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ABSTRACT: Based on the unusually high fluorescence aniso-
tropy (FA) of 3-hydroxyflavone (3HF) in water medium in
contrast to the very low FA of its methoxy counterpart (3MF), our
proposition invoked formation of an intermolecular hydrogen-
bonded cage-like probe−solvent cluster of 3HF in water. In the
present work, ab-initio DFT-based quantum chemical calculations
have been exploited to provide a foundation for our interpretation.
Ground-state optimization of 3HF with varying numbers of water
molecules leads to the formation of a cage-like or loop-like probe−
water cluster. Our calculations reveal that the structures with four
to five water molecules are stabilized to the maximum extent.
Classical molecular dynamics simulations reveal that the rotational
dynamics of 3HF is much slower in water compared to that in
alkane medium, which also goes in favor of the probe−solvent
cluster formation in water medium. Apart from the theoretical studies, an indirect experimental approach has been adopted to
substantiate formation of the probe−water cluster. The atypical observation of reduced FA of 3HF entrapped in micelles
relative to that of the fluorophore in water implies disruption of the probe−water cluster with the addition of micelles,
corroborating our original proposition of formation of an intermolecularly hydrogen-bonded 3HF−water cluster.

1. INTRODUCTION
During the last four decades, extensive research based on both
experimental and theoretical approaches has established that
the photophysical behavior of 3-hydroxyflavone (3HF)
(Scheme 1), the backbone of the flavonoid class of compounds

and a spectroscopically important molecular system, is largely
governed by its ability to undergo intramolecular proton
transfer in the photoexcited state in homogeneous as well as
microheterogeneous environments.1−12 Due to the biological
importance of the flavonoid systems as antioxidants13 and their
abundance in the vegetable kingdom, understanding the
solution-phase behavior of 3HF is still a thriving topic of

interest to the global research community. Despite being a
well-studied molecular system, the fluorescence polarization
behavior of 3HF has not been explored systemically.
Fluorescence anisotropy (FA) is a fluorescence intensity-

based ratiometric technique and therefore, to a good extent, is
independent of experimental artifacts like fluctuations of light
intensity and so on.14 It is a measure of the depolarization of
emitted light from a fluorophore when excited with polarized
light and depends on the mutual orientations of the excitation
and emission dipoles of a fluorophore.14 FA principally deals
with the rotational intricacies of a fluorophore in free as well as
in any type of bound or aggregated state.14 In most of the
solvents of low viscosity, a fluorophore in its photoexcited state
rotates freely within its fluorescence lifetime, resulting in a very
low FA. However, enhancement in the viscosity of the medium
or some specific interaction of the fluorophore with the
environment or any type of aggregation interaction often leads
to an increased FA value.14−19 Thus, FA is sensitive toward the
effective volume and the structural aspect of the emitting
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Scheme 1. Schematic Structures of 3HF, 3MF, and Solvated
3HF
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species. Apart from providing fundamental information about
the fluorophores, now, the technique is also being exploited in
contemporary therapeutic research for imaging purposes.20,21

To contribute to the yet unexplored field of FA of 3HF, we
recently demonstrated, for the first time, that 3HF reveals
unprecedented high FA in protic solvents, especially in water,
contrary to the very low FA of 3-methoxyflavone (3MF)
(Scheme 1), the methoxy counterpart of 3HF lacking the
hydroxyl proton, in the same experimental conditions.22 To
rationalize the observation, we proposed formation of an
intermolecularly hydrogen-bonded cage-like probe−solvent
cluster (Scheme 1) to be responsible for the unusual behavior
of 3HF.22 This has been, later on, supported by several
groups.23−26 In apolar aprotic solvents, however, FA of 3HF is
reported to be very low, as expected.22

