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Effect of nanocavities on the torsional dynamics of

thioflavin T in various non-aqueous reverse micelles†

Aninda Chatterjee and Debabrata Seth*

The photophysics of thioflavin T (ThT) were observed in different non-aqueous reverse micelles by using

steady state absorption and emission spectroscopy and time resolved fluorescence spectroscopy. We have

used glycerol, ethylene glycol, dimethyl formamide, methanol and acetonitrile as polar solvents to form

reverse micelles. In all reverse micelles with increase in w (w = [polar solvent]/[AOT]) the fluorescence

quantum yield decreased in a regular way. The time resolved fluorescence study of ThT in different

reverse micelles shows the similar trend as like above. We had plotted a calibration curve using the fluore-

scence quantum yield of ThT in glycerol–methanol mixtures vs. viscosity and from that curve we found

that ThT faced a greater microviscosity in glycerol pool of AOT/isooctane/glycerol reverse micelles than in

the pure glycerol, even at the highest w value. In all reverse micelles the emission quantum yield of ThT

was retarded several times compared to neat solvents. We have found that the fluorescence quantum

yield of ThT decreased with gradual increase in polarity by studying the emission properties of ThT in

dioxane–water mixtures of different polarity.

1. Introduction

Thioflavin-T (ThT) is a very important dye molecule which
forms highly fluorescent complexes with amyloid like fibrils. It
binds with amyloid fibrils with subsequent changes in its
fluorescence properties. These changes in fluorescence proper-
ties are widely used for studying the formation of amyloid
fibrils in vitro and hence ThT is widely used to study several
neurodegenerative disorders, such as Alzheimer’s disease, Par-
kinson’s disease etc.1,2 The formation and deposition of
amyloid fibrils, insoluble filamentous protein aggregates, in
different organism tissues are generally responsible for above
mentioned neurodegenerative disorders and several other dis-
eases, such as cataracts, type II diabetes etc.

ThT (Scheme 1) undergoes photoinduced twisted intramo-
lecular charge transfer (TICT) in the excited state by the ultra
fast torsional relaxation of the aromatic rings through the C–C
bond and this torsional motion is responsible for the fluore-
scence quenching process and hence the extremely low
quantum yield in solutions of low viscosity.3,4 The increase in
quantum yield of ThT when bound to amyloid fibrils is due to
the inhibition of rotation of the two rings along the C–C
bond.3,4 The binding of ThT to amyloid fibrils may be either
monomeric, dimeric or micellar.5,6 Groenning et al. had

performed the isothermal titration calorimetry experiments of
ThT binding to fibrils and found that the free energy of this
binding is dominated by entropy indicating that electrostatic
interaction has hardly any effect on binding.7 Khurana et al.,
using atomic force microscopy, examined the topography of
amyloid fibrils in the presence of ThT and found that at 20 μM
concentration showed “bumps”, which were considered as the
micelles bound to the surface of the fibrils.8 Later this micelle
hypothesis has been opposed by the fact that the critical
micelle concentration (CMC) of ThT was found to be 31.4 ±
5.2 μM by fluorescence anisotropy measurement rather than
4 μM.8,9 Singh et al. using TRANES (time-resolved area normal-
ized emission spectra) has shown that the TICT state of ThT is
emissive in nature.10

The spectroscopic and photophysical properties of ThT
were studied in different restricted and confined media, such
as micelles, reverse micelles, cyclodextrins and also in
DNA.11–15 Ilanchelian and Ramaraj studied the spectroscopic
properties of ThT in DNA and reported both the electrostatic

Scheme 1 A schematic representation of the thioflavin T cation.
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and groove binding interaction between ThT and DNA. They
showed that addition of NaCl to the system was responsible
for weakening of the electrostatic interaction in between ThT
and DNA.12

Quantum chemical calculations on the ThT cation shows
that the presence of a methyl group on the nitrogen of
benzthiazole ring prevents the molecule adopting the planar
configuration. When the two aromatic rings are in perpendicu-
lar positions the conjugation between the Π electron clouds of
the two aromatic rings breaks down and the two moieties
behave as independent chromophores. These calculations also
showed that in the ground state the positive charge of the
entire ThT cation mostly resides on the benzthiazole ring of
the cation and the amount of positive charge gradually
increases with the increase of torsion angle in between the
benzthiazole ring and the dimethylaniline rings and reaches
maximum at torsion angle 90°. The opposite thing is found to
happen on excitation of the molecule from the ground S0 state
to the S1 state i.e. in the excited state the dimethylaniline ring
contains a higher amount of positive charge and this amount
also gradually increases with the increase of torsion angle
between the two aromatic rings.1,16,17 Amdursky et al. studied
temperature dependence of the fluorescence properties of
thioflavin-T in propanol.18

AOT/oil/water reverse micelles are known to provide a con-
fined water pool. The size of this confined water pool depends
on the w0 value, where w0 = [water]/[AOT]. The nature of the
nanoconfined water is quite different than the bulk water.
Singh et al.15 studied the photophysical properties of ThT in
AOT/heptane/water reverse micelles and found that the nano-
confined water pool was responsible for the 250 fold increase
of the fluorescence quantum yield from that in the bulk water.
They showed that with a gradual increase in the pool size the
fluorescence quantum yield and the fluorescence lifetime
decreased nonlinearly. They used both steady state and femto-
second fluorescence upconversion techniques to study the
dynamics of ThT. It is reported in the literature that other
polar solvents, such as methanol, acetonitrile, glycerol, DMF,
formamide, ethylene glycol, can be used for preparing reverse
micelles of different w (w = [polar solvents]/[AOT]) values.
These non-aqueous reverse micelles are of great importance
and interest. In 1984 Friberg and Podzimek first studied the
formation of ethylene glycol microemulsion by using ethylene
glycol and lecithin and decane.19 Methanol, acetonitrile, DMF,
formamide, glycerol and ethylene glycol are the most com-
monly used polar solvents to form non-aqueous reverse
micelles. Falcone et al.20 studied the properties of non-
aqueous reverse micelles using six polar solvents, such as gly-
cerol, ethylene glycol, propylene glycol, formamide, dimethyl
formamide, dimethylacetamide. They compared these reverse
micelles with the aqueous reverse micelles using the solvato-
chromic behaviour of 1-methyl-8-oxyquinolinium betaine dye.
Laia et al.21 studied the nature of the microemulsions with
trapped polar non-aqueous solvents (glycerol, ethylene glycol,
formamide) inside the core using the dynamic light scattering
(DLS) method. They reported the formation of clusters

between these microemulsion droplets by means of attractive
interactions between them. The highest attractive interaction
was observed in the case of formamide and the lowest in the
case of glycerol.21 The solvation dynamics of methanol and
acetonitrile in AOT/heptane/methanol and AOT/heptane/aceto-
nitrile reverse micelles were studied.22–26 In this work we have
studied the photophysical process of ThT molecules in the
non-aqueous reverse micelles to study the effect of confine-
ment in the solvent pool of the microemulsions. In this study
methanol–glycerol mixtures are employed as the medium in
order to see the effect of viscosity of the medium, and
dioxane–water mixture as the medium to see the effect of
polarity on the exited state properties of ThT.

