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ABSTRACT: Coumarin-based fluorescent agents play an important role in the manifold fundamental scientific and technological
areas and need to be carefully studied. In this research, linear photophysics, photochemistry, fast vibronic relaxations, and two-
photon absorption (2PA) of the coumarin derivatives, methyl 4-[2-(7-methoxy-2-oxo-chromen-3-yl)thiazol-4-yl]butanoate (1) and
methyl 4-[4-[2-(7-methoxy-2-oxo-chromen-3-yl)thiazol-4-yl]phenoxy]butanoate (2), were comprehensively analyzed using
stationary and time-resolved spectroscopic techniques, along with quantum-chemical calculations. The steady-state one-photon
absorption, fluorescence emission, and excitation anisotropy spectra, as well as 3D fluorescence maps of 3-hetarylcoumarins 1 and 2
were obtained at room temperature in solvents of different polarities. The nature of relatively large Stokes shifts (∼4000−6000
cm−1), specific solvatochromic behavior, weak electronic π → π* transitions, and adherence to Kasha’s rule were revealed. The
photochemical stability of 1 and 2 was explored quantitatively, and values of photodecomposition quantum yields, on the order of
∼10−4, were determined. A femtosecond transient absorption pump−probe technique was used for the investigation of fast vibronic
relaxation and excited-state absorption processes in 1 and 2, while the possibility of efficient optical gain was shown for 1 in
acetonitrile. The degenerate 2PA spectra of 1 and 2 were measured by an open aperture z-scan method, and the maximum 2PA
cross-sections of ∼300 GM were obtained. The electronic nature of the hetaryl coumarins was analyzed by quantum-chemical
calculations using DFT/TD-DFT level of theory and was found to be in good agreement with experimental data.

1. INTRODUCTION
The development and investigation of different types of
coumarin derivatives remain subjects of continuing interest for
a number of important research areas, including organic
electronics,1,2 nonlinear optics, and lasing,3−7 3D micro-
fabrication and optical data storage,8−10 sensing technolo-
gies,11−15 biomedical probes and reactants,16−18 and one- and
two-photon photodynamic therapy (PDT).19,20 Coumarin
derivatives exhibit a large variety of linear steady-state and
time-resolved photophysical properties,21−33 which depend on
the specific substituents in different positions of the molecular
architecture18,24,25,27,34,35 and solute−solvent interac-
tions.2,21,22,26,36,37 These characteristics afford the ability to
tune emission efficiency,21,38 the values of Stokes shifts,34

binding abilities,23,39 and photochemical stability40 along with
harnessing the fast relaxation processes in the ground and
excited electronic states of coumarins for a number of
applications.28−33 It should be mentioned that notable efforts
were made for improving and making practical use of the two-
photon absorption (2PA) properties of coumarin derivatives in
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the microfabrication,41 biomedicine,42 fluorescence micros-
copy,43 and PDT19 research fields.
In this research, we studied two particular hetaryl coumarin

derivatives with extended chromophore systems and expected
potential for some important technological areas, including
two-photon fluorescence microscopy, bioimaging, and optical
data storage. The nature of linear steady-state and time-
resolved photophysical and photochemical properties of 3-
hetarylcoumarins containing thiazolyl and phenylthiazolyl
fragments, methyl 4-[2-(7-methoxy-2-oxo-chromen-3-yl)-
thiazol-4-yl]butanoate (1) and methyl 4-[4-[2-(7-methoxy-2-
oxo-chromen-3-yl)thiazol-4-yl]phenoxy]butanoate (2), were
investigated, along with the fast relaxation processes in the
excited electronic states and 2PA efficiency under femtosecond
excitation. The main electronic parameters of 1 and 2 were
also analyzed using density functional theory (DFT)/time-
dependent (TD)-DFT quantum-chemical calculations, yielding
quite reasonable agreement with experimentally determined
properties.

