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A B S T R A C T

The features of the electronic structures of a series of new styryl dye bases were investigated and characterized
by their steady-state and time-resolved spectral properties, including femtosecond transient absorption spepc-
troscopy and DFT quantum chemical calculations. The steady-state absorption and fluorescence spectra, fluor-
escence quantum yield, and lifetimes in solvents of different polarity at room temperature revealed specific
redistribution of the electronic density and rearrangements in molecular geometry after electronic excitation
influenced by the dimethylamino end substituents. Fast relaxation processes in the electronic structures of new
styryl dye bases and the nature of their time-resolved excited state absorption spectra were investigated with
femtosecond temporal resolution, and the role of twisted intramolecular charge transfer (TICT) effects was
shown. Quantum chemical calculations of the electronic structure of the new styryl dye bases were performed
using non-empirical Time Dependent Density Functional Theory level, and were in good agreement with ex-
perimental data.

1. Introduction

The nature of electronic structures of styryl dye bases and their fast
vibronic relaxation processes in the excited state are of considerable
scientific interest in a broad range of fundamental and practical re-
search areas, including organic optoelectronics [1–3], ion sensing
technologies [4–6], fluorescence microscopy imaging [7,8], amplified
spontaneous emission phenomena [9], and fluorescence reporting sys-
tems [10]. Linear photophysical properties of specific types of styryl
dye bases were reported earlier [4,8,11], and the nature of their excited
electronic states and the peculiarities of corresponding dipole transi-
tions were investigated using various experimental techniques in
combination with quantum chemical descriptions [12,13]. The effects
of substituents in the molecular structures, solvent properties, photo-
isomerization, and protonation processes on the absorption and fluor-
escence characteristics of several 2-(4′-R-styryl)-benzoxazoles were
shown, and two competitive deactivation pathways of their excited
states were elucidated [3].

New styryl dye bases with specific functional groups were

developed in Ref. [10], as a fluorescence probes for monitoring of the
microscopic structural changes in sol-gel materials for technological
needs. A combination of the efficient intramolecular charge transfer
and fast hydrogen bonding processes in the excited state of bisamido-
pyridine receptor with two styryl base chromophores was proposed in
Ref. [4] to substantially increase the anion binding sensitivity. The
inversion of the direction of the permanent dipole moment was de-
termined in the excited electronic state of thiastyryls with tri-
fluoromethyl substituents [13], and the nature of their lowest electronic
transitions was ascertained.

Nonlinear optical properties and fast relaxations in the ground and
excited states of styryl dye bases are scarcely reported in scientific lit-
erature [9,11,12], and therefore is a subject of particular interest. The
nature of fast relaxation processes in the first excited electronic state of
the styryl benzothiazole derivatives was investigated using a femtose-
cond transient absorption technique [11,12], demonstrating the role of
solvation dynamics and twisted intramolecular charge transfer (TICT)
effects [14]. The degenerate two-photon absorption (2 PA) spectra of
dimethylamino and trifluoromethyl substituents of styryl dye bases
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were measured over a broad spectral range by the open aperture Z-scan
method [15], with values of 2 PA cross sections up to∼ 100 GM being
reported [12].

Here we report a comprehensive investigation of the steady-state
and time-resolved spectral properties of new styryl dye bases N,N-di-
methyl-4-(2-(naphtho [1,2-d]thiazol-2-yl)vinyl)aniline (1), 2-(4-(tri-
fluoromethyl)styryl)naphtho [1,2-d]thiazole (2), and 2-(4-iso-
propylstyryl)-N,N-dimethylbenzo [d]thiazol-6-amine (3) (Fig. 1),
including their primary photophysical and photochemical parameters
obtained in organic solvents at room temperature. The peculiarities of
the electronic distribution in the ground and excited states of 1–3, fast
relaxation processes, and time-resolved excited state absorption (ESA)
spectra were analyzed based on experimental femtosecond transient
absorption pump-probe data and quantum chemical calculations per-
formed at the non-empirical time dependent density functional theory
(TD-DFT) level.

2. Experimental section

2.1. Synthetic procedure, linear spectroscopic and photochemical
measurements

A series of styryl dyes, 1–3, was synthesized by condensation of 2-
methylnaphto [1,2-d]thiazole or 2-methyl-6-dimethylaminobenzothia-
zole with the corresponding 4(R)-substituted benzadehydes in di-
methylsulfoxide in the presence of 35% aqueous solution of tetra-
ethylammonium hydroxide or powdered potassium hydroxide at 70 °C
[11,16–18]. The structures and purity of the new compounds were
confirmed by NMR spectroscopy and elemental analysis.

