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Abstract

Nitro-derivatives of xanthione, 2,7-dinitro-9H-xanthene-9-thione and 2,4,7-trinitro-
9H-xanthene-9-thione, have been first synthesized and their stationary and transient
spectra have been measured. The stationary spectra show that the attachment of the
nitro-groups to the xanthione scaffold leads to strong quenching of So — Sg fluores-
cence and the decrease of the oscillator strength of the So <— Sy electronic transition.
Analysis of the transient absorption spectra uncovers the ultrafast stimulated emission
quenching from the second excited state, Sg, in the both derivatives. A kinetic scheme
has been suggested to rationalized the complex spectral dynamics of transient absorp-
tion signal. The kinetic scheme is deduced from the analysis of the transient spectra
and supported by the quantum-chemical calculations which predict existence of a dark
state and So state splitting into two close levels. The ultrafast transitions between
So state sublevels and transition into the dark state play crucial role in spectral dy-
namics. These new features discovered in the nitro-derivatives of xanthione distinguish

essentially their spectral dynamics from that observed in xanthione.

Introduction

Considerable interest of researchers in thioketones during past decades is associated with
their remarkable spectral and photophysical properties.'® Spectral properties are closely
related to the electronic structure of their highest excited electronic states.® For the thioke-
tones in solutions experimentalists can distinguish separate Sy, So, and S3 absorption bands,
as well as direct absorption Ty < Sy, thermally activated delayed fluorescence from S; state,
fluorescence and phosphorescence from S, and Ty, correspondingly.” The essential feature of
thioketones is strong fluorescence from the second excited state and negligible one from the
first excited state that is a bright example of the Kasha’s rule violation.?%%? The latter is
caused by the large energy gap between S, and S; states!® and appears in S, long lifetimes

of thioketones 7 ~ 1079 — 1011 . 147
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The second peculiarity of thioketones is the dependence of the phosphorescence quantum
yield on the excitation wavelength. The triplets quantum yield, ¢, for xanthione (XT)
was shown to be close to unity upon the excitation into the first excited state, Sy, while
it is smaller than unity (¢t = 0.5 — 0.6) in the case of excitation into S, state.!' Tt is
a manifestation of the breakdown of the classical Vavilov-Kasha’s law?!? stating that the
quantum yield of luminescence is independent of excitation wavelength. Besides, Vavilov-
Kasha’s law violation was observed for XT derivative, 4H-1-benzopyran-4-thione, ** for which
the So — Sy fluorescence yield, ¢g, under excitation into the absorption band Sy <+ Sy
decreases by 25% comparing with that at the excitation of Sy <— Sy band.

Input of large excess of vibrational energy in highly excited singlet states is often accom-
panied by photochemical processes of electron and proton transfer or isomerization, which
do not always result in the irreversible formation of products. In the case of ineffective
transitions to the triplet states, the electron excitation energy non-radiatively deactivates
into the environment. Such non-radiative processes are named “induced internal conversion”
S, —So (n=1,2,3,...),'1% and also known as transition to the “dark state”.!® For exam-
ple, the quantum yield of Sy — Sy fluorescence in XT is very small (¢g ~ 0.05)" and the
decrease of the quantum yield ¢ upon excitation in the S, state comparing to excitation
into S; state is explained by the appearance of an effective S, — Sy internal conversion, !
while in DNA nucleobases (adenine, thiamine, guanine, etc.) practically the entire electron
excitation energy deactivates through the internal conversion S; — Sy with rate constant
fio ~ 1012 g1 14

Experimental and theoretical studies of the dynamics of highly excited singlet states

1617 and its derivatives!'®'¥ have shown that upon the excitation of xanthone

of xanthone
molecule to the singlet Sy (7, 7*)-state the direct or indirect intersystem crossings to the
lower T,-state occur with a very large probability due to high rate kigc ~ 10 s71. Such a

high efficiency of intersystem crossings in xanthone is caused by close arrangement of singlet

Sy (n,7*), Sy (m,7*) and triplet Ty (n,7*), T (7, 7*) states, which can change their mutual
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arrangement depending on the polarity of the solvent.!6!7 In particular a strong dependence
of the fluorescence yield on the polarity of the solvent is observed for thioxanthone.!'® Thus,
in cyclohexane fluorescence yield, ¢g, equals 0.0002, and in 2,2,2-trifluoroethanol the yield is
0.46, and the fluorescence spectrum exhibits noticeable solvatochromism.!® At present there
are two conceptions of the energy deactivation mechanism of the Sy state in thioxanthone.
The first one presents the mechanism of Sy deactivation as the process So(m, 7*) — T (7w, 7*)
which lasts 4.0 ps. The second conception supposes that the S, quenching is the two-
stage process with lifetime constants 7 = 0.4 ps [(Se(m,7*) — Si(n,7*)] and 7 = 4.0 ps
Si(n,7*) = Ty(m,7%)].1®

A strong effect on the probabilities of non-radiative processes in another xanthone deriva-

19" is rendered by the nature of the substituent (the electron-

tive, 2.7-diaminoxanthone,
donating properties of amino-group) as well as the proton-donating properties of solvents,
such as alcohols, which may form complexes with hydrogen bonds interacting with the amino-
groups of the 2,7-diaminoxanthone molecule, followed by quenching of its fluorescence.

The relatively long-lived second excited state in thioketones (S; and T;) makes these
systems promising as elements of molecular electronic devices and, in particular, as light
switches. The existence of two or more long-lived states which can be selectively populated
with a photoexcitation pulse is necessary for the operation of such light switches. A pos-
sibility to design optical switches operating in the frequency range up to tens of GHz and
providing a high yield (up to 90%) of the charge separation process requires experimental-
ists and theorists to consider derivatives of thioketones with strong electron donor groups.?
Besides, it requires detailed studies of the mechanisms of pico- and femtosecond deactivation

processes of highly excited singlet and triplet states of heterocyclic compounds. %2022

6.19.21 3]lows outlining

A number of preliminary results obtained for XT and its derivatives
the subsequent course of experimental and theoretical studies to construct a molecular model
with the desired frequency and charge parameters. In particular, for 1,3-dimethoxy-9H-

xanthene-9-thione (DXT) significant charge transfer (about 0.1 of the electron charge) was
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observed from the methoxy group to the thiocarbonyl group, and the fitting of transient
absorption spectra of XT and DXT showed an increase in the intersystem crossing probability
of S; — T upon attaching electron-donor methoxy groups to the xanthione molecule.

