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Possible use of Thioflavin T based fluorescent molecular rotors as temperature sensors was assessed in this

work. Fluorescent properties of Thioflavin T and its derivative 6-Me-BTA-2C in 99% glycerol were studied using

steady-state and time-resolved fluorescence spectroscopy methods. For Thioflavin T in glycerol it has been found

that temperature growth from 261K to 353K results in ∼ 3 orders of magnitude increase of non-radiative decay

rate constant knr for the excited state of the molecule. Fluorescence decay studies by time-correlated single photon

counting method showed that fluorescence decay kinetics of Thioflavin T in glycerol can be used for temperature

measurements in the range 260−290K. For 6-Me-BTA-2C molecule the range of the maximal sensitivity was

shifted to higher temperatures (280−320K). The obtained results about fluorescent properties and decay kinetics

of Thioflavin T based dyes in highly viscous media can be used to develop nanoscale temperature sensors.
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Temperature is one of the important parameters char-

acterizing the state of thermodynamic systems. For tem-

perature measurements, a large number of thermometers

and sensors have been developed, the principle of oper-

ation of which is based on the temperature dependence

of such physical quantities as volume, electric potential,

conductivity, etc. In most thermometers, the size of the

sensor elements is in the range from tens of micrometers to

millimeters, which does not allow for measuring tempera-

ture gradients (e.g. in liquids) with high spatial resolution.

Temperature measurement with spatial resolution of the

order of nanometers, i.e. nanothermometry [1–5], requires
miniaturization of temperature-sensitive elements, which

can be achieved by using fluorescent/luminescent molecules

or nanoparticles with temperature-sensitive luminescence

as temperature sensors. It is important to note that

sensors of this kind allow for non-contact measurements, are

characterized by a fast response time, the ability to obtain

data with high spatial resolution characteristic of optical

microscopy, are biocompatible and can be used in biological

research [3]. Numerous temperature sensors based on

organic dyes [6,7], fluorescent proteins, semiconductor

quantum dots, nanoparticles doped with dyes or lanthanide

ions, etc., are discussed in detail in recent reviews [1,8].

Recently, considerable interest has been paid to develop-

ment of temperature sensors based on fluorescent molecular

rotors (FMR). Molecules belonging to the FMR class

are characterized by significant structural-conformational

changes in the excited state, which manifests itself in

significant dependence of the fluorescence intensity on

temperature and viscosity of the microenvironment [9–

11]. Such behavior is characteristic of thioflavin T [12–14],
diphenylmethane (for example, auramine O [15–17]) and

triphenylmethane [18,19] dyes, [p-(dialkylamino) benzyli-

dene] malononitrile [20,21], a series of probes based on

BODIPY [22–24]. In this regard, a number of new

molecular rotors based on BODIPY [22,24], porphyrin

dimers [25], and polymers with a stilbene-like chromophore

group are tested as thermosensitive sensor molecules [26].

Previously, in a series of articles [13,14,27,28], it was

shown that the thioflavin T (ThT) benzothiazole-aniline

dye (Fig. 1) belongs to the FMR class, and the quantum

yield of its fluorescence is determined mainly by viscosity

or the rigidity of the microenvironment. On the basis

of quantum chemical calculations [12,14,29,30] a model

of photophysical properties of ThT was proposed, where

it is suggested that intramolecular charge transfer (TICT)
occurs during photoexcitation, accompanied by a change

in the dihedral angle between the aromatic fragments of the

molecule from ϕ ∼ 37 to 90◦, leading to formation of a non-

fluorescent TICT state. This model was confirmed using

femtosecond absorption spectroscopy [14,31]: experimental

evidence of photoinduced intramolecular charge transfer
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Figure 1. Structural diagrams of benzothiazol-aniline dyes

exhibiting FMR properties.
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resulting in formation of the intermediate nonfluorescent

TICT state was obtained and it was shown that nonequi-

librium locally excited (LE) state of ThT is responsible for

fluorescence emission.

The rate of the TICT process leading to nonradiative

deactivation of the ThT excited state strongly depends

on temperature and viscosity of the microenvironment,

which makes it possible to estimate temperature of the

medium, where the molecular rotor is located, based

on measurements of the intensity or fluorescence decay

kinetics.