2. Materials and method

Thioflavin T was purchased from Sigma-Aldrich as its chloride
salt and used after twice recrystallizing from a 3 : 1 mixture of
acetonitrile and ethanol, as described in the literature.27

Dioctyl sodium sulfosuccinate or Aerosol OT (AOT), was pur-
chased from Sigma-Aldrich. Methanol, isooctane and 1,4
dioxane (spectroscopic grade) were purchased from Spectro-
chem, India. Acetonitrile (spectroscopic grade) was purchased
from SRL, India. Glycerol (ACS grade) and DMF (HPLC grade)
were purchased from RANKEM, India. Ethylene glycol was pur-
chased from CDH, India. AOT was dried in vacuum and used
as described in the literature.15 The concentration of AOT
maintained in all measurements is 0.1 (M).

The ground state UV-Vis absorption measurements were
carried out using UV-Vis spectrophotometer (Model: UV-2550,
SHIMADZU). The steady state fluorescence emission measure-
ments were done using Fluoromax-4P spectrofluorometer
(HORIBA JOBIN YVON). The fluorescence quantum yield of
ThT in different media was calculated using the fluorescence
quantum yield of Coumarin 480 in water (ϕf = 0.66)28 as a
reference by using the following equation:

ϕs ¼ ϕr
IsArn

2
s

IrAsn2r
ð1Þ

where subscript s and r stand for the sample and reference,
respectively, and I stands for the integrated area under the
emission band, A stands for the absorbance of the solution at
the excitation wavelength and n stands for the refractive index
of the solvent. The steady state emission spectra was fitted by
the “log normal line shape function” which is defined as

IðνÞ ¼ I0 exp � ln 2
ln½1þ 2bðν� νpÞ=Δ�

b

� �2
" #

ð2Þ

where νp, I0, Δ and b are the peak position, amplitude, width
and asymmetry parameter, respectively. For steady state fluo-
rescence and absorption measurement the temperature was
kept constant at 298 K by using a Jeiotech refrigerated bath cir-
culator (Model: RW0525G).
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The fluorescence transients were taken with the use of the
picosecond-resolved time-correlated single-photon counting
(TCSPC) technique. We used a time-resolved fluorescence
spectrophotometer from Edinburgh Instruments (Model: Life-
Spec-II, UK) and we used a picosecond diode laser at 405 nm
as an excitation source. The instrument response function
(IRF) of our system is 75 ps. The fluorescence transients were
detected at magic angle (54.7°) polarization using a Hama-
matsu MCP PMT (3809U) as a detector. The decays were ana-
lysed using F-900 decay analysis software. The observed
fluorescence transients were fitted after deconvoluting IRF by
using the following equation:

IðtÞ ¼ Aþ
X

N

i¼1

Bi exp �
t

τi

� �

ð3Þ

where Bi is the pre-exponential factor with the characteristic
lifetime τi and A is the background. The amplitude weighted

average lifetime was calculate as kτl ¼
P

N

i¼1
ðCiτiÞ, where

Ci ¼
Bi

P

N

i¼1

Bi

.

All experiments were carried out three times to check the
reproducibility of the data.

The fluorescence anisotropy decays (r(t)) were measured by
using the same instrument (Model: LifeSpec-II). For the aniso-
tropy measurement, the emission intensities at parallel (I||)
and perpendicular (I┴) polarizations were alternatively col-
lected by fixing the time for both the decays. Motorised polari-
zers were used to collect the parallel and perpendicular decays.
Then the following equation was used to get the r(t).

rðtÞ ¼
IkðtÞ � GI?ðtÞ

IkðtÞ þ 2GI?ðtÞ
ð4Þ

G is the correction factor for detector sensitivity to the
polarization direction of the emission. The F-900 software was
used to fit the anisotropy decay. For time resolved measure-
ment temperature was kept constant at 298 K by using peltier-

controlled cuvette holders from Quantum Northwest (Model:
TLC-50).

3. Results and discussion

3.1 Steady state absorption and emission study

The absorption maxima of ThT in different neat solvents, such
as water, methanol (MeOH), acetonitrile (ACN), dimethyl form-
amide (DMF), ethylene glycol (EG) and glycerol (Gly), are
found at 411, 415, 415, 417, 421 and 423 nm, respectively. In
isooctane–AOT mixture the absorption maximum of ThT was
found at 24 096 cm−1 (415 nm). In isooctane/AOT/MeOH
reverse micelles with gradual addition of methanol the absorp-
tion maxima of ThT showed blue shift. At w = 8 the absorption
maxima was found at 24 390 cm−1 (410 nm) as shown in
Fig. 1a. In isooctane/AOT/DMF reverse micelles we have
observed a similar feature. With increase in w value, the
absorption maximum of ThT showed a blue shift. At w = 3 the
absorption maxima was found at 24 330 cm−1 (411 nm), as
shown in Fig. 1b. In isooctane/AOT/EG reverse micelles the
absorption maxima of ThT showed red shift as shown in
Fig. 2a. In isooctane/AOT/Gly reverse micelles the absorption
maximum of ThT gradually red shifted with an increase in w

value (Fig. 2b). In isooctane/AOT/ACN reverse micelles the
absorption peak remains almost unchanged with addition of
ACN in the isooctane–AOT mixture. ThT is a cationic probe
and the surfactant AOT is an anionic molecule, therefore cer-
tainly some electrostatic interaction between ThT and AOT is
possible. In SDS micelles Kumar et al.14 found a red shift in
the absorption maximum of ThT. In isooctane/AOT/water
reverse micelles Singh et al.15 found a red shift in the absorp-
tion maximum of ThT. These bathochromic shifts are due to
the electrostatic interaction between the cationic ThT and the
anionic head group of the surfactant.14,15 A ThT molecule
undergoes a red shift in the absorption spectral peak when it
faces a less polar environment.29 In our case we have observed
a blue shift in the absorption peak of ThT in the non-aqueous
polar solvent containing reverse micelles except for Gly- and