Considering the results of the studies,®1°

we synthesized two nitro-derivatives of XT
with pronounced electron-acceptor properties: 2,7-dinitro-9H-xanthene-9-thione (DNXT)
and 2,4,7-trinitro-9H-xanthene-9-thione (TNXT). We provided complex experimental (sta-
tionary luminescent and transient absorption femtosecond measurements) and theoretical
(non-stationary density functional theory) studies of their photodynamics and the spectral-
kinetic characteristics of the new charge-transfer states arising for them. The main attention
was paid to clarifying all the channels of non-radiative deactivation of the electron excitation
energy in the XT molecule and its nitro-derivatives, on the basis of which the energy scheme
of the electronic transitions of the proposed optical switch can be constructed. In the article
we discuss in detail only the DNXT properties while a major part of information on TNXT
is presented in the Supporting Information.

The aims of this work are: (i) synthesis of DNXT and TNXT, (ii) study of its spectral
properties including the spectral dynamics, (iii) identification of the kinetic scheme of elec-
tronic transitions to fit the theoretical spectral dynamics to that measured for DNXT, (iv)

estimation of the rate constants of electronic transitions which are triggered by an excitation

of the fluorophore to the second excited state.

Experimental and Theoretical Methods

Xanthione and its nitro-derivatives, DNXT and TNXT, have been transformed from cor-
responding ketones by Lawesson’s reagent using methods described in ref 23. Obtained
thioxanthones have been purified using standard techniques: HPLC and thin-layer chro-
matography. Their purity have been measured by IR, 'H, *C NMR spectroscopy and gas

chromatography. The detailed description of DNXT and TNXT synthesis and their purity
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checking are provided below.

Xanthone (1.57 g, 8.00 mmol) and Lawesson’s reagent (1.63 g, 4.04 mmol) have been
dissolved in dry benzene (15 mL) and boiled for 2 h with stirring. The reaction has been
monitored by thin layer chromatography (eluent petroleum ether/diethylether 19:1). The
pre-dried silica gel (10 g) has been added to the reaction mixture. The benzene has been
evaporated under reduced pressure. The dry residue has been chromatographed (eluent
petroleum ether/diethyl ether 98:2). Finally 9H-xanthene-9-thione has been obtained with
the yield 1.25 g (74%). M.p. 155 °C (lit. 157-178 °C). 'H NMR, (DMSO-d6, 500 MHz), ¢:
7.48-7.51 (2H, m, H® H"), 7.69 (2H, d, J 6.8 Hz, H!, H®), 7.92-7.95 (2H, m, H*, H%), 8.59
(2H, d, J 6.8 Hz, H3, H®). 3C NMR (DMSO-d6, 125 MHz) §: 116.2, 125.9, 128.7, 129.6,
136.6, 150.6, 204.5 (C=S). EIMS (m/z): 212.03 (M+).

2,7-Dinitro-9H-xanthen-9-one (0.1 g, 0.3 mmol) and Lawesson’s reagent (0.1 g, 0.3 mmol)
have been dissolved in dry toluene (1 mL) and boiled for 2 h with stirring. The reaction has
been monitored by thin layer chromatography (eluent petroleum ether/diethylether 19:1).
The pre-dried silica gel (1 g) has been added to the reaction mixture. The toluene was evapo-
rated under reduced pressure. The dry residue has been chromatographed (eluent petroleum
ether/diethyl ether 98:2). Finally 2,7-dinitro-9H-xanthene-9-thione has been obtained with
yield 0.074 g (82%). M.p. 193-197 °C. IR (KBr, v cm™'): stretch symmetric and asym-
metric frequencies of NOy groups are at 1344 and 1540, stretch frequencies of C=S group at
1252-1182. 'H NMR (CDCl3, 500 MHz), §: 7.68 (2H, d, J 9 Hz, H*, H®), 8.51 (2H, dd, J; 9
Hz, J, 3 Hz, H?, H%), 9.47 (2H, d, J 3 Hz, H'; H®). 3C NMR (CDCl3, 125 MHz) §: 120.0,
123.0, 127.0, 129.9, 140.4, 156.6, 204.8 (C=S). EIMS (m/z): 302.00 (M).

2,4,7-trinitro-9H-xanthen-9-one (0.1 g, 0.3 mmol)) and Lawesson’s reagent (0.1 g, 0.3
mmol) have been dissolved in dry toluene (1 mL) and boiled for 2 h with stirring. The reac-
tion has been monitored by thin layer chromatography (eluent petroleum ether/diethylether
19:1). The pre-dried silica gel (1 g) has been added to the reaction mixture. The toluene

was evaporated under reduced pressure. The dry residue has been chromatographed (eluent
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petroleum ether/diethyl ether 98:2). Finally 2.4,7-trinitro-9H-xanthene-9-thione has been
obtained with yield 0.1 g (96%). M.p. 201-202 °C. IR (KBr, v cm™!): stretch symmetric
and asymmetric frequencies of NOy groups are at 1340 and 1542, stretch frequencies of C=S
group at 1252-1184. 'H NMR (CDCls, 500 MHz), 6: 7.79 (1H, d, J 9 Hz, H%), 8.67 (1H,
dd, J1 9 Hz, J2 3 Hz, HY), 9.17 (1H, d, J 3 Hz, H®), 9.40 (1H, d, J 3 Hz, H'), 9.64 (1H, d,
J 3 Hz, H3); 13C NMR (CDCls, 125 MHz) 6: 120.0, 123.4, 127.0, 129.1, 129.9, 130.8, 136.9,
140.4, 141.3, 150.3, 156.6, 204.8 (C=S). EIMS (m/z): 346.98 (M+).