Considering the importance of the atypical solvation of 3HF
in water, in the present work, endeavors have been made to
substantiate our proposition from the theoretical point of view
as well as to find the number of water molecules involved in
the probe−solvent cluster formation at equilibrium. It is
observed that the stabilization energy of different 3HF−water
clusters passes through a minimum with four to five water
molecules, which thereby provides a strong foundation for the
formation of a solvated cluster of 3HF in water. Molecular
dynamics simulations also demonstrate that the rotational
dynamics of 3HF is slowed down appreciably in water relative
to that in hexane medium, which also corroborates the unusual
interaction of the probe with the surrounding water molecules.
In addition to the theoretical studies, an indirect experimental
approach of introducing anionic micelles of varying surfactant
chain lengths incorporating the probe is adopted to
substantiate our original proposition of formation of a 3HF−
water cage-like cluster in aqueous medium.

2. MATERIALS AND METHODS

2.1. Experimental Section. 3-Hydroxyflavone (Fluka,
USA) and 3-methoxyflavone (TCI, Japan) were used as
received after confirming their purity from their absorption,
fluorescence, and fluorescence excitation spectra in the
reported solvents. Sodium octyl sulfate (S8S), sodium decyl
sulfate (S10S), sodium dodecyl sulfate (S12S), and sodium
tetradecyl sulfate (S14S) were procured from Sigma-Aldrich
(USA) and used without further purification. Spectroscopic-
grade methanol (Sigma-Aldrich, USA) was used for the
preparation of stock solutions of the probes. The volume of
methanol in the final experimental solutions was <1%.
Deionized water from a Milli-Q water purification system
(Millipore) was used throughout the experiment. Fresh
solutions of probe and surfactants were used for the
experiments. All the experiments were performed in 20 mM
phosphate−citrate buffer at pH 3.5.
A Horiba Jobin Yvon Fluoromax-4 spectrofluorometer was

employed for the steady-state fluorescence and fluorescence
anisotropy measurements. Fluorescence anisotropy (r) is
defined as14

=
− ×
+ ×

r
I G I

I G I2
VV VH

VV VH (1)

where IVV and IVH are the emission intensities obtained with
the excitation and emission polarizers set at (0°, 0°) and (0°,
90°), respectively. The instrumental factor, G, is defined as14

=G
I
I

HV

HH (2)

where IHV and IHH refer to the emission signals for excitation
and emission polarizers set at (90°, 0°) and (90°, 90°),
respectively.
Time-resolved FA decay measurements were performed in a

Horiba Jobin Yvon DeltaFlex TCSPC fluorescence lifetime
system equipped with polarizers. DeltaDiodes at 330 and 370
nm were used as excitation sources, and a PPD-900 photon
detection module served as the detector. The anisotropy decay
functions were constructed following the standard proce-
dure14,15 and analyzed with the EZ-time software provided
with the instrument.
Dynamic light scattering (DLS) measurements were

performed on a Nano-ZS90 Malvern instrument (Model
DLS-nano ZS, Zetasizer, Nano series) equipped with a 4 mW
He−Ne laser (λ = 632.8 nm) and a thermostatically controlled
sample chamber. Samples were filtered with a 0.1 μm syringe
filter (Merck Millipore Ltd.) prior to the measurements. For
each measurement, the mean was taken over 20 runs with fresh
sample solutions and each run was averaged for 20 s.
For the surface tension measurements of the surfactant

solutions, a tensiometer (Jencon, India, Sl. no. 259) was used.
2.2. Computational Section. Quantum chemical calcu-

lations were performed using Gaussian 09 software27 for
obtaining the energy-minimized structure of 3HF and 3HF−
water cage-like structures. Energies of the organized water
clusters were separately obtained from single-point calculations
of the cage-like structure without 3HF. The ground-state
calculations were carried out at a density functional theory
(DFT) level with Becke’s three-parameter hybrid functional B3
with nonlocal correlation of Lee−Yang−Parr (LYP) abbre-
viated as B3LYP28,29 and 631+G** basis sets. The polarizable
continuum model of the integral equation formalism variant
(IEFPCM)30−32 was employed as the solvent model to
evaluate the effect of solvent on the structures.
The atomistic molecular dynamics (MD) simulations were