Fig. 1 The spectral shift in absorption spectra of ThT in (a) isooctane/AOT/MeOH reverses micelles, (b) isooctane/AOT/DMF reverses micelles of different w values.
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EG-containing reverse micelles. The blue shift of the absorp-
tion peak is also reported in the literature.30 In isooctane/AOT/
DMF reverse micelles the sodium counter ion disrupts the
intermolecular structure of DMF and as a result the weak inter-
molecular interaction between the DMF molecules breaks
down, thereby highly solvating the Na+ counter ion. As a
result, the naked polar sulfonate head groups of AOT become
available for electrostatic binding with the ThT cation. An
increase in DMF in the polar core of reverse micelle causes
more and more Na+ ions to become solvated and hence more
and more polar head groups of AOT become free for electro-
static binding between the ThT+ and the negatively charged
sulfonate head group. This electrostatic interaction causes the
ground state of the molecule to be sufficiently stabilised com-
pared to the excited state, as this complex formation by electro-
static interaction is a ground state phenomenon, and hence
the absorption spectra of ThT in this isooctane/AOT/DMF
undergoes a blue shift. The Na+ counter ion undergoes electro-
static binding with the AOT polar head group and competes
with the ThT cation. When Na+ ions are removed from the sul-
fonate group by solvation, the ThT cation gets enough advan-
tage to form electrostatic binding. This may be the probable
reason for the blue shift of the absorption peak of ThT.
A similar kind of blue shift in the absorption spectra of
1-methyl-8-oxyquinolinium betaine (QB) dye was reported in
the literature.20 In the case of isooctane/AOT/MeOH reverse
micelles, gradual addition of methanol to the polar core of the
reverse micelle causes the solvation of the polar head group of
the AOT (sulfonate head group) by means of hydrogen
bonding.31 This solvation results in the weakening of the
electrostatic interaction between the cations (both Na+ and
ThT+) and the anionic head group of AOT. So the interaction
between the ThT cation and the AOT becomes weak with
gradual increase in w value and it may be possible that the
free ThT cation starts to get solvated by free methanol (i.e. the
methanol molecules not solvating the polar head group of the
AOT). This may be the probable explanation of the blue shift
of the absorption peak of ThT in this reverse micelle. In the

case of Gly- and EG-containing reverse micelles the addition of
these two polar liquids in the isooctane–AOT mixture causes
the weakening of the electrostatic interaction between the
SO3

− polar head group of AOT and the ThT cation. As a result
the cationic dye molecule moves towards the polar core from
the interface with a gradual increase in w value. So the absorp-
tion peak in both these reverse micelles undergoes a red shift
with a gradual increase in w value. In all reverse micelles
(except for glycerol containing reverse micelles) the absorption
peak of ThT is blue shifted compared to that in the respective
neat polar solvents. Even at the highest w value the absorption
peak of ThT is blue shifted compared to the bulk solvents.
These data showed that the ThT is facing a less polar environ-
ment inside the reverse micelles compared to the bulk solvents.

The fluorescence emission maxima of ThT in different neat
solvents, such as MeOH, ACN, DMF, EG and Gly, are found at
478, 479, 485, 487 and 485 nm, respectively. In the isooctane–
AOT mixture the emission maximum of ThT was found at
475 nm. In isooctane/AOT/MeOH reverse micelles we have
observed little red shift in the emission maxima of ThT with
gradual addition of methanol and the fluorescence intensity
gradually decreases, as shown in Fig. 3a. In isooctane/AOT/
ACN and isooctane/AOT/DMF reverse micelles we have
observed a small red shift in the emission maximum of ThT
and the fluorescence intensity gradually decreased with
increase in w value. Similarly in isooctane/AOT/EG (Fig. 3b)
and isooctane/AOT/Gly reverse micelles (Fig. 3c) we have
observed a red shift in emission maximum of ThT and the
fluorescence emission intensity gradually decreased with a
gradual increase in w value. In all reverse micelles we have
observed a blue shift in the emission spectra compared to neat
solvent.

The emission quantum yield of ThT in different reverse
micelles have been measured and tabulated in Table 1. In iso-
octane/AOT/MeOH reverse micelles the emission quantum
yield (ϕf ) of ThT at w = 1 is 0.030 and in neat MeOH the
quantum yield of ThT is ∼0.0005. Therefore the quantum yield
of ThT increases ∼60 times in methanol containing reverse

Fig. 2 The spectral shifts in absorption spectra of ThT in (a) isooctane/AOT/EG reverse micelles, (b) isooctane/AOT/Gly reverse micelles of different w values.
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Fig. 3 The changes in emission spectra of ThT in (a) isooctane/AOT/MeOH reverse micelles, (b) isooctane/AOT/EG reverse micelles and (c) isooctane/AOT/Gly

reverse micelles of different w values.

Table 1 The absorption and emission maximum and lifetime of ThT in isooctane/AOT/polar solvents reverse micelles (RM) of different w ([polar solvents]/[AOT])

values

No. System ϕf τf
a (ns)

kr (s
−1)b

(×109)
1/τF = kr + knr
(×109) (s−1)

knr
(×109) (s−1)

λmax (abs)
cm−1 (nm)

λmax (em)
cm−1 (nm)

1 AOT–isooctane mixture 0.06 0.462 0.130 2.164 2.03 24 096 (415) 20 906 (475)
2 Gly RM at w = 1 0.112 0.639 0.175 1.565 1.39 23 696 (422) 20 772 (478)
3 Gly RM at w = 2 0.105 0.593 0.177 1.686 1.51 23 696 (422) 20 705 (479)
4 Gly RM at w = 3 0.096 0.556 0.173 1.798 1.63 23 696 (422) 20 657 (481)
5 Gly RM at w = 3.5 0.096 0.560 0.171 1.785 1.61 23 640 (423) 20 644 (481)
6 EG RM at w = 0.5 0.046 0.317 0.145 3.155 3.01 24 096 (415) 20 868 (476)
7 EG RM at w = 1.0 0.031 0.214 0.145 4.673 4.53 24 038 (416) 20 755 (478)
8 EG RM at w = 1.5 0.024 0.166 0.144 6.024 5.88 23 923 (418) 20 689 (480)
9 EG RM at w = 2.0 0.02 0.143 0.140 6.993 6.85 23 923 (418) 20 638 (481)
10 DMF RM at w = 0.5 0.058 0.334 0.174 2.99 2.82 24 213 (413) 20 859 (476)
11 DMF RM at w = 1.0 0.045 0.278 0.162 3.60 3.43 24 271 (412) 20 825 (476)
12 DMF RM at w = 2.0 0.028 0.185 0.151 5.405 5.25 24 271 (412) 20 768 (478)
13 DMF RM at w = 3.0 0.018 0.126 0.143 7.940 7.79 24 330 (411) 20 704 (479)
14 ACN RM at w = 1.0 0.044 0.333 0.132 3.003 2.87 24 096 (415) 20 839 (476)
15 ACN RM at w = 3.0 0.025 0.208 0.120 4.807 4.69 24 096 (415) 20 778 (478)
16 ACN RM at w = 5.0 0.016 0.103 0.155 9.708 9.55 24 154 (414) 20 741 (479)
17 MeOH RM at w = 1.0 0.030 0.277 0.108 3.610 3.50 24 213 (413) 20 854 (476)
18 MeOH RM at w = 3.0 0.01 0.101 0.099 9.901 9.80 24 390 (410) 20 816 (477)
19 MeOH RM at w = 5.0 0.006 0.057 0.105 17.543 17.44 24 390 (410) 20 818 (477)
20 MeOH RM at w = 8.0 0.003 0.040 0.075 25.00 24.92 24 390 (410) 20 815 (477)

a
τf = a1τ1 + a2τ2 + a3τ3.