Cary-500 spectrophotometer (USA) has been utilized to register absorption spectra of
XT and DNXT in various solvents. The solvents (n-hexane, acetonitrile) were produced
by Merck (Sigma-Aldrich). Determination of the molar extinction coefficients has been
conducted by weighting of three samples of thioketone which have been dissolved later in a
certain volume of acetonitrile. The oscillator strengths have been estimated in accordance
with ref 19. A large-aperture setup has been used to detect the luminescence spectra in
a wide spectral range from 200 nm to 1000 nm. The details of a stationary and pump-
probe measurement setups have been described elsewhere. 5192426 A pump signal has been
generated by the second harmonic of Al,O3:Ti*" laser (395 nm) with the energy in a range
10 ~ 30 wpJ. Sample has been prepared in 2 mm thick cell with dye concentration in a range
of 1072 and 1075 M. At the dye concentrations of 1072 and 10~> M the absorption and
fluorescence spectra are close to each other. The probe pulse being transmitted through the
water achieves white continuum ranging in 400 — 1100 nm from the fundamental laser beam
with A = 790 nm. A polychromator with Hamamatsu S7031 — 1007S back-thinned type
CCD area image sensor had recorded the signal of probe and reference pulses which then
has been processed with special software on PC. The sensor has improved sensitivity in UV
region and high signal/noise ratio. The time-dependent signal of absorbance AD(\, At) is
determined as AD(\, At) = Ig (TO /T) where T = Eyyop/Erer and Ty = E9,,/E% are the
energy ratios of the probe and reference pulses passed through the sample with and without

preceding pump, respectively. The correction of transient spectra accounts for the group
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velocity dispersion of the probe pulse.

The GAMESS-US?"% software package has been used for quantum chemical simulations.
The optimized structures of DNXT and TNXT have been calculated in the approximation
of an isolated molecule in the gas phase at DFT level. The density functional B3LYP (key-
word DFTTYP=B3LYP in $CONTROL) in the 6-31G** basis set (keywords GBASIS=N31
NGAUSS=6 NDFUNC=1 DIFSPP=.TRUE. in $BASIS) has been used. The initial guess for
wavefunction and type of calculation has been chosen to be RHF (keyword SCFTYPE=RHF
in SCONTROL). The initial geometry has been C1 (without symmetry restrictions). The
geometry optimization in the ground and excited states has been carried out by the gradi-
ent method. The convergence criteria to end the optimization process has been set to 10~%
(keyword OPTTOL=0.0001 in $STARTPT). The solvent effect on the structure and spectra
has been accounted for within polarized continuum model (PCM). The effect of following
solvents have been studied: n-hexane (the static dielectric permittivity d = 1.890, the re-
fractive index n? = 1.375, and the solvent radius, Re = 1.5, keywords SOLVENT=input
EPS=1.890 EPSINF=1.375 RSOLV=1.5 in $PCM) and acetonitrile (d = 36.6, n? = 1.807,
Rso1y = 1.5, keywords SOLVENT=input EPS=36.6 EPSINF=1.807 RSOLV=1.5 in $PCM).
The time-dependent density functional theory (TDDFT) has been applied to calculate the en-
ergies of electronic transitions (keywords TDDFT=excite in SCONTROL and NSTATE=30
IROOT=i SG1=.TRUE. in $TDDFT, where i denotes corresponding excited state). Because
of a very slow convergence of the geometry optimization cycles for excited state in solvents,
the calculations have been stopped at the tolerance parameter 5 - 10™* (n-hexane) and 1073

(acetonitrile).

Results and Discussion

The calculation results of energetic and electronic properties of 2,7-dinitro-9H-xanthene-9-

thione (DNXT) are listed in Tables 1 and 2. It should be noted that the solvent influence
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on the solute are calculated within the electrostatic interaction approximation (PCM). The
energies of the solute-solvent interaction in the excited states are estimated by using the
equilibrium electronic structure of the ground electronic state. The geometry and electronic
structure of DNXT in the ground state is presented in Figure 1, the information on TNXT
is presented in Supporting Information. The bond lengths, bond angles, and atomic charges,
indicated in the Figure 1, are calculated using the DF'T/B3LYP method for the equilibrium
geometry of the ground state in the gas phase. The lengths of characteristic bonds in the
ground state of DNXT in two solvents, listed in the Table 1, were optimized using the same
method, and the TDDFT/B3LYP method for excited states. The DNXT geometry structure
in the ground state obtained in n-hexane and acetonitrile matches its gas phase geometry.
In the first excited electronic state, the DNXT geometry slightly differs from that listed in
Figure 1 for the pyran and benzene rings. Alterations in the bond lengths and bond angles
are £0.01 A and +2°, respectively. The bond length Rg;_c» has only a valuable deformation

upon the excitation.

Table 1: The energetic characteristics of DNXT in the ground and excited
electronic states obtained in the equilibrium geometry. S;, Max.grad. (in
Hartree/Bohr), FEi.i, Eg, Enomo, Erumo (in eV), u (in Db), Rgi_c2, Rco—cs,
Res—cay Res—csy Rowa—nis (in A) are the i-th electronic state, the maximum gradi-
ent achieved during optimization, the total energy, the energy of the electrostatic
interaction of a solute with solvent, the energy of the highest occupied molec-
ular orbital, the energy of the lowest unoccupied molecular orbital, the dipole
moment, and the bond lengths, respectively.

No | S; | Max.grad. | Solvent Fioti Fgr | Euomo | Frumo | ¢ | Rsi—c2 | Rea—cs | Ros—ca | Rea—or | Reu-nis
1 So 1.0-107% vacuum -37608.35 - -6.76 -3.66 6.64 1.66 1.47 1.41 1.36 1.47
2 So 1.0-107* n-hexane | -37608.33 | -0.24 | -6.68 -3.55 7.87 1.66 1.47 1.41 1.36 1.47
3 Si 1.0-107* n-hexane | -37606.68 | -0.25 | -6.51 -3.73 5.07 1.74 1.43 1.42 1.36 1.47
4 | Dsy | 1.0-107% n-hexane | -37606.06 | -0.26 | -6.50 -3.73 9.82 1.70 1.44 1.42 1.33 1.45
5 So 5.5-107% n-hexane | -37605.32 | -0.26 | -6.49 -3.73 8.86 1.74 1.43 1.43 1.34 1.46
6 S3 89.-107° n-hexane | -37605.23 | -0.26 | -6.47 -3.74 8.86 1.75 1.43 1.43 1.35 1.45
7 So 1.0 -10~* | acetonitrile | -37608.20 | -0.66 | -6.60 -3.45 9.97 1.66 1.47 1.41 1.36 1.47
8 S1 1.0 -10~* | acetonitrile | -37606.19 | -0.72 | -6.47 -3.62 6.86 1.74 1.43 1.42 1.36 1.46
9 | Ds; | 1.0-107* | acetonitrile | -37605.61 | -0.75 | -6.49 -3.63 6.07 1.70 1.44 1.42 1.35 1.43
10| Sy 2.7-10* | acetonitrile | -37605.65 | -0.74 | -6.49 -3.66 | 11.02 1.70 1.44 1.42 1.34 1.43
11 [ Dsy | 1.0-107% | acetonitrile | -37605.27 | -0.72 | -6.49 -3.60 5.72 1.70 1.44 1.42 1.36 1.44

Here we use Sq, Sy, and Sz to denote the local excited states while the excited state

with zero or close to zero oscillator strength (Ds) are called ”dark states”. The dark states
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Table 2: The charges (in the units of the elementary charge) located on the
atoms of DNXT molecule. The numbers in the first column correspond to the
numbering given in the first column of Table 1.