2. EXPERIMENTAL SECTION
2.1. Synthesis and Linear Photophysical and Photo-

chemical Characterization of 3-Hetarylcoumarins 1 and
2. The synthesis of coumarin 1 (see the chemical structure in
Figure 1) was based on Knoevenagel condensation between

the corresponding derivatives of salicylaldehyde and 2-
cyanomethylthiazole and is comprehensively described in ref
44. In contrast to that previously reported,45 coumarin
derivative 2 was prepared by an optimized procedure (Scheme
1), where one-pot thiazole synthesis commenced from
acetophenone A. It should be mentioned that there are a
limited number of papers describing the one-pot Hantzsch
thiazole synthesis in the case of 2,4-disubstituted thiazole
derivatives. The general synthetic scheme can be described as a
two-step procedure: generation of α-halogenoketones, fol-
lowed by their reaction with thioamides. In this work,
bromination of compound A with bromine in ethanol at
∼45 °C was used at the first step. Then, the reaction mixture
was degassed in vacuo to facilitate HBr elimination, while
excess MgO was added for the neutralization of HBr.
In the second step, 2-cyanothioacetamide was added and

refluxed ∼1 h. Compound C was obtained in 54% yield after
double chromatographic purification. Iminocoumarin D was
obtained by condensation of C and 2,4-dihydroxybenzalde-
hyde in the presence of piperidine as a catalyst in methanol at
reflux. Fast hydrolysis of the imino group of intermediate D
was achieved in the DMF−HCl mixture, in contrast to the

previously used HCl addition to the reaction mixture.44 HCl
was then neutralized with NaHCO3, and aqueous NaOH and
methanol were added. Compound E was purified by
recrystallization from pyridine, and the resulting pyridinium
salt was transformed into the free acid by precipitation in aq
acetic acid. Compound 2 was obtained by the reaction of E
with dimethyl sulfate in DMF in the presence of potassium
carbonate. It was purified by recrystallization from pyridine,
providing a purity of over 97% by LC−MS. The synthetic
details are presented in the Supporting Information.
Linear steady-state and time-resolved photophysical charac-

teristics, along with the photochemical parameters of the 3-
hetarylcoumarins 1 and 2, were obtained in air-saturated
spectroscopic grade benzene (BNZ) and acetonitrile (ACN) at
room temperature. These commercially purchased solvents
were additionally purified via distillation. The steady-state
absorption spectra were measured with the Shimadzu UV-2450
(Shimadzu Europe) spectrophotometer, using a standard 1 cm
path length quartz cuvettes and solute concentrations, C ∼ (4−
6) × 10−5 M. The steady-state emission measurements,
including corrected fluorescence, excitation, and excitation
anisotropy spectra, were performed in 1 cm path length
fluorometric quartz cuvettes with the CM 2203 (Solar,
Belarus) spectrofluorimeter. All emission parameters of 1 and
2 were obtained for dilute solutions (C ≤ 10−6 M) to reduce
possible reabsorption effects.46

The determination of the fluorescence quantum yields, Φfl,
of 1 and 2 was performed by a relative method with 9,10-
diphenylanthracene in cyclohexane as a standard.46 The values
of emission lifetimes, τfl, were determined from the
corresponding decay curves for 1 and 2 using the Life Spec-
II (Edinburgh Instr. Ltd.) spectrofluorimeter with a single
photon-counting system and picosecond excitation. The
steady-state fundamental anisotropy, r0(λ), was obtained
from the experimentally determined excitation anisotropy
spectrum, = +r r( ) ( )/(1 / )0 fl (θ is the rotational
correlation time), which was measured in a high-viscosity
solvent (glycerol at room temperature), where θ ≫ τfl and r(λ)
≈ r0(λ).47 It should be mentioned that =r (3 cos 1)/50

2

(α is the angle between corresponding absorption, μ01 (S0 →
S1), and emission, μ10 (S1 → S0), transition dipoles; S0 and S1
are the ground and first excited electronic states, respec-
tively).46

