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CONSPECTUS

hioflavin-T (ThT) can bind to amyloid fibrils and is frequently used as a fluo-
rescent marker for in vitro biomedical assays of the potency of inhibitors for

amyloid-related diseases, such as Alzheimer's disease, Parkinson's disease, and
amyloidosis. Upon binding to amyloid fibrils, the steady-state (time-integrated)
emission intensity of ThT increases by orders of magnitude. The simplicity of this
type of measurement has made ThT a common fluorescent marker in biomedical

research over the last 50 years.

As a result of the remarkable development in ultrafast spectroscopy measure-
ments, researchers have made substantial progress in understanding the photo-
physical nature of ThT. Both ab initio quantum-mechanical calculations and experi-
mental evidence have shown that the electronically excited-state surface potential of
ThT is composed of two regimes: a locally excited (LE) state and a charge-transfer

(CT) state. The electronic wave function of the excited state changes from the initial LE

state to the CT state as a result of the rotation around a single C—C bond in the middle of the molecule, which connects the benzo-

thiazole moiety to the dimethylanilino ring. This twisted-internal-CT (TICT) is responsible for the molecular rotor behavior of ThT.
This Account discusses several factors that can influence the LE-TICT dynamics of the excited state. Solvent, temperature, and

hydrostatic pressure play roles in this process. In the context of biomedical assays, the binding to amyloid fibrils inhibits the

internal rotation of the molecular segments and as a result, the electron cannot cross into the nonradiative “dark” CT state. The LE

state has high oscillator strength that enables radiative excited-state relaxation to the ground state. This process makes the ThT

molecule light up in the presence of amyloid fibrils.

In the literature, researchers have suggested several models to explain nonradiative processes. We discuss the advantages and
disadvantages of the various nonradiative models while focusing on the model that was initially proposed by Glasbeek and
co-workers for auramine-O to be the best suited for ThT. We further discuss the computational fitting of the model for the

nonradiative process of ThT.

1. Introduction

Thioflavin-T (ThT) (Scheme 1) was first introduced as a
fluorescent marker for amyloid fibrils in 1965." The steady-
state fluorescence of ThT (usually measured at an emission
wavelength of 482 nm) increases by more than 2 orders
of magnitude upon binding to amyloid fibrils. The dif-
ferent characteristics in the bound to fibrils state and the
different binding constant for different amyloid fibrils make
ThT an important tool for fibril structure investigation.>3
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Because of the simplicity of the measurement, ThT has
become a standard for the in vitro quantification of amyloid
formation, and it is usually used for measuring the potency
and kinetics of inhibitors for amyloid-related neurodegen-
erative diseases, such as Alzheimer's, Parkinson's, type Il
diabetes, and more.*~ Figure 1 shows the steady-state
and time-resolved emission of ThT before and after the
formation of insulin amyloid fibrils and the dynamics of the
insulin-fibrillization process. Over the years, it has been
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found that ThT can also bind to DNA.'®'" In addition, its
on—off fluorescence regulation can be induced by cyclo-
dextrin,'* cucurbit[n]uril,’®> polymer membranes,'* SDS
micelles'® and, as recently shown, porous silicon.'®

For a long time, the main discussion in the literature
regarding ThT has dealt with the molecular mechanism by
which it interacts with different amyloid fibrils.'” 22 In this
context, it was found, first by angle-dependent emission
technique (the Krebs model?") and later confirmed by mo-
lecular modeling and near-field scanning optical microscopy
measurements,?3 that ThT should bind to the amyloid fibril
in parallel to the axis of the fibril in order to serve as a
fluorescent marker.?! Much less attention has been paid to
the following questions: why is ThT such a remarkable
fluorescent marker and what are the photophysical proper-
ties that enable it to achieve that ability? As a result of the
vast progress in ultrafast spectroscopic techniques over the
last decades, these questions may now be addressed. In this
Account, we will review the photophysical properties of ThT,
which underlie its ability as a fluorescent marker.*~°