From a practical point of view, in addition to fluorescence

parameter sensitivity to temperature, for a sensor molecule

it is also important to select a solvent whose viscosity

would provide a high quantum yield of FMR fluorescence

in the required temperature range. For the FMRs based

on benzothiazole-aniline dyes considered in this study

(Fig. 1), a significant fluorescence quantum yield is observed

at viscosities of η ∼ 1000mPa · s, therefore glycerol was

selected as a solvent in this article.

The aim of this article was to study the effect of

temperature on the quantum yield and fluorescence kinetics

of benzothiazole-aniline derivatives of ThT and to evaluate

the possibility of using these dyes as fluorescent sensors for

nanothermometry.

Experimental procedure

Samples of 2-[4′-(dimethylamino)phenyl]-6-methyl-

benzothiazole (6-Me-BTA-2) with a purity of 99% and

thioflavin T (ThT) with a purity of > 95% were purchased

from Anaspec (USA) and used without additional

purification (Fig. 1). Solutions were prepared using glycerol

with a purity of ≥ 99.5% (G9012, Sigma). Conversion of

neutral 6-Me-BTA-2 molecules into the protonated cationic

form 6-Me-BTA-2C was carried out by adding a small

amount of concentrated acid HCl (less than 1% by volume).
Electronic absorption spectra were obtained using a

SPECORD-200 PC double-beam spectrophotometer (An-
alytik Jena, Germany). Registration of stationary fluo-

rescence spectra was carried out using a SM2203 spec-

trofluorimeter (Solar, Belarus). Fluorescence spectra and

kinetics were measured as a function of temperature

in a thermostatically controlled cell compartment (range
293−323K) or in a Dewar flask equipped with heating

and cooling elements. The temperature was controlled with

HI 93530 electronic thermometer (Hanna Instruments).
Measurements of fluorescence quantum yields 8 for ThT

and 6-Me-BTA-2C in glycerol at 323K were carried out by

the relative method [32] using ThT solution in 1-butanol as a

standard with 8 = 0.0043 at temperature of 298K [14,27].
Values 8 for glycerol solutions at temperatures other

than 323K were calculated by comparing the integral

intensities of dye luminescence. In this case, changes in the

refractive index of the medium and the absorption spectra

of ThT and 6-Me-BTA-2C with temperature were neglected.

Data on the refractive index and viscosity of glycerol for

temperatures above 293K were taken from the reference

book [33]. For the temperature range of 193−293K,

viscosity of glycerol was estimated by the formula

η = η0 exp

(

A
T 3

+ BT +
C
T

)

(1)

with parameters ln(η0/mPa·s)=25.8709, A=3.0942·108 K3,

B = −0.0327K−1 and C = −6291.03K (see equation (7)
from the article [34]).

Fluorescence decay lifetime was measured on a pulsed

fluorimeter [35] using the time-correlated single photon

counting (TCSPC) method [36]. Fluorescence was excited

using LDH-405 pulsed laser diode (Picoquant, Germany)
with wavelength of 407 nm, a duration of 70 ps, and

pulse repetition rate of 10MHz. The recording system

included a PMA-182 photodetector unit, as well as a

TimeHarp 200 device for time-correlated single photon

counting (PicoQuant, Germany). The time resolution of

the pulse fluorimeter is 60 ps [35]. Analysis of the decay

kinetics taking into account the duration of the instrumental

function of the spectrometer IRF was performed using the

software described earlier [35,37]. The fluorescence decay

law F(t) was represented by a set of exponents

F(t) =
∑

j

α j exp(−t/τ j), (2)

where α j , τ j — amplitude and lifetime of the jth com-

ponent. The contribution of the jth kinetic component

to the luminescence was estimated as S j ∼ α jτ j . As a

characteristic of the duration of the multiexponential decay

kinetics, we used the mean lifetime 〈τ 〉,

〈τ 〉 =
∑

α jτ
2
j

/

∑

α jτ j . (3)

Results and discussion

Dependence of fluorescence quantum yield on

temperature

The photophysical properties of ThT-based FMR in

low-viscosity solvents are determined by occurrence of

intramolecular charge transfer process in the excited state

of dye molecules with formation of non-fluorescent TICT

state with effective rate constant kTICT, which competes with

the process of radiative transition from locally excited LE

state with a rate constant kr . During TICT state formation

the benzothiazole and aniline fragments of the considered

FMRs have to rotate relative to each other, causing

movement of nearby solvent molecules which makes TICT

process rate to be dependent on microenvironment viscosity.