carried out using the Gromacs software suite (version
2018.6).33 Two separate systems were simulated: a system
containing one 3HF molecule in (i) water and (ii) hexane and
a system of 3MF in hexane. The 3HF molecule was solvated in
a cubic box of length 4 nm with periodic boundary conditions
in all directions. The GAFF force field was adopted for 3HF,
3MF, and hexane, and the TIP3P model was used for
water.34,35 The partial charges were derived using standard
RESP fitting of the electrostatic potential computed at the HF/
6-31G* level of theory.36 The temperature and pressure were
maintained at 300 K and 1 atm, respectively, using a velocity
rescale thermostat and a Parrinello-Rahman barostat.37,38 After
an equilibration phase of 2 ns, the production trajectory was
continued for 50 ns and frames were saved every 100 fs.

3. RESULTS AND DISCUSSION
3.1. Quantum Chemical Calculation. The purpose of

performing DFT-based quantum chemical calculation was to
find out whether or not 3HF forms energetically stable cage-
like or loop-like structures as originally proposed by us to
substantiate its high FA (∼0.30) in aqueous medium.22 We
were also interested in finding the number of water molecules
involved in the most stable structure of the 3HF−water cluster.
Since the emission from the enol form of 3HF exhibits high

FA (FA of the emission from the keto form is ∼0.07),22 for the
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entire study, we have focused on this form only. First, the enol
form of 3HF was optimized in the ground state using water as
solvent, and the corresponding optimized geometry is
portrayed in Figure 1. Then, taking its output, one water
molecule was put in such a fashion that the hydroxyl proton
and the carbonyl oxygen of 3HF remained within the
hydrogen-bonding distance of the water molecule and the
whole structure was optimized again following the same
procedure. After this, removing the 3HF molecule from the
optimized structure of 3HF−water(1) (the number within the
parenthesis represents the number of water in the probe−water
cluster), the water molecule was kept as it was and then its
single point energy was calculated. Now, to calculate the
stabilization energy of the 3HF−water(1) cluster, the
respective energies of 3HF and the water molecule were
subtracted from that of the 3HF−water(1) cluster. For the
3HF−water(2) cluster, an additional water molecule was
placed in close proximity of the water molecule of the 3HF−
water(1) cluster in such a way that both the water molecules
stayed within the hydrogen bonding distance of the carbonyl
oxygen and hydroxyl proton of 3HF forming a closed loop or
cage. Then, the entire structure was optimized, and after
optimization, the single-point energy of two water molecules
was calculated removing 3HF. The stabilization energy of the
3HF−water(2) cluster was determined following the proce-
dure as applied for the 3HF−water(1) cluster. Thus, the entire
procedure was extended for more than two water molecules,
and for the present case, the number of water molecules was
increased up to 7, forming closed-loop or cage-like structures
involving 3HF and water molecules. The corresponding
stabilization energies of 3HF−water(n) clusters (n = 1, 2,
3,...7) were determined using eq 3. The energy-optimized
geometries of 3HF−water clusters are depicted in Figure 1,
and their stabilization energies are plotted against the number
of water molecules and portrayed in Figure 2.

Δ

= − −−

E

E E E E E

stabilization energy( )

( ) ( )n n3HF water( )cluster A water( )cluster B 3HF

(3)

where E3HF−water(n) cluster denotes the overall optimized energy
of “n” water molecules forming the cluster with 3HF,
Ewater(n) cluster is the single-point energy of “n” organized water
molecules without 3HF, and E3HF is the optimized energy of
3HF alone. The detailed energy calculations are provided in
Table S1 in the Supporting Information. It is pertinent to
mention here that, for this calculation, a continuum model of
water was used as an approximation of the bulk water
surrounding the 3HF−water clusters. For the justification of
the loop-like positioning of the water molecules within the
hydrogen-bonding distance of the carbonyl oxygen and
hydroxyl proton of 3HF, the following explanation can be
given. Looking at the structure of 3HF (Scheme 1), it is
observed that apart from the carbonyl oxygen, 3-hydroxy
group, and the ring oxygen, the rest of the molecule is
hydrophobic in nature. Moreover, the ring oxygen of 3HF is
unable to take part in the formation of any loop-like structure
with water molecules. Therefore, the only possible way to form

Figure 1. Energy-minimized structures of 3HF and its aquated clusters with one to seven water molecules (number of water molecules involved in
the cluster formation is given in parentheses). Atomic notations: gray, carbon; off-white, hydrogen; red, oxygen.