N,N-dimethyl-4-(2-(naphtho[1,2-d]thiazol-2-yl)vinyl)aniline.
4.5 mmol of 2-methylnaphto[1,2-d]thiazole and 5mmol of 4-dimethy-
laminobenzaldehyde were heated in 5ml of DMSO at 70 °C (bath
temperature) in the presence of 0.2ml of 35% tetraethylammonium
hydroxide (water solution) for 5 h. After cooling down to room tem-
perature, water (10ml) was added to the crystallized mass. The re-
sulting precipitate was filtered out, washed with water and dried. Pure
product was obtained over the chromatography on silica gel with
chloroform as an eluent. Yield – 1.12 g (75%): 1H NMR (300MHz,
CDCl3): δppm 8.81 (1H, d, J=8.4 Hz), 7.94 (1H, d, J=7.8 Hz), 7.87
(1H, d, J=8.7 Hz), 7.77 (1H, d, J=8.7 Hz), 7.67 (1H, t, J=6.9 Hz),
7.62–7.45 (4H, m), 7.35 (1H, d, J=15.9 Hz), 6.74 (2H, d, J=9.0 Hz),

3.04 (6H, s). Elemental analysis: calculated for C21H18N2S (330.44), C
76.32, H 5.49, S 9.70. Found C 76.02, H 5.42, S 9.66.

2-(4-(trifluoromethyl)styryl)naphtho[1,2-d]thiazole. 4.5mmol
of 2-methylnaphto [1,2-d]thiazole and 5mmol of 4-tri-
fluoromethylbenzaldehyde were heated in 3ml of DMSO in the pre-
sence of 0.2 g of potassium hydroxide powder at 70 °C (bath tempera-
ture) for 5 h. After cooling down to room temperature, water (10ml)
was added to the reaction mixture. The precipitate formed was rubbed
into powder, filtered out, washed with water and dried. Pure product
was chromatographed on silica gel with chloroform as an eluent. Yield
– 0.5 g (31%). 1H NMR (300MHz, CDCl3): δppm 8.82 (1H, d,
J=8.1 Hz), 7.95 (1H, d, J=8.7 Hz), 7.80 (1H, d, J=8.7 Hz), 7.69
(1H, t, J=7.3 Hz), 7.65–7.38 (5H, m), 7.12 (1H, d, J=8.7 Hz), 7.09
(1H, d, J=8.4 Hz). 19F (376MHz, CDCl3): δppm 63.31 (3F). Elemental
analysis: calculated for C20H12F3NS (355.37), C 67.59, H 3.40, S 9.02.
Found C 67.40, H 3.52, S 8.75.

2-(4-isopropylstyryl)-N,N-dimethylbenzo[d]thiazol-6-amine.
2mmol of 2-methyl-6-dimethylbenzo [d]thiazole and 2.2mmol of 4-
isopropyl benzaldehyde was heated in 3ml of DMSO at 70 °C (bath
temperature) in the presence of 0.2ml of 35% tetraethylammonium
hydroxide (water solution) for 5 h. The reaction mixture was cooled
down to room temperature and left overnight. The next day water
(10ml) was added and the resulting precipitate was filtered out, wa-
shed with water, dried, and crystallized from toluene. Yield – 0.25 g
(39%). 1H NMR (300MHz, CDCl3): δppm 7.81 (1H, d, J=9.1 Hz), 7.48
(2H, d, J=8.1 Hz), 7.33 (2H, s), 7.25 (2H, d, J=8.1 Hz), 7.06 (1H, d,
J=2.3 Hz), 6.32 (1H, dd, J=9.1, 2.3 Hz), 3.03 (6H, s), 2.93 (1H, m,
J=6.8 Hz), 1.27 (6H, d, J=6.8 Hz). Elemental analysis: calculated for
C20H22N2S (322.47), C 74.49, H 6.88, S 9.94. Found C 74.17, H 6.69, S
9.66.