b kr = ϕf/τf.
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micelles compared to that in neat methanol due to confine-
ment of ThT in the polar core of the reverse micelles. With an
increase in w value ϕf gradually decreases, at w = 8, ϕf of ThT
becomes 0.003. In isooctane/AOT/ACN reverse micelles the
emission quantum yields (ϕf ) of ThT at w = 1 is 0.044, and in
neat ACN the quantum yield of ThT is ∼0.0003. Therefore the
quantum yield of ThT increases ∼147 times in ACN containing
reverse micelles compared to that in neat ACN. With increas-
ing w value ϕf gradually decreases, at w = 5, ϕf of ThT becomes
0.016. In isooctane/AOT/DMF reverse micelles the emission
quantum yields (ϕf ) of ThT at w = 0.5 is 0.058, and in neat
DMF the quantum yield of ThT is ∼0.0007. Therefore the
quantum yield of ThT increases ∼83 times in DMF containing
reverse micelles compared to that in neat DMF. With an
increase in w value ϕf gradually decreases, at w = 3, ϕf of ThT
become 0.018. In isooctane/AOT/EG reverse micelles the emis-
sion quantum yields (ϕf ) of ThT at w = 0.5 is 0.046, and in neat
EG the quantum yield of ThT is ∼0.004. Therefore the
quantum yield of ThT increases ∼11.5 times in EG containing
reverse micelles compared to that in neat EG. With increase in
w value ϕf gradually decreases, at w = 2.0, ϕf of ThT become
0.02. In isooctane/AOT/Gly reverse micelles the emission
quantum yields (ϕf ) of ThT at w = 1 is 0.112, and in neat gly-
cerol the quantum yield of ThT is ∼0.053. Therefore the
quantum yield of ThT increases ∼2.1 times in glycerol contain-
ing reverse micelles compared to that in neat glycerol. This
due to the fact that glycerol is a highly viscous medium, there-
fore in neat glycerol the quantum yield of ThT is very high
compared to methanol or ACN. With increase in w value ϕf

gradually decreases, at w = 3.5, ϕf of ThT become 0.096.

3.2 The effect of viscosity on ThT and determination of

microviscosity

We have studied the emission property of ThT in methanol–
glycerol mixtures. This mixture of different compositions was
used as both the methanol and glycerol have almost same
polarity (ET(30) of glycerol and methanol are 55.4 and 57.0,
respectively) and hence the mixtures have almost same
polarity, but the mixtures have different viscosity. We found

that with gradual increase of viscosity of the mixtures the
fluorescence intensity of ThT was gradually increased and the
emission spectral position also showed a red shift from
475 nm in methanol to 487 nm in the 90% glycerol of viscosity
630 cP. The quantum yield of the ThT emission in these gly-
cerol–methanol mixtures gradually went on increasing with
gradual increase in viscosity, as shown in Table S1 (in ESI†). In
solutions of low viscosity the ThT undergoes ultra fast tor-
sional motion along the C–C bond between the two aromatic
moieties and this torsional motion opens up the non-radiative
decay channel to compete with fluorescence emission and so
the fluorescence emission intensity decays to very low in the
solutions of low viscosity.16,17 With gradual increase in visco-
sity this torsional motion gradually becomes slow and gets
retarded and so the non-radiative decay rates become small.
Hence fluorescence quantum yield gradually increases. We
have plotted the emission quantum yield of ThT against the
viscosity of these mixtures using the Förster–Hoffmann
equation:32

ϕf ¼ Zηα ð5Þ

where Z and α are the constants and η is the viscosity of the
medium. The plot of ϕf vs. η is used as a calibration curves, as
shown in Fig. 4a (the log ϕf vs. log η plot is shown in Fig. S-1†).
The values of Z and α are 1.8 × 10−4 and 0.718, respectively.
The value of α matches well with the value (α = 0.5–0.75)
reported in the literature for a molecular rotor.33 From this
calibration plot we found out the maximum micro-viscosity
faced by ThT in different restricted media. Sulatskaya et al.34

studied the photophysical properties of ThT in glycerol–water
mixtures, but here we have used glycerol–methanol mixtures
since the polarity of glycerol and methanol are very close to
each other. This equation is not valid for the high viscosity
region where the radiative relaxation dominates with negligible
rotational relaxation.32,35,36 But in our case we found that the
rotational relaxation is not negligible. So we have used eqn (4)
to find out the microviscosity faced by ThT in different reverse
micelles (Table 3).

Fig. 4 (a) The calibration curve for determining the microviscosity faced by ThT in different restricted media using glycerol–methanol mixtures of different compo-

sitions. (b) The variation of the quantum yield of ThT with varying polarity parameter ET(30) of dioxane–water mixtures.
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In almost all the reverse micelles, except isooctane/AOT/Gly
reverse micelles, with a gradual increase in polar solvent in
reverse micelles the fluorescence quantum yield decreases. In
the case of isooctane/AOT/Gly reverse micelles addition of gly-
cerol to achieve w = 1 causes an increase in the fluorescence
quantum yield from that of the w = 0 value. After w = 1,
gradual addition of glycerol causes a decrease in the fluore-
scence quantum yield. The first increase in the fluorescence
quantum yield is mainly due to the increase in microviscosity,
which causes the torsional motion of the dye along the C–C
bond to be sluggish. So the non-radiative decay rate decreases,
which causes the increase in fluorescence quantum yield.
Further addition of glycerol beyond the w = 1 causes an
increase in the size of the reverse micelle and hence greater
movement of the ThT molecule towards the polar core from
the interface. It is known that in glycerol containing reverse
micelles glycerol interacts with AOT through hydrogen
bonding with the SO3

− group of AOT and solvating the Na+

counterion by means of charge–dipole interaction, thereby
removing Na+ counterion from the interface37,38 and disrupt-
ing the associated structure of glycerol in these reverse
micelles. With increase in w value the ThT molecule shifted to
the polar core of the reverse micelles. As a result the
microviscosity faced by the ThT gradually decreases with
increase in w value and hence the torsional motion of the dye
along the C–C bond becomes favourable. From the calibration
curve (Fig. 4a) we have found out that the microviscosity faced
by ThT in glycerol reverse micelle at w = 1 is 7755 cP (Table 3),
which is about 2.38 times higher than the microviscosity faced
by the probe molecule at w = 0. But with a gradual increase in
the glycerol content in the reverse micelle this microviscosity
faced by ThT gradually decreases. At w = 3.5 the microviscosity
faced by the ThT is 6257 cP. So this decrease in the microvisc-
osity causes the decrease in the fluorescence quantum yield of
ThT. To calculate the radiative and non-radiative decay rate,
the following equations are used

kr ¼
ϕ f

τ f
ð6Þ

1
τf

¼ kr þ knr ð7Þ

where ϕf stands for the fluorescence quantum yield of the
fluorophore, τf is the fluorescence lifetime, kr and knr stand for
radiative and non-radiative decay rate constants of the fluoro-
phore. At w = 1 the non-radiative decay rate (knr) is 1.39 × 109

s−1 and at w = 0 it is 2.03 × 109 s−1. After w = 1 further addition
of glycerol causes the increase in the non-radiative decay rate
constant and at w = 3.5 the non-radiative decay rate constant
becomes 1.61 × 109 s−1 (Table 1). In glycerol reverse micelles
the glycerol molecules inside the polar core of the reverse
micelle solvate the SO3