Figure 2. Stabilization energy of the 3HF−water cluster as a function
of number of water molecules in the cluster.
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a closed-loop-like structure with water molecules and 3HF is to
involve the abovementioned hydrogen-bonding centers of the
probe, the carbonyl oxygen and 3-hydroxyl proton. The
importance of the 3-hydroxyl proton in high FA of 3HF has
already been established while comparing with the very low FA
of 3MF lacking the 3-hydroxyl proton.22

Figure 2 reveals that the stabilization energy of 3HF−water
clusters as a function of increasing number of associated water
molecules passes through a minimum. This trend can be
rationalized by the following explanation. The carbonyl and
hydroxyl groups of 3HF provide an optimal geometry for
participation in intermolecular hydrogen bonding with water
molecules so that a loop-like arrangement of water molecules is
stabilized. With the increase in the number of water molecules
in the 3HF−water cluster, the overall stabilization continues to
increase up to four to five water molecules (Figure 2). Addition
of water molecules beyond five leads to enhanced bulkiness of
the entire 3HF−water cluster, and the single loop-like structure
is not sustained (3HF−water(6) in Figure 1). It is observed
that, instead of forming one loop-like structure comprising
3HF and water molecules, two interconnected loops are
formed to maximize the number of hydrogen bonds between
the water molecules themselves,39,40 leading to a decrease in
the overall stability of the cluster. Thus, the trend of
stabilization energies of 3HF−water clusters suggests that
3HF indeed forms intermolecular hydrogen-bonded probe−
water clusters containing four to five water molecules and
therefore provides a strong foundation in favor of our
proposition of formation of the 3HF−water cluster.22 This
3HF−water cluster is attributed to be responsible for the
unusually high FA of 3HF in water since it results in a
remarkable increase in the effective size of the solvated probe
compared to bare 3HF.22 As expected, for 3MF, the
stabilization energies with varying numbers of water molecules
were very small compared to the situations of 3HF, principally
because of the methyl substitution of the hydroxyl proton that
limits the formation of additional H bonding with the solvent.
It is pertinent to mention here that in our first attempt of

this sort, we have only considered the immediate organized
layer of water around the probes (3HF and 3MF). Assuming
that the higher-order solvation shells would grow around the
first shell, we were mainly interested in monitoring the first
solvation shell. Our calculation reveals an appreciable enhance-
ment in the effective size of the solvated 3HF (taking the first
shell only). We also expect a similar effect to propagate with
higher solvation shells. In this first endeavor, we have tried to
explore the differential modification of the first solvation shell
of the two probes 3HF and 3MF. The only difference between
3HF and 3MF molecules is in the replacement of the hydroxyl
(−OH) group by a methoxy (−OCH3) group. Thus, it is likely
that the observed difference in FA originates from the local
structuring of water around the carbonyl and hydroxyl groups
of 3HF. Our objective was to investigate the presence of any
special water structuring around this specific region of 3HF,
and indeed we find the presence of a chain/loop-like structure
of hydrogen-bonded water molecules that connects the
carbonyl and hydroxyl groups. Such structuring involving the
hydroxyl group would not be possible in the case of 3MF.
3.2. Molecular Dynamics Simulation. It is known that

the FA of a fluorophore effectively depends on its excited
state.14 Therefore, to properly deal with the FA of a probe
from theoretical point of view, ideally, one should perform the
entire calculation using the excited-state geometry and

consider the ensemble average of the second Legendre
polynomial involving the absorption and emission dipoles.14,41