For the case of low viscosities, the TICT process is the

main non-radiative process of deactivation of the excited

state [31], so we can assume that for these conditions the
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Figure 2. Arrhenius plots ln(1/8−1) for ThT in 99%-glycerol (a) and the logarithm of glycerol viscosity (b) on the reciprocal temperature

in the temperature range of 293−320K.

total rate constant of non-radiative processes will be equal

to

knr ≈ kTICT = k0 exp
(

−1E(knr)/RT
)

, (4)

where R — universal gas constant, T — temperature.

Here, the TICT process is considered to be thermally

activated with activation energy 1E(knr), and its rate is

affected by both temperature and viscosity properties of

the microenvironment. The activation energy of the TICT

process will be contributed by both energy barrier 1Eint

on the reaction pathway of TICT state formation for the

isolated FMR molecule, and the activation energy of the

viscous flow of the solvent 1E(η) (due to the need to

move the solvent molecules during the rotation of the FMR

fragments). Based on the measurement of the fluorescence

quantum yield 8, one can determine the ratio of the rate

constants knr/kr = 1/8−1 and obtain the activation energy

1E(knr). For ThT and 6-Me-BTA-2C the quantum yields

in 99% glycerol at 323K were measured by the relative

method [32], the obtained values were 8 = (26± 3) · 10−3

and (20± 2) · 10−2 respectively. The values of the quantum

yield at other temperatures were calculated by comparing

the integrated dye luminescence intensities.

Figure 2, a shows the dependence of ln(knr/kr) for

ThT in 99%-glycerol on the reciprocal temperature 1/T
for the range T = 293−320K, and the activation energy

1E(knr) = 50± 2 kJ/mol is determined. The value of

1E(knr) coincides in value with the activation energy of

the viscous flow of glycerol 1/η = 1/η0 exp(−1E(η)/RT )
with 1E(η) = (50.0± 0.1) kJ/mol (Fig. 2, b) in the given

temperature range. Coincidence of the values of 1E(knr)
and 1E(η) indicates the practical absence of the energy

barrier 1Eint on the path of the charge transfer reaction

for ThT (i.e. a barrier-free reaction is implemented for

an
”
isolated “ dye molecule), and the activation energy of

the non-radiative process is determined by the temperature

dependence of the viscosity properties of the solvent.

At temperatures below 293K, the glycerol solution

passes into the amorphous glass phase [34] (the melting

point of glycerol is Tm ∼ 291K, and the glass transition

temperature is Tg ∼ 193K), and its viscosity does not

obey the Arrhenius dependence. To calculate viscosities

of glycerol at temperatures of T < 293K, formula (1) was

used, and Fig. 3, a shows the dependence 1/η for pure

glycerol on the reciprocal temperature.

The dependence of the ratio of the rate constants knr/kr

on 1/T on a semilogarithmic scale for the temperature

range of 261−353K is non-linear, which indicates a

change in the effective activation energy 1E(knr) for non-

radiative rate constant knr as a function of temperature

(from 1E(knr) ∼ 25 kJ/mol to 83 kJ/mol), and 1E(knr)
decreases with increasing temperature. A decrease in

temperature leads to an increase in viscosity of the glycerol

solution and a significant decrease in the rate constant kTICT,

therefore, starting from a certain moment, the assumption

of the dominant contribution of kTICT to the total rate

constant knr of non-radiative deactivation (4) for ThT may

cease to be performed. However, as can be seen in Fig. 3, a,

there is a good correlation between the knr/kr and 1/η

dependences on the reciprocal temperature, and there are

no indications of the contribution of additional channels

of non-radiative deactivation at low temperatures and high

viscosities region. Moreover, the decrease in the ratio knr/kr

occurs faster than for the quantity 1/η, which may indicate

an increase in the rate constant of the radiative transition kr

with an increase in 1/T (the quantity kr depends on

the refractive index of the medium [38,39], the value of

which increases with decreasing temperature [40]). Thus,

approximation (4) about the dominant contribution of kTICT

to the total rate constant of non-radiative deactivation knr of

the excited state of ThT is valid for glycerol solutions up to

temperatures of T ∼ 260K, and there is a correlation of knr

with the reciprocal of the medium viscosity 1/η.
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It is important to distinguish the concept of viscos-

