.
From the DFT quantum chemical calculation, the effect is
completely different, which implies that the conformational
changes of the IN-O8-Cl during photoexcitation are affected by
the ICT process, which is not taken into account using CPCM
model. This confirms that IN-O8-Cl, even in the gas phase,
interacts with neighboring molecules exchanging charges, which
is not modeled in presented work. The weak change in
absorption spectra in comparison to that of the emission
spectra indicates that the molecule is less polarized by the polar
solvents in the ground state than in the excited state. These
results firmly suggest that the nonbonding electrons are not
involved in n — 7* transition but involved in 7— 7* transition
due to charge transfer. From steady state spectral data of IN-
08-Cl, the EERS, binding constant, micropolarity values, and
also probable location of the probe were calculated. Time-
resolved studies revealed that the fluorescence lifetime decay
shows multiexponential behavior in bulk and micellar solution,
whereas anisotropy decay of IN-O8-Cl in bulk, SDS, and CTAB
are monoexponential, but the decay in TX-100 is biexponential.
Finally, from the steady state and time-resolved fluorescence
techniques, various spectral parameters such as micropolarity,
refractive index, dielectric constant, EERS, binding constant,
fluorescence lifetime, and anisotropy have been determined.
One may be able to conclude that IN-O8-ClI binds strongly to
the micelles and resides at the water—micellar interface for
CTAB, whereas it resides between the head and first few
carbons for SDS and TX-100.
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