However, due to the demanding computational cost of
rigorous time-dependent excited-state calculations, we have
performed the atomistic classical MD simulations using the
ground-state dipole of 3HF to support our proposition of
formation of the cage-like 3HF−water clusters through a
comparison of dynamics of the probe in water and hexane
media (Figure 3). Since in 3MF the hydroxyl proton is

replaced by a methyl group, there is no scope of formation of
the probe−water loop-like structure like the one feasible for
3HF in water. However, to justify the similar (low) FA values
of 3HF and 3MF in alkane medium, the MD simulation of
3MF in hexane is presented (Figure 3). The rotational
dynamics of the probes are measured in terms of the
orientational correlation function as defined below

μ μ= ⟨ · ⟩C t t( ) (0) ( ) (4)

where μ(t) is the unit vector along the ground-state dipoles of
the probes at time t. The ⟨⟩ symbol indicates the ensemble
average over the MD trajectory. The comparison between the
correlation function in water and hexane is shown in Figure 3.
The calculated C(t) data are fitted to a bi-exponential function
(C(t) = a1 exp (− t/t1) + a2 exp (− t/t2)), and the fitting
parameters are reported in Table 1. The number of exponential

terms was determined by the minimum number of exponential
terms required to capture all distinct time-scales as well as the
quality of the fitting (measured by correlation coefficient and
χ2 values). The average rotational time (tavg) was calculated
as14

= +t a t a tavg 1 1 2 2 (5)

From Table 1, we observe that, in water, the average time for
orientational motion of 3HF is 123.3 ps, which is ∼3.4 times
slower than the corresponding time in hexane (36.6 ps). While
the ground-state rotational dynamics is not quantitatively
equivalent to the anisotropy decay process, it is still quite

Figure 3. Dipole orientational correlation function (C(t)) for 3HF in
water and 3HF and 3MF in hexane.

Table 1. Dipole Orientational Time Correlation Function
Fitting Parameters of 3HF in Water and 3HF and 3MF in
Hexane

system a1 t1 (ps) a2 t2 (ps) tavg (ps)

3HF/water 0.02 0.1 0.98 125.8 123.3
3HF/hexane 0.39 16.0 0.61 49.7 36.6
3MF/hexane 0.15 0.4 0.85 38.5 32.8
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evident that the hydrogen bonding network present in a protic
solvent like water dramatically slows down the rotational
motion of 3HF as compared to a non-polar solvent like hexane.
As expected, in alkane solvent, the average rotational time of
3HF agrees with that of 3MF. The MD simulations, thus,
justify and strengthen our proposition of formation of a
hydrogen-bonded solvated cluster of 3HF in water.
3.3. Steady-State Fluorescence Anisotropy Study.

After acquiring encouraging support from theoretical studies,
our intention was to provide further experimental evidence in
favor of our original proposition.22 To materialize this, we have
purposefully disrupted the 3HF−water cage-like structure by
introducing surfactants of varying surfactant chain length and
eventually entrapped the fluorophore in the respective anionic
micelles. We have studied the modulation of the FA of 3HF in
these experimental environments using steady-state and time-
resolved spectroscopic techniques, being aware of the fact that
the aspect of excited-state intramolecular proton transfer
(ESIPT) of 3HF has already been carried out by other groups
in such media.6,10 To avoid any perturbation from the emission
of the photoproduced anion of the probe in the anionic
micellar media,10 we have performed the entire study in
phosphate−citrate buffer medium at pH 3.5. The emission
profile of 3HF and the FA values in the buffer medium are,
however, found to remain similar to those observed in pure
aqueous medium.
Figure 4 depicts the variation patterns of FA of 3HF as a

function of concentration of various sodium n-alkyl sulfate

(SnS) (n = 8, 10, 12, and 14) surfactants. As a sharp contrast to
the normally observed increasing trend of the FA values of
most of the fluorophores with the gradual addition of
surfactants, the FA of 3HF shows an initial decrease followed
by an increase, passing through the respective minima. The
pattern of variation is found to be similar in all the SnS micellar
systems, which reflects the consistency and hence reliability of
our work.
Variation of the FA values of 3HF with the addition of

different surfactants is rationalized by the combined effect of
two opposing factors: one decreasing and the other increasing.