Photochemical properties of 1 and 2 were investigated in air-
saturated solutions using CW laser irradiation in the main
absorption band (excitation wavelength, λ = 400 nm; average
laser power ≈ 70 mW). The efficiency of photodecomposition
processes was estimated quantitatively by measuring the
photodecomposition quantum yields, Φph, which can be
defined as the number of photobleached molecules divided
by the number of absorbed photons.47 The values of Φph were
determined by the absorption methodology (see ref 48 for
details) based on the corresponding dynamic changes in the
absorption spectra of 1 and 2 under irradiation and can be
calculated as48

= [ ]·
· · ·[ ]· ·

D D t N

I t

( , 0) ( , )

10 ( ) ( ) 1 10 d d
t D tph

0 A
3

0
( , )0

(1)

where D(λ,0) and D t( , )0 are the values of sample absorbance
at the excitation wavelength, λ, before and after the irradiation
time period, t0; ε(λ), NA, and I(λ) are the extinction

Figure 1. Chemical structures of the coumarin derivatives 1 and 2.
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coefficient, Avogadro’s number, and excitation irradiance per
unit wavelength, respectively.

2.2. Spectroscopic Transient Absorption Pump−
Probe and 2PA Measurements. The processes of ultrafast
vibronic relaxations in the excited electronic states of 1 and 2
along with the corresponding time-resolved excited state
absorption (ESA) spectra were investigated using the femto-
second transient absorption pump−probe technique, which
was previously described.49,50 In short, a femtosecond laser
beam from a Ti/sapphire regenerative amplifier Legend F-1K-
HE (Coherent, Inc.) with an output wavelength at ≈800 nm,
pulse duration, τP ≈ 140 fs (fwhm), pulse energy, EP ≈ 1.5 mJ,
and a 1 kHz repetition rate was split in two parts. The
frequency of the first beam was doubled (1 mm BBO crystal)
to produce an ≈400 nm pump beam (EP ≈ 10 μJ). The second
beam was focused into a 2 mm sapphire plate to create a white-
light continuum, which was used as a probe beam with EP ≤ 5
nJ. The pump and probe pulses were overlapped at a small
angle in the sample cuvette (1 mm flow cell), and an optical
delay line M-531.DD (PI, Ltd.) was used to create a variable
time delay between these pulses. Transient absorption spectra
were detected with a spectrometer (Acton SP2500i) and a
CCD camera Spec-10 (Princeton Instruments, Inc.) The total

temporal resolution of the employed experimental setup was
estimated as ≤350 fs.
The degenerate 2PA spectra of 1 and 2 were measured in

ACN at room temperature by an open aperture Z-scan
method,51 using 1 mm path length quartz cells with dye
concentrations, C ∼ 10−2 to 10−3 M. These measurements
were performed with the second harmonic (1 mm BBO
crystal) of a 1 kHz laser beam from an optical parametric
amplifier Opera-F (Coherent, Inc.) pumped by Coherent
Legend F-1K-HE (output parameters: EP ≤ 5 μJ, τP ∼ 100−
120 fs (fwhm) and tuning range 600−950 nm). The Z-scan
setup was calibrated with a ZnTe standard.

2.3. Details of Quantum-Chemical Analysis of 1 and
2. The main electronic parameters of coumarin structures 1
and 2 were calculated based on the Gaussian 2009 suite of
programs.52 Quantum-chemical analysis of both molecules was
performed for the corresponding model structures 1′ and 2′,
where the long non-conjugated substituents (linked with the
main conjugated cyclic system by the −CH2-linker) were
simplified by the CH3 group. DFT with the 6-31 G(d,p) basis
set and the B3LYP functional was used for geometry
optimization in the ground electronic state. TD-DFT was
employed to describe the excited state (including geometry
optimization). The entire set of linear spectral characteristics

Scheme 1. (i) (a) Br2, EtOH, ∼45 °C; (b) NCCH2C(S)NH2, MgO, EtOH, Reflux; (ii) (a) 2,4-Dihydroxybenzaldehyde,
Piperidine, MeOH, Reflux, (b) HCl, DMF, 70−75 °C, and (c) NaOH, H2O−MeOH; and (iii) Me2SO4, K2CO3, DMF, 50−60
°C