ity η, which is a macroscopic parameter characterizing the

ensemble-averaged value of intermolecular interactions of

solvent molecules with each other (in this case, for glycerol),
from microviscosity ηm, which describes the frictional effect

of the solvate shell on the diffusion-controlled process of

mutual rotation of ThT molecular fragments during the

TICT reaction. The ThT fluorescence intensity provides

information on the microviscosity ηm of the dye immediate

environment. Depending on the energy of intermolecular

interactions of solvent molecules with each other and with

a dye molecule, the value of microviscosity may differ

in magnitude from the macroscopic viscosity parameter.

An additional complication is that the size of the ThT

molecular fragments undergoing rotation is comparable to

the size of the solvent molecules. In this regard, the solvent

cannot be considered as a homogeneous medium, and the

configuration of the molecules included in the solvation shell

will form a certain
”
cavity“ with a ThT molecule enclosed

inside, and the shape and volume of such
”
cavity“ will

fluctuate in time due to the participation of molecules of

the solvate shell in thermal motion. If the characteristic time

required to change the volume/shape of such a
”
cavity“ due

to intermolecular collisions is much shorter than the lifetime

of the excited LE state of ThT, then the microenvironment

of various dye molecules can be considered approximately

uniform due to dynamic averaging. Otherwise, it is

necessary to take into account the heterogeneity of the

ThT microenvironment associated with the difference in

the configuration of the solvent molecules surrounding the

solvate. This situation can be implemented for glycerol

solutions, which at temperatures below 293K, passes into

the amorphous glass phase, which is accompanied by a

significant increase in viscosity and inhibition of inter-

and intramolecular motions. As temperature decreases,

heterogeneity of the microenvironment parameters at the

localization areas of dye molecules will increase, while the

mobility of the solvate shell will decrease, as in the case of

introduction of ThT molecules into rigid matrices.

It can be expected that the heterogeneity in the mi-

croenvironment of ThT molecules will affect dynamics of

TICT process, leading to non-monoexponential fluorescence

decay kinetics (see below). Nevertheless, it is interesting to

note that the value knr estimated based on the fluorescence

quantum yield, which characterizes the microviscosity of

the dye environment ηm (more precisely, its value averaged

over the ensemble of ThT molecules), correlates well with

the reciprocal of the macroscopic viscosity parameter η for

glycerol (Fig. 3, a).
Thus, for the temperature range of 261−285K, the

effective activation energy of the non-radiative transition

in 99%-glycerol is 1E(knr) = 74 ± 2 kJ/mol, which practi-

cally corresponds to the value 1E(η) = 71.8± 0.6 kJ/mol

calculated based on the viscosity data for 100%-glycerol.

Changing the temperature in the range T = 260−350K

can change the value of the rate constant knr of the non-

radiative transition (more precisely, the ratio knr/kr ) for ThT

Table 1. Parameters of ThT fluorescence decay kinetics in 99%-

glycerol at 480 nm for various temperatures, λexc = 407 nm

T , K α1 τ1, ns S1, % α2 τ2, ns S2, % 〈τ 〉, ns χ2

248
1 2.24 100.0 2.24 1.24

0.965 2.17 94.1 0.035 3.76 5.9 2.26 1.14

263
1 1.86 100.0 1.86 2.19

0.312 1.09 19.3 0.688 2.06 80.7 1.87 1.11

278
1 1.04 100.0 1.04 8.52

0.538 0.53 32.2 0.462 1.29 67.8 1.05 1.13

283
1 0.77 100.0 0.77 8.46

0.635 0.42 41.3 0.365 1.04 58.7 0.79 1.23

288
1 0.58 100.0 0.58 9.21

0.729 0.34 52.1 0.271 0.85 47.9 0.59 1.30

295
1 0.38 100.0 0.38 8.00

0.878 0.27 72.2 0.122 0.73 27.8 0.40 1.11

in glycerol by 3 orders of magnitude. The fluorescence

quantum yield of ThT in 99% glycerol at 276K is 8 ∼ 0.46

and decreases significantly with increasing temperature.