2. Steady-State and Time-Resolved Emission
of ThT

All of the aforementioned biomedical applications of ThT
are derived from its on—off mechanism upon binding to
another molecule, and its fluorescence-intensity depen-
dence on the concentration of the examined molecules
(usually amyloid fibrils). Although some studies were made
earlier on the photophysical properties of unbound ThT,*
the first one to point out the importance of the solvent
viscosity to the fluorescence properties was Voropai et al.*>
but only since 2007 has real progress in this field been made.
Maskevich et al.>® and Naik et al.>” showed that the absorp-
tion maximum, the steady-state fluorescence, the excitation-
and emission-peak locations, and the quantum yield
of ThT all vary significantly as a function of the solvent
properties (Table 1). The photophysical-measurement
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FIGURE 1. Spectroscopic properties of ThT upon binding to insulin
amyloid fibrils: (a) steady state, (b) time-resolved, and (c) dynamics of the
fibrillization process. Results acquired by N. Amdursky.

parameters of ThT can also be altered by varying the
viscosity of the solution, as was done with glycerol—
water?®29 and acetonitrile—ethylene glycol® solvent mix-
tures (Figure 2a). The viscosity and the dielectric constant of
the solution can also be controlled by changing the hydro-
static pressure and the temperature of the solution, respec-
tively. Stsiapura et al. found a decrease in the quantum yield
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TABLE 1. Spectral Properties of ThT in Several Solvents

emission maxima (nm)

excitation wavelength (nm)

solvent solvent polarity function  abs maxima (nm) 418 440 Stokes shift (cm~")¢ quantum yield ref
water 0.32 412 489 493 3990 3x107% 26,27
methanol 0.31 416 487 488 3550 4%x107% 26,27
2-propanol 0.28 418 501 488 3430 25x 1073 26,27
ethanol 0.29 418 490 3510 1.2 x 1073 26,27
acetone 0.28 415 489 3650 3x 1074 26
acetonitrile 0.31 416 487 493 3760 2x 107 26
chloroform 0.15 424 481 490 3170 0.0113 26,27
1-butanol 0.26 418 478 489 3470 43 x 1073 26,27
dmso 0.26 418 501 503 4040 9x10°* 26,27
dichloromethane 0.22 430 484 2594 0.0107° 26,27
glycerol 0.26 421 490 493 3470 0.0992 27
1-octanol 0.23 419 488 3380 0.0139 26,28
ethylene glycol 0.28 420 496 3650 26
dimethylformamide 0.28 417 496 3820 6x 107 26
pyridine 0.21 426 496 3310 26

9The Stoke's shift was calculated for an excitation wavelength of 440 nm, except for dichloromethane, which was calculated for a wavelength of 418 nm. ®The reported
relative quantum yield was corrected by comparison to chloroform.
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FIGURE 2. (a) Quantum yield of ThT as a function of viscosity in mixtures of glycerol (red circles) and acetonitrile—ethylene glycol (black squares).
Changes in the time-resolved emission as a function of (b) temperature (in propanol) and (c) pressure (in pentanol) (for b and ¢, Aex=390 nm, 1, =490
nm). (d) Time-resolved emission of ThT in propanol measured at several wavelengths by fluorescence up-conversion technique (lex = 390 nm).
Reprinted with permission from refs 31 and 32. Copyright 2011 American Chemical Society.
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FIGURE 3. (a) Potential-energy curves of ThT ground and first excited states and (b) the oscillator strength as a function of the dihedral angle. (c)
Excited-state-relaxation schemes of ThT. Reprinted with permission from refs 36—38. Copyright 2007, 2010, and 2011 American Chemical Society.

of ThT following the heating of a solution of ThT in 99%
glycerol over a relatively small range of temperatures
(270330 K).?® Recently, Huppert et al. found a large variation
in the time-resolved emission of ThT in propanol over a
temperature range of 80—270 K3' (Figure 2b) and hydrostatic
pressure on viscous solvents in the range of 0.15—2 GPa®?
(Figure 20). Nath et al.33 showed that in confined water/aerosol-
OT/oil reverse micelles, the quantum yield of ThT increases
by ~250-fold over that of ThT in bulk water. The decrease in
quantum yield with increase in pool size of the reverse micelles
was shown to be nonlinear. In the context of binding to
amyloid fibrils, it was shown recently that the fluorescence
quantum yield of ThT bound to amyloid fibrils can be smaller
or larger than that of ThT in rigid isotropic solution.?>34

Ultrafast up-conversion techniques have allowed re-
searchers to follow the time-resolved emission of ThT in
protic alcohol solvents*°~3? and even in water®> at room
temperature, where ThT has a low quantum yield of
0.0003.%° Under these conditions, the emission lifetime of
ThT (at the detection wavelength of 490 nm) ranges from ~1 ps
in water to ~25 ps in 1-pentanol.