No| S1 C2 | C3 | C4 | C5| C6 o7 C8 | C11 | C12 | C15 | N17 | O18 | O19 | H23
1 1-0.26 | 0.12 | 1.83 | -0.65 | 1.80 | -0.59 | -0.39 | -0.57 | 0.12 | -0.33 | -0.51 | -0.34 | 0.00 | -0.01 | 0.27
2 1-026| 0.12 | 1.83 | -0.65 | 1.80 | -0.59 | -0.39 | -0.57 | 0.12 | -0.33 | -0.51 | -0.34 | 0.00 | -0.01 | 0.27
3 1006 |-022]021| 033|021 033 |-045|-0.23|-0.23|-0.38| 0.13 | 0.32 | -0.32 | -0.26 | 0.25
41023 -015]0.18 | 0.35 | 0.19 | 0.29 | -0.41 | -0.23 | -0.23 | -0.36 | 0.15 | 0.24 | -0.45 | -0.38 | 0.25
5 (-032| 022 | 1.77 | -0.62 | 1.78 | -0.51 | -0.36 | -0.56 | 0.20 | -0.36 | -0.63 | -0.37 | -0.01 | -0.02 | 0.28
6 |-031] 025 |1.78|-0.59|1.77 | -0.53 | -0.36 | -0.58 | 0.18 | -0.34 | -0.64 | -0.33 | -0.02 | -0.03 | 0.28
7 1-0.35] 0.15 | 1.96 | -0.65 | 1.92 | -0.59 | -0.36 | -0.58 | 0.18 | -0.30 | -0.70 | -0.27 | -0.07 | -0.06 | 0.27
8 | 0.07 |-0.23 022 | 0.33 | 0.22 | 0.33 | -0.43 | -0.23 | -0.22 | -0.38 | 0.14 | 0.34 | -0.35 | -0.30 | 0.25
9 | 028 |-0.16 021 | 0.33 | 0.21 | 0.33 | -0.40 | -0.21 | -0.22 | -0.35 | 0.15 | 0.29 | -0.38 | -0.44 | 0.26
10 | -0.38 | 0.24 | 1.88 | -0.61 | 1.87 | -0.53 | -0.35 | -0.58 | 0.26 | -0.35 | -0.73 | -0.34 | -0.06 | -0.06 | 0.27
11 | 0.27 |-0.16 | 0.21 | 0.33 | 0.21 | 0.33 | -0.43 | -0.22 | -0.22 | -0.34 | 0.15 | 0.29 | -0.37 | -0.43 | 0.26

appearance opens new channels of the electronic transitions such as internal conversion from
higher excited states. To simplify further analysis, transitions to two dark states are modeled
by a transition to one dark state. The analysis of the Mulliken charges on DNXT atoms (see
Table 2) has shown that molecular bonds in polar solvent (acetonitrile) is more polarized in
comparison with that calculated in the gas phase or apolar solvent (n-hexane). However, the
dipole moment direction in the first excited state matches its direction in the ground state.
Note that excitation of DNXT results in a considerable variation of the atomic charges on
the thiocarbonyl group (gsi,gc2). In the dark state the electronic structure of DNXT and
TNXT significantly differs from that in the locally excited state in both polar and apolar
solvents, which is associated with considerable charge transfer between the sulfur and both
nitrogen atoms. This conclusion is approved by the analysis of the "lambda diagnostic”
procedure (see details in ST).% Tt should be noted that quantum chemical calculations do
not predict any dark states in XT lying between S, and S; states.

The electronic absorption and luminescence spectra of X'T in apolar and polar solvents:
n-hexane and acetonitrile are shown in Figure 2 A and B, correspondingly.

The absorption spectra are characterized by three vibronic bands in the UV region (280—
320 nm, 320-360 nm, and 360410 nm), which according to the literature' 3 corresponds to

electronic transitions S, <— Sy, S3 <+ Sp and Sy <+ Sy. The transitions S; <+ Sg and Sy + Sy
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Figure 1: The equilibrium structure of the DNXT molecule in the ground electronic state
calculated in the gas phase. All the parameters (charges, bond lengths, and angles) have
been also calculated in the gas phase.

are allowed (7, 7*)-transitions and their molar extinction coefficients are e > 10* M~tem™!.
The low-intensity transition Sy <— S3 is forbidden in symmetry and it becomes allowed, for
example, in 1,3-dimethoxy-9H-xanthene-9-thione, in which the symmetry is lower than that
in the XT.¢ The Sy « S; transition in the XT and its derivatives is strongly forbidden
and its molar extinction coefficient is estimated to be ¢ ~ 20 M~tem™1.2° Therefore, it
practically appears neither in the absorption spectra nor in the fluorescence spectra (Figure 2
A). Such an unusual fact for the organic compounds spectroscopy is due to the presence of
heteroatom of sulfur in the XT molecule. Its unshared pair of electrons participates in the
So < S; electron transition and, accordingly, this transition is (n,n*)-transition. For the
same reason, phosphorescence is observed at room temperature, which spectrum in n-hexane
is characterized by the resolved vibronic structure (Figure 2 A). The distances between the
vibrational maxima in the fluorescence, Sy <— S, and phosphorescence, Sg <— T, spectra

are approximately the same and amount 1200 4 40 cm™*.

This frequency corresponds to
the frequency of the stretching vibration of the C = S bond,? which indicates the main
role of the S atom in the formation of the vibrational structure of the electron spectra of
the XT. There is no visible vibronic structure in the XT spectra in acetonitrile, and a wide

band appears at An.x = 686 nm instead of pronounced structure with four maxima as it is

in n-hexane (see insert in Figure 2 B).
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Figure 2: The absorption (blue) and luminescence (red) spectra of XT molecule in n-hexane
(frame A) and acetonitrile (frame B) measured experimentally (solid lines) at 293 K and
calculated theoretically (histogram). Inserts in the figure show phosphorescence spectra of
XT in the region 650 — 900 nm.
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Table 3: The spectral characteristics of XT, DNXT and TNXT in n-hexane.