As for most other FMRs, the lifetime of the excited LE

state for ThT in glycerol is comparable to the characteristic

times of vibrational and solvent relaxation. As temperature

changes, their ratio changes, which manifests itself in a shift

and broadening of the steady-state ThT fluorescence spec-

trum depending on the temperature (Fig. 3, b). An increase

in temperature from 260 to 323K leads to a bathochromic

shift of the fluorescence spectrum by ∼ 10 nm.

Figure 4 shows the fluorescence spectra of the 6-Me-

BTA-2C cation in 99% glycerol at various temperatures. As

in the case of ThT, a change in temperature affects both

the intensity and the position and shape of the fluorescence

spectra. An increase in temperature is accompanied by a

long-wavelength shift of the spectra (from 474 to 481 nm)
and a slight increase in the half-width of the fluorescence

band. In the temperature range of 275−343K, the

fluorescence quantum yield of 6-Me-BTA-2C changes by

a factor of ∼ 12.

Kinetics of fluorescence decay in glycerol

Fluorescence decay curves for ThT in 99%-glycerol at

various temperatures are shown in Fig. 5. The experimental

kinetic curves were modeled by a multiexponential decay

function (2). The modeling quality was assessed on the

basis of the reduced χ2 criterion, which takes values ∼ 1

with a good fit, and the graph of weighted differences

(Fig. 5, d) between the experimental and calculated decay

kinetics curves.
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of 260−350K. (b) Normalized ThT fluorescence spectra in 99%-glycerol at various temperatures. λexc = 415 nm.

It was found that the ThT decay kinetics has a non-

monoexponential character (Fig. 5, c, d), depends on the

fluorescence detection wavelength (Fig. 6), and to describe

it, it is necessary to use at least 2 or 3 exponential

components. The parameters of the fluorescence attenuation

kinetics of ThT in glycerol for various temperatures and

fluorescence wavelengths are given in Tables 1 and 2.

The reasons for the non-monoexponential fluorescence

attenuation kinetics can be both the heterogeneity of

the microenvironment of ThT molecules in glycerol and

occurrence of spectral relaxation in the excited state of the

dye due to solvent repolarization. It is important to note that

the rates of solvent relaxation and deactivation of the excited

LE state for ThT in glycerol are close in magnitude. For

example, the solvate relaxation time in glycerol at 298K,

which is τS ∼ 0.5 ns [41], practically coincides with the

fluorescence lifetime of ThT 〈τ 〉 = 0.4 ns under the same

conditions.

Thus, the shift of the instantaneous fluorescence spectra

(time-resolved fluorescence spectra) of the dye to the long

wavelength region due to spectral relaxation occurs in the

same time range as the decrease in the population of

the excited LE state, and this significantly complicates the

fluorescence decay kinetics, which is recorded at certain

wavelengths. Building of a physical model of the FMR

excited state deactivation dynamics for the case of high-

viscosity environment is not the aim of this article. In this

regard, the description of the decay kinetics was carried

out using a multiexponential model, without giving the

parameters α j , τ j a definite physical meaning. Acceptability

of the description of the kinetics was evaluated on the basis

of the reduced χ2 criterion (Tables 1, 2), and the average

lifetime 〈τ 〉 was used to characterize the duration of the

multiexponential attenuation kinetics.