It is important to notice that no matter the solvent,
temperature, or pressure of the solution, the time-resolved

emission of ThT strongly depends on the detected emission
wavelength and always exhibits a nonexponential profile (a
concave shape of the decay curves at all wavelengths),*° 323>
as can be seen in the example of the up-conversion measure-
ments of ThT in propanol (Figure 2d). The time-resolved
emission of many dyes exhibits wavelength dependence,
which is usually interpreted as solvation dynamics, occurring
around a molecule in the excited state that was prepared by
a short pulse. Nath et al.>3> used this interpretation for the
wavelength dependence of the ThT time-resolved emission.
However, the interpretation is probably more complex and
involves also the nonradiative process, initiated by intramo-
lecular rotation of the ring subunits, that leads to the short
emission lifetime of ThT in general and at long wavelength
in particular. Later in this Account, we will discuss the com-
plete nonradiative model that accounts for the wavelength
dependence, the concave shape, and the short lifetime of
the long wavelength time-resolved emission signals.

3. Nonradiative Processes of ThT

So, why is ThT such a remarkable fluorescent marker? It
appears that the explanation derives from the electronic
structure of the molecule. Ab initio quantum-chemical
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TABLE 2. The Nonradiative Kinetic Parameter of ThT in Several
Solvents

solvent viscosity (cP) Kieier (571) kncrs, (57) ref
water 0.9 769 x 109 263 x 10" 26
ethanol 1.1 217 x 10'"9 357 x 109 38
1-propanol 1.9 143 x 10''? 38
2-propanol 2.1 156 x 10''9 143 x 10'°7 32
1-butanol 2.7 7.69 x 10'°¢ 2.78 x 10°¢ 38
8.47 x 1004 32

1-pentanol 35 476 x 10'°¢ 38

Tex = 390 NM; Aem = 490 NM. ®Jex = 395 NM; Aem = 510 NM. Aey = 395 nm;
Aem =490 nm.

calculations performed first by Voropai et al.?® and later by

Stsiapura et al.3® led to the conclusion that rotation around a
single C—C bond in ThT (the one connecting the benzothia-
zole moiety to the dimethylanilino ring, marked by an arrow
in Scheme 1) is responsible for the nonradiative decay rate of
the molecule. These calculations also predict that the charge
transfer due to the internal rotation between the two mo-
lecular fragments is favorable in energy. Since then, several
other investigators have also reported on the quantum-
chemical calculations of the ground and excited electronic
states of ThT as a function of the dihedral angle of this bond
(Figure 3a).?83%3>37 |t was found in these calculations
that the electronic ground state of ThT, S, falls sharply by
~1500 cm ™' from a maximum located at the dihedral angle
of ¢ =90° to a minimum at ¢ =37°. The 37° angle for which
the potential-energy minimum is obtained, is a compromise
between the coplanar conformer, favored by the “electronic
effects” and the steric disturbance by the methyl group. On
the other hand, the minimum of the ThT excited singlet
state, S,, is at ¢ =90°. Hence, when undisturbed, the excited
electronic state begins from the radiative locally excited (LE)
state at the dihedral angle of ¢ = 37° and crosses to a
nonradiative twisted internal charge-transfer (TICT) state at
the dihedral angle of ¢ = 90°. As a result, the oscillator
strength also drops significantly from an initial value of ~1.1
at ¢ =37°to alow value of ~0.01 at ¢ = 90° (Figure 3b). The
fluorescence intensity controlled by the dihedral angle of the
C—Cbond is what defines ThT as a molecular rotor.

3.1. Ground and Excited Electronic-Potential Curves. In
a later work of Stsiapura et al.,>® a femtosecond transient-
absorption technique was used to follow the electronic-state
dynamics of ThT dissolved in low-viscosity solvents (water,
ethanol, 2-propanol, and butanol) at room temperature. The
observed lifetime of the LE state was in the range of a few
picoseconds, from ~1.3 ps (for water) to ~12 ps (for butanol).
However, the repopulation of the ground state from the
excited TICT state has much larger time-constant values,
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from ~4 ps (for water) to ~360 ps (for butanol). According to
the lifetimes obtained, they proposed the scheme for the
excited-state deactivation of ThT (Figure 30). In this scheme,
the solvent relaxation processes from the nonequilibrium
Franck—Condon state are denoted by k& T refers to the
radiative transition to the ground state. ki g tict refers to the
charge-transfer rate constant from the radiative LE state to
the nonemissive (dark) TICT state. The transition rate con-
stant from the LE to the TICT state exceeds 10"' s~' in the
low-viscosity solvents examined. kricr-s, refers to the rate
constant of TICT deactivation to the ground state (Se) via a
conical intersection between the TICT (S;/) state to the
ground state. The high sensitivity of both processes to the
viscosity of the solution will be discussed in detail in the next
section. Values of the rate constant, kicr-s, 0f 2.6 x 10" s
(for water) to 2.8 x 10° s~ (for butanol) can be deduced from
the transient absorption signals. The final constant of K,
refers to the ThT intramolecular structural and solvent
relaxations necessary to reach the initial geometrical con-
formation of ThT in its relaxed ground state.