The interaction of the initially solvated probe with the
surfactant monomers in the pre-micellar region42,43 leads to
disruption of the probe−water cluster, resulting in a lowering
of the FA. This indirectly corroborates the existence of the
3HF−water cluster. The increasing factor comes from the
micelle-bound probe where, due to the enhanced effective size
and motional restriction in the micellar environments, the FA
value increases. Hence, the plot of FA against concentration of
the surfactant passes through a minimum for each of the SnS
systems. It is obvious that in the pre-micellar region, the
disruption of the solvated probe dominates. However, on
exceeding the respective critical micellar concentrations
(CMCs), the increasing population of the organized micellar
assemblies helps to surpass the lowering of FA of the
fluorophore and augments the FA afterward. The FA of the
probe in different micellar media attains respective saturation
values when a sufficient amount of micelles is formed. As the
micelles become bigger in size with increasing chain length of
the surfactants,44,45 the effective dimensions of the micelle-
bound probe increase, justifying the increasing trend of FA
values of 3HF in the studied micellar systems at the respective
saturations. The relative FA values at the plateaus of the
respective plots compared to the value in buffer medium give a
relative measure of the dimension of the micelle-bound probe
to the aquated probe. Experimental results reveal that 3HF
bound to the S14S micelle has a larger dimension than the
solvated probe in water, whereas in other studied SnS micelles,
the sizes are smaller (see later). A clear increasing trend of the
saturation values of the anisotropy is observed with increasing
chain length of the surfactants, indicating the increasing size of
the micelles from S8S to S14S (Table 2 and Figure 5A, see

later). It is interesting to note that the saturation anisotropy
values of 3HF in the micellar environments fail to surpass that
in the buffer medium with S14S being the only exception. It is

Figure 4. FA of 3HF as a function of concentration of (A) S8S, (B)
S10S, (C) S12S, and (D) S14S. λex = 345 nm and λmonitored = 405 nm.
[3HF] ≈ 4 μM. Average of 20 consistent anisotropy values is
presented for every concentration of SnSs.

Table 2. Hydrodynamic Diameters and the Steady-State FA
Values of 3HF in Different Media

medium
hydrodynamic diameter of 3HF

(± 0.4 nm)
steady-state FA
(± 0.005)

buffer 5.4 0.299
S8S
(296 mM)

3.6 0.245

S10S (75 mM) 4.1 0.263
S12S (12 mM) 4.8 0.282
S14S
(1.5 mM)

5.5 0.321

Figure 5. Variation of saturation FA values (black, left axis) and
hydrodynamic diameters (red, right axis) of (A) 3HF and (B) 3MF in
buffer and different SnS micellar media. In panel (B), the diameter of
3MF is not obtained in the buffer medium as it falls below the
instrumental resolution limit (1.0 nm) (see later). The solid line is
only to guide the eyes.
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noteworthy that the FA values of 3HF at the respective minima
in the SnS micelles are quite similar except for S14S (Figure 4)
where FA is appreciably higher. Since among the studied
micellar systems in aqueous buffer, S14S has the lowest CMC
value (∼0.3 mM) and the highest aggregation number (75),16

a smaller number of micelles in the S14S system appears to be
insufficient to accommodate all the 3HF molecules present in
the solution. This leads to the fact that some of the unbound
probe molecules still remain aquated in the form of the
aforesaid cluster. Since these clusters exhibit higher anisotropy,
we see a higher value of FA at the CMC in the case of S14S
micelle. The enhanced viscosity of the medium due to the
presence of S14S might also be attributed to the increased FA
of 3HF at the minimum.
The surfactant concentrations at which the FA value of 3HF