In the region of the maximum position of the stationary

fluorescence spectrum of ThT at ∼ 480 nm, the kinetics can

be satisfactorily described using two exponential compo-

nents (Table 1), and the average lifetime 〈τ 〉 exhibits a

temperature dependence, changing from ∼ 2.2 (at 248K)
to ∼ 0.4 ns (at 295K). However, it should be noted that

even at a constant solution temperature, the fluorescence

emission wavelength has an important effect on the shape

of the attenuation kinetics and the magnitude 〈τ 〉. For ThT
solution at T ∼ 277K (Table 2, Fig. 6, a) the value 〈τ 〉
increases by ∼ 2 times with increasing detection wavelength

from 430 to 680 nm, and to describe the kinetics at

the short-wavelength and long-wavelength edges of the

spectrum, the introduction of an additional short-lived

component is required. Moreover, at the red edge of the

spectrum, this short-lived component has a negative ampli-

tude (Table 2), indicating that at the given wavelengths, at

the initial stage, there is some increase in the fluorescence

signal and only then decay. The presence of an additional

short-lived component indicates occurrence of a process of

spectral relaxation leading to acceleration of fluorescence

decay at the short-wavelength edge and slowdown in decay

at the long-wavelength edge of the spectrum.

Comparison of data on the quantum yield and fluores-

cence kinetics of ThT in glycerol (Fig. 5) makes it possible

to determine the radiative transition constant from the

excited LE state in 99%-glycerol kr ≈ 0.4 · 109 s−1 with a

relative error of 10% (assuming that the fluorescence decay

time at 480 nm corresponds to the lifetime of the LE state).
The duration of fluorescence kinetics is temperature

sensitive, which can be used for temperature measurements.

For measurements using a TCSPC fluorimeter with a time

resolution of ∼ 100 ps, the most promising temperature

range is 260−290K, where the average fluorescence decay

time of ThT in glycerol varies from 2.0 to 0.5 ns (Fig. 5, b).
Similar properties are also observed for the fluorescence

kinetics of the 6-Me-BTA-2C cation in 99%-glycerol: non-

monoexponentiality (Table 3, 4), an increase in the average

attenuation time 〈τ 〉 with increasing wavelength of the

emission spectrum (Fig. 6, c, d). The long-lived component

with τ ∼ 3.4 ns at the short-wavelength edge of the 6-Me-

BTA-2C fluorescence spectrum at 440 and 450 nm (Table 3)
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Figure 7. Average fluorescence decay lifetime 〈τ 〉 for ThT

and 6-Me-BTA-2C in 99%-glycerol as a function of temperature.

λexc = 407 nm, λem = 480 (ThT) and 470 nm (6-Me-BTA-2C).

is most likely due to the presence of a small amount

of the neutral form of molecule 6-Me-BTA-2 [42] in the

sample. In Fig. 6, c the black circles mark the average

attenuation time 〈τ 〉 for 6-Me-BTA-2C, if the contribution of

the long-lived component with τ ∼ 3.4 ns is excluded from

the calculation. The presence of this impurity also causes

an anomalous rise in the 〈τ 〉 value at the short-wavelength

edge of the fluorescence spectrum (Fig. 6, d), especially for

the dye at higher temperatures.

Despite the similarity of ThT and 6Me-BTA-2C molecules

(Fig. 1), changes in the FMR structure, associated with

change of a substituent at the nitrogen atom of the

benzothiazole ring from a methyl group to hydrogen, lead

to a significant decrease in the effective rate constant of

the TICT reaction for 6-Me-BTA-2C. In this case, the

temperature-sensitive region for the fluorescence of this dye

in glycerol shifts towards higher temperatures (Fig. 7).

Thus, temperature measurements based on the fluores-

cence decay kinetics of ThT and 6-Me-BTA-2C in glycerol

are possible starting from 260K (for ThT) and 280K (for

6-Me-BTA-2C). The upper limit of the temperature range is

determined by the time resolution of the spectrometer, and

when measured by the TCSPC method with resolution of

∼ 100 ps, the temperature range available for measurements
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Table 2. Parameters of ThT fluorescence decay kinetics in 99%-glycerol at different wavelengths for T = (277± 1.5)K, λexc = 407 nm