3.2. The Nonradiative Rate Constant of ThT. As men-
tioned above, Stsiapura et al.>® and Amdursky et al.3? have
shown that the nonradiative rate constant of ThT, taking
place in the excited state, ki g.mict, is highly dependent on the
solvent viscosity. The second nonradiative process between
S; and So, Kricrs, depends also on the solvent viscosity
but is about 10 times slower. Table 2 shows the change in
the nonradiative rate constant of ThT in several protic
solvents with different viscosities. The measured nonradia-
tive constant has been obtained through two different
experimental setups: (1) Repopulation of the ground state,
that is, the rate constant from the excited TICT state to
the ground state was derived from transient absorption
methods.38 (2) The transition from the emissive LE to the
dark TICT state was measured by time-resolved emission
techniques.®'3? The exceptionally strong dependence on
the solvent viscosity of the nonradiative decay rate con-
stant of ThT to the ground state can clearly be seen in
Table 2. For example, a 2.5-fold increase in the solvent
viscosity, from ethanol (#jethanot = 1.1 cP) to butanol (17putanol =
2.7 cP), results in a ~13-fold decrease in the nonradiative
rate constant, from 3.6 x 10'° to 2.8 x 10° s' in the
respective solvents.3®

The change in the nonradiative rate as a function of the
hydrostatic pressure* and temperature®>' were also re-
ported. These observations directly confirm the viscosity
dependence of the nonradiative rate, without the necessity
of considering other, secondary, factors that might affect this
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FIGURE 4. The change inthe nonradiative rate constant as a function of
(a) viscosity (in pentanol) and (b) temperature (in propanol). Reprinted
with permission from refs 31 and 32. Copyright 2011 American Che-
mical Society.

rate that was obtained by the use of binary mixtures of
viscous and nonviscous solvents.3° The hydrostatic pressure
influences the solution viscosity in a nonlinear way,° in-
creasing it by a factor of 200—1000 at pressures of 1.2 GPa,
for different protic solvents. Figure 4a shows the inverse of
the nonradiative rate constant of ThT (equal to the non-
radiative lifetime, t,, = 1/k,,, Where k. is the nonradiative
rate constant) and the solution viscosity as a function of the
solution hydrostatic pressure. Large deviation from expo-
nential decay prevents the use of a simple definition for the
nonradiative rate constant; in such a barrierless transition,
state mixing exists throughout the process to a varying
extent. This is in contrast to a nonadiabatic process where
a barrier exists, free crossing between states is prevented,
and a rate constant can be defined.

It can be seen that the inverse of k;, follows the changes
in the viscosity at all pressures reasonably well. The changes
in viscosity of approximately 2.5 orders of magnitude cause
a remarkable change in the value of 1/ky,.

A more pronounced change in the nonradiative rate
constant of ThT can be seen when the temperature of the
solution (propanol) is changed.?' The change in the viscosity
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of propanol with temperature follows its dielectric
relaxation.*® The dielectric relaxation measurements of
Stickel et al.***! show an increase of 11 orders of magni-
tude in the dielectric relaxation and viscosity of propanol
when the temperature is lowered from room temperature
to ~100 K.

Figure 4b shows the values of k., of ThT in propanol, as
calculated from the experimental results of the temperature
study,®' superimposed on the values of Stickel et al.*>*' for
propanol as a function of 1/T (over the range of 160—
297 K). A remarkable fit of the nonradiative rate constant
to the inverse of the dielectric relaxation time can be
observed, over 3 orders of magnitude, from k., =5 x 107
s '(@T=160K)to1.5 x 10" s~ (at T=297 K). This fit is yet
another indication of the molecular-rotor character of ThT,
because it draws a clear dependence of the nonradiative
decay rate on the viscosity of the solvent.