Figure 2. Normalized steady-state linear 1PA (1, 2) and corrected fluorescence (1′, 2′) spectra of coumarin derivatives 1 (a) and 2 (b) in BNZ (1,
1′) and ACN (2, 2′).
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was predicted using optimized ground and first-excited singlet-
state molecular geometry for absorption and emission spectra,
respectively, along with the values of transition dipoles,
oscillator strengths, orbital configurations, etc. All calculations
were performed in vacuo and in acetonitrile. Solvent effects
were taken into account with a polarizable continuum model in
solvent model density parametrization.53

3. RESULTS AND DISCUSSION
3.1. Linear Spectroscopy and Photochemical Proper-

ties of 1 and 2. The main spectral parameters and the

corresponding values of photodecomposition quantum yields,
Φph, are shown in Figures 2−4 and Table 1. The steady-state
linear one-photon absorption (1PA) spectra of 1 and 2 (Figure
2, curves 1, 2) revealed relatively weak long wavelength
absorption bands at ∼380−395 nm (maximum extinction
coefficient, εmax ≈ (24−28) × 103 M−1 cm−1), with nearly
structureless absorption contours and no substantial depend-
ence on solvent polarity, which is typical for 3-thiazolylcou-
marins in liquid medium at room temperature.38,44,45 These
1PA bands can be attributed to a single π → π* electronic

transition S0 → S1 in accordance with nearly constant values of
excitation anisotropy r0(λ) (see Figure 3a,b, curves 1) over the
spectral range λ ≥ 330−350 nm. These values of r0(λ) ≈ 0.3−
0.35 are close to the theoretical limit46 and related to the
comparatively small angle between the absorption and
emission transition dipoles for S0 → S1 and S1 → S0 electronic
transitions, respectively. The intensity of the main long
wavelength 1PA bands of 1 and 2 is connected to the
absorption transition dipole, which can be estimated from the

experimental data as:54 · ·0.096 ( ) d /01
max (where

the extinction coefficient ε(ν) is in M−1 cm−1, ν is in cm−1, and
νmax = 1/λabmax); the corresponding values are presented in
Table 1. It should be mentioned that no aggregation effects

Figure 3. Steady-state excitation anisotropy (1) and 1PA (2) spectra of 1 (a) and 2 (b) in glycerol (1) and ACN (2). 3D fluorescence emission
maps of 1 (c) and 2 (d) in ACN.

Figure 4. Fluorescence emission decays of coumarin derivatives 1 (1,
2) and 2 (3, 4) in BNZ (1, 3) and ACN (2, 4). Instrument response
function (5).

Table 1. Main Spectral and Photochemical Characteristics
of Coumarin Derivatives 1 and 2 in BNZ and ACN:
Absorption λab

max and Fluorescence λfl
max Maxima, Values of

Stokes Shifts, Maximum Extinction Coefficients εmax,
Fluorescence Quantum Yields Φfl, Transition Dipole
Moments μ01, Experimental τfl, and Calculated τfl

cal,
Fluorescence Lifetimes, and Photodecomposition Quantum
Yields Φph

compound 1 2
solvent BNZ ACN BNZ ACN

λabmax, nm 385 ± 1 379 ± 1 395 ± 1 391 ± 1
λflmax, nm 451 ± 1 450 ± 1 479 ± 1 515 ± 1

Stokes shift, nm
(cm−1)

66 ± 2
(≈3800)

71 ± 2
(≈4160)

84 ± 2
(≈4440)

124 ± 2
(≈6160)

εmax × 10−3,
M−1·cm−1

25.5 ± 2 27 ± 2 28 ± 2 24 ± 2

Φfl, % 63 ± 5 77 ± 5 45 ± 5 32 ± 5
μ01, Debye 6.4 6.6 7.4 6.7

τfl, nsa 2.9 ± 0.1 3.5 ± 0.1 3.5 ± 0.1 4.9 ± 0.1
τflcal, ns 2.4 ± 0.5 3.3 ± 0.5 1.6 ± 0.5 2.0 ± 0.5