All linear photophysical and photochemical parameters of 1–3 were
obtained in spectroscopic grade cyclohexane (CHX) and acetonitrile
(ACN) at room temperature. Solvents were purchased from commercial
suppliers and used without further purification. The steady-state one-
photon absorption (1 PA) spectra were measured with a Shimadzu
model 2450 UV–visible spectrophotometer using standard spectro-
photometric quartz cuvettes with 1 cm path length and dye con-
centrations C∼10−5M. The steady-state fluorescence spectra were
obtained using CM 2203 spectrofluorimeter (Solar, Belarus) with 1 cm
path length spectrofluorimetric quartz cuvettes and low concentrations,
C∼10−6M, to avoid reabsorption effects [14]. All fluorescence spectra
were corrected on the spectral responsivity of the detection system. The
values of the fluorescence quantum yields, fl, were determined by a
relative method with 9,10-diphenyl-anthracene in CHX as a standard
[14]. The lifetimes of fluorescence emission of 1–3 were measured
using a Life Spec-II spectrometer (Edinburgh Instruments Ltd) and
standard spectrofluorimetric quartz cuvettes with dilute solutions.

The determination of the photodecomposition quantum yields, ph,
of 1–3 was performed by the absorption methodology described pre-
viously in detail [19]. Corresponding values of ph can be obtained with
the use of the equation [19].

= D D t N
I d dt

[ ( , 0) ( , )]
( ) 10 ( ) [1 10 ]

ph
A

t D t
0

3
0

( , )0

(1)

where D ( , 0), D t( , )0 , NA, , ( ) and t0 are the initial and final values
of the sample absorbance, Avogadro's number, excitation wavelength
(cm), extinction coefficient (M−1⋅cm−1), and irradiation time (s), re-
spectively; I ( ) is the spectral distribution of the excitation irradiance.
The irradiation of the samples was performed using a light emitting
diode with ≈ 400 nm and average beam irradiance ≈40mW/cm2.

2.2. Femtosecond transient absorption pump-probe spectroscopic
measurements

Time-resolved ESA spectra and fast intramolecular relaxation

Fig. 1. Chemical structures of styryl dye bases 1–3.
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processes in 1–3 were investigated using transient absorption pump-
probe technique with femtosecond excitation, and was described in
detail previously [11,20]. Briefly, the exit laser beam of a regenerative
amplifier Legend F–1K-HE (laser system from Coherent, Inc.) with
wavelength at≈ 820 nm and 1 kHz repetition rate was split into two
channels. The first beam was frequency-doubled with 1mm BBO crystal
to produce second harmonic and used as a pump beam with pulse en-
ergy EP ≤ 20 μJ and pulse duration P ≈ 140 fs (FWHM). It should be
mentioned that pump fluence did not exceed ∼1mJ/cm2. The second
part of the splitting laser beam at 820 nm was focused into 3mm sap-
phire plate to generate a white light continuum (WLC), that served as a
weak probe beam with EP ≈ 10 nJ. The spectra of light transmitted
through sample solutions were probed with WLC pulses were measured
with an Acton SP500i spectrometer and Spec-10 CCD camera (Prin-
ceton Instruments, Inc.). An optical delay line М-531. DD (PI, Ltd.) was
used to obtain a variable time delay between the pump and probe
pulses, and total temporal resolution of the employed technique was
estimated as≤ 400 fs. It is worth mentioning that the sample solutions
were placed into 1mm flow cells to avoid thermooptical and photo-
chemical distortions.

2.3. Details of computational analysis

Quantum-chemical calculations were performed to study the de-
pendence of electronic structure-properties relationships of 1–3; the
non-conjugated branched alkyl groups were modeled by the simplest
methyl (CH3) groups. The Gaussian 03 package [21] was the software
of choice for all calculations. The equilibrium geometry of each dye
molecule in the ground state was optimized using the non-empirical
DFT/6-31G (d,p)/CAM-B3LYP method. Optimized molecular geome-
tries in the excited electronic state and corresponding parameters of
electronic transitions of 1–3 were calculated with the non-empirical
TD-DFT/6-31G (d,p)/CAM-B3LYP method. Although this approach has
some difficulties for the determination of the absolute absorption
maxima [22,23], it is sufficiently accurate to correctly analyze the
nature of electron transitions.

3. Results and discussion

3.1. Linear photophysics and photochemical stability of 1–3

The main photophysical and photochemical parameters of new
styryl dye bases 1–3, including steady-state 1 PA and corrected fluor-
escence spectra, fluorescence kinetics, quantum yields, and lifetimes are
presented in Table 1 and Figs. 2 and 3. According to these data, all
linear absorption spectra of 1–3 exhibited a weak dependence on

solvent polarity and relatively small extinction coefficients in the main
long wavelength absorption band, max≈ (24–38)∙103M−1cm−1.