reaches the minimum in the surfactant solutions correspond to
the CMCs of the respective micelles in the experimental buffer
solutions. The CMC values agree well with the values
determined from the surface tension measurements (Figure
S1 and Table S2 in the Supporting Information). Thus, the
work provides a simple way of determination of the CMCs of
micelles through FA measurements.
To establish the impact of disruption of the probe−water

network of 3HF in the presence of micelles, we have extended
our study to 3MF, the methoxy counterpart of 3HF, in the
same SnS micellar environments (Figure S2 in the Supporting
Information). For 3MF, the very low FA in buffer medium
rules out formation of any type of probe−solvent cluster, as
already reported.22 A glance of Figure 4 and Figure S2
categorically reveals the difference between the variation
patterns of FA of 3HF and 3MF in aqueous medium with
the gradual addition of different surfactants. The saturation FA
values of 3MF in all the studied micelles are higher than the
anisotropy value of the probe in aqueous medium, as normally
expected. Due to the increased micellar size, the saturation FA
value of micelle-entrapped 3MF increases with an increase in
the surfactant chain length (Figure 5B). Interestingly, the
trends of variation of saturation FA against the surfactant chain
length of the SnS micelles for 3HF (Figure 5A) and 3MF
(Figure 5B and Table S3) are very different when considered
in reference to the respective FA values of the probes in
aqueous buffer medium. It is noteworthy that the dimensions
(obtained from DLS measurements) of 3HF and its methoxy
derivative in these studied SnS media including those in buffer
medium follow a similar trend to that observed for their
saturation FA (Figure 5). The lower saturation values of FA of
3HF in S8S, S10S, and S12S media with respect to that in
aqueous buffer, in fact, highlight disruption of the solvated
cluster of the probe in the presence of the micellar media,
leading to a reduction in the effective size of the probe. Except
for S14S, the lower saturation values of FA of 3HF in other
studied SnS media relative to the FA of the probe in water
medium corroborate our earlier observations in the presence of
other supramolecular assemblies.46,47 Lowering of the FA
values in these media is rationalized from the smaller
dimensions of the supramolecule-bound probe compared to
the dimension of the probe−water cluster. Breaking of the
probe−water cluster is also supported from our observation of
the reduced FA of 3HF in water upon addition of water
structure breakers (chaotropes) like urea or guanidine
hydrochloride.46

3.4. Time-Resolved Fluorescence Anisotropy Study.
To decipher the rotational intricacies of 3HF and 3MF in

aqueous buffer medium and in the studied anionic micellar
environments, time-resolved FA has been employed. Figure 6

depicts the anisotropy decay profiles. For the sake of clarity,
only the fitted data are presented in the figure and the
experimental raw data are presented in Figures S5 and S6 for
3HF and 3MF, respectively. Figure 6 portrays the fitted FA
decays of 3HF and 3MF in the presence of sufficient
concentrations of SnS where the steady-state FA values of
the probe have already achieved the respective saturations.
Comparing the FA decays of 3HF and 3MF in buffer medium
(blue decays in Figure 6A,B), it is observed that the decay of
3HF is visibly much slower than that of 3MF. This result
parallels to the observation as obtained from the steady-state
FA studies, justifying the retarded motion of the solvated 3HF
in buffer medium relative to its counterpart, 3MF. Moreover,
the anisotropy decays of 3HF in S8S, S10S, and S12S micelles
are relatively faster than that in pure buffer medium, which is
opposite to the generally observed increasing rotational
correlation times for other fluorophores in general, similar to
the case of the methoxy analogue of 3HF here (Figure 6B).
Breakdown of the solvated structure of 3HF is attributed

accountable for this unorthodox observation of the FA decays
of the same in the studied SnS micellar media relative to that of
the probe in buffer medium. The order of the rotational
correlation times of 3HF in the studied media follows S8S <
S10S < S12S < buffer < S14S corresponds to the findings from
the steady state measurements putting our explanations on a
firm base.