3.3. ThT as a Molecular Rotor. Schematically, one can
visualize the rotation of the phenyl ring of ThT as the cause
for the nonradiative processes.' The rotation of this phenyl
ring from the dihedral angle of ¢ = 37° (relative to the
benzothiazole moiety) to ¢ = 90° allows the transition in
the excited state from the radiative LE state to the nonra-
diative TICT state. The rotation of an object rotating in
viscous media has a rotational-relaxation time, 7o, given by

AB

Trot = (1)
where Q is the angular rotation velocity of the phenyl
ring. The change in the twist angle of the phenyl ring
between the two states, A6, is about 1 rad, and thus 7, =
1/Q. The angular rotation velocity, Q, of the phenyl ring
can be written as the torque multiplied by the angular
mobility, u:

Q = u x torque (2)

The torque is defined as

oE
torque = 38 3)

where 9E/36 is the derivative of the potential energy with
respect to the rotation angle of the phenyl ring. This value
can be calculated from the potential-energy curve of
the first excited state of ThT for the transition of ¢ =
37° to 90° (Figure 3) and has a value of ~200 meV
(~1600cm~"). The angular mobility, u, can be expressed
by the Einstein relation in a way similar to that for the

Vol. 45,No. 9 = 2012 = 1548-1557 = ACCOUNTS OF CHEMICAL RESEARCH = 1553



Molecular Rotors  Amdursky et al.

translational mobility of charged particles:

H=T @)

where D, is the rotational—diffusion coefficient. If we
consider the rotational movement of the phenyl ring to
be constrained to one rotational axis, the rotational
diffusion can be express by:

KT

2Dr:17_v

(5)
where 7 is the viscosity of the solvent and Vis the volume
of a rotating sphere. The integration of the above equa-
tions yields a final expression for z,q:

B 1 /4
~ uxtorque  torque

Trot (6)
For a viscosity of 1 cP, a volume of the rotating phenyl
group of ~20 A3, and a torque value of 200 meV/radian,
a rotational-relaxation time of ~10~'? s is obtained.

As described in section 2, the ThT fluorescence lifetime in
water, for which =1 ¢P, is also about 1 ps. Thus, this simple,
semiquantitative model of ThT as a molecular rotor fits well
with the experimental emission lifetime of ThT. As pointed
out in this Account, the nonradiative process of ThT depends
on the solvent viscosity, as predicted by this model.

4. Existing Models for Nonradiative Processes

In order to model the nonradiative processes of ThT, we
shall first review the existing nonradiative models that
depend on an intramolecular coordinate. In this context,
we will mention four main models: the Bagchi, Fleming,
and Oxtoby (BFO) model,*? the inhomogeneous model,*>
its Agmon—Hopfield diffusional extension,** and the Glasbeek
model.*

4.1. The BFO Model. In 1986, Bagchi, Fleming, and
Oxtoby*? suggested a model for nonadiabatic curve cross-
ing that involves nonradiative decay. The internal conver-
sion (IC) of the nonadiabatic curve crossing occurs only at the
intersection of the ground and excited potential curves. In
this one-dimensional model, the initial population distribu-
tion, p(x,0), diffuses toward the curve-crossing point and
decays back to the ground state. The time delay between
the initial excitation and the IC process is viscosity-dependent.
Moreover, in highly viscous solvents, the distribution cannot
diffuse to the intersection point, and no IC should occur.
There is no reported observation that ThT fluorescence decay
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exhibits an initial delay and thus behaves according to the
BFO model.

4.2. The Inhomogeneous Model. As mentioned above,
the BFO model fails to predict the relatively fast subpicose-
cond to several tens of picoseconds multiexponential IC in
viscous media, as shown experimentally.*® The inhomoge-
neous model was successfully used by Agmon et al.*® for
p-hydroxybenzylidene dimethylimidazolinone (p-HBDI), a
model compound for the green fluorescent protein chromo-
phore. They used a nonlocal sink term, k(z), that permits a
nonradiative process not only at the curve-crossing point but
for all molecular configurations. The model does not include
diffusion and is intended for molecular systems in a frozen
matrix. The z-coordinate is the twist angle between the two
rings of p-HBDI. When the two rings are at 90°, the non-
radiative rate is maximal. The nonradiative process is in-
homogeneous since it occurs at all angles but at different
rates, and therefore, instead of having a single rate constant,
knr, there is a distribution of rates along the z-coordinate. A
notable outcome is that the time-resolved emission model-
ed is nonexponential, since k,, depends on the twist angle
and the distribution of angles is relatively large. The in-
homogeneous model cannot explain the large wavelength
dependence of the decay rate of the time-resolved emission
of ThT.