By contrast, compound 2 exhibited relatively small solvatochro-
mism (Fig. 2, b) and the most pronounced vibronic structure. Based on
the assumption that the long wavelength 1 PA bands of 1–3 are mainly
related to the single electronic transition S0 → S1 (that is typical for
similar styryl dye bases [11,12] and confirmed by quantum chemical
analysis in sec. 3.3), the values of transition dipoles, µ01, can be cal-
culated as µ d0.096 ( ) /cal

01
max [24] (where frequency

=v 1/ ab
max in cm−1 and extinction coefficient v( ) in M−1cm−1), with

corresponding data presented in Table 1. Accordingly, transition di-
poles were in the range of ≈ 6–8 D and nicely correlated with the
values of max . All observed kinetic curves of the fluorescence emission
of 1–3 are characterized by a single-exponential decay (Fig. 3) and
obtained lifetimes, fl, and fluorescence quantum yields, fl, exhibit
weak dependence on solvent polarity (Table 1). It should be mentioned
that in contrast to the similarity of the linear absorption properties of
1–3, the values of their fl exhibit large differences depends on the
molecular structure with the specific role of dimethylamino end sub-
stituents. Nearly the same differences were observed for fl, that is in-
dicative of the close values of the corresponding natural radiative
lifetimes [14]. The experimental, fl, and calculated, fl

cal (using
Strickler-Berg approach [25]), lifetimes of 2 and 3 are in acceptable
agreement with each other (see Table 1). Weak discrepancies between

fl and fl
cal for 3 can be related to a generally weak electronic transition

S0 → S1 ( max <3.1∙104 M−1cm−1) and specific changes in the strength
of vibronic interactions in the excited state [25].

Dramatic decreases in the values of fl and fl for 1 in all solvents
can be related to the TICT effect in the excited state S1 [26] resulting
from the rotation of the dimethylamino substituent of the aromatic ring
along with possible central double bond isomerization. It is interesting
to mention that the dimethylamino moiety in the benzothiazole com-
ponent of 3 didn't lead to a dramatic decrease in the fluorescence ef-
ficiency, as was shown previously for similar styryl dye bases [12].

The quantitative investigation of the photochemical stability of 1–3
was performed in air-saturated solutions at room temperature under
continuous-wave irradiation in the main 1 PA bands. The values of
photodecomposition quantum yields, ph, were determined by the ab-
sorption method [19] using equation (1) and corresponding data are
presented in Table 1. The styryl dye bases exhibited increase in pho-
tostability in more polar solvent (ACN) with the highest level up to
10−7 for 1. Photostability of other solutions were 2–3 orders of mag-
nitude smaller, but still comparable with the corresponding parameters
of robust laser dyes [27,28], and therefore acceptable for practical
applications.

Table 1
The main photophysical and photochemical parameters of 1–3 in CHX and ACN: absorption ab

max and fluorescence fl
max wavelength maxima, Stokes shifts, maximum

extinction coefficients max , calculated transition dipole moments µ cal
01 , fluorescence quantum yield fl, experimental fl and calculated fl

cal lifetimes, photo-
decomposition quantum yield ph, and solvent polarity f (orientation polarizability [14]).

Solvent CHX ACN

Compound 1 2 3 1 2 3

ab
max , nm 402 ± 1 375 ± 1 388 ± 1 409 ± 1 369 ± 1 392 ± 1

fl
max , nm 468 ± 1 432 ± 1 454 ± 1 524 ± 1 445 ± 1 517 ± 1

Stokes shift, cm−1 (nm) 3508 (66) 3518 (57) 3747 (66) 5366 (115) 4624 (76) 6168 (125)
max x 10−3,
M−1⋅cm−1

30.6 ± 2 24.4 ± 2 30.4 ± 2 37.5 ± 2 28.2 ± 2 29.8 ± 2

µ cal
01 , D 6.6 5.8 6.9 7.5 6.3 7.1

fl, % 1.2 ± 1 14 ± 3 51 ± 3 0.8 ± 0.5 14 ± 3 54 ± 3
fl, ns < 0.13 0.75 ± 0.1 2.04 ± 0.1 < 0.13 0.84 ± 0.1 3.27 ± 0.1

fl
cal, ns – 0.63 ± 0.2 1.6 ± 0.2 – 0.5 ± 0.2 2.3 ± 0.2

ph 2⋅10−5 3.4⋅10−4 3⋅10−5 1⋅10−7 2.8⋅10−4 2⋅10−6

f 0.000248 0.305
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3.2. Transient absorption spectroscopy of styryl dye bases 1–3