− head group of AOT, which breaks
down their own hydrogen bonding network at lower w value.
With gradual increase in the w value the glycerol molecules
still solvate the AOT head group. As a result the free glycerol
molecules are not present.37 Addition of more and more

glycerol molecules to the core weakens the electrostatic inter-
action between ThT cations and AOT head groups, thereby
decreasing the stability of the ground state of ThT. On the
other hand, as more and more glycerol is added, at the same
time the ThT molecule is also solvated in the excited state,
thereby stabilising the excited state and hence the fluorescence
emission peak is red shifted. Ethylene glycol is much less
viscous than glycerol. When ethylene glycol is added to the
polar core to achieve w = 0.5, ethylene glycol molecules enter
inside the lipophilic phase and starts to interact with the carb-
onyl group of AOT.38 Increase in w value from w = 0 to w = 0.5
causes the decrease in fluorescence quantum yield to 0.046.
Addition of ethylene glycol in the mixture of AOT–isooctane to
achieve w = 0.5 causes a decrease in the electrostatic inter-
action between the ThT cation and the polar head group of
AOT and the molecule faces less microviscosity, so the tor-
sional motion of the molecule along the C–C bond becomes
more favourable and hence the non-radiative decay rate con-
stant gradually increases. As a result of this the fluorescence
quantum yield also suffers a decrease to 0.02 at w = 2. Again
from the steady state data it is observed that the emission peak
of ThT undergoes a red shift from 476 nm at w = 0.5 to 481 nm
at w = 2, showing that the ThT molecule is moving towards a
more polar region.

In the case of DMF reverse micelles, gradual addition of
DMF in the AOT–isooctane mixture causes a decrease in the
fluorescence quantum yield. Addition of DMF to the polar core
causes the solvation of Na+ ions.39 Thus there is greater prob-
ability that the ThT cation may interact with the polar head
group of AOT. This kind of interaction is supported by the fact
that the steady state absorption spectra also shows some blue
shift with a gradual increase in w value. There is only very
small or almost no dipole–dipole interaction between the
polar head group of AOT and DMF. The DMF structure inside
the pool of the reverse micelle is highly distorted. The
quantum yield of ThT in AOT/isooctane/EG reverse micelles at
w = 0.5 is 0.046 whereas the same in isooctane/AOT/DMF
reverse micelles at w = 0.5 is 0.058. These data shows that the
microenvironment of ThT in DMF containing reverse micelles
is different from that of EG containing reverse micelles. With
increase in w value ThT molecules move to the polar core of
the reverse micelles, facing a less viscous environment, so the
non-radiative decay channel opens, leading to the decrease in
the fluorescence quantum yield. The fluorescence emission
peak also shows a small red shift, indicating that the dye mole-
cule is facing more a polar medium with a gradual increase in
w value. Almost the same explanation is applicable for isooc-
tane/AOT/ACN reverse micelles. The special features about
ACN and MeOH reverse micelles are that with gradual increase
in w value their size does not change much and almost
remains the same. In the case of methanol reverse micelles,
addition of methanol to the isooctane–AOT mixture to achieve
w = 1 causes the decrease in fluorescence quantum yield to
0.03 from 0.06 and further addition of methanol to the reverse
micelle causes the further decrease in fluorescence quantum
yield to 0.003 at w = 8. The decrease in fluorescence quantum
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yield is probably due to the decrease in the microviscosity. The
microviscosity faced by the ThT gradually decreases with
gradual increase in the methanol content of the polar pool.
Here, viscosity may be the main driving force behind the
change of fluorescence quantum yield. We have calculated the
value of microviscosity faced by the ThT cation in AOT/iso-
octane/MeOH reverse micelles and found that microviscosity
gradually decreases from 1239 cP at w = 1 to 50 cP at w = 8. So
in methanol reverse micelles the microviscosity faced by the
probe decreases ∼25 times compared to the 1.24 times
decrease in glycerol reverse micelles, proving that inside the
reverse micelle no free glycerol molecule exists.

3.3 The effect of polarity on ThT

To check whether the emission property of ThT is polarity
dependent or not, we studied the fluorescence properties of
ThT in dioxane–water mixtures of different composition. With
gradual increase of water content in the mixtures the polarity
parameter ET(30) gradually increases from 36.6 (100% dioxane)
to 63.6 (100% water).40–42 It was observed that the absorption
peak of ThT shifts from 411 nm in 100% dioxane to 421 nm in
a mixture of 81.3% dioxane and further decreases to 412 nm
in water. The respective absorption peak positions are tabu-
lated in Table S2 (in ESI†). The structural properties of
dioxane–water mixtures are different for different mole frac-
tions of dioxane. Takamuku et al.43 studied the structure and
dynamics of 1,4-dioxane–water mixture of different compo-
sitions by using X-ray diffraction, mass spectrometry and NMR
relaxation. They found that the 1,4-dioxane–water mixtures
could be divided into three region: 0.3 ≤ Xdiox ≤ 0.9, 0.1 ≤ Xdiox
≤ 0.2, and 0 ≤ Xdiox ≤ 0.07, where Xdiox is the mole fraction of
dioxane in the mixture. In the region 0.3 ≤ Xdiox ≤ 0.9 the
structure of dioxane remains almost unaltered. In the region
0.1 ≤ Xdiox ≤ 0.2 the clusters of one or two molecules of
dioxane and several water molecules are formed by means of
hydrogen bonding between dioxane and water and still the
structure of the water molecules remains ruptured. In this
region the hydrogen bonded network of water does not start to
be formed. In the region 0 ≤ Xdiox ≤ 0.07 the ice like open
network structure starts to predominate and yet the original
hydrogen bonded network of water is not formed. This indi-
cates that addition of a small amount of 1,4-dioxane to water
causes the break down of the hydrogen bonded water struc-
ture. Gradual addition of water to the dioxane causes the for-
mation of free water molecules together with the formation of
the dioxane–water cluster, which causes the specific solvation
of ThT molecules, causing the red shift of the absorption peak
up to 81.3% dioxane in dioxane–water mixture. After the initial
red shift of the absorption peak, as the polarity of the medium
gradually increases the ground state of the ThT molecule gets
more stabilised and so the absorption band shifts further
towards the blue end. In pure water the water molecules are
associated with each other by means of a hydrogen bonding
network and as a small amount of 1,4-dioxane is added to
water the hydrogen bonded network of water breaks down and
free water molecules are formed together with the formation