Here \}}2* and \{'** are the wavelengths of the absorption and fluorescence band

max

maxima, A\pi* is the wavelength of the i-th vibronic phosphorescence band max-
imum, Ef, and EJf are the energy gaps for the S; « Sy and T; «+ S, electronic
transition between the 0-th vibronic sublevels, correspondingly, AFEp), is the dif-
ference between the energy of the triplet levels in DNXT and XT, AE(S, — Ty)
is the energy gap between the S; and T, electronic levels.

No | Molecule )\;ri;a%x, AT | APRL | APh2 s )\E‘j“g‘, Eg,m E(g})l AEpy, AE(S2 - T1)7
nm nm nm nm | nm |cem ™t | em™t | em™! cm™!
1 XT 402 450 673 733 798 | 22220 | 14860 - 7360
2 DNXT 394 444 711 7T 854 | 22520 | 14060 800 8460
3 TNXT 390 426 732 806 885 | 23470 | 13660 | 1200 9810

Table 4: The spectral characteristics of XT, DNXT and TNXT in acetonitrile.
Here f.,s and fy are the absorption and fluorescence band oscillator strengths,
respectively, ¢ is the extinction coefficient, L}*** and Epj™* are the wavenumbers
of the fluorescence and phosphorescence band maxima, respectively. The values
of the absorption band oscillator strengths, f..s, are measured while f; are cal-
culated using the well known Einstein’s relations. The definitions of the other

observables are given in the caption of Table 3.

max max max max max
A )‘H s g, )\Ph y Eﬂ s EPh y AEph7 AE(SQ — T1)7

No | Molecule ;lr);l nm | M~'em™ favs | f nm | cm™!' | em™' | em™! cm™!
1 XT 406 455 17000 0.54 | 0.48 | 686 | 21980 | 14580 - 7400
2 DNXT 402 459 8500 0.31 ] 0.27 | 745 | 21790 | 13420 | 1160 8370
3 TNXT 402 469 8700 0.32 | 0.27 | 800 | 21320 | 12500 | 2080 8820

When nitro-groups are attached to the XT scaffold, the phosphorescence spectra in both
solvents are shifted to the long-wavelength region. However, fluorescence spectra demon-
strate a hypsochromic shift in n-hexane and bathochromic shift in acetonitrile (see Tables 3
and 4). Such changes in the spectral-luminescent characteristics of the thioketones, de-
pending on their structure and the polarity of the medium, testify that the energy gap
AE(Sy — Ty) increases as the redox potential of the thioketone molecule increases with the
number of nitro-groups attached. Changes in the spectral properties due to attachment of a
next nitro-group to the XT scaffold evidences on quenching of the luminescence that appar-
ently is caused by the interaction of nitro-groups with the conjugated thioketone system (or
in other words, caused by the charge transfer). The effect of charge transfer on the spectral
properties of DNXT and TNXT also manifests itself in a significant decrease in their molar
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extinction coefficients (about two times) and the oscillator strengths (1.7 times) as compared
to XT (See Table 4). This experimental fact apparently reflects the electron density trans-
fer from the conjugated system of the XT scaffold to electron-acceptor nitro-groups and a
corresponding decrease in its absorption capacity. The shift of the triplet level of the DNXT
and TNXT with respect to the XT, given in the column AFEp, of Table 3 is of particular
interest. A large bathochromic shift of the T level has been observed in acetonitrile for the
TNXT (see Supporting Information), which value amounts 2080 cm™!. Quantum-chemical
calculation of the energy levels of the TNXT in the gas phase supports this observation (see
energy diagram S7 in the Supporting Information). Earlier we published data on the effect
of an electron-donor methoxy-group on the position of the T;-level in the XT molecule.® In
n-hexane solution the T;-level of DXT is 850 cm ™! higher than the corresponding level in the
XT molecule. This result was interpreted in ref 6 as a convergence of the S; and T4 levels in
the DXT molecule in comparison with the XT with a corresponding increase in the quantum
yield of the intersystem crossing. In the case of XT nitro-derivatives, the opposite effect
is observed, a decrease of the energy of the T; level, which amounts 2080 cm~! for TNTX
in acetonitrile. In order to elucidate the mechanism of non-radiative deactivation of the
electron excitation energy in this case, we carried out experimental and theoretical studies
of the femtosecond spectral dynamics of the XT and its nitro-derivatives in acetonitrile.
The absorption and fluorescence spectra of DNXT in n-hexane and acetonitrile measured
experimentally (solid curves) and calculated theoretically (vertical lines) are demonstrated
in Figure 3. The number of observed experimental bands in the spectral window considered
are less than the number of excited states. The latter results in some problems in labeling
of the excited states. To maximize the correspondence we labeled the lowest singlet state as
S1 which associates with the first weak but observable absorption band of XT and its nitro
derivatives: 570 nm (XT, f = 0.0009), 582 nm (DNXT, f = 0.0012), and 602 nm (TNXT,
f = 0.0013) in acetonitrile (not shown in Figure 3). Next two excited states having even

lesser oscillator strengths, hence, invisible in absorption spectrum are labeled as Ds; and
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Dss. The second absorption band having much larger oscillator strength associates with two
excited states S, and Ss.

In the absorption spectra calculated for both the solvents there are three well-defined
”doublets” (pairs of closely spaced lines of comparable intensity) which correspond to the
main experimental bands. In n-hexane they occupy the regions around 380 (S and S3 levels
in Table 1), 320, and 285 nm. The energy level scheme containing the singlet and triplet
states in the equilibrium geometry of the ground state in vacuum is demonstrated in Figure 4.
The transitions to the singlet excited states with nonzero oscillator strength are shown by
vertical arrows. The state with the energy about 2 eV is labelled as S; in Figure 4 while the
states located about 3.0 eV are called the "dark” states. In Figure 4 the oscillator strengths
shown in brackets and wavelengths of the transitions are listed above the arrows.