Fast relaxation processes and time-resolved ESA spectra of the new
styryl dyes were investigated in air-saturated ACN at room temperature
using femtosecond pump-probe setup [11], and are presented in
Fig. 4(a–c) and (d-f), respectively. The kinetic dependences =D f ( )D

( D and D are the induced optical density and time delay between
probe and pump pulses, respectfully) reveal population of the first ex-
cited state S1 for 1–3 within the timeframe of ≤0.8 ps. The positive
values of Din the fluorescence spectral range with negligible ground
state absorption are indicative of the main role of ESA effects in the
observed kinetic dependences. These dependences for compounds 2

Fig. 2. Normalized steady-state 1 PA (1–2) and fluorescence (1′-2′) spectra of 1 (a), 2 (b), and 3 (c) in CHX (1, 1′) and ACN (2, 2′).
The steady-state fluorescence spectra of 1–3 (Fig. 2, curves 1′, 2′) exhibited no dependence on excitation wavelength, ex (i.e. no violations of the Kasha's rule [14]),
and noticeable vibrational structure in nonpolar CHX. Styryl dye bases 1 and 3 were characterized by a relatively large solvatochromic effect, where Stokes shifts
increased by a factor of ∼2 with increase in solvent polarity (see Table 1). This is related to noticeable changes in the stationary dipole moments of these compounds
under electronic excitation, and can presumably be assigned to the dominant role of dimethylamino end substituents in the electronic redistribution in the corre-
sponding molecular structures after S0 → S1 transition (S0 and S1 are the ground and first excited electronic state, respectively).

Fig. 3. Fluorescence decay kinetic of 1 (a), 2 (b), and 3 (c) in CHX (1) and ACN (2); instrument response function (3).
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and 3 exhibit weak evidence of solvate cage reorganiztion [29,30] and/
or Frank-condon [31] relaxation processes, without any indication of
possible TICT effects [32,33]. Induced values of D slowly relaxed to
zero in accordance with the corresponding fluorescence lifetimes fl. On
the other hand, dye 1 exhibited noticeable fast relaxation processes
with a characteristic time of ∼ 1–2 ps that can be attributed to the TICT
effect, as was observed previously for styryl dye bases with dimethy-
lamino substituents on the aromatic ring system [12], and is in good
agreement with the steady-state spectral data of 1 and its ESA spectra
(Fig. 4d). The analysis of the time-resolved ESA spectra of 2 and 3
(Fig. 4e and f) reveals two components in the vibronic relaxation pro-
cesses, which can be related to different temporal behaviour of several
ESA bands that compose the total ESA spectrum of 2 and 3. Corre-
sponding fast component is associated with the band at ≈ 570 nm for 2
and≈620 nm for 3. Assumingly, all these peculiarities are an evidence
of specific stabilization processes in the excited states due to solvate
reorganization phenomena [29,30,34].

3.3. Theoretical analysis of the electronic structures of 1–3

The nature of the spectral properties of the new styryl dye bases was
analyzed theoretically using a non-empirical quantum chemical ap-
proach at the DFT/6-31G (d,p)/CAM-B3LYP level of theory. The opti-
mized molecular geometries of 1–3 in the ground electronic state S0 are
presented in Fig. 5a. All molecular structures are planar in the S0 state
except for the methyl terminal groups. Styryl dye bases 1–3 are the
neutral derivatives of cationic unsymmetrical polymethine dyes (styryl
dyes). In contrast to the parent compounds with equalized bond lengths
in the linear chromophore, they are characterized by the essential bond
length alternation (Fig. 6a). It is worth mentioning, that after electronic
excitation in S1 state all molecular structures remain planar with no-
ticeable changes in the bond lengths alternation (Fig. 6b). Calculated
relaxed scan of the potential energy of 1–3 in S0 and S1 state along the
torsional angles about the corresponding molecular bonds (see Fig. 5b)
are shown in Fig. 7.