of dioxane–water cluster. These free water molecules preferen-
tially solvate the ThT, thereby causing the initial red shift of
the dye ThT. We found that with gradual increase of polarity
i.e. gradually increasing proportion of water in the mixtures
the fluorescence emission peak showed a shift from 475 nm in
100% dioxane solution to 486 nm up to the dioxane–water
mixture having 34.4% dioxane content (ET(30) = 56.5) and
then further decreased to 481 nm in water of ET(30) = 63.6 as
shown in Table S2 (in ESI†). The absorption and emission
energy of ThT in dioxane–water mixtures (in kcal mol−1)
showed a trend of initial decrease followed by increase. The
fluorescence quantum yield of ThT decreases ∼10 times on
going from neat dioxane to water whereas polarity changed by
27 on the ET(30) scale (Table S2,† Fig. 4b). From this study it is
clear that quantum yield of ThT fluorescence is also depen-
dent on the polarity of the medium. This decrease in quantum
yield of ThT with increase in polarity is due to an increase in
the rate of TICT. Addition of a small amount of 1,4-dioxane
causes the rupture of the hydrogen bonded network of the
water molecules and therefore the dioxane molecules remain
embedded into the water structure, forming the clathrate
hydrate up to the mole fraction of dioxane Xdiox ≤ 0.1. Above
this mole fraction binary clusters are formed in between 1,4-
dioxane and water, containing one or two dioxane molecule
and several water molecules and this type of cluster exists in
the range 0.1 ≤ Xdiox ≤ 0.2. At the same time there are also
several free water molecules, which preferentially solvate the
ThT molecule in the excited state and such preferential sol-
vation is responsible for the red shift of the emission
maximum. Again further addition of dioxane causes the
revival of the neat dioxane cluster and furthermore the
decrease of free water molecule in the range of 0.3 ≤ Xdiox ≤

0.9. As a result the polarity of the medium decreases, causing
the blue shift of the emission maximum. Thus the emission
maximum of ThT in dioxane is 475 nm. Such kind of preferen-
tial solvation also reported in the literature.44,45 Friedhoff
et al.46 also studied the effect of polarity and viscosity on the
fluorescence intensity and the emission maxima for ThS and
ThT in different solvents and binary solvent mixtures of
different polarity and different viscosity. They found that the
variation of dielectric constant of the solvents (and hence vari-
ation of polarity) caused the spectral intensity change and
shift of the spectral peak for ThS, but the polarity change had
a negligible effect on the spectral peak position shift in the
case of ThT. Sulatskaya et al.33 studied the photophysical prop-
erties of ThT in a wide range of viscosity and temperature by
incorporating it into the insulin amyloid fibril and rigid iso-
tropic solution. They suggested that the fluorescence quantum
yield of ThT not only depended on the ultrafast torsional
rotation among the C–C bond between the two fragments but
also depended upon the conformation of the dye in both the
ground state and also in the excited state and proposed that
the non-radiative decay was mainly due to the nonplanar con-
formation in both the ground state and the excited state. They
reported that the fluorescence quantum yield of ThT was not
only dependent upon the steric restriction or the ultrafast
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torsional motion along the C–C bond but also on the confor-
mation of the bound dye to the fibril. In our study we observed
that the fluorescence quantum yield of ThT is not only depen-
dent on the viscosity of the medium but also dependent on
the polarity of the medium.

3.4 Time resolved emission study

We have studied the time resolved fluorescence emission
spectra of ThT in different reverse micelles (Table 1). All the
decays were fitted by a triexponential function (Table 2).
Similar multiexponential behaviour of fluorescence lifetime
decay of ThT in aqueous reverse micelles has been reported.15

This multiexponential behaviour observed in the fluorescence
decay of ThT in all non-aqueous polar solvents containing
reverse micelles is due to heterogeneity of the system. We have
taken the average value of fluorescence lifetime of ThT in all
the reverse micelles. A similar approach was reported in the
literature for several fluorophores in the reverse
micelles.15,22–26,30 In AOT/isooctane/Gly reverse micelles with
gradual increase in the w value, the average fluorescence life-
time value first increased from 462 ps at w = 0 to 639 ps at w =
1 and then further decreased to 569 ps at w = 3.5 (Fig. 5a).
First increase in the fluorescence average lifetime is due to
increase in the viscosity faced by the ThT cation on going from
the w = 0 to w = 1. In the case of EG reverse micelles the
average fluorescence lifetime of ThT gradually decreases from
317 ps (at w = 0.5) to 143 ps (at w = 2). Gradual increase in EG
in the reverse micelle causes the gradual shift of the ThT
towards the core of the reverse micelle and hence it faces less
viscosity than at the interface. As a result the torsional motion
along the C–C bond of ThT becomes more and more favour-
able. So the average lifetime of ThT gradually decreases
(Fig. 5b). Similar trends are also observed in the case of DMF,
ACN and MeOH reverse micelles (Fig. 6a, 6b, 6c). In the case of

DMF reverse micelles the average fluorescence lifetime of ThT
gradually decreases from 334 ps (at w = 0.5) to 126 ps (at w =
2). In the case of ACN reverse micelles the average fluorescence
lifetime of ThT gradually decreases from 333 ps (at w = 1.0) to
103 ps (at w = 5). In the case of MeOH reverse micelles the
average fluorescence lifetime of ThT gradually decreases from
277 ps (at w = 1.0) to 40 ps (at w = 8). In the case of glycerol
reverse micelles the decrease in fluorescence average lifetime
of ThT is only 80 ps with increase in w from 1 to 3.5. In the
case of EG reverse micelle decrease in fluorescence average
lifetime of ThT is 174 ps with increase in w from 0.5 to 2.0.

Table 2 The fluorescence lifetime values of ThT in different non-aqueous reverse micelles

No. System τ1 (ns) a1 τ2 (ns) a2 τ3 (ns) a3 τf
a (ns) χ2

1 AOT–isooctane mixture 0.110 0.545 0.540 0.312 1.632 0.143 0.462 0.997
2 Gly RM at w = 1 0.144 0.420 0.677 0.391 1.664 0.189 0.639 1.122
3 Gly RM at w = 2 0.159 0.412 0.645 0.412 1.490 0.176 0.593 1.104
4 Gly RM at w = 3 0.146 0.397 0.604 0.426 1.365 0.177 0.556 1.094
5 Gly RM at w = 3.5 0.146 0.382 0.586 0.426 1.328 0.192 0.560 1.122
6. EG RM at w = 0.5 0.098 0.619 0.471 0.298 1.396 0.083 0.317 1.161
7 EG RM at w = 1.0 0.083 0.637 0.345 0.308 0.995 0.055 0.214 1.075
8 EG RM at w = 1.5 0.072 0.646 0.274 0.312 0.820 0.042 0.166 1.124
9 EG RM at w = 2.0 0.065 0.670 0.245 0.291 0.710 0.039 0.143 1.085
10 DMF RM at w = 0.5 0.100 0.626 0.500 0.289 1.490 0.085 0.334 1.130
11 DMF RM at w = 1.0 0.090 0.647 0.440 0.282 1.356 0.071 0.278 1.170
12 DMF RM at w = 2.0 0.070 0.691 0.324 0.258 1.038 0.051 0.185 1.110
13 DMF RM at w = 3.0 0.060 0.752 0.262 0.220 0.846 0.028 0.126 1.189
14 ACN RM at w = 1.0 0.100 0.627 0.494 0.289 1.522 0.084 0.333 1.117
15 ACN RM at w = 3.0 0.074 0.698 0.373 0.250 1.215 0.052 0.208 1.183
16 ACN RM at w = 5.0 0.060 0.741 0.096 0.222 1.018 0.037 0.103 1.196
17 MeOH RM at w = 1.0 0.092 0.667 0.452 0.264 1.396 0.069 0.277 1.120
18 MeOH RM at w = 3.0 0.050 0.808 0.240 0.168 0.855 0.024 0.101 1.071
19 MeOH RM at w = 5.0 0.036 0.878 0.180 0.115 0.686 0.007 0.057 1.092
20 MeOH RM at w = 8.0 0.030 0.941 0.165 0.057 0.755 0.002 0.040 1.128

a <τ> = a1τ1 + a2τ2 + a3τ3. Error: ±5%.