Φph × 104 1.7 ± 0.2 1.5 ± 0.2 0.6 ± 0.1 1.6 ± 0.2
aExcitation wavelength, λex ≈ 400 nm.
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were detected in the linear absorption spectra up to C ∼ 10−3

M.
The steady-state fluorescence spectra of 1 and 2 (Figure 2,

curves 1′, 2′) exhibited a nearly structureless shape, relatively
large Stokes shifts (∼4000−6000 cm−1), and were independ-
ent of the excitation wavelength in accordance with Kasha’s
rule.46 3D fluorescence maps of 1 and 2 (Figure 3c,d) also
confirm this statement, along with the corresponding
independence of the observed wavelength for the excitation
spectra. It should be mentioned that coumarin derivative 1
revealed no solvatochromic behavior in contrast to derivative
2, where a noticeable bathochromic shift was observed with an
increase in solvent polarity. The observed spectral character-
istics provide grounds for the substantial rearrangement of the
optimized molecular geometry of 1 and 2 and a noticeable
change in the value of permanent dipole moment for 2 under
electronic excitation S0 → S1. The values of the fluorescence
quantum yields, Φfl, of 1 and 2 (Table 1) were independent of
the excitation wavelength while exhibiting a complicated
dependence on solvent polarity with a noticeable decrease in
the polar solvent for 2. The processes of spontaneous
fluorescence emission were characterized by a single
exponential profile (Figure 4) with the corresponding lifetimes,
τfl, in the range ≈3−5 ns (Table 1). As deduced from these
data, the values of τfl increase with solvent polarity, especially
for 2 in ACN. It should be mentioned that τfl can be estimated
theoretically based on linear molecular spectral data as:46 τflcal =
τN·Φfl, where τN is a natural lifetime, which can be calculated
from the Strickler and Berg approach presented in ref 55. The
obtained values of τflcal were sufficiently close to the
corresponding experimental ones for 1 in both solvents and
exhibit noticeable deviations for 2 (see Table 1), presumably
due to a stronger rearrangement of the optimized molecular
geometry in the excited electronic state S1.

55,56

The level of photostability for 1 and 2 was determined by
the absorption method48 using consecutive changes in the 1PA
spectra under laser irradiation (Figure 5) and eq 1; calculated
values of the photodecomposition quantum yields, Φph, are
summarized in Table 1. It is worth mentioning that the

Figure 5. Consecutive changes in the 1PA spectra of 1 (a,b) and 2
(c,d) under CW laser irradiation in BNZ (a,c) and ACN (b,d) and
corresponding irradiation times.

Figure 6. Transient absorption curves for 1 (a,b) and 2 (c,d) in ACN
for specific probe wavelengths, λpr, at femtosecond (a,c) and
picosecond (b,d) resolution: (a,b) λpr = 490 (1), 500 (2), 530 (3),
550 (4), and 580 nm (5); (c,d) λpr = 480 (1), 500 (2), 520 (3), and
550 nm (4).

Figure 7. Degenerate 2PA spectra of 1 (1) and 2 (2) in ACN
obtained by the femtosecond Z-scan method. Normalized steady-state
1PA spectra of 1 (1′) and 2 (2′) in ACN.

Figure 8. Optimized molecular geometries for the model structures of
1 (1) and 2 (2) in ACN (two projections) in the ground electronic
state S0.
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observed photodecomposition processes corresponded to a
first-order photoreaction,57 and no substantial photoproducts
were detected in the main absorption bands. According to
these data, all values of Φph are of the order of ∼10−4,
comparable with the corresponding parameters of common
laser dyes58,59 and can be used in practice.