4.3. The Extended Inhomogeneous Model. The exten-
sion of the inhomogeneous model** incorporates into the
original model a population-diffusion process along the
excited-state potential curve toward the curve-crossing point.
The nonradiative process influenced by diffusion can be de-
scribed by the Agmon—Hopfield equation:*”

aplx,t)  3°p D a8 aV
p: —Dax—ZJrkB—T&(p§> —kx)p (7)

where p(x.t) represents the probability density of finding a
value of p attime, at a given value of x. The decay of p(x1) is
affected by random diffusion, propagation under external
potential, and an orthogonal process that consumes the
excited population. Each of these processes is represented
by one of the three terms on the right-hand side of the
equation. When considering application of the extended
inhomogeneous model for ThT, one should be cautious
and note that for a diffusion constant that is not large, the
population at time zero after impulse excitation is far from
the crossing point coordinate, which is also the case for the
BFO model. The inhomogeneous model also tends to in-
crease the IC rate as time progresses, since it takes time for



the population to reach a closer “distance” to the crossing
point, at which the IC rate is maximal. After excitation, the
mean of the population-distribution function, p(x.f), moves
toward the crossing point, to the TICT state in the case
of ThT.

4.4. The Glasbeek Model. The model that concludes this
section is one that was first introduced by Glasbeek and co-
workers for the nonradiative processes of auramine 0.4>48
Auramine O, like ThT, has a viscosity-dependent fluores-
cence quantum yield. This photophysical characteristic that
must be taken into account in order to model the nonradia-
tive processes of either auramine O or ThT makes the
Glasbeek model an a priori promising candidate for ThT as
well. In this model, the first molecular electronically excited
singlet state is expressed as a mixture of two separate states,
an emissive (F) state and a dark (D) state. Following a short
excitation pulse, the initial population distribution resides in
the F state and then diffuses by torsional motion toward the
D state. The two diabatic states, F and D, are adiabatically
coupled as a function of the normalized twist coordinate z:

5i(2) = 3 IF) + D@l — 3\/IF2) DRI +4C2 (8)

where C is the coupling-strength parameter. Such adia-
batic coupling was introduced and used earlier by Fonseca,
Barbara, and co-workers' to model adiabatic excited-
state electron-transfer processes, which depend on the
solvent-reorganization coordinate, z. Since the S, state (of
both auramine O and ThT) is a zdependent mixture of
radiative and nonradiative zero-order states, the transi-
tion dipole moment, M(z), of the optical transition S; — S,
is also z-dependent. According to Glasbeek's model, the
normalized S; — Sp transition dipole moment decreases
as a function of z:

M(z) = cos? B arctan (F(Z)Z—CD(Z)H (9)

and the time-dependent fluorescence Ix(v,t), at time t and
frequency v exhibits the following proportionality:

In(v, t) /dl{g(Vo(Z),v ~vo@)IM@)|*plz, th?}  (10)

where g(vo(2), v — vo(2)) is a line-shape function character-
istic of the Franck—Condon factor and v(z) is the twist-
angle-dependent energy gap between the excited and
ground states. The population p(z,t) was obtained by solving
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FIGURE 5. Modeling ThT according to Glasbeek model: (a) Calculated
population distribution of ThT at several times as a function of the
normalized twist angle. (b) Time-resolved emission spectra of ThT (dotted
lines) at several times and its computed fits (solid lines). Reprinted with
permission from ref 37. Copyright 2011 American Chemical Society.

the Debye—Smoluchowski equation (an equation similar to
eq 7, but without the third term on the right-hand side).
The Glasbeek model was also used by Meech and co-
workers®' to quantify the torsional dynamics of auramine O.
The change in the transition dipole moment of ThT as a
function of the twist angle z was studied by quantum-
molecular calculations, while taking into account the solvent
effect by a conductor-like screening model, 28393537 where
it was shown that the S; — Sg transition dipole moment dec-
reases by a factor of ~100 as a function of the C—C dihedral
angle (Figure 3b). When the Glasbeek model is applied to
ThT, the minima of the F(z) and D(z) states should be
assigned according to the ThT deactivation scheme with
90° (or z = 1) serving as the TICT nonemissive (D) state
minimum and 37° serving as the ground-state minimum.