The transition energies calculated in the apolar (Figure 3 A) and polar (Figure 3 B)
solvents together with its oscillator strengths and those obtained experimentally for both the
absorption and fluorescence spectra of DNXT are in good agreement. As seen from Figure 3,
three main absorption bands have a doublet structure. Similar results were obtained earlier
for methoxy derivatives of XT that manifest itself in the broadening of the absorption band,
Sy + Sp.6

The experimental and simulated transient absorption spectra (TA) of DNXT are pre-
sented in Figure 5. The spectra of TNXT are shown in Supporting Information. The
measurements of DNXT and TNXT spectra in various solvents at room temperature were
carried out in the wavelength domain from A\ = 400 to 740 nm for the time window from 1
ps to 100 ps (See Supporting Information). Since there is an overlap of the bleach band and
pump pulse at 395 nm, the part of the TA spectrum including part of bleach band is not
shown in figures. Nevertheless, TA signal kinetics at the red edge of the bleach are given in
Figures 7 and S9 (Supporting Information). The all measurements of DNXT has revealed an
excited state absorption band with the maximum near to \,,., ~ 635 nm and gain spectra

in the region 420 — 520 nm. The positions of these bands are close to the band positions
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Figure 3: The absorption and luminescence spectra of DNXT in n-hexane (frame A) and
acetonitrile (frame B). The solid lines correspond to experimental results for absorption
(blue) and luminescence (red) measured at 293 K. The vertical lines show the oscillator
strengths obtained from the quantum-chemical calculations. The red lines at the frame A
corresponds to the transitions Sy — Sg and S35 — Sy.
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Figure 4: The diagram of energies of the stationary states and transitions between them
obtained at DFT level for DNXT calculated in the gas phase. The arrows indicate the
maxima of the transition bands with nonzero oscillator strengths (shown next to the arrows
in parentheses). Their wavelengths are shown next to the arrows. The lifetime constants
returned from the fitting to the spectral dynamics are also presented.

observed for the transient spectra of XT in the n-hexane (see Figure 2 in ref 6). However,
there is an important difference between the transient spectra of DNXT measured in this
work and of X'T measured earlier. The stimulated emission is strongly suppressed in DNXT
in the solvents of strong polarity (See Supporting Information). Apparently, the difference
is due to the appearance of a new absorption band of the excited state overlapping with
the stimulated emission band. The kinetics of the transient absorption signal of DNXT at
500 nm consist of two components which are similar to those in XT: the short component
with a lifetime about 20 ps and long-lived one exceeding 100 ps. Apparently, the first short
lifetime of 20 ps associates with the excited Sy state decay and long time constant, proba-
bly, characterizes rising the triplet-triplet Ty < 77 absorption. Up to the moment of the
first measuring with a delay of 0.4 ps a considerable part of S3 state population deactivates
resulting in suppression of the stimulated emission signal.

The simulated transient absorption spectra of DNXT in different solvents have been

simulated on the approach elaborated in ref 31. This theory has already been approved for
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Figure 5: The experimental (dotted lines) and calculated (solid lines) transient absorption
spectra of DNXT in acetonitrile at 293 K. The simulated spectra are obtained from the
theoretical approach (7) — (11). All the energetic parameters are determined from the fitting
and listed in Table 5. Arrows indicate the maxima of the corresponding bands after relaxation
(see Table 5).
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xanthione® and xanthone!® derivatives as well as for pyrylium phenolate.?? The theory allows
quantitatively and qualitatively reproducing of experimental transient absorption spectra.
Analysis of the experimental transient absorption spectra indicates that the total absorp-

tion signal

AD(Ve, vy, t) = ZADi(Ve,Vp,t) (1)

in the case of DNXT molecule can be decomposed on bleach, ADgy,, stimulated emission,
ADsg, k excited state absorption bands, ADgsax, and triplet-triplet absorption, ADpra.

Here AD; are the values of the optical transition probabilities:

VQ, —&iem
ADi(ve, 1) = v fi-2 T2 5~ p, 8 (2)
g; m:

n,m

(3)
where the index 7 may take one of the values: {ESAk, SE, BL, TTA}. P(t) is the population
of one electronic states: {Ss,Ss,S1,Dsy,T1}, o; is the time-dependent half-width of the
corresponding band:

ol(t) = Tp—2 + 2B,;kgT — (2E.,:kgTX (1) /0.)? (4)

(2

and @),; is the coordinate of center-of-gravity of the corresponding band:
Qni(t) = 2B, X (t)(1 — 6, B, + OvnekpT/o?) (5)

Here we used the following notions: 02 = 7.2 + 2E,sgkpT, 0Vne = Ve + AGsg — Eisg —
N, Wpesar = Vp + AGrsar — Ewpsar — M8y, 0Vmse = Vp + AGsg + Eigg + m&y,
OUmpL = Vp + AGsg — Ergg — M, V1A = Vp + AGrra — Evpra — m&yr are the solvent
relaxation functions, where AG; is the change of free energy for corresponding transition,
E.; and E,;; are the reorganization energies of solvent and high-frequency mode for i-th
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transition, respectively, excluding ESA band, Q¢ is the frequency of the high-frequency
mode for corresponding transition. ¢;pr, is the Kroneker’s symbol. Here all the quantities
), v, and dv are measured in the energy units.

The probability of the transition generating n vibrational quanta at the pump stage can
be represented in the following form:

7TV;2T8 e‘fSEggE

O n!

P, =

L% .

xp [_ e

where P = Y P,, § = FEu;/Qye is the Huang-Rhys factor, where 7., 7, Ve, and v, are
the durations and the carrier frequencies of the pump and probe pulses, V., and V,, are
proportional to the matrix elements of the dipole moment of interaction with electromagnetic
field. kg and T are the Boltzmann constant and the temperature.

Since the intramolecular vibrational relaxation of high-frequency modes proceeds in the
femtosecond timescale,?® we assume that it is instant in comparison with the solvent vibra-

tional relaxation. The solvent relaxation function is

X(t) = le exp{—t/7;}, Z.ﬁlﬁl =1

where the solvent relaxation is modeled in the terms of a few Debye modes whose weights
x; and relaxation times 7; was reported in ref 33.