For convenience, the dye molecules can be divided into three main
components taking part in total conjugation: benzothiazole heterocycle
(Het), phenyl cycle (Ph), open polymethine chain (-CH= CH-); as an
additional conjugated fragment is the dimethylamino group with its
lone electron pair including in π-system. Corresponding bonds are in-
dicated in Fig. 5b as “N-Het” “Het-C”, “C= C”, “C-Ph”, “Ph-N”. From
the data in Fig. 7, one can see that, after S0 → S1 excitation, compound

1 can be transformed to more energetically preferable states arising
from possible rotations around “C= C” and “C-Ph” bonds (see Fig. 7b
and c), in contrast to molecular structure of 2 and 3 (Fig. 7d–i), where
no potential minima in twisted conformation can be observed. These
data confirm the possibility for 1 to transform into the dark TICT state
after electronic excitation S0 → S1, which is in good agreement with the

Fig. 4. Transient absorption dependences, =D f ( )D , (a–c) and time-resolved ESA spectra (d–f) of 1 (a, d), 2 (b, e), and 3 (c, f) in ACN. Probe wavelengths: (a)
550 nm (1), 580 nm (2); (b) 510 nm (1), 570 nm (2), and 660 nm (3); (c) 520 nm (1), 570 nm (2), and 620 nm (3); time delay, D, in (d–e): 0.6 ps (1), 1 ps (2), and 5 ps
(3).

Fig. 5. (a) Optomized molecular geometries of 1–3 in the ground electronic
state S0. (b) Indications of molecular bonds possible rotations around which
were considered in Fig. 7 (see description in the text).
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experimental parameters in Table 1. Calculated characteristics of the
main electronic transitions in 1–3 are presented in Table 2. From these
data, the first electronic transitions S0 → S1 are determined by “pure”
HOMO→LUMO configuration for all compounds and the wavelengths
of the calculated absorption maxima, ab

cal, are shifted.
Hypsochromically by 50–60 nm in comparison to the corresponding

experimental values, a feature that is typical for non-empirical DFT
methods [22,23]. The higher electronic transitions are associated with
the nearest molecular orbitals and exhibit noticeably smaller transition
dipole moments, in agreement with the weak short wavelengths bands
in the experimental absorption spectra.

4. Conclusions

A comprehensive investigation of the steady-state linear photo-
physical, photochemical, and time-resolved spectral properties of new

styryl dyes bases 1–3 was performed in air saturated solutions at room
temperature, and were found to be sufficiently photostable. Relatively
strong solvatochromic effects in the fluorescence spectra of 1 and 3 was
influenced by dimethylamino end substituents in the molecular struc-
tures, and no violations of the Kasha's rule were observed for any of the
new compounds. The values of fluorescence quantum yields, fl, and
lifetimes, fl, of 1 were low in all solvents, likely due to TICT in the first
excited state S1. The possibility of TICT processes in 1 was also con-
firmed by results from femtosecond transient absorption pump-probe
kinetics and quantum chemical modeling based on non-empirical DFT
methods. The nature of time-resolved ESA spectra of 1–3 in ACN was
analyzed and two components in the vibronic relaxation processes were
shown for 2 and 3. The observed traits can be attributed to specific
stabilization of the excited states due to solvate reorganization phe-
nomena.

The steady-state and time-resolved spectroscopic data of new styryl

Fig. 6. Bond lengths (BL) in the open chain of 1 (1), 2 (2), and 3 (3) in S0 (a) and S1 (b) electronic state.

Fig. 7. Calculated dependences of the changes in the potential energy on the torsional angles, α, for rotation around the bonds: “Net-C” (a, d, g), “C= C” (b, e, h),
and “C-Ph” (c, f, i) for 1 (a, b, c), 2 (d, e, f), and 3 (g, h, i) in S0 (blue circles) and S1 (red squares) electronic state. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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dye bases suggest potential in the development of new materials with
dark TICT states for uses such as stochastic-based superresolution
imaging.
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1 S0 → S1 347 1.3922 0.96 | HOMO → LUMO>
S0 → S2 290 0.0164 0.51 | HOMO-1 → LUMO>

−0.44 | HOMO → LUMO+1>
S0 → S3 276 0.2446 0.65 | HOMO-1→ LUMO>

−0.49 | HOMO → LUMO+1>
2 S0 → S1 330 0.9138 0.96 | HOMO → LUMO>

S0 → S2 289 0.1595 0.75 | HOMO-1 → LUMO>
S0 → S3 264 0.6274 0.75 | HOMO→ LUMO+1>

3 S0 → S1 336 1.3348 0.95 | HOMO → LUMO>
S0 → S2 275 0.0041 0.58 | HOMO-1 → LUMO>

- 0.57 | HOMO → LUMO+1>
S0 → S3 258 0.0853 0.74 | HOMO-1→ LUMO>

−0.49 | HOMO→ LUMO+1>
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