3.2. Fast Relaxations in the Excited States and 2PA
Spectra of 1 and 2. The processes of fast vibronic relaxations
in the molecular structures of 1 and 2 were investigated in
ACN at room temperature using a well-developed pump−
probe technique49,50 and femtosecond excitation (temporal
resolution ≤ 350 fs). Typical transient absorption dependences
of the induced optical density, ΔD, on the temporal delay
between pump and probe pulses, τD, are presented in Figure 6
for specific probe wavelengths, λpr. From these data, the kinetic
changes in transient absorption curves revealed a fast temporal
increase in ΔD (∼400−500 fs), which can be attributed to the
dominant role of ESA processes with subsequent decreases (up
to negative ΔD) for 1 (Figure 6a,b) or increases for 2 (Figure
6c,d) on the picosecond time scale over a broad spectral range
(480−550 nm). Presumably, the observed positive ΔD signals
in the first ∼0.5−1 ps are related to ESA processes from the
unrelaxed Franck−Condon excited states.60 The following 1−
10 ps reflect simultaneous Franck−Condon61 and solvate
relaxation dynamics,62,63 which result in nearly constant values
of ΔD that slowly relax to zero in accordance with the
corresponding lifetime of the S1 state (i.e., on the nanosecond

timescale). It is worth mentioning that negative ΔD signals for
1 (Figure 6b, curves 1−4) are evidence of possible light
amplification (gain) processes, which can be potentially useful
in superluminescence and lasing applications.64,65 Never-
theless, no superluminescence phenomenon was observed for
1 in highly concentrated ACN solution under femtosecond
excitation, likely due to a relatively weak radiative transition S1
→ S0 and the correspondingly high threshold for optical gain.

66

The time-resolved ESA spectra of 1 and 2 (Figure S11, see
Supporting Information) exhibited no well-defined maxima at
the specific wavelengths and were in good agreement between
the spectral shape of optical gain, and the corresponding
fluorescence contour was shown for 1.
The degenerate 2PA spectra of 1 and 2 were obtained over a

broad spectral range using an open aperture Z-scan
technique51 (Figure 7). The largest 2PA cross-sections, δ2PA,
for 1 (≈50 GM) and 2 (≈300 GM) were observed in the two-
photon allowed short wavelength spectral range ∼590−650
nm, which corresponds to the lowest 1PA efficiency. It is worth
noting that the molecular structures of 1 and 2 are not
centrosymmetric, and noticeable values of δ2PA ∼ 50−100 GM
are observed in the one-photon-allowed main absorption
bands. In general, 2PA efficiency can be estimated by the well-
known sum-over-state approach,67 according to which the
value of δ2PA in the main absorption band is roughly
proportional to the product | | | |01

2
01

2 (Δμ01 is the change
in the permanent dipole under electronic excitation S0 →

Table 2. Calculated Values of the Electronic Parameters for Model Molecular Structures 1′ and 2′ in Vacuo and ACN:
Transition Types and Wavelengths, λ, Oscillator Strengths, f, Transition Dipoles, μ, and the Main Orbital Configurations
(HOMOs and LUMOs Stand for the Highest Occupied and the Lowest Unoccupied Molecular Orbitals, Correspondingly)

components

molec. media
transition

(type; A/F)a λ, nm F |μ|, D μx μy μz main configurations

1′ vacuo S0 → S1
(π → π*; A)

388 0.5558 6.769 6.759 −0.180 0.338 0.99|HOMO → LUMO⟩

S0 → S2
(π → π*; A)

322 0.0043 0.542 −0.539 0.058 −0.013 0.63|HOMO − 1 → LUMO⟩ +0.76|HOMO − 2 → LUMO⟩

S0 → S3
(π → π*; A)

312 0.0309 1.431 −1.430 −0.025 −0.056 0.72|HOMO − 1 → LUMO⟩ −0.58|HOMO − 2 → LUMO⟩

S1 → S0
(π → π*; F)

413 0.5401 6.884 6.877 −0.135 −0.269 0.99|HOMO → LUMO⟩

ACN S0 → S1
(π → π*; A)