At first, the simplest scheme of transitions elaborated earlier for the description of tran-
sient spectra in XT° (see Figure 6 showing the experimental and simulated transient spectra
of XT in acetonitrile), which does not involve the dark and S; states, was used. A comparison
of the ratios of stimulated emission to ESA signals at a delay of 0.4 ps shows that the ratio
in DNXT is about 6 times larger than that in XT. Since the experimental data show that
the fluorescence oscillator strength in DNXT is 1.8 times smaller while the ESA signal is
only 1.14 times larger than that in XT, so that it is impossible to fit the transient absorption
spectra without an ultrafast S, state depopulation. This fact may indicate the important
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role of the dark state (Ds;) and the doublet structure of the second excited state (Ss, Sa),
which is predicted by quantum-chemical calculations (see Figure 4). Given the similarity of
the structures of So and S; states in XT and DNXT, one can expect that the rate constants
of the internal conversion S, — S; are also close to each other. The quantum-chemical
calculations (see Table S2 in the Supporting Information) confirm the conclusion that in
XT, DNXT and TNXT the oscillator strengths of the transitions from S; to higher excited
states do not noticeably differ. The simultaneous ultrafast decay of both Sy and S3 states in
DNXT would lead to vanishing of ESA band in the transient absorption spectra (see Figure
5). Thus, only the transitions from one state of the doublet can proceed in ultrafast mode.
Since the ultrafast decrease of ESA is much smaller than the decrease of SE, we need to
assume that there are at least two ultrafast channels S3 — Sy and S3 — Ds;. Adding these
two transitions together with the internal conversion channel So — Sy to the simplest scheme
gives a new kinetic scheme which is used in the fit to the transition spectra in DNXT.

The kinetic scheme presented in Figure 4 describes the population state dynamics and it

can be written in the differential form:
dt

T1C32 T1C3D

ASa(t) _ Salt) _ Salt) _ Sa(t) , Sa(t)

dt Tic21  TiceD  Tic2o  TIC32

dSi(t) _Su(t) | Sa(t)

dt TiIsSc1 Tic21
dTi(t)  Si(t)
— 10
dt TISC1 (10)
dt Tic2D  TIC3D

where S;(t), T1(t), and Ds;(t) stand here for the populations of corresponding states, T3,
Tico1, TIC3D, TiceD, Ticeo and 7igop are the time constants of the internal conversion and

intersystem crossing, respectively. The initial population of all states are zero except for
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S3(0) = 0.4 and S5(0) = 0.6. The latter are determined by the oscillator strengths of the
optical transitions and the frequency of the excited pulse since the splitting of the states S3
and S, is pretty small and both states can be populated by single pulse.

The set of the parameters utilized in the calculations corresponds to the experimental
setup: kT = 0.25 eV, Qp = 0.15 eV, we = 3.1 eV, 7. = 7, = 100 fs, V., = 0.005 eV,
Vp = 0.015 eV. The vibrational frequencies have been obtained from the DNXT fluorescence
band structure. The relaxation time constants and weights of the solvent modes conform to
acetonitrile: 7y = 100 fs, 7, = 600 fs, 1y = 0.6, x5 = 0.4.

Table 5: The model parameters returned from fitting TA spectra of DNXT in
acetonitrile (see eq 2). f;, Fy, Ewmi, AG;, and FE,,., are the weight, the reorgani-
zation energy of the medium, the reorganization energy of intramolecular high
frequency vibrational modes, free energy change, and the energy of the maxi-
mum of the corresponding band after relaxation, respectively. All the energies
are given in eV.

No ) fi | transition P(t) E.i | Emi | AG; | Enax
1 TTA | 1.3 | Ty — T, T(t) 0.12 | 0.09 | -2.36 | 2.57
2 DSA | 0.85 | Ds; — S; Dsy(t) 0.14 | 0.09 | -2.28 | 2.51
3 | ESA2 | 0.9 S1— S; Si(t) 0.12 ] 0.05 | -1.86 | 2.03
4 | ESA1 | 0.85 | So3 — S; S3(t) + S5(t) | 0.11 | 0.05 | -1.85 | 2.01
6 BL 0.4 So — So 1.0 — Dsy 0.10 | 0.40 | -2.88 | 3.38

Analysis of the simulation results pictured in Figure 5 shows that the negative TA signal
in the area around 500 nm predominantly consists of the stimulated emission So — Sg. An
overlapping of the dark state absorption with stimulated emission bands is considerable at
all time delays from 0.4 to 100 ps. The triplet — triplet absorption rises and leads to a
positive signal in this region at the time delays from 10 to 100 ps. The TA dynamics is
governed by several processes: the internal conversion between singlet states, the singlet
— triplet intersystem crossing, and the transitions from the local singlet excited states (Sq
and S3) to the singlet dark state. Figure 4 shows the minimal scheme including these

processes along with the time constants returned from the fitting. The dark state absorption
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Figure 6: The experimental transient absorption spectra of XT in acetonitrile measured at
293 K.
44

59 23

60 ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

band overlapping the stimulated emission at early time delays plays important role in the
suppression of stimulated emission at 0.4 ps. Due to the different initial population of S3 and
So states and fast transitions between the Sz state and both S, and Ds; states the fitting at
early time delays reproduces the experimental signal. The measurements performed at other
TA experiment including wavelength region from 300 to 550 nm reveal the bleach dynamics.
It is seen the bleach signal is unchanged at the time delays from 1 to 100 ps. So the dark
state does not decay at the time under consideration (100 ps) and decreasing of the negative
TA signal can be caused by increasing dark state absorption.

The positive TA signal in the wavelength region from 580 to 700 nm is the excited state
absorption band including the absorption both the S3 and S, states. The positive signal
at the red wing can be explained to the S3 and S, absorption with the low energies of
transitions. The decreasing of the positive signal reflects the depopulation of the Sy state
with 7iae1 = 17 ps time constant to be close to the same time constant in the XT. The minor
shift of the band maximum from 632 nm to 625 nm is caused by increasing of the S; state
absorption. The irreversible intersystem crossing between the S; and T; states results in
decreasing the positive signal up to zero after the time delay exceeding 40 ps. The fitting
gives the intersystem transition time constant mgc; = 26 ps. But the nearly white noise in
the region from 550 to 750 nm can distort the estimation of these time constants.

The kinetic scheme of the transitions is shown in Figure 4. It includes the dark state
and describes a lot of aspects of the TA dynamics in both the time and energetic domains.
The change in the initial population of the states S; and Sy at the pumping stage allows
controlling the dynamics of the population of both the dark and triplet states. The excluding
of the dark state gives the kinetic scheme used to reproduce the TA signal of XT in n-hexane
where the intersystem time constant is smaller then presented here.