5. Modeling the Nonradiative Process of ThT
on the Basis of the Glasbeek Model

For the modeling of the nonradiative process of ThT, the
Debye—Smoluchowski equation was used to compute
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the time-dependent population-distribution function, p(z,?)
(Figure 5a) along the excited-state-potential curve of ThT
(Figure 3a).3” The calculation showed that the population is
redistributed with time and shifts from an initial peak posi-
tion atz=0.37 toward the minimum of the potential curve at
z=1, where the twist angle between the two ring systems is
90°. The time-dependent experimental fluorescence-band
energy shift of ThT in propanol from 7 ~ 0.5 to 20 ps
is ~2100 cm™', whereas the calculated maximum band
shift is ~3700 cm ™" (Figure 5a).

The twisting of the aniline with respect to the benzothia-
zole ring not only reduces the fluorescence energy but also
mixes the LE state with the CT state, thus reducing the
transition dipole moment, M(z), and the oscillator strength,
f(Figure 3b). Since the CT state is a “dark” state, the transfer of
the population leads to fluorescence decay at a rate that
depends on both the rotational-diffusion constant, D,, and
the slope of the potential curve (the torque in egs 3 and 6).

The experimental time-resolved emission spectra of ThT
have also been modeled (Figure 5b) with several parameters
that had to be considered:3” (1) The log-normal parameters
for the Franck—Condon spectral line shape of the spectrum.
(2) The total red shift of the spectra as a function of z. This
parameter is calculated from the energy of the gap between
the S;(z) and So(2) states of the spectra as a function of z. (3) D,
of the ring system, which is dependent on the macroscopic
shear-diffusion constant of the solvent. (4) The decay time of
the TICT state to the ground state of ThT in propanol.

While the time-dependence of the intensity decrease of
the emission spectra at intermediate and longtimes (t > 5 ps)
is well accounted by the model, the experimental results at
short times (t < 5 ps) could only be fit with the use of a 3.3
times larger value of D,. The rotational-diffusion coefficient,
D, = 0.1 ps", obtained for the best fit for the long times, is
consistent with the value predicted by calculation of a phenyl
size rotating object in a viscous medium with » = 2.4 cP, the
value for propanol. The faster-decaying components observed
for the short times could be explained by solvation dynamics
taking place prior to and during aniline rotation. As a conse-
quence, a time-dependent Stokes shift takes place.

Meech and co-workers®' ~>3 found that the time-resolved
fluorescence spectrum of auramine O, like that of ThT, also
consists of two time components. The band-shift rate of the first
moment of the fluorescence as well as the rate of loss of
fluorescence intensity is faster at short times. Accurate fitting of
the time-resolved emission spectra of auramine O was
achieved with the use of a time-dependent diffusion coefficient,
D(f), rather than one independent of time. They suggested that
1556 = ACCOUNTS OF CHEMICAL RESEARCH
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the diffusion time dependence arises from the medium's time-
dependent friction, reflecting dynamics over a broad range of
time scales. The formal definition of D({) for a certain potential-
energy surface was given earlier in the works of Hynes and
co-workers>*>° and of Oxtoby and co-workers.>®>”

6. Conclusions

In this Account, we have discussed the unique photophysical
properties of ThT, which is mainly used as a fluorescent
marker for amyloid fibrils. The increased emission intensity
of ThT upon binding to amyloid fibrils is due to the inhibition
of the rotation around a single C—C bond in ThT, which
causes the electronic wave function in the excited state to
change adiabatically from an emissive LE state to a dark
(nonradiative) CT state. This rotation-dependent TICT behav-
jor is what defines ThT as a fluorescent molecular rotor. The
rotation around this bond may be hindered not only by
adsorption to amyloid fibrils but also by increase in solvent
viscosity. By controlling the viscosity of the molecule's micro-
environment, the nonradiative decay can be reduced by
many orders of magnitude. Further, we discuss the nonradia-
tive process of ThT in the context of several known nonra-
diative models. Among these, we focused on a model
proposed by Glasbeek and show how the nonradiative decay
of ThT can be modeled and fitted according to it. In this light,
we believe that this Account provides insight on the broader
context subject of characteristic behavior of molecular rotors.
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