λ α1 τ1, ns S1, % α2 τ2, ns S2, % α3 τ3, ns S3, % 〈τ 〉, ns∗ χ2

430
0.780 0.29 47.3 0.220 1.15 52.7 0.75± 0.06 1.32

0.652 0.22 31.6 0.284 0.72 45.4 0.064 1.62 23.1 0.77± 0.07 1.07

440
0.761 0.36 49.4 0.239 1.18 50.6 0.78± 0.06 1.68

0.636 0.29 34.4 0.330 0.87 53.1 0.035 1.94 12.6 0.80± 0.07 1.37

460
0.677 0.57 46.2 0.323 1.40 53.8 1.02± 0.06 1.16

0.514 0.50 31.0 0.311 0.96 35.8 0.176 1.58 33.2 1.02± 0.06 1.16

480
0.606 0.80 43.9 0.394 1.58 56.1 1.24± 0.06 1.19

−0.225 0.13 −2.8 0.542 0.68 35.9 0.458 1.50 66.9 1.25± 0.06 1.06

500
0.595 0.98 46.2 0.405 1.67 53.8 1.35± 0.06 1.27

−0.335 0.11 −3.3 0.451 0.76 29.7 0.549 1.55 73.5 1.36± 0.06 1.01

520
0.883 1.24 81.0 0.117 2.20 19.0 1.42± 0.06 1.58

−0.402 0.12 −3.9 0.608 1.00 49.1 0.392 1.73 54.9 1.44± 0.06 1.16

540 −0.393 0.16 −4.8 0.505 0.97 38.9 0.495 1.68 65.9 1.48± 0.06 1.06

560 −0.473 0.14 −5.0 0.811 1.20 75.0 0.189 2.07 30.0 1.52± 0.06 1.16

580 −0.445 0.16 −5.3 0.634 1.13 54.8 0.366 1.80 50.5 1.52± 0.06 1.02

600 −0.552 0.16 −6.8 0.637 1.10 55.1 0.363 1.82 51.7 1.54± 0.06 1.13

620 −0.583 0.18 −8.8 0.429 0.84 30.4 0.571 1.62 78.4 1.51± 0.06 0.97

640
−0.776 0.09 −5.5 1.000 1.41 105.5 1.48± 0.06 1.47

−0.488 0.19 −8.1 0.380 0.79 25.4 0.620 1.57 82.7 1.48± 0.06 1.12

680
−1.217 0.09 −8.8 1.000 1.36 108.8 1.47± 0.06 1.20

−1.217 0.13 −14.1 0.484 0.91 39.6 0.516 1.60 74.5 1.53± 0.07 1.06

Note. ∗ Estimated standard deviation for 〈τ 〉 is stated.

is 260−290K (ThT in glycerol) and 280−320K (6-Me-

BTA-2C in glycerol).

Conclusions

The quantum yield and fluorescence kinetics of ThT

benzothiazol-aniline derivatives exhibiting FMR properties

are temperature-sensitive, which allows these compounds to

be used as temperature sensors.

It has been experimentally shown that the TICT reaction

of intramolecular charge transfer accompanied by confor-

mational changes is the dominant process of non-radiative

deactivation of the ThT excited state in glycerol up to

temperatures of T ∼ 260K. The effective rate constant of

the TICT reaction is determined by the viscous properties

of the microenvironment, and changing the temperature of

the glycerol solution from 261 to 353K leads to an increase

in its value by a ∼ 3 orders of magnitude. Based on

the data on the quantum yield and fluorescence kinetics

of ThT in 99%-glycerol, the constant of the radiative

transition from the excited LE state kr ≈ 0.4 · 109 s−1 was

determined.

The fluorescence kinetics of the considered dyes in

glycerol has a non-monoexponential character, depends on

the fluorescence detection wavelength, and its description

requires the use of at least 2 exponential components.

The non-monoexponentiality of the kinetics is associated

with heterogeneity of the microenvironment of FMR

molecules in glycerol, as well as with occurrence of a

spectral relaxation process in the excited state of dyes,

the characteristic time of which is close in value of the

lifetime of the excited LE state responsible for the FMR

fluorescence. The process of spectral relaxation manifests

itself both in stationary fluorescence spectra (spectra shift

depending on temperature) and in kinetics (a monotonic

increase in the mean lifetime 〈τ 〉 with an increase in the

fluorescence detection wavelength and the appearance of

components with a negative amplitude on the red edge of

the spectrum).
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Table 3. Parameters of 6Me-BTA-2C fluorescence decay kinetics in 99%-glycerol at temperature (288± 1)K, λexc = 407 nm