Table 3 Microviscosity faced by ThT and torsional rate constants of ThT in

different non-aqueous reverse micelles at different w values

No. System

Microviscosity in
reverse micelles
(η) (cP)

k2 (×10
9)

(s−1)
ktor (×10

9)
(s−1)

1 AOT–isooctane
mixture

3252 0.323 1.716

2 Gly RM at w = 1.0 7755 0.435 0.969
3 Gly RM at w = 2.0 7088 0.440 1.072
4 Gly RM at w = 3.0 6257 0.430 1.187
5 Gly RM at w = 3.5 6257 0.425 1.173
6 EG RM at w = 0.5 2247 1.210 1.870
7 EG RM at w = 1.0 1297 1.210 3.240
8 EG RM at w = 1.5 908 1.202 4.597
9 EG RM at w = 2.0 705 1.168 5.756
10 DMF RM at w = 0.5 3102 1.365 1.615
11 DMF RM at w = 1.0 2179 1.271 2.141
12 DMF RM at w = 2.0 1126 1.185 3.862
13 DMF RM at w = 3.0 609 1.122 6.762
14 ACN RM at w = 1.0 2112 1.092 1.742
15 ACN RM at w = 3.0 961 0.992 3.481
16 ACN RM at w = 5.0 516 1.282 8.374
17 MeOH RM at w = 1.0 1239 3.854 1.321
18 MeOH RM at w = 3.0 268 3.533 5.597
19 MeOH RM at w = 5.0 132 3.747 12.05
20 MeOH RM at w = 8.0 50 2.676 22.73
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In the case of DMF, ACN and MeOH reverse micelles decrease
in the fluorescence average lifetime of ThT are, respectively,
208 ps, 230 ps, 237 ps. So these clearly show that gradual
decrease in microviscosity of solvents affects the decrease of
excited state lifetime. It is also observed that the non-radiative
decay rate decreases more in reverse micelles containing less
viscous solvents (MeOH, ACN and DMF) with increasing w

value than the reverse micelles containing high viscosity

solvent (glycerol). The residual for the fitted fluorescence life-
time decay ThT in reverse micelles is shown in the ESI
(Fig. S-2†).64

3.5 Determination of the torsional rate constant of ThT

When a molecule is excited by radiation the molecule goes to
the first electronic excited state by means of absorption of radi-
ation. After reaching the excited electronic state the molecule

Fig. 5 The fluorescence lifetime decays for ThT in (a) isooctane/AOT/Gly reverse micelles and (b) isooctane/AOT/EG reverse micelles at different w values.

Fig. 6 The fluorescence lifetime decays for ThT in (a) isooctane/AOT/DMF reverse micelles, (b) isooctane/AOT/ACN reverse micelles and (c) isooctane/AOT/MeOH

reverse micelles at different w values.
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starts to undergo deactivation process by means of several
deactivation pathways. These deactivation pathways may be
radiative or non-radiative. Non-radiative decays may be due to
the internal conversion, which is actually the dissipation of
energy of the excited state as heat energy, which is distributed
to the ground energy level. This distributed energy further gets
distributed among the surrounding medium. Another non-
radiative deactivation pathway may be due to the rotational
diffusion. Here the surrounding medium also plays an impor-
tant role in such rotational diffusion. Oster and Nishijima47

described three types of excited state deactivation pathway,
which are as follows:

B* �!
k1

Bþ hν fð fluorescenceÞ ðiÞ

B* �!
k2

Bþ heat ðall nonradiative processes

except torsionalmotionÞ
ðiiÞ

B* �!
k3

Bþ heat ðnonradiative process only due to

rotational diffusion or torsionalmotionÞ
ðiiiÞ

Here we have calculated the radiative rate constant (k1), rate
constant of all non-radiative process except torsional motion
(k2) and non-radiative decay rate constant due torsional
motion (k3). Here B stands for ThT+. The rate constant of the
entire process is given by k = k1 + k2 + k3. In the absence of any
quenching process the rate constant of fluorescence is given
by 1/τ1. The fluorescence quantum yield is given by the follow-
ing equation:

1
ϕ
¼ 1þ

τ1

τ2
þ
τ1

τ3
ð8Þ

Now k2 = 1/τ2 and k3 = 1/τ3 so the above equation can be
written as follows

1
ϕ
¼ 1þ

k2

k1
þ
k3

k1
ð9Þ

Now as the rotational diffusion rate constant is dependent
upon medium viscosity and the torsional motion is one type
of rotational motion, it can be said that ktor = k3 ∝ T/η (as the
diffusion coefficient is also directly proportional to T/η). Thus
the equation can be modified as follows

1
ϕ
¼ 1þ

k2

k1
þ

aT

k1η
ð10Þ

where a is a proportionality constant.
We have observed a linear correlation between 1/ϕ and 1/η

(Fig. 7), which indicates that the excited state dynamics of ThT
in all non-aqueous reverse micelles are guided by the above
processes (i) to (iii). A similar observation was reported by
Singh et al. on the excited state dynamics of ThT in aqueous
reverse micelles.15 The value of ktor in different reverse micelles
are tabulated in Table 3.

3.6 Time resolved anisotropy study

We have measured the time resolved fluorescence anisotropy
of ThT in different non-aqueous reverse micelles. The time
resolved fluorescence anisotropy decay of any probe molecule
in micelles or reverse micelles is due to the two different
motions and these are the rotational diffusion of the entire
dye molecule inside the reverse micelle or micelles and the
rotational motion of the entire reverse micelle or micelle. In
all reverse micelles, except isooctane/AOT/MeOH reverse
micelles, the fluorescence anisotropy was found to increase
with an increase in w value (Fig. 8). In the case of Gly, EG and
DMF reverse micelles at lower w value fluorescence anisotropy
decays were fitted by biexponential functions whereas at
higher w value they were fitted by a single exponential function
(Table 4). Singh et al.15 observed that the anisotropy value of
ThT in aqueous reverse micelles is independent of w0 value. In
our case the increase of fluorescence anisotropy value with
increase in w appears to be quite contradictory to the usually
obtained results. To explain these types of results both hydro-
dynamic friction and dielectric friction should be considered.
The coupling of both hydrodynamic friction and the dielectric
friction is responsible for such behaviour. The concept of
dielectric friction of a rotating dipole in a polar medium was
first treated by Nee and Zwanzig.48 Later several workers have
extensively studied and modified the concept of dielectric fric-
tion faced by a solute in polar solvents.49,50 The dielectric fric-
tion mechanism arises due to the specific interaction between
the solute (which is considered a point dipole) rotating inside
a spherical cavity with the polar medium (considered to be a
dielectric continuum) residing outside. This dielectric friction
coupled with the hydrodynamic friction is responsible for the
increase in the fluorescence anisotropy value and hence the
increase in the fluorescence depolarisation time of ThT in
reverse micelles. Laia and Costa reported a similar increase in
the fluorescence anisotropy of squaraine, with gradual
decrease in fluorescence quantum yield with increasing w

value.51 Ferreira and Costa also reported another similar result
where the fluorescence anisotropy value increased with
gradual decrease in fluorescence quantum yield of R3B in iso-
octane/AOT/water reverse micelles with increase in w values.52