3.5. Dynamic Light Scattering Study. Since FA of a
probe is very much dependent on its effective size in a fluid
medium,14 we have determined dimensions of the solvated
3HF in the studied media exploiting the technique of dynamic
light scattering (DLS). The hydrodynamic diameter of 3HF in
buffer medium is found to be 5.4 nm that agrees well with our
earlier reports.22,46,47 The diameters of micellized 3HF in the
studied SnS systems are measured at surfactant concentrations
where the steady state FA reaches the individual saturations. In
a comparative approach, the distributions of diameter of 3HF
in the SnS micellar media along with that in aqueous buffer are
depicted in Figure S3(A) in the Supporting Information and
the hydrodynamic diameters of 3HF in these environments are
recorded in Table 2. From Table 2, it is evident that with the
increase in the hydrocarbon chain of the surfactants, overall
size of the micellized 3HF increases in the investigated SnS
environments corroborating our steady state and time resolved
FA data. This is rationalized taking into account the increasing

Figure 6. Fitted FA decays of (A) 3HF and (B) 3MF in different
environments. λex = 330 nm and λem = 405 nm for 3HF and λex = 370
nm and λem = 430 nm for 3MF. Both [3HF] and [3MF] ≈ 4 μM. The
legends contain the respective concentrations of SnS and the
corresponding rotational correlation times of 3HF and 3MF in
different media.
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surfactant chain lengths as well as the aggregation numbers of
the surfactants ranging from S8S to S14S.

42 A correspondence
between the FA values of 3HF in the SnS media and the
respective dimensions of 3HF in these micellar environments
has also been observed (Figure S3(B) in the Supporting
Information) which might serve the good purpose of size-
anisotropy relationship for the probe in the SnS micellar
environments. Upon applying the DLS technique to 3MF in
aqueous buffer, it fails to provide any characteristic peak since
its dimension remains below the resolution limit (1.0 nm) of
our instrument. The low FA value of 3MF and its smaller
dimension corroborate each other. However, when the study
with 3MF is extended in different SnS media, the dimensions of
micelle-bound 3MF are found to be comparable to the
dimensions of the probe-free micelles, following the order S8S
< S10S < S12S < S14S (Figure S4 and Table S3 in the
Supporting information) corroborating the steady state FA
data for the said probe in the studied micelles. Analogous
trends of variation of dimensions of the probes and their FA
values in different media, varying from buffer to S14S through
S8S, S10S and S12S (Figure 5) also reveal the reliability of our
experiments.

4. CONCLUSIONS
The present work, consisting of both theory and experiments,
provides a strong foundation to our original proposition of
formation of a 3HF−water cage-like cluster in rationalizing the
unusually high fluorescence anisotropy of the probe. Exploiting
ab initio quantum chemical calculations, it has been made clear
that 3HF indeed forms a solvated cluster in aqueous medium
and four to five water molecules are intermolecularly
hydrogen-bonded with 3HF in a cooperative way. Formation
of such clusters is assigned to be responsible for its larger
effective dimension and consequently its atypical high-
fluorescence anisotropy in aqueous medium. Molecular
dynamics simulation also reveals that the rotational dynamics
of 3HF in aqueous medium is remarkably slower compared to
that in nonpolar alkane medium, supporting formation of the
probe−water cage-like structure. Further, the unusual decrease
of FA of 3HF has been demonstrated in the presence of
anionic SnS surfactants relative to that in the buffer medium,
which is in sharp contrast to the increasing trend of the same
for other probes like the methoxy analogue of 3HF in similar
situations. Due to the specific interaction of the aquated cluster
of 3HF with the surfactants in the pre-micellar region,
disruption of the solvated network of the probe takes place
resulting in a decrease in the FA value, thereby indirectly
validating our proposition of formation of an intermolecularly
hydrogen-bonded probe−water cluster. These unique and
unusual observations obtained through a combined venture of
theoretical and experimental studies undoubtedly reveal that
there is much more to explore in the field of solvation and it
has the potential to unravel a new dimension in the said arena.
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