λ α1 τ1, ns S1, % α2 τ2, ns S2, % α3 τ3, ns S3, % 〈τ 〉, ns∗ χ2

440
0.702 0.37 38.8 0.298 1.39 61.2 1.00± 0.06 1.55

0.635 0.32 30.4 0.352 1.18 62.9 0.013 3.40 6.7 1.06± 0.10 1.16

450
0.719 0.56 48.7 0.281 1.51 51.3 1.05± 0.06 1.27

0.650 0.51 40.8 0.341 1.34 55.7 0.009 3.40 3.6 1.08± 0.10 1.20

460
0.623 0.76 44.9 0.377 1.55 55.1 1.19± 0.06 1.48

−0.381 0.16 −7.2 0.563 0.54 35.1 0.437 1.43 72.2 1.20± 0.07 1.12

470 −0.444 0.16 −6.1 0.551 0.94 44.4 0.449 1.60 61.7 1.39± 0.07 1.05

480
−1.152 0.12 −11.1 1.000 1.43 111.1 1.57± 0.06 1.36

−1.164 0.13 −12.6 0.842 1.31 89.0 0.158 1.86 23.6 1.59± 0.07 1.19

490
−0.566 0.16 −6.7 1.000 1.45 106.7 1.54± 0.06 1.18

−0.536 0.20 −8.1 0.569 1.22 53.1 0.431 1.66 55.0 1.55± 0.06 1.05

500
−0.593 0.16 −7.1 1.000 1.46 107.1 1.56± 0.06 1.24

−0.563 0.18 −7.8 0.953 1.40 99.8 0.047 2.29 8.0 1.57± 0.07 1.15

520
−0.639 0.21 −9.9 1.000 1.50 109.9 1.63± 0.06 1.12

−0.622 0.23 −10.8 0.987 1.46 107.5 0.013 3.24 3.3 1.65± 0.10 1.03

550 −0.666 0.22 −10.6 1.000 1.55 110.6 1.69± 0.06 1.07

Note. ∗ Estimated standard deviation for 〈τ 〉 is stated.

Table 4. Parameters of 6Me-BTA-2C fluorescence decay kinetics in 99%-glycerol at 470 nm at different temperatures, λexc = 407 nm

λ α1 τ1, ns S1, % α2 τ2, ns S2, % α3 τ3, ns S3, % 〈τ 〉, ns∗ χ2

283 −0.555 0.14 −5.6 0.803 1.35 77.0 0.197 2.05 28.7 1.62± 0.07 1.05

293 −0.412 0.14 −5.8 0.469 0.71 32.8 0.531 1.40 73.1 1.25± 0.07 1.13

303
0.884 0.77 79.0 0.116 1.57 21.0 0.94± 0.06 1.27

−0.596 0.06 −4.8 0.813 0.71 72.3 0.187 1.39 32.5 0.96± 0.07 1.17

313
0.936 0.55 83.8 0.064 1.54 16.2 0.71± 0.06 1.50

−0.400 0.04 −2.9 0.929 0.54 85.1 0.071 1.48 17.8 0.72± 0.08 1.49

323 0.949 0.37 83.7 0.051 1.35 16.3 0.53± 0.06 1.25

333 0.957 0.28 82.5 0.043 1.31 17.5 0.46± 0.06 1.21

343 0.968 0.20 83.8 0.032 1.18 16.2 0.36± 0.06 1.30

Note. ∗ Estimated standard deviation for 〈τ 〉 is stated.

It has been found that temperature measurements based

on the fluorescence decay kinetics are possible for ThT in

glycerol solutions starting from 260K, and for 6-Me-BTA-

2C in glycerol — starting from 280K. The upper limit of the

temperature range available for measurements is determined

by the time resolution of the spectrometer, and at the time

resolution of ∼ 100 ps it corresponds to 290 and 320K for

ThT and 6-Me-BTA-2C glycerol solutions, respectively.

The data obtained can be used to develop fluorescent

sensors for nanothermometry, to visualize temperature

gradients with high spatial resolution using fluorescence

microscopy.
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