Several workers have studied the nature of dielectric friction
and showed its application.53–59 Besides dielectric friction, the
rotation of the entire reverse micelle containing the dye can
also contribute to the total anisotropy. Valeur and Keh60 pro-
vided the expression showing the dependence of fluorescence
anisotropy on both the hydrodynamic volume of the reverse
micelle and the rotational relaxation time of the probe mole-
cule inside reverse micelle, which is as follows:

1
r̄
¼

1
r0

1þ
RT

Vhη
τ

� �

1þ
3τ
ρ1

� �

ð11Þ

where Vh is the hydrodynamic volume of the reverse micelles,
ρ1 is the internal rotational relaxation time of the probe and r̄

is the mean anisotropy. So in reverse micelles the average
anisotropy depends on both the rotational diffusion of the
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micelles and the internal rotational diffusion of the probe
molecules. It was reported in the literature that fluorescence
depolarisation in the micellar medium was mainly due to the
rotational diffusion of the probe molecule inside the micelle,
the rotation of the entire micelle and the translational
diffusion of the probe molecule along the micelle surface.61–63

The radius of the isooctane/AOT/Gly reverse micelle can be
estimated from the relation:51 rh/Å = 15 + 9w. The radius of the
isooctane/AOT/EG reverse micelle at w = 1.5 and 2 is 21.7 and
28.5 Å, respectively.21 The average rotational relaxation time of
ThT in AOT/isooctane/Gly reverse micelles at w = 1 and 3.5 are
5.77 and 8.11 ns, respectively. The average rotational relaxation
time of ThT in AOT/isooctane/EG reverse micelles at w = 0.5
and 2 are 2.37 and 5.35 ns, respectively. In the case of Gly and
EG reverse micelles, with increase in the size of the reverse
micelles the rotational relaxation of the entire reverse micelles
also becomes slow. This can also contribute to the increase in
the rotational relaxation time and anisotropy in the case of gly-
cerol and ethylene glycol reverse micelles. The diameter of the
isooctane/AOT/DMF reverse micelles at w = 1 is ∼4 nm.64 The
average rotational relaxation time of ThT in isooctane/AOT/
DMF reverse micelles at w = 1 and 3 are 2.28 and 2.80 ns,
respectively. The diameter of the isooctane/AOT/ACN and iso-
octane/AOT/MeOH reverse micelles remains almost same with
increase in w value.65 The diameters of these reverse micelles

are ∼3 nm.65 The average rotational relaxation time of ThT in
isooctane/AOT/ACN reverse micelles at w = 1 and 5 is 1.89 and
2.30 ns, respectively. The average rotational relaxation time of
ThT isooctane/AOT/MeOH reverse micelles at w = 1 is 1.74 ns.
We were not able to fit the fluorescence anisotropy of ThT in
isooctane/AOT/MeOH reverse micelles at w = 8. Fitting data
showed a component of 10 ps with high χ

2 value. This data is
not reliable due to limited time resolution of our set up
(FWHM = 75 ps).

4. Conclusion

We found that the spectral behaviour of the cationic dye ThT
is largely viscosity dependent and also at the same time
depends upon polarity. We have studied the photophysical
properties of ThT in Gly, EG, DMF, ACN, MeOH reverse
micelles. We found that in the case of glycerol containing
reverse micelles the fluorescence quantum yield first increased
on addition of the glycerol in AOT–isooctane mixture and then
further decreased with further increase in w value. The average
fluorescence lifetime value showed a similar trend. In the case
of other non-aqueous reverse micelles (EG, DMF, ACN, MeOH)
the fluorescence quantum yields as well as the average fluor-
escence lifetime decreased in a regular pattern. We considered

Fig. 7 The plot of 1/ϕf against the 1/η value for ThT in (a) isooctane/AOT/Gly reverse micelles, (b) isooctane/AOT/EG reverse micelles and (c) isooctane/AOT/DMF

reverse micelles of different w values to obtain different non-radiative rate constants.
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that with gradual increase in w value the probe molecule
experienced a less viscous environment and hence a gradual
decrease in fluorescence quantum yield. We constructed a cali-
bration curve by plotting the fluorescence quantum yield
against the viscosity by studying the fluorescence emission
properties of ThT in glycerol–methanol mixtures. From that

calibration curve we deduced the microviscosity faced by the
ThT in the above-mentioned non-aqueous reverse micelles of
different w values. We also studied the fluorescence emission
and steady state absorption spectral behaviour of ThT in
dioxane–water mixtures to observe the effect of polarity on the
change of fluorescence quantum yield and found that increase

Fig. 8 The anisotropy decays of ThT in different non-aqueous reverse micelles at different w values, (a) isooctane/AOT/Gly reverse micelle, (b) isooctane/AOT/EG

reverse micelle, (c) isooctane/AOT/DMF reverse micelle and (d) isooctane/AOT/ACN reverse micelle.

Table 4 The rotational relaxation times of ThT in reverse micelles (RM)

No. System w τ1 (ns) a1 τ2 (ns) a2 <τ>rot
a (ns) χ2

1 ThT in AOT/isooctane/Gly RM 1 0.040 0.14 6.71 0.86 5.77 0.96
2 3.5 — — 8.81 1 8.81 0.99
3 ThT in AOT/isooctane/EG RM 0.5 0.030 0.17 2.86 0.83 2.37 1.04
4 2.0 — — 5.35 1 5.35 1.00
5 ThT in AOT/isooctane/DMF RM 1 0.04 0.14 2.64 0.86 2.28 1.0
6 3 — — 2.80 1.0 2.80 0.99
7 ThT in AOT/isooctane/Methanol RM 1 0.035 0.12 1.97 0.88 1.74 1.03
8 ThT in AOT/isooctane/ACN RM 1 0.065 0.10 2.10 0.90 1.89 1.11
9 5 0.035 0.15 2.70 0.85 2.30 0.99

a <τ>rot = a1τ1 + a2τ2.
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in polarity caused the decrease in the fluorescence quantum
yield. We have observed changes in emission peak position
with changes in polarity. The effect of polarity on the change
of the fluorescence quantum yield cannot be neglected. The
fluorescence anisotropy values in the case of Gly, EG, DMF and
ACN reverse micelles showed an increase with increase of w

value. We predicted that the dielectric friction coupled with
hydrodynamic friction may be responsible for the increase of
anisotropy in the reverses micelles. This increase in anisotropy
may be also due to rotation of the entire reverse micelles.
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