To demonstrate the effect of nitro-group on the excited state dynamics, let us compare
the spectral dynamics of DNXT and XT shown in Figures 5 and 6. The spectra in Figure 6

are close to that reported in ref 3. The XT transient spectra consist of three main parts:
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the negative band with a decay time about 14 ps (in the range 410 — 510 nm), the positive
absorption band with a decay time about 20 ps (in the range 540 — 740 nm), and the
positive long-lived triplet-triplet absorption band (in the range 410 — 520 nm). The decay
of the band in the range 410 — 510 nm well agrees with the time constant of the internal
conversion So — S7, Tico1 = 14 ps, obtained from the fit within the simplest scheme. The
time constant of intersystem crossing S; — T; is 7isc1 = 18 ps, so there is a considerable
population of S; state within the time interval 10 — 40 ps. Since the pikes of the ESA bands
from S, and S; are close each other, the decay of the band in the range 540 — 740 nm is
slower than the decay of SE.

The addition of the third nitro-group to the DNXT molecule leads to the Cs, symme-
try breaking, which results in significant changes in the TA spectra (see Figure S8 in SI).
First, the TA spectrum shifts to the red, so that the bleach signal becomes observable in
the experimental window. This agrees well with changes in stationary absorption spectra.
Second, the ESA spectra from the first and second singlet and triplet excited states are much
broader than the TA spectra in DNXT, apparently, because the symmetry breaking allows
for a series of new transitions. The general features of the spectral dynamics in TNXT are
similar to those observed in XT and DNXT. At the same time, the time constants of signal
decay at the characteristic wavelengths in TNXT are two or three times shorter than that
in XT and DNXT.

Figure 7 shows the kinetics of the transient absorption of XT and DNXT in acetonitrile
at the room temperature at a few characteristic wavelengths. One can see that the kinetics
at A\ = 425 nm consists of two components with the time constants 2.4 and 14.9 ps in
DNXT (frame B in Figure 7), whereas in XT (Frame A) at A = 410 nm it can be described
perfectly by single exponential function with time constant 7 = 4.2 ps. There is also the third
long-lived component caused by triplet-triplet absorption. This wavelength corresponds to
the long-wave edge of the steady-state Sy <— Sy absorption band. The complex dynamics

at 425 nm results from the overlapping of the bleach with triplet-triplet absorption bands,
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depopulation of S, state, and solvent relaxation. This is the reason of the difference between
the time constants obtained from fitting of signal dynamics at a specific wavelength and the
time constants returned from fitting of spectral dynamics in the total spectral range. The
approach adopted here is based on fitting the spectral dynamics in the entire window of the
wavelengths, which returns from the fitting the true time constants of decay and population
of electronic states involved in the photochemical process. Just these time constants are in
use in chemical kinetics, while the time constants obtained from fitting the signal dynamics
at a certain wavelength are indirectly related to the kinetic characteristics of the electronic

transition.

Conclusions

The current research has uncovered ultrafast fluorescence quenching of the second excited
state in DNXT occurring on shorter timescale than that of the time resolution of the setup
exploited. This follows from a comparison of the stimulated emission signals of DNXT and
XT at early times. The stimulated emission signal of DNXT is about 3.5 times less than
that in XT at the delay of 0.4 ps. Since the fluorescence oscillator strength of the stimulated
emission in DNXT is only 1.8 times less than that in XT, the difference can not be explained
by a decrease of the oscillator strength. The discrepancy is rationalized in terms of ultrafast
depopulation of a new state, S3, located slightly higher than the second excited state. The
decay of this state results in ultrafast population of both the lower component of the doublet,
So, and the dark state, Ds;, with comparable rates. The decay of the lower component of
the doublet Ss leads to a slower decay of the stimulated emission with a time constant close
to that of the decay of ESA which is about 20 ps.

On the base of the doublet structure of the second excited state including the S, and
S3 states along with a dark state, revealed by quantum chemical calculations, as well as Sy,

and T, states, a scheme of energy levels and transitions between them has been constructed,
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which is used to fit the TA spectra. Due to the fact that the doublet, Sy and S3, of DNXT
is populated by excitation pulse that is followed by a rapid transfer of population from S
to Sy and the dark state, it is possible to achieve a slow decrease of the intense ESA band
in the vicinity of 630 nm. In the scheme, the higher level of the doublet is non-radiatively
coupled with S, and the dark state, while S, is connected with S; and Ds; states. The
ultrafast decay channel, S3 — Ds;, and slower channels, So — S; and S; — Ds;, explain the
two stage nature of the fluorescence decay. At the same time, the transition So — S; occurs
at a rate close to that in XT. In the scheme, the dark state decay is neglected, since Dsy,
in contrast to Sy and T states, is characterized by a considerable charge transfer from XT
scaffold to nitro-groups that can be the reason why the dark state is weakly coupled to So
and T, states.

The doublet structure of the second excited state has been predicted by quantum-chemical
calculations not only for DNXT but also for 2,7-diaminoxanthone.'® Here a fairly complex
scheme of electronic transitions in excited DNXT has been suggested. The scheme involves
two relatively long-lived excited states, the dark singlet and lower triplet states. The popu-
lations of these states can be controlled by changing the carrier frequency of the pump pulse,
since the change leads to a change in the initial populations of the S3 and S, states, which,
in turn, leads to a change in Ds; and T; populations. Supposing the scheme is true, XT
derivatives like DNXT can be promising molecules for design of optical molecular switches.
For further verification of the proposed electronic transition scheme, additional experimental
studies are needed, for example, the study of the effect of variation of carrier frequency of
the exciting pulse within the absorption band on the spectral dynamics. Such a variation
should change the populations of the states of the doublet, which will lead to significant

changes in the kinetics of transitions and TA dynamics.
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Supporting Information

Transient absorption spectra of DNXT in various solvents (polar and apolar), the results of
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measurements and calculations of TNXT stationary absorption and fluorescence (n-hexane)
10 and transient absorption (acetonitrile) spectra, the structure of HOMO and LUMO of TNXT,
12 the details of "lambda diagnostic”, the diagram of TNXT energy levels calculated in the gas
14 phase and the time-dependent signal kinetics of TNXT in acetonitrile obtained at certain
16 wavelengths, a comparison of the calculated oscillator strengths of the transitions for three

18 considered compounds (XT, DNXT and TNXT) with their energies of electronic transitions.
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