367 0.6965 7.369 7.351 −0.330 0.389 0.99|HOMO → LUMO⟩

S0 → S2
(π → π*; A)

304 0.0156 1.004 1.000 0.010 −0.084 0.94|HOMO − 1 → LUMO⟩

S0 → S3
(π → π*; A)

292 0.0425 1.624 −1.612 0.191 −0.048 0.82|HOMO − 2 → LUMO⟩

S1 → S0
(π → π*; F)

422 0.6457 7.609 7.599 −0.249 −0.302 0.99|HOMO → LUMO⟩

2′ vacuo S0 → S1
(π → π*; A)

441 0.2149 4.487 −4.175 1.643 0.003 0.99|HOMO → LUMO⟩

S0 → S2
(π → π*; A)

345 0.6061 6.665 −6.122 2.635 0.003 0.97|HOMO − 1 → LUMO⟩

S0 → S3
(π → π*; A)

302 0.0092 0.768 −0.535 0.551 0.000 0.70|HOMO − 3 → LUMO⟩

S1 → S0
(π → π*; F)

551 0.1641 4.383 −4.168 1.357 0.000 0.99|HOMO → LUMO⟩

ACN S0 → S1
(π → π*; A)

432 0.3179 5.402 −4.922 2.227 0.003 0.99|HOMO → LUMO⟩

S0 → S2
(π → π*; A)

352 0.6254 6.839 −6.190 2.907 0.003 0.99|HOMO − 1 → LUMO⟩

S0 → S3
(π → π*; A)

307 0.0057 0.610 −0.013 0.610 0.000 0.97|HOMO − 3 →LUMO⟩

S1 → S0
(π → π*; F)

526 0.2135 4.884 −4.542 1.796 0.000 0.99|HOMO → LUMO⟩

aA�absorption/F�fluorescence.
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S1).
68 Taking into account nearly identical values of μ01 for

both coumarins (see Table 1), the larger values of δ2PA for 2 in
the main absorption band can be related to the larger Δμ01,
which is consistent with its stronger solvatochromic behavior
(see Figure 2). It should be mentioned that the obtained values
of 2PA cross-sections are relatively large for 2 in the two-
photon allowed spectral range and comparable with the
corresponding parameters for 6,7-dimethoxy-substituted cou-
marin42 and artificial coumarinic betalains.43

3.3. Theoretical Modeling of the Electronic Struc-
tures of 1 and 2. The electronic parameters of the model
molecular structures 1′ and 2′ were estimated with the DFT/
TD-DFT theoretical approach using optimized molecular
geometries in the S0 and S1 electronic states for absorption
and emission spectra, respectively. The shapes of the calculated
optimized geometries of 1′ and 2′ in the ground electronic
state (Figure 8) were sufficiently similar to the corresponding
ones in the S1 state except for the noticeable bond length
changes (up to ∼0.06 Å) under electronic excitation, which
can be responsible for the large Stokes shifts. According to the
data in Figure 8, optimized structures of the model compounds
exhibit almost planar molecular geometry, except for a small
angle (≈26°) between the coumarin core and the thiazole
substituent at the 3-position for 1′. In both molecules, the first
(long wavelength) electronic transition S0 → S1 is of π−π*
type, related to the pure electronic excitation (0.99|HOMO →
LUMO⟩, see Table 2) and can be ascribed to the main
absorption band. Significantly, there is no perfect match
between the calculated and experimental spectral maxima,
which is typical for the employed approach.69,70 However,
obtained values are sufficiently accurate to correctly analyze
the nature of electron transitions in studied molecules.

Following the data in Table 2, calculated transition dipoles
μ01 (i.e., for excitation S0 → S1) of 1′ and 2′ were sufficiently
close to the corresponding ones estimated from the
experimental spectral data (see Table 1), and no essential
dependence of μ01 on solvent polarity was obtained. Based on
the values of vector components μx, μy, and μz (see Table 2),
the angles between absorption and emission transition dipoles
can be determined for 1′ and 2′ in ACN as 3−6°, which is in
good agreement with the excitation anisotropy spectral data
(see Section 3.1). The change in the permanent dipole
moment of 1′ under electronic excitation S0 → S1 is relatively
small (≈0.2 D) in contrast to the corresponding value of 2′
(≈1.2 D). This difference can be a reason for stronger
solvatochromic behavior for 2 relative to 1. The main
molecular orbitals (MO) for 1′ and 2′ in Figure 9 reveal the
nature of the first three electronic transitions. Following these
data and the corresponding parameters in Table 2, in both
model structures, the first excitation is practically a pure
electron transition from HOMO to LUMO. The second and
third transitions in 1′ are the combination of two electron
configurations: HOMO − 1 → LUMO⟩ and HOMO − 2 →
LUMO⟩, i.e., they correspond to transitions from two occupied
MOs to the same vacant MO. All these MOs in 1′ are regularly
delocalized along the total conjugated molecular structure,
resulting in the largest oscillator strength for the S0 → S1
transition and much weaker transitions S0 → S2 and S0 → S3
(Table 2). At the same time, in model structure 2′, the LUMO
is located primarily in the coumarin fragment, while all other
highest occupied MOs are predominantly delocalized over the
entire molecule, including the branch-conjugated substituent at
position 3. These peculiarities lead to the largest intensity of
the S0 → S2 transition in comparison with S0 → S1, which is in
good agreement with experimental data. Importantly, the
theoretical approach employed here quite reasonably described
the majority of the major spectroscopic properties of
coumarins 1 and 2, providing validation for the computational
methods.

4. CONCLUSIONS
The steady-state and time-resolved spectroscopic parameters
and photochemical stability of 3-thiazolyl and 3-phenyltiazolyl
coumarin derivatives 1 and 2 were comprehensively studied in
solvents of different polarities at room temperature. Linear
1PA and fluorescence spectra, along with the 3D fluorescence
maps, exhibited large Stokes shifts (up to 6000 cm−1), and the
nature of the chromophores’ behavior can be considered
“classical” (i.e., adherence to Kasha’s rule). The steady-state
excitation anisotropy spectra revealed only one electronic
transition in the main long wavelength absorption band and
nearly parallel orientations of the main absorption and
emission transition dipoles. Fluorescence lifetimes, extinction
coefficients, and the absorption and fluorescence spectra of
hetarylcoumarin coumarin 1 were in good agreement with the
Strickler and Berg relationships,55 in contrast to coumarin 2,
where a relatively strong rearrangement of the molecular
geometry in the excited electronic state can be assumed to
predominate. The photostability of 1 and 2 in BNZ and ACN
was in the range of Φph ∼ (0.6−1.7) × 10−4, which is
acceptable for practical applications.
Fast vibronic relaxation processes in 1 and 2 were finished in

the first ∼5−10 ps and can be correlated to Franck−Condon
and solvate reorganization dynamics. The potential of light
amplification (gain) was observed for 1 without detection of

Figure 9. Calculated shapes of molecular orbitals for 1′ (1) and 2′
(2).
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any superluminescence or lasing effects. The degenerate 2PA
spectra of 1 and 2 were measured by an open aperture method,
providing a maximum 2PA cross-section of ∼300 GM for 2,
which is quite suitable for two-photon-induced fluorescence
microscopy imaging. Quantum-chemical DFT/TD-DFT anal-
ysis of coumarins 1 and 2 with heteroaromatic substituents
confirmed the majority of the main experimental properties of
the investigated compounds and can be proposed as a
reasonable theoretical approach for the description of
coumarin derivatives. Comprehensive investigations of the
steady-state photophysical and photochemical properties, fast
electronic relaxations in the excited states, the possibility of
light amplification, and the reasonably high 2PA efficiency
reveal the potential of these hetaryl coumarins for a number of
photonic and biophotonic applications, including two-photon
fluorescence bioimaging.
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